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Abstract
In this work a solid state NMR methodology based on the “NMR visibility” and the concept of

NMR  blind  sphere  was  established.  This  method  can  be  used  for  the  study  of  doping

homogeneity of paramagnetic ions, and the resulting “NMR homogeneity” was shown to correlate

to the functional material performance. The method has been successfully applied in the model

sample series and NMR blind sphere radii for paramagnetic dopants could be obtained.

First,  in  section  3.1,  the  correlation  between  NMR signal  and  the  dopant  distribution  was

established, via the development of the “NMR visibility” and the NMR visibility function  f(x)

curve, which is the visibility  f as a function of the doping level  x. Such “NMR visibility” was

defined  as  the  molar  peak  area  of  paramagnetic  doped  sample  normalized  by  that  of  the

diamagnetic  host.  The NMR visibility model  was tested on Sr1-xEuxH2 sample series and  the

formula of  the  NMR visibility  function  for  homogeneous  sample  series  was  developed to  be

f (x )=exp(−ar 0
3 x ) ,  where the  r0 is the NMR blind sphere radius and  a is a number density

parameter related to the host. The visibility curve calculated from 1H MAS NMR experimental

data was consistent with the visibility function f(x) as well as the results calculated by a home-

written Fortran90 program based on a random distribution model.

Subsequently, in section 3.2, the method was tested in different model compounds series including

hopeite (Zn1-xMnx)3(PO4)2·4H2O with the paramagnetic dopant Mn2+ and NMR nuclei 1H and 31P,

Sr1-xEuxGa2S4 with  the  paramagnetic  dopant  Eu2+ and  NMR  nucleus  71Ga,  and  monazite

La1-xLnxPO4 with paramagnetic dopants Ln3+ (Ln = Nd, Gd, Dy, Ho, Er, Tm, Yb) and NMR

nucleus  31P. For all  homogeneously doped sample series the NMR visibility method  could be

applied and the NMR blind sphere radii were obtained, which lay typically in the Å to nm range.

Additionally, the theoretical study of the NMR blind sphere radii was shown.

In section 3.3, the NMR visibility function was shown to be able to differentiate a heterogeneous

doping scenario from a homogeneous one, as for heterogeneously doped samples a deviation from

the visibility function  was  observed.  The term “NMR homogeneity”  was  thus  introduced for

homogeneous  samples  tested  by  the  NMR  visibility  method.  Samples  with  higher  NMR

homogeneity were also shown to be positively correlated to better luminescence performance,

including intensity and decay time.

Furthermore,  in  section  3.4,  the  NMR visibility  function  was  extended  to  co-doped  systems

including La1-x- yGdxDyyPO4, La1-x- yNdxTmyPO4 and La1-x- yNdxHoyPO4. For La1-x- yNdxHoyPO4, a 3D

NMR visibility map instead of the 2D NMR visibility curve was developed. As the radii of NMR

blind spheres were in Å to nm range, the NMR homogeneity determined by the NMR visibility

model  was  also  on  a  similar  length  scale.  Together  with  SEM-EDX mapping  and  SEM-CL

techniques, co-doping homogeneity or heterogeneity can be systematically studied from Å to m

range.

Overall, the NMR visibility method has been shown to be useful both for theoretical NMR blind

sphere studies and for applications in paramagnetic systems as long as NMR nuclei are present.
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Zusammenfassung
In dieser Arbeit wurde eine Festkörper-NMR-Methode, welche auf der „NMR-Sichtbarkeit“ und

dem  Konzept  der  NMR-Blindkugeln  basiert,  etabliert.  Dieses  Verfahren  kann  für  die

Untersuchung der  Homogenität der  Dotierung paramagnetischen Ionen verwendet werden.  Es

wurde gezeigt,  dass  die resultierende „NMR-Homogenität“  mit der Effizienz des  funktionellen

Materials korreliert. Das Verfahren wurde erfolgreich in einer Modellproben-Serie angewendet und

Blindkugel-Radien für paramagnetische Dotierstoffe konnten erhalten werden.

In  Abschnitt  3.1  wurde  die  Korrelation  zwischen  NMR-Signal  und  der  Dotierungsverteilung

etabliert, indem die „NMR-Sichtbarkeit“ und die NMR-Sichtbarkeitsfunktion-f(x)-Kurve, welche

die Sichtbarkeit  f als Funktion des Dotierniveaus  x  beschreibt, entwickelt wurde. Diese „NMR-

Sichtbarkeit“  wurde  als  die  molare  Peakfläche  der  paramagnetisch  dotierten  Probe  definiert,

welche  durch  die  des  diamagnetischen  Wirts  normalisiert  ist.  Das  NMR-Sichtbarkeits-Modell

wurde an Sr1-xEuxH2-Probenserien getestet und die Formel der „NMR-Sichtbarkeits“-Funktion für

homogene Probenserien wurde als f (x )=exp(−ar 0
3 x )  entwickelt, wobei r0 den Radius der NMR-

Blindkugeln  und  a einen  Parameter  der  Zahlendichte,  welcher  sich  auf  den  Wirt  bezieht,

beschreibt.  Die  aus  experimentellen  1H-MAS-NMR-Daten  berechnete  Sichtbarkeitskurve  war

konsistent mit der Sichtbarkeitsfunktion  f(x) sowie mit den Ergebnissen aus Berechnungen mit

einem  selbst  geschriebenen  Fortran90-Programm,  welches  auf  einem  Zufallsverteilungsmodell

basiert.

Anschließend wurde in Abschnitt 3.2 das Verfahren in verschiedenen Modellverbindungs-Reihen,

einschließlich Hopeit (Zn1-xMnx)3(PO4)2·4H2O mit dem paramagnetischen Dotierstoff Mn2+ und den

NMR-Kernen  1H  und  31P, Sr1-xEuxGa2S4 mit  Eu2+ und  dem  NMR-Kern  71Ga,  und  Monazit

La1-xLnxPO4 mit  Ln3+ (Ln = Nd, Gd, Dy, Ho, Er, Tm, Yb) und dem NMR-Kern  31P. Für alle

homogen dotierte Probenserien konnte die NMR-Sichtbarkeits-Methode angewendet werden, und

die Radien der NMR-Blindkugeln, welche typischerweise im  Å  bis nm-Bereich liegen, wurden

erhalten.  Zusätzlich  wurde  die  theoretische  Untersuchung  der  Radien  von  NMR-Blindkugeln

gezeigt.

In Abschnitt 3.3 wurde gezeigt, dass die NMR-Sichtbarkeitsfunktion ein heterogenes von einem

homogenen  Dotierungsszenario  unterscheiden  kann,  da  bei  heterogen  dotierten  Proben  eine

Abweichung  von  der  Sichtbarkeitsfunktion  beobachtbar  war.  Der  Begriff „NMR-Homogenität“

wurde  daher  für  homogene  Proben  eingeführt,  welche  mit  der  NMR-Sichtbarkeits-Methode

getestet wurden. Es wurde auch gezeigt, dass Proben mit höherer NMR-Homogenität bessere

Lumineszenzleistung zeigen, einschließlich Intensität und Abklingzeit.

Darüber hinaus wurde in Abschnitt 3.4 die NMR-Sichtbarkeitsfunktion auf co-dotierte Systeme

erweitert,  einschließlich  La1-x- yGdxDyyPO4,  La1-x- yNdxTmyPO4 and  La1-x- yNdxHoyPO4. Für

La1-x- yNdxHoyPO4, wurde  anstelle  der  2D-NMR-Sichtbarkeitskurve  eine  3D-NMR-

Sichtbarkeitskarte  entwickelt.  Da  die  Radien  der  NMR-Blindkugeln  im  Å-  bis  nm-Bereich

erschienen, lag die durch das NMR-Sichtbarkeits-Modell bestimmte NMR-Homogenität ebenfalls

auf einer ähnlichen Längenskala. Zusammen mit SEM-EDX-Mapping- und SEM-CL-Techniken

wurde gezeigt, dass die Homogenität oder Heterogenität von Co-Dotierungen systematisch vom

Å- bis zum μm-Bereich untersucht werden kann.

Insgesamt hat sich gezeigt, dass die NMR-Sichtbarkeits-Methode sowohl für theoretische Studien

der NMR-Blindkugeln als auch für Anwendungen in paramagnetischen Systemen nützlich ist,

solange NMR-Kerne vorhanden sind.



1 Introduction | 3

1 Introduction
The aim of  this work is to establish a NMR methodology to investigate the

doping homogeneity of paramagnetic ions. Doping is one of the most versatile

tools to influence properties of solids as it introduces defects and tunes charge

carrier  concentrations.[1] The  standard  definition  of  doping  according  to  the

IUPAC[2] refers to an action of adding a small amount of foreign atoms (dopants)

to form a solid solution in the lattice. In materials science, doping is used rather

uncritically and in general refers to an impurity effect that influences the defect

structure without changing the ground structure.[1] Doping is not restricted to

one kind of dopant, instead, it is possible to incorporate more than one species.

For example, co-doping is a strategy which potentially enhances the solubility of

dopants and improves the stability of desired defects. As a result, the dopant

populations, electronic properties and magnetic properties are effectively tuned.[3]

Among various choices of dopant species, the rare earth (RE) elements are of

great importance, as they find various applications[4,5] in mature markets ranging

from electronics[6] such as cellphones and computers, optical materials[7] such as

lasers and phosphors, over medical science such as magnetic resonance imagery

(MRI)[8] contrast agents, to the field of renewable energy[9,10] such as magnets in

wind turbines. In recent years, the RE elements have also shown large potential

in modern advanced technologies for example in quantum nanophotonics,[11,12] in

electrode materials for advanced energy storage[13] as well as in frontier biological

discoveries.[14] Typical examples of RE doped solid functional materials [4,15] are

glass  lasers[16] and luminescent  materials.[4,17] While  playing important  roles  in

numerous  fields  with  large  consumption,  the  RE  elements  are  in  fact  non-

renewable natural resources. According to the report from the European union,

the RE elements is in the group of critical minerals[18] and its import reliance is

100%.[19] Therefore, the rational utilization of RE elements is an important issue

and should be addressed.[20]

As by adding only a small amount of RE elements aimed properties can be tuned

and controlled,[1] doping is an effective strategy for making use of RE resources,
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as long as the dopants are well implemented in the host as designed, which leads

to the question of dopant distribution. It is of particular interest because where

and how the dopants involved in the material can make dramatic difference in

the  material  property.[1,3,21] Taking  luminescent  materials  for  example,  good

spacial separation of dopants is often required to avoid or alleviate concentration

quenching[21–23] in order to achieve optimized luminescent performance.[21,24,25] One

of the simple and effective solutions is homogeneous doping,[21,24] which means

ensuring spatial separation while saving the consumption and making the best

use of RE elements.

As for the studies by solid state nuclear magnetic resonance (NMR), which is the

main research technique in this work, the paramagnetic lanthanide ions from the

RE group are also good candidates for the study of paramagnetic NMR effects.

This is because the 4f electrons are well shielded by 5s and 5p electrons and not

available for covalent bonding, which  leads to smaller crystal  field effects for

lanthanides  as  compared  to  transition  metal  ions.[26–28] Therefore,  the  NMR

research on the dopant distribution with RE elements is both of academic value

and practical significance.

Tuning of  material  properties  by doping can be achieved in  homogeneous or

designed  heterogeneous  way.[1] In  both  ways  the  determination  of  dopant

distribution  is  essential.  However,  in  actual  usage  the  circumscription  for

homogeneity  or  heterogeneity  is  rather  vague,  because  homogeneity  is  not  a

unique  metric  unit.  Therefore,  it  is  important  to  first  clarify  the  concept  of

“homogeneity”.  

The IUPAC gold book defines the term “homogeneity”[29] as “the degree to which

a property or a  constituent is uniformly distributed throughout a quantity of

material”. Accordingly, a material can be both homogeneous and heterogeneous,

with respect to different length scales. For example, a piece of clear window glass

is  often  taken  for  granted  as  homogeneous  by  naked  eyes  in  centimeters  or

meters, but under electron microscope phase separations can be detected and in

atomic  scale  glass  lacks  the  long-range  periodic  arrangement.[30] Therefore,
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homogeneity or heterogeneity should always be clarified with respect to a specific

length or volume.

Various  techniques  contribute  to  the  study  of  homogeneity,  for  example

diffraction  methods,[31] electron  microscopy[32] with  energy  dispersive X-ray

analysis  (EDX),[33] X-ray  photoelectron  spectroscopy  (XPS)[34] and  so  forth.

However, it turned out to be nontrivial to ‘‘prove’’ doping homogeneity, instead,

the usual approach is to disprove heterogeneity on different length scales.  To

name  a  few  examples,  SEM,  SEM-EDX  and  SEM-CL  provide  information

typically on μm or sub-μm scale[32,35,36] and TEM on nm to Å (or atomic) scale.[37]

The  studied  sample  volumes  could  also  be  different,  for  example  laboratory

powder  XRD  and  neutron  diffraction  sense  bulk  properties,[31] while  in

comparison,  techniques  such  as  XPS[34] and  EDX[38] are  more  surface

sensitive,[32,34,39] which means smaller analyzed volume. Consequently, same sample

could appear to be homogeneous or inhomogeneous depending on the chosen

technique.

As  for  magnetic  resonance,  there  is  the  option  of  directly  focusing  on  the

paramagnetic  centers,  as  for  example electron paramagnetic  resonance  (EPR)

and electron spin echo envelope modulation (ESEEM), or the option of studying

the  diamagnetic  host,  such  as  NMR.  Magnetic  resonance  techniques  such  as

NMR[40–55] and EPR[56,57] have the characteristics that bulk properties as well as

low doping level can be studied on the atomic range, which is nontrivial.

Solid  state  NMR  has  been  used  to  investigate  the  paramagnetic  dopant

distribution of a single kind of dopant (‘‘mono-doped’’) in different ways. For

example, the T1 relaxation times of a series of doped samples[51,50,42] can be used

to study the doping homogeneity based on the exponential dependence of T1 on

doping level with the factor −1 or −4/3, depending on whether spin diffusion is

present or not.[49] Besides, a NMR T1-T2 correlation map[52] was also shown to be

useful  in  studying  a  paramagnetic  site  distribution  at  the  surface  of  porous

materials. In addition, the line broadening  or change of lineshape[42,40,41] can be

used as indication of homogeneity of heterogeneity. Also, the spinning sideband
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envelopes can be sensitive to the location of paramagnetic dopants in batteries. [48]

For  example,  6Li  MAS NMR spinning  sideband manifolds[47] and shifts[45] are

sensitive to the nearest coordination sphere of Mn ions. Last but not least, in

glasses, rotational-echo double resonance (REDOR) is shown to be a useful tool

to  determine  the  homogeneous  distribution  of  diamagnetic  dopants,  and  the

monotonic shift of center of gravity with increasing doping level is also indicative

of a random dopant distribution.[56,57]

Although it is commonly assumed that the homogeneity obtained by magnetic

resonance corresponds to the distance range of the studied interaction, for the

previous methods the length scale by numerical values was not explicitly stated

or highlighted. In addition, the majority of the previous studies focus on the

relaxation,[49–52] shift,[45,46] lineshape[40–44] or sideband manifolds[47,48] analysis, which

naturally requires a reasonably good signal visibility. At this stage, a series of

ensuing  questions  have  motivated  this  research.  Is  there  a  direct  connection

between the doping homogeneity and the observed peak area? If the signal loss is

severe,  which  can  be  possible  for  paramagnetic  systems,  could  the  doping

homogeneity still be studied? Is it possible to make use of the “lost signals” to

this end?

The invisibility of NMR signal originated from the signal quenching phenomenon

inside a blind sphere, which refers to a volume around a paramagnetic ion inside

which  no  NMR signal  can  be  observed.[58] Previous  studies  related  to  blind

spheres  have  been  mainly  focused  on  metalloproteins[27,59–64] and  magnetic

systems[65–69] in  which  different  terminologies  are  used.  For  example,  for  the

studies of metalloproteins by solution NMR and dynamic nuclear polarization

(DNP), the terms of “blind sphere” or “quenching/bleaching” are often used, as

the blind sphere plus the detectable paramagnetic effects are useful information

for structure constrains.[27,58] For the studies of magnetism the term “wipeout” or

“critical radius” has been used and the research interests lean towards relaxation

rate  and  temperature  dependence,  as  such  studies  gives  hint  to  the  stripe

order.[70] To the best of  my knowledge, the usage of  blind spheres on doping

homogeneity study especially in inorganic systems has not been published before.
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Based on the previous motivations with respect to doping and the questions with

respect to NMR methods, the aim of  this work was to establish a novel NMR

methodology  for  doping  homogeneity  analysis  of  paramagnetic  species.  Such

method was expected to fulfill the following requirements. Firstly, it should be

applicable for paramagnetic dopants especially RE dopants.  Secondly, via the

method, homogeneous doping scenario could be differentiated from heterogeneous

ones. In particular, not only the visible signal but also the invisible signal from

NMR nuclei inside blind spheres should be made use of. Thirdly, by applying this

method, the homogeneity related length scale could be specified and in the end

the  correlation  between  the  determined  homogeneity  and  the  material

performance should be checked.
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2 Theoretical Background

2.1 Solid State NMR Spectroscopy

Nuclear  Magnetic  Resonance  (NMR)  spectroscopy  is  an  isotope  specific

technique, whose application heavily relies on the fact that the local magnetic

fields  experienced  by  the  nuclei  are  sensitive  to  the  local  electronic

environments.[71] In  this  work typical  NMR parameters  involved are:  isotropic

chemical shift δiso, which indicates signal position; spin-lattice relaxation time T1

and peak area  A, which  are  useful  information for  NMR quantification;  and

linewidth Δν1/2 that relates to second moment M2 analysis of the lineshape.

2.1.1 Chemical Shift

In NMR, the magnetic fields experienced by the nuclei are sensitive to the local

electronic environments.[71,72] The dependence of the nuclear Larmor frequency on

the local electronic environment can be described as the chemical shift effect. [71,72]

A standalone nucleus with nonzero nuclear spin should precess with an angular

frequency  ω0 in external magnetic field  B0 (equation 2.1.1-1, with  γ being the

gyromagnetic ratio). ω0 is the Larmor frequency and is nucleus specific.

ω0=−γB0
(2.1.1-1)

When  taking  into  account  the  electron  clouds  surrounding  the  nucleus,  the

external  magnetic  field  will  induce  circular  currents  into the electron  clouds,

which generates an induced field Bind. The local magnetic field that the nucleus

with electron clouds experienced is then the effective magnetic field Beff, which is

the sum of Bind and B0 (equation 2.1.1-2).[71]

Beff=B0+B ind
(2.1.1-2)

The strength of the induced field Bind is linearly dependent on the external field
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B0 and the tensor which describes this linear dependence is the chemical shift

tensor δ (equation 2.1.1-3).[71]

Bind=δ⋅B 0
(2.1.1-3)

In diamagnetic material the magnitude of Bind is much smaller than that of B0,

which makes the chemical shift a small value.[71] In paramagnetic materials, due

to the presence of unpaired electrons, the corresponding shift can be large and is

called  the  paramagnetic  shift  (or  hyperfine  shift).[71] In  particular,  the  term

Knight shift is usually used in metals and superconductors.[71] The paramagnetic

part is further discussed in section 2.2.

The magnitude  of  the  precession  frequency  ωj of  a  nucleus  j  surrounded  by

electron clouds is  proportional  to  the strength of  effective  magnetic  field  Beff

(equation 2.1.1-4).[71–73]

ω j=γ jBeff=γ j(B 0+B ind)=γ jB0 (1+δ) (2.1.1-4)

The IUPAC defined the chemical shift δ for nucleus X as equation 2.1.1-5.[74,75]

δX,sample=
νX,sample−νX,reference

νX,reference
(2.1.1-5)

The νX,sample and νX,reference refer to the resonance frequency of nucleus X in sample

and reference compound, respectively. For example, the reference compound for
1H is tetramethylsilane(TMS) in dilute solution (volume fraction 1% in CDCl3).

In some cases reference compounds for X are unavailable or hard to measure,

thus IUPAC offers a conversion possibility between X and  1H, using  Ξ as the

ratio of the X frequency to that of 1H in TMS in the same magnetic field. Ξ is

expressed as a percentage (equation 2.1.1-6).
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νX,reference=Ξ  ⋅ν H1 , TMS (2.1.1-6)

In this way, chemical shift becomes a relative quantity which is field independent,

which facilitates the comparisons among studies.

In solution, due to the fast averaging of anisotropic interactions, the chemical

shift can be specified as an isotropic parameter.[71] In solids or liquid crystals, the

chemical shift tensor can be described as a 3×3 matrix of real numbers.  In the

laboratory frame, its anisotropic contribution can be described by a  rank two

tensor with components δij, i,j being x,y or z. By diagonalization of the chemical

shift tensor, the isotropic chemical shift δiso  can be obtained as a scalar quantity

as one third of the trace or the average of three principle values in the diagonal.

2.1.2 Relaxation

In the absence of external magnetic field, the spins in a sample are a quantum

mixture of “spin-up” and “spin-down” eigenstates which shows overall macroscopic

magnetization of zero.[27] By bringing a sample into a static magnetic field, a spin

population difference of energy levels following the Boltzmann law is induced,

which results in a net nonzero magnetization along z axis.[27,71]

The return of the magnetization into thermal equilibrium from non-equilibrium

conditions can be described with a set of rate equations. [71] The corresponding

exponential time constants along  z-axis (applied field direction) and in the  xy-

plane are called longitudinal relaxation time  T1 and transverse relaxation time

T2, respectively.[71] The corresponding relaxation rate constants T1
-1 and T2

-1 are

R1 and  R2,  respectively.  Such  notation  of  nuclear  relaxation  also  applies  to

electronic relaxation. For simplicity,  the nuclear relaxation time constants are

written as T1 and T2, while the electronic longitudinal and transverse relaxation

times are denoted as T1e and T2e, respectively. Through the process of reaching

thermal  equilibrium  from  non-equilibrium  conditions,  energies  are  exchanged

between the spin systems and the surroundings which were historically assumed
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as lattices, therefore the T1 is also named spin-lattice relaxation time.

To measure the relaxation times, perturbation of the naturally equilibrium state

spin system is necessary and this is achieved by radio frequency (RF) pulses in

NMR.  A common way to  measure  T1 is  performing  the  saturation  recovery

experiment. The build up of magnetization along z-axis for such experiment can

be written as equation 2.1.2-1.[71]

M z (t )=M eq (1−e−t /T 1) (2.1.2-1)

The  T1 is not the time constant at which the magnetization reaches thermal

equilibrium but  Mz ≈ 63%Meq.  At  t ≈ 5T1,  Mz  reaches approximately 99%Meq.

Therefore, a repetition delay of 5T1 is used for quantitative NMR measurements

in this work.

The T1 relates to the magnetization buildup along z-axis. On the other hand, T2

corresponds to the exponential decay of magnetization in the  xy-plane, whose

cosine Fourier  transformation gives a Lorentzian frequency function  (equation

2.1.2-2) with spectral linewidth of Δν1/2=(πT2)-1, which is the full width at half-

maximum (FWHM) (equation 2.1.2-3).[27]

∫
0

∞

e−t /T 2cos(ω t )d t=
T 2

1+ω2T 2
2 (2.1.2-2)

Δ ν1/2=
1

πT 2

(2.1.2-3)

2.1.3 NMR Signal and Peak Area

In mathematics, by performing a Fourier transform (FT), a function of time f(t)

can be transformed to a function of frequency F(ω) (equation 2.1.3-1).[73]
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f (t )⟷
 FT 

F (ω)=∫
−∞

∞

f (t )e−iω t d t (2.1.3-1)

In modern NMR the FT plays an important role because it helps to obtain the

frequency domain signal from the detected time domain signal, which is the free

induction decay (FID). For pulsed NMR experiments, the FID is sampled over

the acquisition time taq point by point with the time interval of the dwell time

tdw.  Assuming  that  N points  have  been  collected,  then  taq = Ntdw and  the

frequency ω = 2π/taq = (1/N)2π/tdw,  the general formula of equation 2.1.3-1 can

thus be written as equation 2.1.3-2.[73]

j=0,. ..,N−1        k=0,... ,N−1

f j ⟷
 discrete FT 

F k=
1
N ∑

j=0

N −1

f j e
−iω k j tdw (2.1.3-2)

According to the integral relation that the value of a function at zero equals the

integral over its Fourier transform, the corresponding formula for pulsed NMR

can be written as equation 2.1.3-3.[73]

f (0)=∑
k=0

N−1

F k (2.1.3-3)

This is of importance for the NMR quantification as well as the NMR visibility

function method in this work, because the peak area is related to the intensity of

first point of the FID (see section 3.2).

2.1.4 Lineshape Analysis

For Gaussian lineshapes, the zeroth, first and second moment can be calculated

in turn according to equation 2.1.4-1, 2.1.4-2 and 2.1.4-3.[76–78] The  I(υ) is the
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lineshape function and υ is the nuclear resonance frequency. The zeroth moment

M0, the first moment M1 and the second moment M2 are related to the peak area

A, the isotropic chemical shift δiso and the line broadening, respectively.[79]

M 0=∫
−∞

∞

I (ν)d ν=A (2.1.4-1)

M 1=
1

M 0
∫
−∞

∞

ν I ( ν) d ν= δiso (2.1.4-2)

M 2=
1

M 0
∫
−∞

∞

(ν−M 1)
2I (ν)d ν (2.1.4-3)

2.2 Paramagnetic NMR

The origin of paramagnetic NMR effects is the hyperfine interaction between the

NMR nucleus and the unpaired electrons. The term “hyperfine” was named after

the hyperfine splitting structure in the electron paramagnetic resonance (EPR).[28]

The  consequences  of  hyperfine  interactions  are  typically  categorized  into

hyperfine shift, paramagnetic relaxation enhancement (PRE) and residual dipolar

coupling (RDC).[27,28] For inorganic solids in this thesis, the important ones are

the hyperfine shift and paramagnetic relaxation, which can be sub-categorized

into for example contact coupling (Fermi-contact interaction) or dipolar coupling

(pseudocontact  interaction).[27,28] A  basic  overview  of  such  interactions  are

presented  in  the  following  subsections  and  the  treatment  of  lanthanides  is

depicted in more details, as in this work the main subject is solids doped with

lanthanide ions.

2.2.1 Hyperfine Shift

In  the  section  2.1.1, the  chemical  shift  effect  in  diamagnetic  materials  was

described. The induced magnetic field is rather small as compared to the external
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field, therefore the magnitude of chemical shift is small.

On the other hand, in paramagnetic systems, due to the presence of unpaired

electrons, the magnitude of hyperfine shift can be much larger. The origin of

hyperfine shift corresponds to the coupling of nuclei to unpaired electrons, which

have a much faster relaxation rate 1/T1e than the nuclei relaxation rate 1/T1. As

a result of such a time scale difference, a nucleus will “sense” not an electronic

magnetic moment but rather the average of it.[28] Therefore,  T1e is important in

paramagnetic NMR. Typical T1e range is 10-8-10-14 s.[28,80]

2.2.2 Paramagnetic Enhanced Relaxation

Dipolar, Curie-spin and Fermi-contact relaxation are in principle three possible

contributions  for  paramagnetic  relaxation  enhancement  (PRE).[27,28] For  solids

with negligible rotational motion of large molecules, Curie-spin relaxation can be

neglected, therefore is not further discussed here.[27,28]

The general  model  for  PRE in  solution  is  the  Solomon-Bloembergen-Morgan

(SBM) theory.[81–84] The SBM theory uses the point-dipole assumption, takes into

account only contact and dipolar interactions while neglecting cross correlation,

and  treats  all  correlation  functions  as  exponential  functions.[28] As  Solomon

published his work on the dipolar interaction[81] and Bloembergen and Morgan on

contact  mechanism[82–84],  the  Solomon  mechanism  and  Bloembergen  or

Bloembergen-Morgan  mechanism  are  often  mentioned  as  the  principal

mechanisms of the dipolar hyperfine interaction, respectively.

2.2.3 Paramagnetic NMR for Lanthanides

The  nomenclature  of  lanthanide  elements  refers  to  a  group  of  15  elements,

namely La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. [85]

Although  according  to  the  IUPAC  red  book[85] lanthanoid  is  preferred  to

lanthanide  because  the  ending  “ide”  normally  indicates  a  negative  ion,[86] for

consistency with most cited references as well as publications, in this thesis the

terminology “lanthanide” is adopted.

The most common oxidation state for Ln ions is Ln3+ which have the electron
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configuration of 4fn. The 4f electrons are well shielded by 5s and 5p electrons thus

not available for covalent bonding and the crystal field effects are rather small as

compared to transition metal ions.[26]

For lanthanide ions, the common model is the Bleaney’s theory,[87,88] which was

originally  used  to  calculate  the  paramagnetic  shifts  due  to  lanthanide  ions.

Bleaney made the following assumptions[87]:  first,  the  only ground manifold  J

(total angular momentum, which is the vector combination of S and the orbital

angular momentum L) is occupied and its 2J+1 levels are split by ligand field to

an overall amount that does not exceed thermal energy  kT;  second, unpaired

electron density in the 4f orbitals fits the point-dipole model; and third, the spin-

orbit coupling effects are much larger than the ligand field effects. Instead of S,

the J is used because unlike the transition metal ions, the spin-orbit interactions

of lanthanides are large. The point-dipole model assumed in the Bleaney’s theory

was shown to be a fair approximation for distance larger than 8 Å but may break

down at distance smaller than 4 Å.[28]

The general equations of the Bleaney’s theory are equation 2.2.3-1,  2.2.3-2 and

2.2.3-3.[27,87] These equations emphasize on the isotropy of the Fermi-contact shift

and the anisotropy of the pseudocontact shift (PCS), as the PCS depends on the

susceptibility  anisotropy.[27] The  δPCS and  δcon refer  to  the  pseudocontact  and

contact shifts, respectively. The gJ is the g-factor in lanthanide free ions, γI is the

nuclear gyromagnetic ratio,  0 is the  vacuum permeability and B is the Bohr

magneton. The  Dx,  Dy and  Dz are components of the zero field splitting (ZFS)

tensor  D.  The  r, θ and φ are the spherical  coordinates  of  the nucleus  with

respect to D. The reduced Planck constant ħ = h/2π (h is the Planck constant),

and χ is the magnetic susceptibility without ligand field splitting. The  k is the

Boltzmann constant and T is the temperature. The Acon is the contact coupling

constant, which is usually assumed to be a constant along a series of lanthanide

complexes with the same ligand.[27] This may be extended to a doping series due

to the analogy to lanthanide dopants in the same host (section 3.2).
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gJ=1+
J (J+1)−L (L+1)+S (S +1)

2J (J+1)
(2.2.3-1)

δPCS=−
μ0

4 π

gJ
2μB

2 J (J+1)(2J−1)(2J+3)

60(kT )
2

               ×
Dz (3cos2θ−1)+(D x−Dy )sin

2θcos2ϕ

r 3

(2.2.3-2)

δcon =
Acon

ℏ

g J (g J−1)μB J (J +1)

3γI kT
 or δcon =

1
μ0

Acon

ℏ

g J−1

γIμBgJ

χ (2.2.3-3)

For  the  isotropic  Fermi-contact  relaxation  contribution,  equation  2.2.3-4  and

2.2.3-5  hold  for  paramagnetic  solutions,  according  to  Bloembergen.[83,84] The

correlation time τcon=(τe
−1
+τM

−1
)
−1 , where τe relates to the electronic relaxation

time and  τM is the chemical exchange correlation time.  The variable  ωS is the

electron Larmor frequency.

1
T 1

=
2
3

J (J+1)
Acon

2

ℏ
2

τcon

1+ωS
2 τcon

2 (2.2.3-4)

1
T 2

=
1
3

J (J+1)
Acon

2

ℏ
2 (τcon+

τcon

1+ωS
2 τcon

2 ) (2.2.3-5)

According to the Solomon mechanism, for dipole relaxation in solids, the nuclear

relaxation time depends on the electronic relaxation time (equation 2.2.3-6 and

2.2.3-7).[50] With negligible dynamics or motion in solids, the correlation time τ is

approximately equal to the electronic relaxation time. The ωI,  ωS,  γI and γS are

the nuclear and electronic Larmor frequencies, and the nuclear and electronic

gyromagnetic ratios, respectively. The variable  r is the distance between NMR

nuclei and the unpaired electrons that belong to the paramagnetic ion.
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1
T 1

=(
μ0

4π )
2
J (J +1)

15

ℏ
2
γI

2
γS

2

r 6 ×(
6T 1e

1+ωI
2 T 1e

2 +
14T 2e

1+ωS
2 T 2e

2 ) (2.2.3-6)

1
T 2

=(
μ0

4π )
2
J (J +1)

15

ℏ
2
γI

2
γS

2

r 6 ×(4T 1e+
3T 1e

1+ωI
2T 1e

2 +
13T 2e

1+ωS
2 T 2e

2 ) (2.2.3-7)

For lanthanide ions, the effective magnetic moment  eff is related to the  main

total angular momentum quantum number J as μeff
2
=gJ

2μB
2 J (J +1) ,[26] therefore

equation 2.2.3-6  and 2.2.3-7 can be rewritten into equation 2.2.3-8  and 2.2.3-9,

respectively.

1
T 1

=(
μ0

4π )
2
γI

2

15

μeff
2

r 6 ×(
6T 1e

1+ωI
2T 1e

2 +
14T 2e

1+ωS
2 T 2e

2 ) (2.2.3-8)

1
T 2

=(
μ0

4π )
2
γI

2

15

μeff
2

r 6 ×(4T 1e+
3T 1e

1+ωI
2 T 1e

2 +
13T 2e

1+ωS
2 T 2e

2 ) (2.2.3-9)

From the formula of dipolar relaxation, it may be speculated that the r0 should

correspond to the γI and eff as r 0∝
3
√γI

 and r 0∝
3
√μeff

, on conditions that: if a

critical dipolar relaxation rate related to blind sphere exists, and if the electron

relaxation times are within similar range for the lanthanide dopants (section 3.2).

Similar distance dependence of shifts and relaxation rates have been studied but

only outside of the blind spheres.[27]
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Homogeneity of doping with paramagnetic ions
by NMR†

Wenyu Li,a Vinicius R. Celinski,a Johannes Weber,a Nathalie Kunkel,b

Holger Kohlmannc and Jörn Schmedt auf der Günne*a

In NMR, paramagnetic dopants change the relaxation behavior and the chemical shift of the nuclei in

their immediate environment. Based on the concept that the ‘‘immediate environment’’ in a diamagnetic

host material can be described as a sphere with radius r0, we developed a function for the fraction of

unperturbed nuclei (the fraction of nuclei outside the sphere) which gives a link between the effective

radius and the doping concentration. In the case of a homogeneous doping scenario a characteristic

dependence is observed in both theory and experiment. We validated the model on a sample series

where paramagnetic Eu(II) ions are doped into crystalline SrH2. The fraction of unperturbed nuclei was

determined from the 1H NMR signal and follows the predicted curve for a homogeneous doping

scenario where the radius r0 is 17 Å.

Introduction

Doping by paramagnetic ions enables the functionalization of
inorganic materials such as phosphors1–5 and semiconductors.6–8

For example, one type of phosphor-converted white-light LED is
realized with a diamagnetic SrSi2O2N2 host doped with only 2%
of Eu which yields quantum efficiencies as high as 91%.9 In the
case of long lasting phosphors (LLPs), it has been observed that
only a small fraction of the dopants participate in the process of
phosphorescence.10,11 Many long lasting phosphors are based on
paramagnetic doping with rare-earth elements. Clearly, the distri-
bution of paramagnetic dopant ions in the host lattice could affect
the brightness,12,13 the emission wavelength,14 the efficiency13

and the afterglow duration15–17 of phosphors. One reason is the
concentration quenching effect10,18 which refers to the phenom-
enon that the luminescence yield decreases with increasing
activator concentration at high concentrations. According to the
statistical trap mechanism,18–21 for the inorganic phosphors, the
energy transfer probability increases dramatically if the activator
ions are close to each other, due to the D�6 dependence (D is the
distance between two activator centers) which relates to the
electric dipole–dipole interaction nature of this energy transfer.

Therefore, homogeneous doping is often demanded in order to
achieve optimal optical properties, and in fact methods such as the
sol–gel method22 and the homogeneous precipitation23 are often
applied in phosphor synthesis to improve doping homogeneity.

What does ‘‘homogeneous doping’’ mean? According to the
IUPAC gold book,24 ‘‘homogeneous’’ refers to ‘‘the degree to which a
property or a constituent is uniformly distributed throughout a
quantity of material’’. By this definition, a specific scale for the
material’s quantity is required over which a property is homo-
geneous. While glass appears homogeneous to the human eye at
the wavelength of several hundred nanometers, its refractive index
gives evidence of the inner disorder when going to shorter wave-
lengths, for example, under a scanning electron microscope (SEM)
by the electron beam with wavelengths of few nm or Å.25

The investigation of doping homogeneity can be achieved by
different analytical techniques depending on the required length
scale of homogeneity. Homogeneous doping is often assumed
if the lattice parameters determined by X-ray diffraction follow
Vegard’s empirical law.26,27 While neutron diffraction and some
X-ray diffraction devices can be used to determine pair-distribution
functions to study doping inhomogeneity,28–30 this is hardly possi-
ble on standard laboratory X-ray diffractometers;31 optical spectro-
scopy techniques such as X-ray photoelectron spectroscopy (XPS)32

can provide the distribution of paramagnetic dopant ions on the
surface but not in the bulk; another surface technique to study
homogeneity is electronmicroscopy33,34 which offers a direct image
on spots of the surface of the sample down to the atomic scale.
In addition, atomic probe tomography35 can provide 3D pictures on
the distribution of dopants down to nm and atomic scale.

Here we want to focus on magnetic resonance spectroscopy to
study doping homogeneity. By electron spin resonance spectroscopy
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(ESR) information about the homogeneity of doping with para-
magnetic atoms can be extracted via lineshape analysis36,37 or by
multipulse spectroscopy.38 In this contribution we use nuclear
magnetic resonance spectroscopy (NMR) to analyze the environ-
ment of the doped paramagnetic atoms to obtain information
about their distribution in the diamagnetic host material. The
advantage of this inverse approach as compared to ESR is that
non-doped areas which are not visible in the ESR experiment are
not overlooked. So far NMR studies of sample homogeneity37,39–53

have focused on the variation of magnetization with the spin
lattice relaxation time T1. Often combined models are suggested
which try to derive the observed relaxation time distribution from
models taking into account spin-diffusion between nuclear spins
and paramagnetic relaxation pathways of nuclear spin-systems.
Models suggest that spin-diffusion only becomes efficient for
nuclei outside a certain radius (the so called wipe-out radius54–56)
around the paramagnetic ion. Owing to the extremely fast relaxa-
tion mechanism near typical paramagnetic ions, the detection of
the nuclei in their direct environment is technically quite difficult
due to significant distortions in the measured relaxation distri-
bution function. In addition, the paramagnetic shift due to
Fermi-contact and pseudo-contact interactions might shift the
resonance line out of the spectral window thereby rendering it
non-observable.

Interestingly, although the effects induced by paramagnetic
ions53,57–59 regarding the paramagnetic shift, relaxation and
lineshape (Fig. 1) are well understood, for example, 6Li MAS
NMR spinning side band manifolds60 and shifts61 are shown to
be very sensitive to the nearest coordination sphere of Mn ions,
to the best of our knowledge, the approach to simply quantify
the signal intensity of the nuclei outside the wipe-out radius to
study the doping homogeneity has not been used so far.

Based on the above considerations, the working hypothesis
here is that the doping homogeneity on the atomic scale can
be accessed by quantitative solid state NMR via the peak area
measurements.

Experimental
Synthesis of Sr1�xEuxH2 doping series

Eu is incorporated in the Sr metal before contacting with H2

to make sure that the doping is as homogeneous as possible

within the limit of the lab work. The starting materials and the
metal hydride products are very sensitive to air and were therefore
handled in an argon filled glove box. Strontium and europium
were melted together in order to achieve optimal homogeneity as
described in the earlier work.62 The resulting alloys were hydro-
genated in an autoclave made from hydrogen resistant Nicrofers

5219 alloy (Inconel 718) at 650 K and 100 bar hydrogen pressure.
The europium content was determined by ICP-MS analysis.
Further details of preparation, X-ray diffraction and chemical
analysis can be found in earlier work.62

Solid state NMR

The solid state NMR experiments were performed at 11.75 T on a
Bruker Avance III NMR spectrometer equipped with a commer-
cial 1.3 mm MAS probe at a 1H frequency of 500 MHz under
ambient conditions. The sample spinning frequency was 40 kHz.

The chemical shifts of 1H are reported using the d scale,
relative to 1% tetramethylsilane (TMS) in CDCl3.

63 The peak area
quantification is based on the analysis of back-extrapolated spin-
echo experiments.64

The side bands were taken into consideration when calculating
the peak area. An estimated error of 10% for the quantification
against the external reference adamantane was taken into account
subsequently. Peak areas were obtained by deconvolution with
several Gaussian and Lorentzian functions using a home-written
program.

Results and discussion

In order to test the hypothesis, we present a case study where
we use crystalline SrH2 as the host material doped with the
paramagnetic ions of Eu(II). Strontium hydride and europium
hydride form a solid solution Sr1�xEuxH2 and show a Vegard27

like behaviour,65 which can be expected considering the crystal
chemical similarities of strontium and europium hydrides.66

The unit cell volume shows an approximate linear dependence
on x for the full substitution range 0 r x r 1 (Fig. 2).

The mole fraction of the paramagnetic dopant is defined as

xpara ¼
Npara

Nhost þNpara
, where Npara and Nhost refer to the number

Fig. 1 A schematic sketch of a paramagnetic ion doped inorganic crystal
structure and the possible corresponding paramagnetic ion induced effects
(paramagnetic shift and broadening) in the solid state NMR spectra of X nuclei.
M stands for the paramagnetic dopant ion, A is the to-be-substituted host ion
while X refers to the NMR nuclei; d is the distance between the paramagnetic
ion and the NMR nuclei, and r0 is the wipe-out radius. The resonances of
X nuclei become apparently non-observable or they ‘‘vanish’’ if d o r0.

Fig. 2 Unit cell volumes as a function of the substitution degree x in
Sr1�xEuxH2 as determined by Rietveld refinement based on X-ray powder
diffraction data. The dotted line represents a linear fit resulting in V(Sr1�xEuxH2) =
1.8067(7)�108 pm3 � 8.8(1)�106 pm3�x.
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of dopant ions and the corresponding host sites that can be
occupied by the dopant ions (for simplicity, they are written as
the host ions in the rest of the paper). In this case, the dopant
ion is Eu2+ and the host ion is Sr2+, therefore we specify the
doping mole fraction of Eu as xEu in the figures.

In order to test our hypothesis, the correlation between xpara
and the visible peak areas is first set up, and the experimentally
visible H fraction fvisible was introduced. In the ideal case, with a
suitable internal reference, the observed peak area fraction is a
quantitative reflection of the visible H percentage. On the other
hand, in the following sub-chapters, in all theoretical models,
the visible H percentage is calculated as the ratio of the number
of NMR ‘‘visible’’ 1H nuclei, which are located outside of the Eu
influencing spheres, to the total number of H atoms.

The presented analysis is organized in the following way.
In the first part we present the experimental data obtained by
quantitative 1H NMR measurements and an empirical function
for describing the observed findings. In the second part we
discuss the assumptions made for deriving analytical functions
for the fraction of visible 1H atoms as a function of the doping
concentration. In part three analytical functions are derived for
describing the obtained NMR data for the statistical doping
scenario.

We obtained quantitative 1H NMR spectra of a doping series
of Sr1�xEuxH2. The NMR spectra (see ESI†) qualitatively show a
decay of signal intensity for the 1H peak found in the sample
with the lowest doping mole fraction x = 10�8, and a broadening
of the resonance with higher doping concentration x.

From the observed peak area per mole of sample (A/n) of

Sr1�xEuxH2 we define the ratio fvisible as fvisible ¼
Adoped

�
ndoped

Anon-doped
�
nnon-doped

.

Here visible refers to nuclei whose 1H NMR peaks remain
approximately at the same position in the spectrum as a non-
doped sample. For the following treatment we assume that the
paramagnetic shift of atoms is the dominant reason why a
nucleus becomes ‘‘invisible’’ in the above sense and we neglect
the relaxation effects which can make the signal of a nucleus
vanish in the dead-time delay of the probehead.

The ratio fvisible is experimentally accessible and plotted
against xEu on a logarithmic scale, which, as expected, shows
a simple behavior following a monotonous decay (see ESI†).
Empirically the following function was found which can describe
the experimental data (see ESI†):

fvisible xpara
� �

¼ exp �k1 xpara
� �k2h i

The coefficients k1 and k2 were used as fitting parameters
which took the values k1 = 425 � 113 and k2 = 1.00 � 0.04,
respectively.

In order to derive analytical functions for fvisible = fvisible (xpara)
we make a number of assumptions. We assume that all atoms
inside a radial sphere of influence (called wipe-out radius r0)
around a paramagnetic atom (Fig. 3) will be shifted to an extreme
spectral range which makes them virtually invisible to NMR
experiments. The concept of a radial sphere of influence is well
established (shell-of-influence model43,67) and still questionable

if one takes into account (1) the angular dependence of the
hyperfine interaction, (2) the unrealistic, discontinuous considera-
tion at the border between visible and invisible H atoms and (3) the
possibility of multiple interactions with different Eu atoms, which
could mutually cancel each other. On the other hand, the pseudo-
contact shift carries a term with an inverse cubic distance depen-
dence which corresponds to a strong radial dependence.

In order to calculate the visible fraction fvisible as the visible
volume divided by the total volume, the assumption about the
number density of H ions has to be made first. Only in the
condition that the number density is already approximately a
constant at a distance smaller than the wipe-out radius, the
oscillating error induced by the number density variation of the
lattice at small distance can be neglected. The following is to
show that the calculation system of 5 Å is enough for obtaining
a fairly good (o20% error) number density approximation.

To evaluate the number density of H atoms, a discrete point-
model based on the crystal structure may serve as a reference.
Such models were implemented in Fortran90 (ESI†) to analyze
different doping scenarios, however their analysis always requires
full information about the unit cell which is hardly feasible in a
general case. A more practical approach is to follow a continuous
model, namely to calculate the expected number of observed
nuclei around a dopant with the help of the average number
density and the volume of a sphere. The difference between these
two approaches becomes apparent from the normalized integral

of the radial pair distribution function G rð Þ ¼ 3

r3
Ð r
0
g r0ð Þ � r0ð Þ2dr0

of Sr1�xEuxH2 (Fig. 4). The better the continuous approximation
the smaller the difference from 1.0. From the GSrH(r) it becomes
obvious that for spheres with a size bigger than 4.7 Å the errors in
the number of atoms in the sphere deviates by less than 20%
from the value expected from the number density. We conclude
that the continuous approximation is acceptable given that the
radius r0 below which the 1H nuclei become invisible is of the
order of 10 to 20 Å.

The visible H fraction is easily counted for a statistical doping
scenario for a given wipe-out radius r0 with the help of a small
computer program. By comparing the experimental plot with the
calculated data for different assumed radii, the wipe-out radius
can be estimated at around 17 Å with a convergence criterion of
3% for the lowest doping level (see ESI†).

Fig. 3 A schematic drawing of the influence sphere model. M is the
paramagnetic center while X represents the NMR nuclei. According to
the influence sphere model, if the distance dM�X between an X nucleus
and the paramagnetic ion M is smaller than the wipe-out radius r0, the X
nucleus is not visible by NMR. On the other hand, the X nuclei with
dM�X > r0 are visible by NMR.
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An interesting question is how the empirical fitting function
can be given a physical meaning in the sense that becomes a
function of the wipe-out radius fvisible = fvisible(r0,xpara) and the
average number densities according to the crystal structure.

The approach we took is to calculate the regime of extreme
low doping concentrations. For those the function fvisible =
fvisible(r0,xpara) should approach values calculated from the total
volume Vinvisible of all wipe-out spheres from the volume of an
individual sphere multiplied by the number of dopants. These
spheres are not likely to be superimposed at low concentration,
which justifies the approach.

Vinvisible ¼
4

3
pr03Npara

Here Npara is the number of dopant ions in the total volume of the
crystal Vtotal. The doping mole fraction xpara helps relate Npara and
the unit cell volume VUC to the total volume of the crystal Vtotal.
The term NhostUC refers to the number of ‘‘dopable’’ sites in the
unit cell, in this example, the number of Sr atoms per unit cell.

Vtotal ¼
Nhost þNpara

NhostUC
VUC

Assuming equal 1H number densities in each volume unit, the
invisible fraction is proportional to the invisible volume ratio,
which can be described as a function of the wipe-out radius r0.

finvisible r0;xpara
� �

¼ Vinvisible

Vtotal
¼ 4pNhostUC

3VUC
r0
3xpara

fvisible r0;xpara
� �

¼ 1� 4pNhostUC

3VUC
r0
3xpara

The pre-factor a in the empirical exponential fitting function
fvisible(r0,xpara) = exp(�ar0

3 xpara) is fitted to be a = 0.0863 �
0.0016, which shows a resemblance with the theoretical value
4pNhostUC

3VUC
¼ 0:0939, which can be explained mathematically by

the Taylor expansion in the small xpara range:

fvisible r0;xpara
� �

¼ exp �ar0
3xpara

� �

�1� ar0
3xpara þ

1

2
a2r0

6xpara
2 � � � � as xpara ! 0

By asymptotic analysis, as xpara approaches zero, the higher
order terms can be neglected, and the following equation holds

fvisible(r0,xpara) B 1 �ar0
3xpara as xpara - 0

or written as lim
xpara!0

fvisible r0;xpara
� �

¼ 1� ar0
3xpara, which shows

a resemblance to the formula

fvisible r0;xpara
� �

¼ 1� 4pNhostUC

3VUC
r0
3xpara

with a ¼ 4pNhostUC

3VUC
as xpara ! 0.

Due to the fact that the experimental data fit the calculated
curve based on the statistical distribution model (see Fig. 5), we
conclude that the SrH2:Eu samples are homogeneously doped on
the Å scale and this homogeneity refers to a statistical distribu-
tion of Eu2+ ions.

A remaining question is if the wipe-out radius r0 for a
paramagnetic dopant ion is a constant or within a certain limit.
If so, testing the homogeneity by a single NMR experiment
could be feasible and promising. Here we provide an embryo
idea for further NMR investigation by introducing a parameter,
namely the cut-off mole fraction x0. Based on the statistical
distribution model, x0 is defined that if a sample is statistically
doped at the doping level xpara > x0, then the macroscopic signal
in the MAS NMR measurement is very weak or non-observable
( fvisible o 0.1%), see Fig. 5.

To the best of our knowledge, the numeric value for the
wipe-out radius r0 has not been published before, and for the first
time, we calculated the r0 for Eu

2+ to be around 17 Å. If the wipe-
out radius r0 would be approximately a calculable constant for
Eu2+ in different host lattices, and if the empirical fitting function
could be applied, then the doping homogeneity could be acces-
sible by only one NMR experiment at the cut-off mole fraction
x0 together with a measurement of the non-doped sample.

Fig. 4 The integrated pair distribution function GSrH(r) of SrH2 calculated
from the crystal structure by counting atoms on a grid of 0.1 Å.

Fig. 5 The comparison of the visible H fraction fvisible calculated from the
1H MAS NMR back extrapolated full echo series experiments63 with error
bars, calculated according to the statistical distribution model and the
fitted function fvisible = exp(�ar0

3xEu) with a = 0.0863 � 0.0016, plotted
against the Eu doping mole fraction xEu in the log scale. The wipe-out
radius r0 is taken as 17 Å. The hollow circle, the hollow triangle and the
dashed line represent the experimental data, the calculated data and the
function plot, respectively. The dotted line at xEu E 0.0163 is the cut-off
concentration x0 line, at which the fvisible approaches zero (fvisible o 0.1%).
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Conclusions

The main question of this work is whether the paramagnetic
doping homogeneity can be quantitatively investigated by solid
state NMR. Based on the comparison of the experimental and
the calculated data, we conclude that by applying a simple

function fvisible(r0,xpara) = exp(�ar0
3xpara) with a ¼ 4pNhostUC

3VUC

which connects the wipe-out radius r0 and the doping mole
fraction xpara with the NMR visible signal fraction fvisible, the
statistical doping scenario can be described adequately.

The above-mentionedmethodmay serve as an efficient tool for
quantitative analysis of the doping homogeneity of an arbitrary
paramagnetic dopant in different host lattices, especially for the
rare earth and transition metal elements. This may be helpful for
applications such as the design of quantum dots and phosphors.
The approach is hardly limited by the choice of the isotope as long
as a signal can be obtained in 1D NMR spectroscopy. Thus studies
even with less common NMR nuclei such as 71Ga, 75As or 37Cl are
possible. This method is also applicable to homogeneity analysis
of nano-scale materials on an Å scale.
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Supporting information

1.  Quantitative 1D 1H NMR spectra of Sr1-xEuxH2 samples
We obtained quantitative 1H NMR spectra on a doping series of Sr1-xEuxH2. The NMR spectra (Fig. 1) qualitatively show a decay of

signal intensity for the 1H peak found in the sample with the lowest doping mole fraction x = 10-8, and a broadening of the resonance

with higher doping concentration x.

Figure 1: The stack plot of solid state 1H MAS NMR full echo spectra of a mixture of Sr1-xEuxH2 (peak at 6 ppm) with adamantane (peak at 1.8 ppm) with different

Eu doping mole fraction.  xEu equals to 0.005, 0.0032, 0.0013, 0.0005, 0.00017, 0.000005, 10 -8 from the top to the bottom. The peaks with the asterisk mark

belong to a trace impurity phase related to the hygroscopic reaction of SrH2. The intensity scale is adapted to the amount of sample inside each rotor, however

the amount of adamantane may slighly vary.

2. “Box-in-a-box” Algorithm 
How we set up the “box-in-a-box” algorithm of our Fortran 90 program, as shown in  the Fig.  2, can be described as follows. The

small box in the center is one unit cell of the PbCl2-type crystal structure of  SrH2
1. The outer big box is built up based on the 3D

translational symmetry around the center unit cell. The statistical doping of Eu ions is achieved by applying a system randomizer to

replace Sr atoms with Eu atoms, and the probability of replacement is statistically speaking equal within the big box, including the

center box. The wipe-out region of Eu ions is set up as a sphere with Eu in the center and the wipe-out radius. The visible fraction

fvisible is thus defined as the number of H atoms within the wipe-out region divided by the total number of H atoms. When the size of

the big box is significantly bigger than the wipe-out radius, the influence of boundary  to the center small box can be minimized,

therefore the visible fraction fvisible in the center box can represent the fvisible in a big boundless box, which is often an idealized model

of crystals. To average out the fluctuation in the randomized Sr/Eu setup, the calculation is looped until  fvisible reaches convergence

(deviation less than 2%). Different wipe-out radii are assumed and different fvisible values are calculated accordingly. 
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Figure 2: The “box-in-a-box” algorithm for the Fortran90 program. The center small box is one unit cell of the crystal structure 1 of SrH2. The outer big box is built

up based on the 3D translational symmetry around the center unit cell. The visible fraction fvisible is calculated as the number of H atoms within the influence

region, which are spheres with Eu center and the wipe-out radius r0, divided by the total number of H atoms.

3. Error propagation for quantitative NMR  

The error bars (Fig.  3)  are calculated according to three error sources: (1)  the mass error from the weighing process on the

microbalance, which is an absolute error at around 1μg; (2) the intensity error, which is a relative error originated from the external

reference method, around 10%; (3) the fitting error, which is originating from the fitting of the peak area values from the full echo

experiments. The fitting error slightly differs for different samples, but all values are around 2%. 

The experimental measurements are the mass  m and the peak area  A.  A0 is the extrapolated peak area at zero delay. External

referencing method was applied and here we define a parameter P=
A0

Aref
 which relates to the stability of the spectrometer. The error

of P can be calculated from the formula (1).

ΔP=√(Δ A0

Aref
)

2

+(
A0Δ Aref

A ref
2 )

2

=√( A0

Aref

ΔA0

A0
)
2

+(
A0

A ref

Δ Aref

Aref
)

2

=P √( ΔA0

A0
)
2

+(
Δ Aref

A ref
)
2

(1)

herein Δ Aref

Aref
=10%  and Δ A0

A0
≈2% , therefore ΔP

P
≈0.102 . fvisible can be related to the parameter P

f visible=
Adoped /ndoped

Anon-doped/nnon-doped
=

Pdoped

Pnon-doped

mnon-doped

m doped
(2)

Adoped and Anon-doped refer to the A0 values of the doped and non-doped samples, respectively. As for the mass m, there is the mass

error Δm≈0.001mg . The final error propagation can be expressed as an equation for Δf, which is the standard deviation of fvisible

Δ f=√(ΔP doped

Pdoped

Adoped

Anon-doped

mnon-doped

mdoped
)
2

+(
Adoped

Anon-doped

ΔPnon-doped

Pnon-doped

mnon-doped
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)
2

+(
Adoped

Anon-doped

Δmnon-doped

mdoped
)

2

+(
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2

(3)



Figure 3: comparison of the visible H fraction fvisible calculated from experimental 1H MAS NMR spectra (hollow circles) and the empirical fitted function (dashed

line) f visible=exp [−k 1(x Eu)
k2 ] with k1 = 425 ± 113 and k2 = 1.00 ± 0.04, plotted against the Eu doping mole fraction xEu in log scale. 

4. Estimation of the wipe-out radius from calculated data and experimental data
As the value of wipe-out radius  r0 was unknown, different values were assumed and  visible H fractions  fvisible were calculated by

Fortran program, based on the statistical distribution of Eu(II) ions with different doping mole fraction xEu. By comparing the obtained

data set of  fvisible with the result from quantitative NMR measurements, the estimation of the  r0 = 17  Å for Eu(II) in SrH2 can be

achieved (see Fig. 4).

Figure  4:  The comparison of the visible H fraction  fvisible calculated from the  1H MAS NMR back extrapolated full  echo series experiments2 with error bars,

calculated according to the statistical distribution model and the fitted function f visible=exp (−ar 0
3 xEu)  with a = 0.0863 ± 0.0016 and r0 = 17 Å, plotted against the

Eu doping mole fraction xEu in log scale. The asterisk marks, the hollow squares, the hollow circle, the hollow triangle, the solid circles, the solid squares and the

dash line represent the experimental data, the calculated data at r0 = 10 Å, 16 Å, 17 Å, 18 Å, 24 Å and the function plot, respectively.
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Blind spheres of paramagnetic dopants in solid
state NMR†

Wenyu Li, a Qianyun Zhang, a Jonas J. Joos, b Philippe F. Smet b and
Jörn Schmedt auf der Günne *a

Solid-state NMR on paramagnetically doped crystal structures gives information about the spatial

distribution of dopants in the host. Paramagnetic dopants may render NMR active nuclei virtually invisible

by relaxation, paramagnetic broadening or shielding. In this contribution blind sphere radii r0 have been

reported, which could be extracted through fitting the NMR signal visibility function f (x) = exp(�ar0
3x) to

experimental data obtained on several model compound series: La1�xLnxPO4 (Ln = Nd, Sm, Gd, Dy, Ho,

Er, Tm, Yb), Sr1�xEuxGa2S4 and (Zn1�xMnx)3(PO4)2�4H2O. Radii were extracted for 1H, 31P and 71Ga, and

dopants like Nd3+, Gd3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+ and Mn2+. The observed radii determined differed in

all cases and covered a range from 5.5 to 13.5 Å. While these radii were obtained from the amount of

invisible NMR signal, we also show how to link the visibility function to lineshape parameters. We show

under which conditions empirical correlations of linewidth and doping concentration can be used to extract

blind sphere radii from second moment or linewidth parameter data. From the second moment analysis of

La1�xSmxPO4
31P MAS NMR spectra for example, a blind sphere size of Sm3+ can be determined, even

though the visibility function remains close to 100% over the entire doping range. Dependence of the blind

sphere radius r0 on the NMR isotope and on the paramagnetic dopant could be suggested and verified: for

different nuclei, r0 shows a
ffiffiffi
g3

p
-dependence, g being the gyromagnetic ratio. The blind sphere radii r0 for

different paramagnetic dopants in a lanthanide series could be predicted from the pseudo-contact term.

Introduction

Nuclear magnetic resonance (NMR) has contributed to the study
of paramagnetic systems, such as in structural biology,1–5 battery
materials,6–8 characterization of pharmaceutical formulation,9,10

polymers,11,12 chemical shift thermometers13,14 and luminescent
materials.15–23 The range of applications of paramagnetic NMR
is surprising given that the strong electronic magnetic moment
of the paramagnetic species interferes with the NMR measure-
ment in different ways. Nevertheless, paramagnetic NMR may
give information about structure,2,12 dynamics8,24 and the dis-
tribution of paramagnetic dopants in a host.17–22,25,26 In the
latter case different approaches had been used namely relaxation
times,19,20,22 linewidths17,18 and observed peaks areas21,25 to
relate doping homogeneity to the performance of these lumines-
cent materials.

In solid-state NMR a distinction needs to be made between
lanthanide atoms and transition metal atoms. The influence
transition metal atoms exert on neighbouring NMR nuclei
enables studies for example on battery materials6–8 or metal
organic framework compounds.27 The computation of the
influence on valence electrons is important and progress in the
computation of paramagnetic shifts28 has improved significantly
in recent years. In contrast, lanthanides with few exceptions
show hardly any influence from the valence shell and thus have
been used for systematic experimental studies to identify con-
tributions to the paramagnetic spin Hamiltonian.28,29 Paramagnetic
NMR of lanthanide containing compounds found various
applications to luminescent materials.15–21

A non-trivial problem to paramagnetic NMR is that NMR
resonances of paramagnetic compounds may virtually vanish in
the dead-time of the NMR spectrometer by relaxation, inhomo-
geneous broadening mechanisms or anisotropic susceptibility
broadening.29 Lineshape analysis as proposed by Van Vleck30 in
terms of moment-analysis or NMR line width comes with a
visibility caveat. Nevertheless, this approach was proved suc-
cessful in the characterization of several phosphors,17,18 where
it could be shown that, as expected by van Vleck, the linewidth
depended linearly on the paramagnetic doping level x at low
doping concentration. It should be noted that in the high
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doping regime a non-trivial dependence due to ‘‘exchange
narrowing’’30–32 may lead to deviations from this simple behav-
iour. In case of luminescent materials, the doping homogeneity
is of major importance to establish an optimal performance.33,34

When luminescent ions are too close, energy can easily be
transferred between them, leading to uncontrollable migration
of energy in the dopant sublattice that can eventually be non-
radiatively dissipated at so-called luminescence killer centres.
This effect is usually referred to as concentration quenching35,36

and has been related to the dopant distribution obtained from
NMR lineshape analysis in a few cases.17,18 Furthermore, it was
evidenced by a microscopic investigation that the thermal
quenching behaviour, i.e. the decrease of luminescence quantum
yield for increasing temperatures,37 is severely worsened for
inhomogeneously doped materials due to areas with a locally
more elevated doping concentration.34

Instead of asking for the NMR properties of the visible
paramagnetic signals, it may be interesting to ask for the
fraction of NMR invisible signal. If a spherical regime around
a paramagnetic centre is assumed, from which no NMR signals
can be detected, it is possible to relate the signal loss to the size
of this sphere of influence which is known under the name
blind-sphere38,39 or wipe-out radius.40–42 Such radii are important
in solution NMR38,39 where paramagnetic constraints are used for
structure solution, and in dynamic nuclear polarization (DNP) to
estimate the zone which cannot be accessed by NMR43–45 and for
luminescent materials to study doping homogeneity.21

Spectroscopically the blind sphere can be explained by line
broadening which leads to undetectable signal by standard
experiments,39 or signal shift46 that puts the signal outside of
spectral window. The origins of blind sphere may relate to (but
are not limited to) the following contributions:39 relaxation
which may involve dipolar, Curie, contact and cross relaxation
mechanisms, and hyperfine shift which contains contact and
pseudo-contact parts.

Reported sizes of blind spheres have been mostly related to
the solution NMR, for which Bertini39 and co-workers have laid a
foundation. Besides some attempts have been made to quantify
the blind sphere radius of DNP polarizing agents.43,47 In solid
state, due to anisotropic interactions and more ambiguous
estimation of correlation time tc and spectral density function
J(o), blind sphere sizes may differ and questions about the
influence that a paramagnetic centre has on its environment
remain open. To the best of our knowledge, for solid crystalline
samples a systematic study on the sizes of blind spheres of
different inorganic dopants has not been published before.

The target of this contribution is to relate the size of blind
spheres of solid samples to other physical quantities, for
example the gyromagnetic ratio of NMR nuclei and the effective
magnetic moment of the paramagnetic ion by studying the
blind sphere radii in lanthanide-doped solid solutions. More-
over, given that doping homogeneity of inorganic phosphors
can be traced both via the visible signal by lineshape analysis
and via the fraction of the invisible signal,21 it is natural to ask
whether the blind sphere radius and linewidth or moment
analysis can be linked, and if so under which conditions.

Experimental

The La1�xLnxPO4 (Ln = Nd, Sm, Gd, Dy, Er, Ho, Tm, Yb) samples
have been synthesized via a co-precipitation method: Ln2O3 (Nd2O3

was bought from chemPUR, the rest from smart elements, the
purity is 99.999% for Dy2O3 and 99.99% for the rest) and La2O3

(chemPUR, 99.99%) were dissolved in nitric acid and later on
mixed with NH4H2PO4 (VWR chemicals) solution. The resulting
precipitates were dried at 80 1C overnight, sintered in corundum
crucibles at 1000 1C for 4 h.

Sr1�xEuxGa2S4 powders were obtained via a solid state
synthesis method. Stoichiometric quantities of SrS (Alfa Aesar,
99.9%), Ga2S3 (Alfa Aesar, 99.99%) and EuF3 (Alfa Aesar, 99.5%)
were weighed and mixed in an agate mortar. A small amount
(1 weight %) of NH4F (Alfa Aesar, 98+%) was added as a fluxing
agent. The mixtures were fired for two hours at 900 1C under a
flow of forming gas (90% N2, 10% H2). The obtained powder
was again lightly ground.

The (Zn1�xMnx)3(PO4)2�4H2O samples have been synthesized
by a co-precipitation method: stoichiometric amounts of
MnCl2�4H2O (ACROS organics, 99+%) and Zn(NO3)2�6H2O
(chemPUR, 98+%) were dissolved into water and mixed with
an excess of NH4H2PO4 (VWR chemicals) in aqueous solution.
The precipitates were washed with water and ethanol and dried
overnight.

Powder X-ray diffraction (XRD) measurements were per-
formed on a Huber G621 diffractometer with Cu Ka1 radiation
(l = 0.15405931 nm) in transmission geometry. Diffractograms
were extracted from the image files, which were obtained by
scanning the photostimulable BaBrF:Eu2+ films with an image
plate detector (Typhoon FLA 7000, l = 650 nm), by home-
written program ipreader-0.9. The Rietveld analysis was per-
formed via the program TOPAS-Academic (TOtal PAttern
Solution, by Coelho Software, V4.1).

The solid state NMR measurements were performed on a
Bruker Avance II spectrometer at a magnetic field of 7.05 T.
Magic angle spinning (MAS) was done with 4 mm pencil rotors
at spinning frequencies of 10 kHz or 12.5 kHz with a home-
built McKay probe head. The dead time delay was set to 15 ms.
Quantification was assisted by a micro-balance (Sartorius
MC5). The deconvolution of peaks and moment analysis were
assisted with the program deconv2Dxy48 (version 0.4). The NMR
visibility fitting function21 for a homogeneously doped sample
is defined as follows.

f (x) = exp(�ar0
3x) (1)

The wipe-out radius r0 relates to the size of the blind sphere
of a paramagnetic centre and the variable a is host-specific
number (a = 4pNhostUC/3VUC where NhostUC is the number of
‘‘dopable’’ sites in the unit cell and VUC is the volume of the
unit cell). For monazite49 LaPO4 the variable a amounts to
0.055 Å�3. The doping concentration x in this work is defined
as the degree of substitution, which is dimensionless. The
experimental NMR visibility f was calculated in the following
way: first the molar peak areas P = A/n were calculated for all
samples in one dopant series (A peak area, n amount of material).
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The visibility function f (x) and P(x) are related by normalization
through the undoped sample, i.e. P(x) = f (x)�P(0). Therefore the
experimental P values were fitted with the function P(x) to
determine the free parameters r0 and P(0). This approach gives
equal weight to all measured points. The diagrams (Fig. 2, 4, 7
and 8) show P(x)/P(0) on the y-axis.

Results and discussion

The target of this contribution is to provide a better under-
standing of the blind sphere in solids. In order to achieve that,
measurements have been performed on three model compounds
series, Ln3+ (Ln = Nd, Sm, Gd, Dy, Er, Ho, Tm, Yb) dopedmonazite
LaPO4, Mn2+ doped hopeite Zn3(PO4)2�4H2O and Eu2+ doped
SrGa2S4. Lanthanide doped xenotime YPO4 and monazite LaPO4

have been subject to several studies50,51 in terms of a determina-
tion of NMR parameters. Lanthanide dopants have the advantage
that for a model study chemical interference is reduced to a
minimum because of the low lying, unpaired f-shell electrons. To
extract the sizes of blind spheres frommeasured data, approaches
which relate the peak area and lineshape to the doping level are
investigated. Finally, the obtained sizes are compared to establish
relations between blind sphere and physical quantities, for exam-
ple magnetic moment and gyromagnetic ratio.

Peak area and blind sphere

To judge the quality of obtained samples X-ray diffraction was
applied. The synthesized samples were phase pure according to
X-ray diffraction. Rietveld refinements of the diffraction pattern
yielded lattice parameters which followed Vegard’s law.52 Fig. 1
shows the lattice parameters of La1�xSmxPO4 follow a linear
dependence on the doping concentration x as an example. Such
a fulfilment of Vegard’s law is often considered as evidence for
a homogeneously doped phase pure sample in the sense of a
solid solution.

The single pulse 31P MAS NMR spectra offer information on
the change of peak area upon increasing the doping level x.
Based on the visibility function21 f (x) = exp(�ar0

3x) blind
sphere radii for trivalent dopants Ln3+ (Ln = Nd, Gd, Dy, Er,
Ho, Tm, Yb) could be obtained (Fig. 2 and Table 1).

While in principle blind sphere radii can be determined
from two points only, we fitted the visibility function to all
points (experimental part). Because of the discrete nature of the
pair distribution function in crystalline materials, radii deter-
mined this way become less reliable the smaller the blind-
sphere radius (see discussion in ref. 21).

Line shape and blind sphere

While the visibility function f (x) = exp(�ar0
3x) proved to be a

useful tool for the extraction of blind-sphere radii in the cases
above and in case of Sr1�xEuxH2,

21 it could not be applied in
case of La1�xSmxPO4, because single pulse 31P MAS NMR
(Fig. 3) recovers (Fig. 4) signals from all 31P atoms including
those of the first coordination sphere around Sm3+, as can be

seen from the visibility function (Fig. 4 in circles) which stays
close to 100% for all doping concentrations x.

Because of line broadening, precise deconvolution of different
environments is difficult for x4 0.1. Despite the large errors from
peak deconvolution, an analysis was attempted to relate line
width and doping concentration (ESI,† Fig. S1) as previously done
on similar systems in literature,17,18 however, a linear depen-
dence could not be found. On the other hand a signal specific

Fig. 1 Lattice parameters as a function of the substitution degree x in
La1�xSmxPO4, as determined by Rietveld refinement based on X-ray
powder diffraction data. The dotted lines represent linear fits resulting in
a/Å = 6.516 � 0.142�x, b/Å = 7.0794 � 0.183�x, c/Å = 8.294 � 0.232�x.
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31P visibility function f can be defined, which corresponds only
to the area of the peak which has a similar shift and linewidth as
the peak of pure host material LaPO4 (Fig. 4, triangles). A radius
of 4.5 Å could in principle be obtained this way which as
expected covers the P-atoms in the first coordination sphere
around the La atom.

A practical approach which works for any kind of lineshape
is to calculate the second moment from the lineshape as
suggested by Van Vleck30 in the context of dipolar peak broad-
ening on whole spectra, which does not rely on the separation
of different environments. This dipolar broadening includes

Fig. 2 Normalized visibility function f (circles with error bars) calculated from 31P MAS NMR data plotted against the substitution degree x in La1�xLnxPO4,
on a logarithmic scale. The dashed line corresponds to the fitting function f(x) = exp(�ar0

3x) with a = 0.055 Å�3 and r0 = 5.5, 13.5, 12.5, 10.5, 10, 9 and
5.8 Å for Ln = Nd, Gd, Dy, Ho, Er, Tm and Yb, respectively.

Table 1 Radii of blind spheres r0 obtained from 31P MAS NMR of La1�xLnxPO4

sample series, the effective magnetic moments53 meff in equivalents of the Bohr
magneton mB and the number of unpaired 4f electronsNunpaired for comparison;
r0 determined by peak area method except for ‘‘*’’ where an estimate from
second moment analysis is reported (see main text)

Dopant ion r0/Å meff/mB Nunpaired

Nd3+ 5.5 3.62 3
Sm3+ 0.45* 1.54 5
Gd3+ 13.5 7.95 7
Dy3+ 12.5 10.5 5
Ho3+ 10.5 10.5 4
Er3+ 10.0 9.55 3
Tm3+ 9.0 7.5 2
Yb3+ 5.8 4.4 1

Fig. 3 Stack plot of 31P MAS NMR spectra of La1�xSmxPO4 (x values are
marked on the corresponding spectra, dashed line indicates the position of
the peak of pure LaPO4).
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broadening bymagnetic dipolar couplings because of the hyperfine
coupling. In case of La1�xSmxPO4 the second moment M2/Hz2

follows the doping concentration x in a linear way over a wide range
(Fig. 5).

To explain the observed linear relation, a brief discussion of
line shape functions and line broadening mechanisms may be
helpful. For an idealized free induction decay (FID) of a single
nucleus the decay function can be expressed for example as a
Gaussian or monoexponentially decaying function. The Fourier
transformation of such a FID returns a Gaussian or Lorentzian
line shape, respectively. When a resonance is broadened homo-
geneously, for example by relaxation i.e. by random oscillatory
local field components at the Larmor frequency54 or by lifetime
broadening,29 then the Lorentzian function is a good basis for the
description of the line-shape in the frequency domain. On the
other hand, inhomogeneous broadening,55,56 which can be
caused for example by magnetic field inhomogeneity, chemical
shift anisotropy (CSA) or pseudo-contact term, produces a more
complicated, often asymmetric lineshape, for which the descrip-
tion by van Vleck’s moment approach is a suitable analysis tool. In
van Vleck’s moment approach, the dipolarly broadened spectral
lineshape is decomposed into a sum of Gaussian functions. Hole-
burning57–59 experiments allow to distinguish inhomogeneous
from homogeneous broadening.

A simple alternative to the hole-burning experiment is the
2D exchange spectroscopy (EXSY) experiment. EXSY experiments
with zero mixing time show a sharp ridge on the diagonal in case of
inhomogeneous broadening and a double Lorentzian type lineshape
in case of homogeneous broadening. Note that the EXSY looks the
same and behaves like the stimulated echo experiment. From the
31P MAS NMR 2D spectra (Fig. 6), it is clear that the 31P 2D NMR
signal observed for Sm3+ doped LaPO4 is typical for inhomogeneous
broadening, while for Gd3+ homogeneous broadening is observed.
The 31P NMR signals for the other measured Ln3+ doped samples,
namely Nd3+, Dy3+, Ho3+, Er3+, Tm3+ and Yb3+, all show an inhomo-
geneous broadening behaviour (ESI,† Fig. S2).

In the following, a relation between the blind-sphere radius
and the observed line-broadening is developed for simple cases.

The peak area which is the basis of the visibility function f (x)
(see above) is related to the intensity of first point of the FID
according to the integral theorem of the Fourier transformation.56

Any loss in peak area should then be reflected by the decay of the
FID during the dead-time delay tde, either by relaxation or by
coherent mechanisms. If spectral line-broadening is assumed to
be following a simple Lorentzian or Gaussian function then the
decay in the FID needs to be monoexponential or Gaussian,
respectively. Thus for simple cases the blind-sphere radius and
line-broadening follow simple analytical expressions for a given
dead-time delay (see below).

A Gaussian type FID sG(t) of an on-resonance signal is
described with a linewidth parameter lG and the amplitude
factor sG,0.

sG(t) = sG,0 exp(�lG
2t2) (2)

The corresponding spectral function IG(o) is obtained by a
single-sided complex Fourier transformation.56

IGðoÞ ¼
1

p

ð1
0

sGðtÞe�iotdt

¼ sG;0ffiffiffi
p

p
2lG

exp � o2

4lG2

� �
1� ierfi

o
2lG

� �� � (3)

The line width parameter lG is related to the full width half-

maximum of the line-shape in Hz as lG ¼ p

2
ffiffiffiffiffiffiffi
ln2

p DnFWHM
G .

Fig. 4 Normalized visibility f (x) of the 31P MAS NMR signal of La1�xSmxPO4.
The circles represent the f (x) values calculated from whole peak area, which
scatter around 100% (dashed line). The triangles represent the f (x) values
from the sharp component which has a similar isotropic chemical shift value
as the pure LaPO4. The dotted line refers to the fitting function f (x) =
exp(�ar0

3x) with a = 0.055 Å�3 and r0 = 4.5 Å. Note that this r0 does not
follow the definition used in the rest of this contribution.

Fig. 5 Second moment M2(x) as a function of the substitution degree x in
La1�xSmxPO4. The dotted line represents linear fit resulting in M2/Hz2 =
1.4 � 104 + 1.07 � 106�x.

Fig. 6 2D 31P MAS EXSY spectra (with zero mixing time) for La0.997Gd0.003PO4

(left) and La0.99Sm0.01PO4 (right), which depicted homogeneous and inhomo-
geneous type of line broadening, respectively.
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Given the lineshape of a paramagnetically doped sample can
be described with a simple Gaussian function then the peak
area AG for a given dead time tde can be predicted on the basis
of the integral theorem56 of the Fourier transformation from
the decay of the FID.

AG = sG,0 exp[�lG
2tde

2] (4)

In order to derive the visibility function f (x) in terms of line-
broadening lG(x), eqn (4) is plugged into the definition of the
visibility function.

fG xð Þdef AG xð Þ
AG 0ð Þ ¼

sG;0 exp �lG2 xð Þtde2
� �

sG;0 exp �lG2 0ð Þtde2½ �

¼ exp �tde
2 lG2ðxÞ � lG2ð0Þ
� �	 


(5)

The amplitude factor sG,0 of the doped and the pure host
material should the equal, while the line width parameter lG(x)
depends on doping concentration. The visibility function can
also be expressed in terms of the blind sphere radii r0, the
number density parameter a and doping level x (eqn (1)).
Therefore, the link between parameter lG and doping level x
can be established as follows.

lG2ðxÞ � lG2ð0Þ ¼ ar0
3

tde2
x (6)

Assuming a negligible frequency difference between signals,
the second moment48,56 M2 ¼

Ð
o2IðoÞdo of the Gaussian type

function is 2lG
2 and the second moment becomes M2(x) =

2lG
2(x). Eqn (6) can be rewritten in terms of the second moment.

M2ðxÞ ¼ M2 0ð Þ þ 2ar0
3

tde2
x (7)

A linear regression of the second moment M2(x) yields the

slope kG ¼ 2ar0
3

tde2
. From the latter the radius of the blind sphere

r0 can be estimated via a simple analytical equation.

r0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kGtde

2

2a

3

s
(8)

This way the blind-sphere r0 of Sm3+ doped La1�xSmxPO4

was estimated to be 0.45 Å. The La to P and Sm to P distances in
the monazite49 structure of LaPO4 and SmPO4 are 3.2 Å and
3.1 Å, respectively, which means that all 31P nuclei are outside
of the blind spheres of Sm3+ and thus visible. This is consistent
with the observation the signal visibility function f (x) remains
close to 100% (Fig. 4). In addition, 19F and 1H NMR signals for
SmF3

60 and SmH3
61,62 both have been reported to be visible,

which supports the found small blind sphere size of Sm3+.
Given the estimated blind sphere radius is even smaller than
the Shannon radius63 for Sm3+ (around 1 Å) it appears that
Sm-compounds in general are good candidates for NMR studies,
because no signal loss is expected. The second moment analysis
as presented above can provide information on the size of the
blind sphere, especially for paramagnetic dopants which have
small blind spheres.

For Gd3+, the line broadening is mainly based on the homo-
geneous broadening mechanism which is relaxation dominated
and follows a Lorentzian lineshape. Thus the FID can be
described with a monoexponentially decaying function. The line
width parameter lL(x) then has a slightly different relation to the
blind sphere r0, doping concentration x and deadtime delay tde
(see ESI†).

lLðxÞ � lLð0Þ ¼
2ar0

3

tde
x (9)

The lL(x) is related to the full width half-maximum in Hz as
lL = 2pDnFWHM

L .
The relation between the size of blind sphere r0 and the

experimental results lL(0) (the line width of non-doped diamagnetic
analog) and slope kL value (from the linear fit of lL(x) against x)
can be derived in a similar fashion as in the Gaussian case.

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
kLtde

2a

3

r
(10)

This way the blind sphere r0 for the Gd3+ doped sample
becomes 6.7 Å, which is much smaller than the estimated 13.5 Å
from signal visibility method. This discrepancy can be explained
by the inadequacy of simple functions to describe the FID. In
case the spectral lineshape function becomes more complicated
it is non-trivial to extract line-width parameters from the spectra
and in those cases the visibility function f (x) provides an easier
way to determine blind-sphere radii. As shown above line-shape
analysis requires knowledge about the decay character of the FID
in order to determine the blind sphere radius. The reported17,18

linear relation of doping concentration x and linewidth is only
expected in case of Lorentzian type spectral lineshapes. While
the derivation of blind-spheres via a line-shape analysis suffers
from a number of approximations including the assumption of a
sharp transition of the visible to invisible nuclei, we believe that
the scaling behaviour of the doping concentration x with respect
to second moment and line-width, is the most important insight
that is being conveyed by the above analysis.

Blind sphere radius dependence on the gyromagnetic ratio

In order to investigate the size dependence of the blind sphere
on the gyromagnetic ratio g, data obtained from the same
paramagnetic ion but different NMR nuclei are compared
(Table 2). In the following we assume that Eu2+ and Gd3+ are
isoelectronic paramagnetic ions, and thus have equal blind
sphere radii. The concept of the blind-sphere is based on the
idea that the signals of all atoms inside the sphere vanish in the
dead-time delay, i.e. nuclei which are situated on the blind
sphere have a critical relaxation rate, a critical amount of line-
broadening or paramagnetic shift. Critical relaxation rates R1M

and R2M driven by a dipolar coupling mechanism with unpaired
electrons or Curie nuclear spin relaxation are then proportional
to g2/r0

6,39 while critical broadening through the pseudo-
contact shift (PCS) relates to g/r0

3.39 Given that other influences,
like the spectral density, are negligible, it can be concluded
that the prefactors which relate to the critical broadening or
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relaxation rate would feature the same relation of gyromagnetic
ratio g to blind sphere radius r0. In this case the blind sphere
radii for different nuclei X and Y in the same compound should
feature a cubic root dependence to the gyromagnetic ratio.

r0;X
�
r0;Y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gX=gY

3
p

(11)

To test this hypothesis we compare blind-sphere radii from
different nuclei in the same and in different compounds. The
visibility method yielded a blind sphere radius from 71Ga NMR
for Eu2+ in Sr1�xEuxGa2S4 (Fig. 7). This may be compared with a
blind sphere for Eu2+ in Sr1�xEuxH2 from 1H NMR21 and with
one for Gd3+ in La1�xGdxPO4 from

31P NMR (Fig. 2). The values
converted to the blind sphere via eqn (11) of a virtual 31P
nucleus are the same (Table 2) within approximated error
limits. Given the low number of values in the comparison this
is a weak indication that the blind sphere radii of lanthanide
dopants may be abstracted from the host structure.

In a second example the sphere radius of Mn2+ is detected by
1H and 31P NMR in hopeite (Zn1�xMnx)3(PO4)2�4H2O (Fig. 8).
Again the virtual radius of 31P converted from the radius
applying to the 1H nucleus agrees to the observed value within
error limits (Table 2). Deviations from this fairly good agree-
ment are expected especially in case of a Fermi-contact
contribution64,65 which however does not seem to be relevant
here. Another explanation in case of a relaxation dominated
blind sphere may be the change of the electronic relaxation
mechanism at high doping concentrations which in principle
could even lead to an increase visibility in the high concen-
tration regime. In some cases of transition metal doping even at
very high dopant concentration64,65 the signal does not vanish.

In the presented cases of lanthanide(III) doped monazite the
only system where we have an indication of a relaxation
dominated blind sphere radius is Gd(III). At 100% doping, i.e.
pure GdPO4 no intensity increase can be observed, in line with
the presented interpretation.

Blind sphere radius dependence on the effective magnetic
moment

In order to test the hypothesis that blind sphere radius depends
on the effective magnetic moment, data obtained from the
same host LaPO4 and the same NMR nucleus (31P) but different
paramagnetic dopants are compared. Relaxation and hyperfine
shift are two possible origins of blind spheres, and are discussed
resonances in La1�xLnxPO4 are inhomogeneously broadened for
all Ln3+ dopants except Gd3+, which indicates that relaxation is
dominant in the case of doping by Gd3+ but not as important in
case of other paramagnetic Ln3+ as is explained in detail in the
following paragraph.

Relaxation

Dipolar, Curie-spin and Fermi-contact relaxation are in principle
three possible relaxation contributions in paramagnetic systems
which lead to homogeneous line broadening. For solid crystalline
La1�xLnxPO4, chemical exchange and stochastic reorientation are
negligible, only vibrational motions exert efficient influence on
the electronic relaxation. Based on the Solomon–Bloembergen–
Morgan relaxation model,66,67 the nuclear transverse relaxation
time T2 can be described as eqn (12) for lanthanide ions induced
paramagnetic relaxation enhancement (PRE). Parameter AFC is the

Fermi-contact coupling and bJI ¼
m0mBgJ�hgI
4pR3

is the spin-dipolar

coupling parameter.67 T1e and T2e are the longitudinal and
transverse electronic relaxation times, respectively, which are used
to approximate the corresponding electronic correlation times.67

oI and oS are the nuclear and electronic Larmor frequencies,
respectively. J is the main total angular momentum quantum
number. R is the distance between NMR nuclei and the unpaired
electrons which belong to the paramagnetic ion and are assumed
to be localized on the lanthanide ion (point-dipole approximation).

Table 2 The blind sphere radii r0 values for different NMR nuclei obtained
with the visibility method; g is the nuclei gyromagnetic ratio; r0(

31P) is the
blind-sphere radius of a virtual 31P nucleus converted from experimental r0
via the eqn (11)

Host
NMR
nucleus

g/107 rad
T�1 s�1 a/Å�3 Dopant r0/Å r0(

31P)/Å

SrH2
1H 26.75 0.092 Eu2+ 1721 12.6

SrGa2S4
71Ga 8.18 0.025 Eu2+ 13 14.3

LaPO4
31P 10.84 0.055 Gd3+ 13.5 —

Zn3(PO4)2�4H2O
1H 26.75 0.051 Mn2+ 10 7.4

Zn3(PO4)2�4H2O
31P 10.84 0.051 Mn2+ 7 —

Fig. 7 Normalized NMR visibility function f (x) on a logarithmic scale for x
for Sr1�xEuxGa2S4 (circles). The dashed line corresponds to the fitted
function f (x) = exp(�ar0

3x) with a = 0.025/Å3 and r0 = 13 Å.

Fig. 8 Normalized NMR visibility function f (x) on a logarithmic scale for x
for (Zn1�xMnx)3(PO4)2�4H2O. f (x) data obtained from 1H NMR are plotted as
circles while those from 31P NMR as squares. The dashed lines feature the
fitted functions f (x) = exp(�ar0

3x) with a = 0.051/Å3, r0 = 10 Å and 7 Å for
1H and 31P, respectively.
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The gI is the nuclear gyromagnetic ratio and gJ is the isotropic
Born–Landé g-factor.

1

T2
¼ 1

3
J J þ 1ð Þ AFC

�h

� �2

T1e þ
T2e

1þ oS � oIð Þ2T2e
2

" #

þ 1

15
J J þ 1ð Þ bJI

�h

� �2

4T1e þ
6T2e

1þ oS
2T2e

2

�

þ 3T1e

1þ o2
IT1e

2
þ 6T2e

1þ oS þ oIð Þ2T2e
2
þ T2e

1þ oS � oIð Þ2T2e
2

#

(12)

The first term in this equation is caused by Fermi-contact
coupling and lacks a simple relation to the blind-sphere radius.
The second term, called pseudo-contact term, is caused by a
direct dipole–dipole interaction and has a distance dependence
of R�6. At the critical relaxation rate (neglecting the Fermi
contact contribution) the second term is proportional to
bJI

2J( J + 1) or expressed with the effective magnetic moment

meff ¼ gJmB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þ

p
(Landé formula) proportional to meff

2R�6.
The electronic relaxation times in solids are driven by vibra-
tional motions and differ by the lanthanide ion. Published
ranges39,67 of the electronic relaxation times show only minor
differences for lanthanides Ln3+ (Ln = Sm, Nd, Yb, Tm, Er
and Ho) with the exception of Gd3+ (see Table 8.6 in ref. 67)
for which electronic relaxation rates are several orders of
magnitude lower than for the other paramagnetic lanthanide
ions, which causes efficient nuclear transversal relaxation and is
consistent with the magnitude of the linewidth (few hundreds to
kHz) observed from the EXSY (Fig. 6) and single pulse measure-
ments. Note that the EXSY experiment with a very short mixing
time behaves like a stimulated echo and provides information
about transversal relaxation over the complete linewidth. For the
other Ln3+ ions, the observed line broadening (Fig. 6 and ESI,†
Fig. S2) is of the order of ten to a hundred Hz. This is much
larger than the expected relaxation-induced line broadening
which indicates relaxation not to be the predominant source
of broadening. This interpretation is in agreement with the
observation that the line broadening for Gd3+ is homogeneous
while the other Ln3+ dopants generate inhomogeneous line
broadening and explains the exceptional role of Gd3+ in the
Fig. 9 and 10.

Paramagnetic shift

Besides relaxation, another possible origin for blind sphere is
the paramagnetic shift dparam. The inhomogeneous line-
broadening observed on the 31P resonances indicates that the
paramagnetic shift is the relevant origin for the blind spheres
of LaPO4 doped with Ln3+ (Ln = Nd, Sm, Dy, Er, Ho, Tm, Yb),
but not for LaPO4 doped with Gd3+. Different mechanisms may
cause a paramagnetic isotropic or anisotropic shift, which have
been subject to a recent review.67 In order to compare the relative
size of paramagnetic shift in a lanthanide series Bleaney,68

Golding and Halton69 have developed an approach in which
they separate the electronic term C from a coupling term.

The size of the electronic term can be described by a real
number and was tabulated by Pell et al.67 for the contact shift
Ccon, the pseudo-contact shift CPCS = g2J( J + 1)(2J � 1)(2J + 3)
h J||a|| Ji67 and the shielding anisotropy CSA (Table 3). Given
that a critical broadening or shift exists (see above) which
defines the blind-sphere radius r0, it should be possible to

obtain a linear relation between
ffiffiffiffiffiffiffiffiffiffiffiffiffi
CPCSj j3

p
and the blind sphere

radius r0. In fact a good correlation is observed (Fig. 10), with
the expected exception of Gd3+ (see above). For completeness

we have also plotted the blind-sphere radius vs.
ffiffiffiffiffiffiffiffiffiffiffi
CSAj j3

p
(ESI,†

Fig. S3) and
ffiffiffiffiffiffiffiffiffiffiffiffi
Cconj j3

p
(Fig. S4, ESI†). The observed excellent

empirical correlation in case of the contact interaction lacks a
good explanation, though. It should not be overinterpreted as it
is caused by the drastic change of a single measurement, i.e. on
La1�xGdxPO4 for which relaxation is expected to have a big
influence.

To sum up, for Ln3+ both relaxation (in case of Gd3+) and the
paramagnetic shift (in case of the other presented Ln3+) give an
explanation for the origin of the blind sphere. The pseudo-
contact term provides a simple explanation for the change of

Fig. 9 Blind sphere radii for Ln(III) dopants of La1�xLnxPO4 series, plotted
against

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
meff=mB

3
p

. The meff and mB refer to effective magnetic moment53 and
Bohr magneton, respectively.

Fig. 10 Blind sphere radii for Ln(III) dopants of La1�xLnxPO4 series, plotted
against

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CCPSj j3

p
. |CPCS| refers to themagnitude of electronic contribution from

pseudo-contact shielding.67,68 The dashed line features the fitting function

r0
�
Å¼ 2:22 �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CPCSj j3

p
with the coefficient of determination R2 = 0.89.
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the blind-sphere radius in a lanthanide series and predicts a

r0 /
ffiffiffiffiffiffiffiffiffiffi
meffj j3

p
dependence for relaxation and a r0 /

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CPCSj j3

p
dependence for the paramagnetic shift, of which the latter is
confirmed by the experiment.

Conclusions

In this work, sizes of blind spheres r0 have been determined
from NMR spectra by two methods: signal visibility decay
function and lineshape analysis. A formula for the blind sphere
radius could be derived, that relates the radii of blind sphere to
the lineshape for a given dead time of the spectrometer, which
allows to estimate blind-sphere radii even when the visibility
remains close to 100% over the complete doping range.

The dependence of blind sphere radii on the effective
magnetic moment of the dopant ions and on the nucleus give
insight into processes leading to a blind-sphere and provide esti-
mates for blind sphere radii upon switching the dopant in a
lanthanide series or the nucleus. Blind-sphere radii up to 13 Å
suggest that a significant amount of material may remain virtually
invisible in NMR, while certain paramagnetic ions, like Sm3+, allow
the detection of NMR signal even from atoms two bonds away from
paramagnetic centre. These results are relevant for evaluating the
paramagnetic doping homogeneity of inorganic phosphors and their
optical performance and to estimate which nuclei around a para-
magnetic centre can directly be observed, for example in dynamic
nuclear polarization (DNP) NMR or by direct detection.
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Supporting information 

1. Line width and isotropic chemical shift changes of La1-xSmxPO4 series 

In order to test whether the Sm3+ NMR data would show correlations to the doping level x, both 

the isotropic chemical shift values (δiso) and the line width (Δν) for three different environments 

have been plotted against x (Fig. S1). The three components are: (1) the comparably sharp 

signal at the LaPO4 signal position of around −4.6 ppm, (2) the comparably broad signal whose 

δiso > 0 ppm and shifts towards the SmPO4 signal position as x increases, (3) the signal in 

between the previous two signals. When x > 0.1, peaks can't be well separated due to the 

overlap of different components. Nevertheless, positive correlations could be rationalized 

between δiso, Δν and x, although the overlap would introduce large data scattering for 

deconvolution. In order to present the correlation as well as indicate the large data scattering, 

data points with same x were plotted, which were obtained by deconvolution from different 

starting values on the same spectrum. 
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Figure S1: (left) isotropic chemical shift values as a function of the substitution degree x in 1000 °C co-precipitated 

La1-xSmxPO4, the dashed line represents linear fits resulting in δiso/ppm = 0.2 + 15.8·x, and the dotted lines 

represent δiso/ppm = −4.6. (right) line width as a function of the substitution degree x in co-precipitated  

La1-xSmxPO4, the dashed line represent Δν/Hz = −115 + 2220·x1/2, and the dotted line represents 

Δν/Hz = 234 + 1749·x. The data points of the same x show significant scattering of the fitted parameters for 

overlapping signals. 

A linear relation only holds for the peak component (Fig. S1 crosses) at around −4.6 ppm, which 

is close to the 31P shift for non-doped diamagnetic LaPO4. For the broad component (Fig. S1 

circles) which stretches further towards SmPO4 signal as x increases, a linear relation, which 

was suggested earlier in literature1,2, is not describing the experimental data well. A square root 

function provides a more reasonable fit.  As for the middle component (Fig. S1 squares), which 

lies in between two previously peaks, the functional dependence is more difficult to identify and 

needs more components. 

2. Exchange 2D spectra for La1-xLnxPO4 (Ln = Nd, Dy, Ho, Er, Tm, Yb) 

2D exchange spectroscopy (EXSY) 31P MAS experiments with zero mixing time show a sharp 

ridge on the diagonal (Fig. S2) for La1-xLnxPO4 (Ln = Nd, Dy, Ho, Er, Tm, Yb) samples, which is 

typical for inhomogeneous broadening. 
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Figure S2: 2D 31P MAS EXSY spectra (with zero mixing time) for La0.98Nd0.02PO4, La0.995Dy0.005PO4, 

La0.99Ho0.01PO4, La0.99Er0.01PO4, La0.995Tm0.005PO4 and La0.98Yb0.02PO4, which all show a lineshape consistent with 

inhomogeneous line broadening. MAS spinning frequency is 10 kHz for La1-xLnxPO4 Ln = Nd, Dy, Tm and 12.5 

kHz for Ln = Ho, Er, Yb. 

3. Different correlations blind sphere radius with Ln-parameters 

The factor 𝐶SA = 𝑔𝐽
2𝐽(𝐽 + 1)4 refers to the lanthanide free-ion and gives indication on the size of 

the anisotropy shielding contribution to hyperfine shift. The parameter 𝐶con refers to the size of 

electronic contribution from contact shielding4. The blind sphere sizes r0 of measured lanthanide 

ions were plotted against both √|𝐶SA|
3  (Fig. S3) and √|𝐶con|

3  (Fig. S4). A linear dependence 𝑟0 ∝

√|𝐶SA|
3  was observed (Fig. S3) except for Gd3+. Such correlation indicates that, for the same 

host, treating the dopant ions as free lanthanide ions provides a reasonable estimate of the 

trend of the size of the blind sphere. Also contact and pseudo-contact contributions were 

considered. An empirical linear dependence 𝑟0 ∝ √|𝐶con|
3  was observed (Fig. S4) for all Ln3+ 

including Gd3+. 
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Figure S3: Blind sphere radii for Ln(III) dopants of La1-xLnxPO4 series, plotted against √|𝐶SA|
3 . |𝐶SA| refers to the 

magnitude of hyperfine contribution from anisotropy shielding4. The dashed line features the fitting function r0/Å = 

−1.50 + 2.83·√|𝐶SA|
3  with R2 = 0.85. 

 

 

Figure S4: Blind sphere radii for Ln(III) dopants of La1-xLnxPO4 series, plotted against √|𝐶con|
3 . |𝐶con| refers to the 

magnitude of electronic contribution from contact shielding4. The dashed line features the fitting function r0/Å = 

−1.01 + 4.44·√|𝐶con|
3  with the coefficient of determination R2 = 0.97. 
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4. 31P NMR relaxation  

 
Figure S5: T1 relaxation data of LaPO4:Ln obtained with the saturation recovery sequence at room temperature in 

a magnetic field of 9.4 T. 
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A Guide to Brighter Phosphors-Linking Luminescence
Properties to Doping Homogeneity Probed by NMR
Wenyu Li,[a] Matthias Adlung,[b] Qianyun Zhang,[a] Claudia Wickleder,[b] and
Jörn Schmedt auf der Günne*[a]

Crystalline powders of Ln3+ doped LaPO4 (Ln=Nd, Gd, Dy, Ho,
Er, Tm, Yb) have been synthesized to serve in a case study for
linking doping homogeneity as determined by NMR to
luminescent properties. Samples obtained via different syn-
thesis methods act as examples of homo- and inhomogeneous
doping. The sample quality was verified by X-ray diffraction.
The homogeneously doped samples show improved lumines-
cent properties in terms of brightness and lifetime which is

consistent with the interpretation that, NMR visibility curves
probe the distribution of paramagnetic dopants on a similar
length scale as necessary for an efficient energy transfer in
crystalline phosphors i. e. between sensitizers and activators,
and to killer sites. Thus “NMR homogeneity” as observed by
visibility curves may serve as a tool to optimize luminescent
materials.

1. Introduction

Paramagnetic dopants, especially the paramagnetic lanthanide
ions, play an important role in various applications, for example
Y3Al5O12:Ce

3+ is used as scintillator material,[1] Y2O3 : Eu
3+ in

cathode ray tubes,[2] Gd2O2S : Tb
3+ as X-ray phosphor,[3]

SrAl2O4 : Eu
2+,Dy3+ as long persistent phosphor[4] and

Y3Al5O12 :Nd
3+ in solid-state lasers.[5] In case of the application

scenario of light-converting phosphors, brightness, efficiency
and lifetime are related to the local pair distance[6] and the
effective dopant concentration,[7] which are both microscopi-
cally related to the dopant distribution. Especially for bright-
ness, i. e. quantum yields, phosphors may suffer from concen-
tration quenching[6,8] at high doping level which inhibits higher
emission intensities. A homogeneous distribution of dopants
ensures a high effective doping concentration while it avoids
concentration quenching[6] at low doping concentration and
therefore improves quantum yields (Figure 1 and 2).

Distribution of dopants can be investigated by different
techniques, for example by X-ray diffraction (XRD),[9,10] X-ray
photoelectron spectroscopy (XPS)[10] or energy dispersive X-ray
spectroscopy (EDX).[11] In general, the concept “homogeneity” as
defined by IUPAC[12] is related to a defined quantity of a
material, i. e. volume or length scale: optical glasses depict long-

range homogeneity when investigated by optical microscopic
techniques (visible light), but may show inhomogeneity (hetero-
geneity) on an atomic scale (electron microscopy).[13] Here the
term “homogeneous doping” is used to refer to a random, i.e.
statistical, substitutional doping of a crystalline host material
(Figure 2). Depending on the analytical technique and required
length scale, a sample could thus appear to be homogeneous
and inhomogeneous at the same time. Besides, some techni-
ques like XPS and EDX are more surface sensitive or have a
smaller analyzed volume,[14] while others sense bulk
properties[15] as for example laboratory powder XRD. Different
analytical techniques often nicely complement one another
with respect to length scale and surface sensitivity. However,
analysis of homogeneity on an atomic scale of dopants added
in the low-percent range turns out to be a non-trivial problem.

[a] W. Li, Q. Zhang, Prof. Dr. J. Schmedt auf der Günne
Department of Chemistry and Biology Chemistry
University of Siegen
Adolf-Reichwein-Str. 2, 57076 Siegen, Germany
E-mail: gunnej@chemie.uni-siegen.de

[b] Dr. M. Adlung, Prof. Dr. C. Wickleder
Department of Chemistry and Biology Chemistry
University of Siegen
Adolf-Reichwein-Str. 2, 57076 Siegen, Germany
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.201900790

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Figure 1. A schematic sketch describing how the dopant distribution affects
the luminescence behavior. The crystalline host is shown by its potential
doping sites (small empty circles) and the sites filled with dopants (filled
black circles). Dopants can be activators (A) and/or sensitizers (S) depending
on the system. Energy transfer may happen between either of them, i. e. S to
A (SA) or S to S (SS) if they are closer than the critical distance[16] RC (big
circles around a dopant), which differs for different dopants and different
transfer processes. For mono-doped systems, concentration quenching[6] of
an emission band may be ascribed to energy migration of the excited state
to a cluster site leading to cross-relaxation or to a killer site (red circle)
leading to non-radiative conversion to the ground state.

ArticlesDOI: 10.1002/cphc.201900790
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The role of energy transfer processes,[6,16–18] which may
happen between sensitizers or between sensitizer and activator,
and from sensitizer to killer sites, can’t be underestimated
(Figure 1) for a better understanding of how the dopant
distribution relates to luminescence performance. The processes
operate over a distance called critical energy transfer distance
Rc which ranges from a few ångströms to a few
nanometers.[17–20]

Solid state NMR has been reported to be helpful for
studying paramagnetic systems.[21–26] Especially, the distribution
of paramagnetic dopants can be investigated by the spin-lattice
relaxation time,[27–30] hyperfine shifts[31,32] and the line-broad-
ening effect.[27,33,34] Homogeneous distributions of Tb3+ and Eu3+

were shown to be correlated to NMR line broadening and
positively related to the brightness of phosphors.[33,34]

A disadvantage of a lineshape analysis is that it implicitly only
refers to the NMR visible part of the compound but not to the
nuclei inside the blind sphere, i.e. in direct vicinity of para-
magnetic centers, for which the signal may vanish within the
dead-time of spectrometer. An alternative to the lineshape analysis
approach is the visibility function, i.e. the observed peak area as a
function of doping concentration which was also shown to be
related to doping homogeneity (Figure 3).[35] It is interesting to
note that for lanthanide ions the blind sphere radii[26,35,36] and the
critical energy transfer distances[17–20] share a similar size range.
The aim of this contribution is to relate NMR doping homogeneity
to the luminescence properties of inorganic phosphors on the
basis of the NMR visibility function[35] for the first time. For this
case study LaPO4 was chosen as a diamagnetic inorganic host and
different Ln3+ ions (Ln=Nd, Gd, Dy, Ho, Er, Tm, Yb) served as
paramagnetic dopants which allows to determine blind sphere

radii by 31P NMR and sample quality by XRD at the same time.
Besides LaPO4:Ln(III) is a reasonable phosphor[37–39] so that
luminescence properties (lifetime and brightness) could be
determined. If the working hypothesis is true, that the NMR length
scale given by the blind sphere radius is similar to the distance
relevant to energy transfer in lanthanide doped phosphors, then it
should be possible to observe differences in luminescence proper-

Figure 2. A simplified two-dimensional illustration of a homogeneous (top row) and a heterogeneous (bottom row) doping scenario in a crystalline host
where a certain fraction x of dopable sites (small circles) is filled with paramagnetic dopants (black filled circles). In terms of NMR visibility only signals from
the volume outside the blind spheres[26] (big circles with r0) can be picked up. In terms of luminescence the radii of these spheres (big circles) could be
interpreted as the critical energy transfer distance[16] Rc. The radii r0 and Rc are not the same but typical values fall into a similar range: Å – few nm.[17–20,26,35,36]

Figure 3. Typical NMR visibility curves f(x) as a function of the paramagnetic
dopant concentration x. The NMR visibility is defined as the visible signal of
the doped material normalized by the signal of the diamagnetic host.[35] For
a homogeneous doping scenario, the NMR signals vanish in the dead-time
of the spectrometer[36] more efficiently thus f(x) approaches zero earlier as x
increases. The visibility of the heterogeneous case f(x) is located in the
dashed regime between the maximum visibility fmax(x) (upper solid line) and
the visibility of a homogeneous doping scenario. The NMR visibility is always
smaller for a homogeneous (lower solid line) than for a heterogeneous
doping scenario (compare Figure 2) at the same doping concentration.
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ties between homogeneously and inhomogeneously doped
samples.

2. Results and Discussion

2.1. XRD Homogeneity

In a first step two sample series were obtained by different
synthesis routes. Their doping homogeneity was evaluated by
XRD, i. e. by Rietveld refinement and Vegard’s law.[40] The
corresponding refinement results (Supporting information Fig-
ure S1–S4) of the La1-xLnxPO4 series (Ln=Nd, Dy, Ho, Yb), which
were obtained by co-precipitation, show a linear correlation of
the lattice parameters with the doping concentration x. Such
fulfillment of Vegard’s law is often obeyed by homogeneously
doped samples which follow random substitutional replace-
ment of ions.[41]

For the samples obtained via a solid-state reaction a phase
separation of LnPO4 and LaPO4 becomes evident at high doping
concentration (x�0.2) from the powder diffractograms (Sup-
porting Information Figure S5). Phase separation is a typical
case of heterogeneity. Note that XRD requires the samples to
be doped to a high degree (herein about x�0.05) to obtain
lattice parameter changes which are significant, while doping
levels relevant to luminescence properties often require low
lanthanide doping concentrations, for instance x <5%.

2.2. NMR Homogeneity

In a second stage these sample were investigated by
quantitative 31P NMR to test whether the NMR homogeneity
agrees with XRD results at low doping concentration. Only one
31P NMR signal at around �4.6 ppm, which corresponds to
monazite LaPO4, was observed for the La1-xLnxPO4 (Ln=Nd, Gd,
Dy, Ho, Er, Tm, Yb). As the doping level x increases, the signal
broadens without significant shifts and the peak area decreases
(31P MAS NMR spectra stack plots in Supporting Information
Figure S6–S11). Thus the situation in the investigated cases is
simpler than in the cases of La1-xSmxPO4

[36] and La1-xEuxPO4,
[32]

where different 31P signals could be observed.
The resulting peak areas from one pulse experiments were

calculated and tested by the visibility function.[35,36] Deviations
from the theoretical visibility function for homogeneous doping
indicate a lower degree of NMR homogeneity. By this compar-
ison for seven Ln3+ dopants (Figure 4 for Dy3+ and for other
Ln3+ ions (Supporting Information Figure S6–S11)) it is possible
to conclude that the samples series obtained via a solid-state-
reaction showed a lower degree of NMR homogeneity as
compared to the co-precipitated samples of the same dopant
series. Therefore, differences in homogeneity can be traced via
the NMR visibility function in the low-doping regime. The result
is in excellent agreement with the XRD analysis.

The homogeneity length scale of the NMR experiment is
related to the radius of the blind sphere of the paramagnetic
dopant. For Nd, Gd, Dy, Er, Ho, Tm, Yb in La1-xLnxPO4 the blind

sphere radii are 5.5 Å, 13.5 Å, 12.5 Å, 10.5 Å, 10 Å, 9 Å and 5.8 Å
respectively.[36] Based on the differences in homogeneity traced
via the NMR visibility curves (Figure 4 and Figure S6–S11), it
may be concluded that only the co-precipitated samples qualify
as homogeneously doped on a length scale of about 1 nm.

2.3. Luminescence Spectra

What remains to be shown is that homogeneity on the nm-
scale correlates with luminescence properties. From the differ-
ent available doping series only Dy3+ doped LaPO4 was chosen
for luminescence measurements. Quantitative excitation and
emission spectra for the Dy3+ doped samples with x=0.05
(Figure 4) show their most intense emissions bands at 477 and
572 nm which can be assigned to transitions[42,43] 4F9/2!

6H15/2

and 4F9/2!
6H13/2, respectively.

An increase in brightness can be observed (Figure 5) for the
La0.95Dy0.05PO4 samples which feature a more homogeneous
dopant distribution according to the NMR and XRD analysis.

2.4. Luminescence Lifetimes

To obtain independent evidence of doping homogeneity life-
time measurements of the two sample series of La1-xDyxPO4

were obtained (lifetime curves: Supporting Information Fig-
ure S12–S18). Qualitatively the individual measurements show a
transition from mono-exponentially decaying lifetime functions
to a complex behavior with increasing doping concentration x.

How can this behavior qualitatively be understood and
what can be learned about the distribution of dopants from
lifetime measurements?

The lifetime functions applying to isolated ions are well
established, describe the intensity decay as a mono-exponential

Figure 4. The normalized NMR visibility f(x) as a function of doping
concentration x, for La1-xDyxPO4 obtained by the co-precipitation method
(circles) and by the solid-state reaction method (squares). The dashed lines
feature a fitted visibility function[27] f(x)=exp(-ar0

3 x) with a=0.055/Å3 and
r0=12.5 Å.
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function and require excitation and emission to occur on the
same ion S.[16,18]

I tð Þ ¼ I0exp �
t
t0

� �

The same model also applies when the energy is transferred
from one S atom to another one (SS transfer) between
excitation and emission.

When a photon is excited on an S atom (sensitizer)
transferred to an activator (A) or a killer site (SA transfer),[18]

deviations from mono-exponential functions are expected.[16,18]

I tð Þ ¼ I0exp �
t
t0

� C t
3
n

� �

C is a constant that relates to both concentration of A, and
the interaction strength between S and A, while n depends on
the electric multipole interaction (n=6, 8 or 10 for dipole-

dipole, dipole-quadrupole or quadrupole-quadrupole interac-
tion, respectively).[44] If SA and SS transfers are combined
complicated non-monoexponential models apply.[18] Note that
in a doping series with variable doping concentration x the
lifetime of the activators will reflect their individual environ-
ments, i. e. clustered activators which are subject to cross-
relaxation and isolated activators will exist side by side and
their lifetime curves can best be described as a sum of
monoexponential curves with different lifetime values. Lifetime
reduction by cross-relaxation processes[16,18,42] between Dy3+ ion
pairs, for example (4F9/2,

6H15/2)!(6H5/2,
6F7/2) and (4F9/2,

6H9/2

(6F11/2))!(6H15/2,
6F3/2) is well estabilshed.

[42,43]

As shown in detail in the supporting information (Fig-
ure S12–S18) the lifetime curves of both the homogeneous and
the heterogeneous scenario can be described using the same
lifetimes t1, t2 and t3 in the a tri-exponential model (see
Supporting Information for details).

I xð Þ ¼ I0 � a1 � e�
x
t1 þ a2 � e�

x
t2 þ a3 � e�

x
t3

� �
þ Ioffset

1 ¼ a1 þ a2 þ a3

t1 > t2 > t3

The corresponding parameters could be extracted via
synchronous least-square fitting of all lifetime curves. This
approach minimizes the number of fitting parameters and
delivers a stable fitting model. The longest lifetime t1 clearly
can be assigned to the lifetime of isolated Dy ions, while the
other two can be considered as fitting parameters to reflect
different processes leading to shorter lifetimes or more complex
decay functions in general. The parameters a1, a2 and a3 depend
on the doping concentration and are the weights of the
individual exponential curves, while I0 and Ioffset depend on the
individual measurements, i. e. the amount of experimental time
spent on each experiment and background noise, respectively.

Lifetime measurements can be described both for the
heterogeneous and homogeneous sample series in the low-
doping regime with the same lifetimes. Thus it is reasonable to
argue that killer sites caused by different lattice defects, e.g.
color centers, which should be synthesis dependent, have a
negligible influence on the lifetime curves in this case.
Impurities by other rare earth elements were neglected because
of the used reagent purities. Thus the shortening of the
lifetimes will be discussed based on the assumption that cross-
relaxation caused by cluster formation of Dy-ions is the main
mechanism for lifetime reduction.

How should the dopant distribution influence the weights an
as a function of doping concentration x? The weight a1 is a
measure for the frequency of isolated dopants and is well defined
because it describes the degree of mono-exponentiality of the
lifetime curves. The relative amount of isolated dopants (~a1)
decreases as the doping concentration x increases in both the
homogeneous and the heterogeneous doping model (Figure 6).

The visualization (Figure 2) may help grasping the differences
between the homogeneous and the heterogeneous doping

Figure 5. Excitation (top) and emission (bottom) spectra of La0.95Dy0.05PO4

obtained by co-precipitation (solid line) and solid-state reaction (dashed
line). The excitation spectra were recorded at an emission wavelength of
λem=572 nm. The emission spectra were measured at an excitation wave-
length of λex=325 nm.
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scenario. In the low-doping regime both the homogeneous and
the heterogeneous case look similar (Figure 2), which reflects the
stabilization of defects for entropic reasons and the formation of a
thermodynamically stable solid solution of La1-xDyxPO4. Higher
doping concentrations may cause demixing as the XRD measure-
ments showed (Supporting Information Figure S5). The precise
distribution of the dopants in the host depends on the
preparation and the type of segregation process, for example
spinodal demixing versus crystallization and growth, and Oswald
ripening. The formation of clusters may be considered as a
consequence of demixing and phase segregation. Note, that in
the homogeneous doping scenario clusters will form simply for
statistical reasons, especially in the high doping regime. In the low
doping regime the frequency of isolated dopants, corresponding
to the non-overlapping spheres (Figure 2) with a radius of the
critical energy transfer distance Rc, would be higher in the
homogeneous than in the heterogeneous case. However in the
high doping regime the frequency of isolated dopants are
expected to be higher in the heterogeneous than in the
homogeneous scenario, because demixing generates islands of
low-doping between clusters of dopants in the heterogeneous
case (Figure 2).

Following this argument the frequency of isolated dopants,
i. e. weight a1, is then expected to start off with similar values
for the homogeneous and heterogeneous doping scenario at
low doping concentration (Figure 6). With increasing doping
concentration, clusters would form which indirectly reduce the
frequency of isolated dopants. Because clusters form more
easily in the heterogeneous doping scenario its frequency of
isolated dopants would be reduced faster. However the
opposite behavior is expected for the even higher doping
concentrations: while in the homogeneous case for statistical
reasons almost all dopants would be part of a cluster (Figure 2),

in the heterogeneous case a limited frequency of dopants could
still remain in the space between the clusters. Consequently the
frequency of isolated dopants as a function of doping
concentration should feature a cross-over for the homogeneous
and the heterogeneous scenario. As can be seen in Figure 6, the
expected behavior is observed which is an independent
confirmation of the hypothesis that NMR homogeneity can be
related to the luminescence properties, because blind sphere
radii and critical distances in luminescence are of the same
order of magnitude.

3. Conclusions

The main target of this contribution was to test whether
homogeneity evaluated by the peak areas in solid state NMR
shows consistency with the actual luminescence performance.
To this end seven different sample series of lanthanide doped
monazite LaPO4 were prepared. Sample homogeneity could be
tested by XRD in this case because the doping concentration
could be varied from x equals 0 to 100%. NMR was able to
provide the same information on the basis of the NMR visibility
function, with the advantage that the visibility function does
not require the samples to be doped up to 100% but to much
lower values. The established homogeneity of the samples was
shown to be related to both fluorescence intensity and the
lifetime of the excited states. The length scale of the NMR
homogeneity criterion can be estimated as the blind-sphere
radius which takes values up to 1 nm approximately for Ln(III)
dopants. The method is not restricted by the choice of the host
structure as long as NMR nuclei are present. An application of
this method to for example Ln(II) or Ln(III) doped halogenides,
phosphates, borates or nitrides should be straight forward.
Synthesis methods that produce samples with higher NMR
homogeneity avoid the unnecessary consumption of dopant
reagents. The activator ions can be used more efficiently and a
higher light yield should be achievable. We conclude solid state
NMR may act as a tool for the evaluation of different synthesis
methods and for optimizing luminescence properties.

Experimental Section
Two commonly used synthesis routines have been selected in order
to create different degrees of doping homogeneity.

The co-precipitation method: Ln2O3 (Ln=Nd, Gd, Dy, Er, Ho, Tm, Yb.
Nd2O3 was bought from ChemPur, the rest from smart elements®.
The purity is 99.999% for Dy2O3 and 99.99% for the rest) and La2O3

(Chempur, 99.99%) were dissolved in concentrated nitric acid and
later on mixed with excess NH4H2PO4 (VWR chemicals) solution. The
resulting precipitates were centrifuged and washed with water and
ethanol. The washed precipitates were dried at 80 °C overnight and
sintered in corundum crucibles at 1000 °C for 4 h.

The “solid-state reaction” method: stoichiometric amounts of Ln2O3,
La2O3 and NH4H2PO4 were ground in an agate mortar and sintered
in corundum crucibles at 1000 °C for 4 h.

Powder XRD measurements were performed on a Huber G621
diffractometer with Cu Kα1 radiation (λ=0.15405931 nm) and

Figure 6.Weight a1 with error bars of the slowest decay process in a lifetime
measurement obtained by a synchronous tri-exponential fit of all lifetime
curves at different doping concentrations x, for two La1-xDyxPO4 doping
series: samples obtained by co-precipitation (open circles), as an example for
homogeneous doping and samples obtained via a solid-state reaction (filled
squares), as an example for heterogeneous doping according to NMR and
XRD. The lines serve as a guide to the eye (homogeneous case (solid line)
a1(x)=1.294 ·exp(�(25.5 ·x)1.095)–0.352, heterogeneous case a1(x)=1.018 ·exp
(�(60.4 ·x)0.729+0.008). The fairly small statistical errors obtained via an error
analysis indicate that the fit is stable and sample-preparation dependent
errors dominate.
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Guinier camera in transmission geometry. Diffractograms were
extracted from the image files, which were obtained by scanning
photostimulable BaBrF :Eu2+ films with an image plate detector
(Typhoon FLA 7000, λ=650 nm), by a home-written program
(“ipreader”, version 0.9).

The solid state NMR measurements were performed on a Bruker
Avance II spectrometer at 7.05 T. Magic angle spinning (MAS) was
done with 4 mm pencil rotors at 10 kHz spinning frequency with
completely filled rotors with a home-built McKay probe head. The
spectra were acquired by direct excitation, with a dead time of
15 μs, and 90° pulses with a pulse length of typically 4–5 μs and
repetition delays being longer than 5 times the T1 relaxation time
to ensure quantitative measurements. In addition, quantification
was assisted by a micro-balance (Sartorius MC5). The deconvolution
of peaks was performed by the program deconv2Dxy[45] (version
0.4). Because an external referencing method was used for
quantification we estimated that this scheme causes a relative error
of the individual measurements of about 10% being related to
small changes in tuning, matching and in dielectric loss. The NMR
visibility was calculated as observed peak area per mole of doped
sample normalized by that of the non-doped sample. The NMR
visibility fitting function[35] for homogeneously doped sample was
shown to be f xð Þ ¼ exp �ar30x

� �
, with a=4πNhostUC/3VUC=0.055/Å3

for monazite[46] LaPO4, where NhostUC is the number of “dopable”
sites in the unit cell and VUC is the volume of the unit cell. Herein
NhostUC=4 and VUC=305.73 Å3. The variable r0 is the blind sphere
radius of a paramagnetic ion.

Quantitative excitation and emission spectra were recorded on a
FluoroMax HORIBA fluorescence spectrometer within a spectral
range of 250–800 nm with an integrating sphere. The emission
spectra were corrected for the sensitivity of the photomultiplier
and the reflectivity of the integrating sphere. Decay times were
measured at room temperature using a 75 W Xe flash attached to a
Fluorolog 3 spectrometer (FL3-22, Horiba). At both spectrometers
the emission was detected by a photomultiplier R928P from
Hamamatsu.
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Supporting Information 

1. Lattice parameters 

Based on the Rietveld refinement results of the La1-xNdxPO4 series which were obtained by co-

precipitation (Fig. S1), all the lattice parameters show linear correlation with doping level x.  

Figure S1. Lattice parameters as a function of the substitution degree x in the co-precipitated and 1000 °C sintered 

La1-xNdxPO4, as determined by Rietveld refinement based on X-ray powder diffraction data. The dotted lines 

represent linear fits resulting in a/Å = 6.5114 – 0.0992·x, b/Å = 7.0788 – 0.1189·x and c/Å = 8.2916 – 0.1570·x, 

respectively. 
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The Rietveld refinements have been performed also on the La1-xDyxPO4 (Fig. S2), La1-xHoxPO4 

(Fig. S3), and La1-xYbxPO4 (Fig. S4) sample series, which were obtained by the co-precipitation 

method. The refinement results all show linear correlation with x. Note that the synthesized 

doping x ranges were different for different series, and at small doping level x, refinement data 

scattering is larger than at higher x.  

 

 

Figure S2. Lattice parameters as a function of the substitution degree x in the co-precipitated and 1000 °C sintered 

La1-xDyxPO4, as determined by Rietveld refinement based on X-ray powder diffraction data. The dotted lines 

represent linear fits resulting in a/Å = 6.5154 – 0.2094·x, b/Å = 7.0780 – 0.2890·x and c/Å = 8.2938 – 0.3525·x, 

respectively. 
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Figure S3. Lattice parameters as a function of the substitution degree x in the co-precipitated and 1000 °C sintered 

La1-xHoxPO4, as determined by Rietveld refinement based on X-ray powder diffraction data. The dotted lines 

represent linear fits resulting in a/Å = 6.5101 – 0.1914·x, b/Å = 7.0759 – 0.2761·x and c/Å = 8.2889 – 0.3349·x, 

respectively. 
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Figure S4. Lattice parameters as a function of the substitution degree x in the co-precipitated and 1000 °C sintered 

La1-xYbxPO4, as determined by Rietveld refinement based on X-ray powder diffraction data. The dotted lines 

represent linear fits resulting in a/Å = 6.5154 – 0.1753·x, b/Å = 7.0807 – 0.2994·x and c/Å = 8.2958 – 0.3492·x, 

respectively. 
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2. XRD diffractograms  

For the 1000°C sintered solid state samples, at high doping concentration (x ≥ 0.2), phase 

separation of LnPO4 and LaPO4 becomes evident from diffractograms. Nd doped LaPO4 

samples aimed at x = 0.5 were shown as examples. The XRD pattern of the solid state sample 

(Fig. S5 left) shown phase separation of LaPO4 and NdPO4. No phase separation was observed 

for corresponding co-precipitated sample (Fig. S5 right).  

Figure S5. The powder XRD pattern of Nd doped LaPO4 samples aimed at x=0.5, compared with literature data 

(ICSD-797471 for LaPO4 and 797501 for NdPO4). Left: solid state method synthesized, right: co-precipitation 

method synthesized sample.  

3. NMR visibility curves 

To establish the scale on which homogeneity is studied by NMR, the 31P MAS NMR spectra 

were first obtained for the doped sample series La1-xLnxPO4 (Ln = Nd, Gd, Ho, Er, Tm, Yb). 

Only one signal was observed (Fig. S6) and as the doping level x increases, the peak area 

gradually decreases as shown in the 31P MAS NMR spectra stack plots (Fig. S7-S12). Such 

data sets of the peak area of the homogeneous compounds La1-xLnxPO4 

(Ln = Nd, Gd, Ho, Er, Tm, Yb) were fitted with the visibility function2 f(x) = exp(-ar03x) for the 

wipe-out radii r0 of blind spheres. The f(x) plots were shown next to the corresponding NMR 

stack plots in the Fig. S7-S12. NMR data from samples which were obtained from the solid 

state method were also compared along (Fig. S7-S12), and the deviation from the NMR visibility 

function indicates heterogeneity. For all mentioned Ln3+ dopants, homogeneously and 

heterogeneously doped samples can be distinguished. Therefore such method based on the 
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NMR visibility function serves as a nice tool for the evaluation of “NMR homogeneity”. Based 

on the radii r0 of the blind spheres,3 it may be concluded that “NMR homogeneity” relies on a 

length scale of about 1 nm, and the co-precipitated samples (annealed at 1000 °C) are more 

homogeneously doped on nm scale. 

 

Figure S6. The 31P MAS NMR full spectrum (spectrum width 100 kHz) of La0.995Dy0.005PO4 obtained by co-

precipitation method, which is shown as one example to demonstrate typical spectra of Ln doped LaPO4 series. 

Only one P signal with its spinning side band were observed. 

 

 

 

Figure S7. The stack plot of 31P NMR spectra for La1-xNdxPO4 obtained by co-precipitation method (left), and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xNdxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 5.5 Å to the points of samples from the co-precipitation 

method. 
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Figure S8. The stack plot of 31P NMR spectra for La1-xGdxPO4 obtained by co-precipitation method (left), and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xGdxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 13.5 Å to the points of samples from the co-precipitation 

method. 

 

 

Figure S9. The stack plot of 31P NMR spectra for La1-xHoxPO4 obtained by co-precipitation method (left) and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xHoxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 10.5 Å to the points of samples from the co-precipitation 

method. 
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Figure S10. The stack plot of 31P NMR spectra for La1-xErxPO4 obtained by co-precipitation method (left) and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xErxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 10 Å to the points of samples from the co-precipitation 

method. 

 

 

 

Figure S11. The stack plot of 31P NMR spectra for La1-xTmxPO4 obtained by co-precipitation method (left) and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xTmxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 9 Å to the points of samples from the co-precipitation 

method. 
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Figure S12. The stack plot of 31P NMR spectra for La1-xYbxPO4 obtained by co-precipitation method (left) and the 

normalized NMR visibility f(x) as a function of doping concentration x (right), for La1-xYbxPO4 obtained by co-

precipitation method (circles) and solid state method (squares), both sintered at 1000 °C. The dashed line features 

the best fit of f(x) = exp(-ar3x) with a = 0.055/Å3 and r0 = 5.8 Å to the points of samples from the co-precipitation 

method. 

4. Lifetime of La1-xDyxPO4 doping series 

The fluorescence lifetime of the La1-xDyxPO4 doping series has been obtained from the multi-

exponential (equation Fehler! Verweisquelle konnte nicht gefunden werden. and 2) fitting 

of the intensity decay curve (Fig. S13-S19). Ioffset was due to the dark counts and the 

corresponding parameter 𝑐offset =  𝐼offset/𝐼0 is also fitted (Table S1 and S2). I0 is the initial 

intensity, which was set to be the intensity of the first data point in the decay curve. 𝜏1, 𝜏2 and 

𝜏3 are the lifetime and 𝑎1, 𝑎2 and 𝑎3 are the fitted weight fractions, respectively. In particular, 𝑎1 

is the mono-exponentiality factor. 

The results shown in Tables S1 and S2 are the results of a single unconstrained non-linear 

least square fit of all slifetime curves with a self-written tcl-script including an error analysis 

based on a variance analysis. The fit model used different a1, a2, a3 and Ioffset / I0  parameters 

for the different lifetime curves but assumed the lifetime values 𝜏1, 𝜏2  and 𝜏3 to be the same for 

both sample series. The fit converged consistently to the same minimal value independent of 

small changes in the starting values. 
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The values in Table S1 and S2 were used to produce Figure 6 in the manuscript. 
 

Table S1. The fitting parameters including weight fractions a1, a2, a3 and intensity offset coffset for 
the lifetime measurements of samples obtained from co-precipitation method. The lifetime values 
are 𝜏1 = 1.099 ± 0.003 ms, 𝜏2 = 0.583 ± 0.007 ms, 𝜏3 = 0.099 ± 0.002 ms. 

x a1 a2 a3 coffset 

0.0004 0.921±0.009 0.034±0.008 0.045±0.005 0.0049±0.0002 

0.001 0.920±0.009 0.080±0.008 0.000±0.005 0.0008±0.0002 

0.003 0.866±0.008 0.128±0.007 0.006±0.005 0.0000±0.0002 

0.005 0.816±0.007 0.071±0.006 0.114±0.004 0.0006±0.0002 

0.01 0.549±0.006 0.428±0.006 0.023±0.005 0.0019±0.0002 

0.02 0.451±0.007 0.511±0.008 0.038±0.007 0.0018±0.0003 

0.05 0.000±0.010 0.660±0.008 0.340±0.005 0.0059±0.0006 

 

Table S2. The fitting parameters including weight fractions a1, a2, a3 and intensity offset Ioffset for 
the lifetime measurements of samples obtained from solid state method.  

x a1 a2 a3 coffset 

0.0004 0.898±0.009 0.000±0.008 0.102±0.005 0.0055±0.0002 

0.001 0.901±0.008 0.019±0.008 0.080±0.005 0.0022±0.0002 

0.003 0.773±0.006 0.101±0.006 0.126±0.004 0.0011±0.0002 

0.005 0.684±0.006 0.169±0.005 0.147±0.004 0.0004±0.0002 

0.01 0.508±0.007 0.421±0.007 0.072±0.007 0.0007±0.0003 

0.02 0.337±0.007 0.573±0.008 0.091±0.007 0.0006±0.0003 

0.05 0.116±0.007 0.529±0.006 0.355±0.005 0.0041±0.0005 
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Figure S13. The decay curves from lifetime measurements of La0.9996Dy0.0004PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  

 

 

Figure S14. The decay curves from lifetime measurements of La0.999Dy0.001PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  
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Figure S15. The decay curves from lifetime measurements of La0.997Dy0.003PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  

 

Figure S16. The decay curves from lifetime measurements of La0.995Dy0.005PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  
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Figure S17. The decay curves from lifetime measurements of La0.99Dy0.01PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  

 

 

Figure S18. The decay curves from lifetime measurements of La0.98Dy0.02PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  
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Figure S19. The decay curves from lifetime measurements of La0.95Dy0.05PO4 samples, obtained by co-

precipitation method with sintering temperature 1000°C (left) and solid state method 1000°C (right). The dashed 

lines represent the fitting function as equation 2 with fitting parameters in table S1 (left) and S2 (right), respectively. 

The measurements were recorded at emission wavelength λem = 477 nm and excitation wavelength λex = 350 nm.  
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Doping homogeneity in co-doped materials
investigated at different length scales†

Wenyu Li, a Philippe F. Smet, *b Lisa I. D. J. Martin, b Christian Pritzelc and
Jörn Schmedt auf der Günne *a

Doping homogeneity is important for the properties of co-doped phosphors, as it can affect the energy

transfer between sensitizer and activator ions. In a case study we apply different methods, that is

scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDX)

mapping, SEM combined with cathodoluminescence (CL) and solid-state nuclear magnetic resonance

(NMR), to study the doping homogeneity of the host system monazite LaPO4 doped with two different

lanthanide ions on different length scales. A new criterion for doping heterogeneity in co-doped

systems is developed, which is based on the NMR visibility function, which for this purpose is extended

to doping with two or more paramagnetic dopants. A deviation from this function is indicative of doping

heterogeneity on the length-scale of the blind-spheres of the paramagnetic dopants. A discussion of the

advantages and disadvantages of the different methods is presented. The combined approach allows to

study doping homogeneity from the nm to the mm scale.

Introduction

Co-doping is often utilized to achieve extra performance for
functional materials. For example, defect populations can be
manipulated by co-doping in semi-conductors1 to achieve
changes in conductivity or in luminescence materials to achieve
higher efficiency,2 brightness or longer afterglow.3 For glass
lasers4 co-doping makes a higher dopant-solubility and thermal
tolerance possible. Not only the choice of suitable pairs of
co-dopants needs to be considered depending on the application
scenario, but also the distribution of the co-dopants in the host
material is important. Co-doped afterglow materials for example
critically depend on energy transfer5,6 processes between different
dopant ions which are limited by their distance. As an example,
the addition of Dy3+ to the SrAl2O4:Eu

2+ persistent phosphor
increases the brightness and the duration of the afterglow.7

However, partial segregation of dysprosium has been observed
at grain boundaries, affecting the actual dopant concentration
inside the phosphor particles.8

In general the concept homogeneity depends on a length
scale or a volume.9 For example a glass sample may appear

homogeneous when investigated by visible light but hetero-
geneous on an atomic scale. In case of co-doped phosphors the
interesting length scale is of the order of the energy transfer
distance (up to a few nm, depending on the transfer mechanism).5,6

In the present case we refer to ‘‘homogeneous doping’’ if the La
atoms in the host material are statistically replaced by the
lanthanides (Ln) used for doping. While different techniques
are able to elucidate the distribution of dopants in the host
matrix on different length scale, it turns out that it is not easy to
‘‘prove’’ doping homogeneity. Instead the usual approach is to
disprove heterogeneity on different length scales. Analytical
methods can establish heterogeneity in different ways: X-ray
diffraction (XRD) as a bulk technique can be used to establish
heterogeneity by deviation of the lattice parameters from
Vegard’s rule10 or by the appearance of a non-statistical pair
distribution function11 given that the scattering contrast is suffi-
cient. X-ray photoelectron spectroscopy (XPS) offers information
about the dopant distribution at the surface on the nm scale.12

Methods based on electron microscopy can prove heterogeneity at
a specific location in the sample but not in the bulk. For example,
transmission electron microscopy can provide line-scans showing
a dopant distribution profile on the nm scale for thin sample
layers.13 Energy dispersive X-ray (EDX) mapping in a scanning
electron microscope (SEM) can show heterogeneous dopant
distributions on the sub-mm scale14,15 at a sample surface to a
depth of several mm, depending on the accelerator voltage13 (see
below). EDX is considered to be a semi-quantitative analysis
technique, as the number of detected X-rays depends on the
accelerating voltage, the sample composition, the detection angle

a Inorganic Materials Chemistry, University of Siegen, Adolf-Reichwein-Str. 2,

57076 Siegen, Germany. E-mail: gunnej@chemie.uni-siegen.de
b Department of Solid State Sciences, Ghent University, Krijgslaan 281-S1,

9000 Gent, Belgium. E-mail: Philippe.Smet@UGent.be
c Construction and Materials Chemistry, University of Siegen, Paul-Bonatz-Str. 9-11,

57076 Siegen, Germany

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9cp05599a

Received 14th October 2019,
Accepted 4th December 2019

DOI: 10.1039/c9cp05599a

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
4 

pr
os

in
ce

 2
01

9.
 D

ow
nl

oa
de

d 
on

 6
.4

.2
02

0 
17

:2
0:

15
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e. View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-4020-9549
http://orcid.org/0000-0003-4789-5799
http://orcid.org/0000-0002-6881-2377
http://orcid.org/0000-0003-2294-796X
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9cp05599a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022002


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 818--825 | 819

and the sample morphology, with especially the latter effect not
being easy to correct for. Cathodoluminescence (CL) imaging
evaluates the spatial and spectral distribution of the emitted light
after excitation by the electron beam. For a certain fixed position
of the electron beam, light is generated in a similar volume
compared to the characteristic X-rays. The advantage over EDX
is an increased sensitivity, allowing to study lower impurity
concentrations. Finally, the luminescence characteristics of many
impurities depend on the local environment. Hence, the shape of
the CL emission spectrum can be used to probe the local chemical
composition.16,17 Electron paramagnetic resonance (EPR) studies
the signals from paramagnetic dopants in low concentration and
extracts information on distribution as well as local environment18

from spectroscopic parameters such as the lineshape.19 A broad
linewidth is typical for strong couplings and indicative of
heterogeneity.20

In this contribution solid-state NMR is used to investigate
co-doping heterogeneity. In case of a diamagnetic solid host
with NMR-active nuclei solid-state NMR has been used to
investigate the dopant distribution of a single kind of para-
magnetic dopant (‘‘mono-doped’’) in different ways: spin–lattice T1
relaxation,21–23 line width24–26 and visibility function (see below).27,28

A T1–T2 correlation map was also shown to be useful in studying a
paramagnetic site distribution at the surface of porous materials.29

These NMR observables of the host-material are influenced by the
hyperfine interaction30,31 between the unpaired electrons of a
paramagnetic dopant and the NMR-active nucleus in a non-trivial
way in general. For Ln(III) dopants the valence electrons are situated
in f-orbitals for which the spin–orbit (SO) interactions dominate
over ligand field effects as compared to transition metal atoms for
which the order is reversed.32 Thus themagnetism of Ln(III) ions can
be predicted neglecting ligand field effects in the high-temperature
regime with the exception of Sm(III) and Eu(III). In fact the NMR
visibility function, the relaxation behavior and the line-width of host
signals have been shown to correlate in a simple way with an
increasing Ln(III) doping concentration for the host chosen here.26

Here we make use of the NMR visibility, which is the molar peak
area of NMR signal of a paramagnetically doped compound
normalized by that of the undoped host. The visibility function
is the NMR visibility as a function of doping concentration that
can be approximated analytically by a decaying exponential
function, if it is assumed that around every paramagnetic
dopant a certain volume exists within which NMR nuclei
become ‘‘invisible’’ to the NMR experiment. Invisible here
means that signals decay very fast so that they do not contribute
to the FID which is sampled after the spectrometer deadtime.
This concept was independently introduced by different groups
in the context of dynamic nuclear polarization33 and for the
purpose of studying doping homogeneity.27 It could be shown
that in a homogeneous system the visible percentage of
the host NMR signal decays in an exponential fashion with
increasing doping concentration which can be used to estimate
the radius of the blind sphere around a paramagnetic center
(formula see experimental part).26,27 In mono-doped materials
deviations from this exponential function may serve as a
criterion of doping heterogeneity in the above sense on the

length scale of the blind-sphere radius26–28 which typically
takes values up to B2 nm. While in general it may not always
be trivial to explain what contributes to the blind sphere radius
it appears that for Ln(III) dopants the pseudo-contact shielding
is strongly correlated with the size of the blind sphere.26

Correspondingly the blind-spheres for different NMR active
nuclei in the same material are related to the size of the
gyromagnetic ratio.26 The only known exception for Ln(III)
dopants is Gd(III) which is known for its very special relaxation
behavior which also makes it an effective contrast agent in
magnetic resonance imaging.31

Given the interest in co-doped luminescent materials the
target of this study is to investigate whether the NMR visibility
function can be extended to co-doped systems and to compare
this approach to other commonly used techniques to investigate
doping homogeneity.

Experimental

Reference materials for co-doped monazite LaPO4 were
obtained with a co-precipitation method and subsequent
annealing which previously had been shown to produce homo-
geneously mono-doped samples.26,28 The starting reagents,
which include La2O3 (ChemPur, 99.99%) and dopant materials
Gd2O3 (smart elements, 99.99%), Dy2O3 (smart elements, 99.999%),
Ho2O3 (smart elements, 99.99%), Yb2O3 (smart elements, 99.99%)
and Nd2O3 (ChemPur, 99.99%), were mixed and dissolved in the
required ratios in concentrated nitric acid. Upon adding NH4H2PO4

(VWR chemicals) solution in excess a precipitate is formed, washed
with water and ethanol, then centrifuged and dried overnight.
Annealing is done in corundum crucibles at 1000 1C for 4 h.

Solid state NMR measurements were performed on a Bruker
Avance II spectrometer at 7.05 T. Magic angle spinning (MAS)
was done with 4 mm pencil rotors at 10 kHz with a home-built
McKay probe head and a dead-time delay of 15 ms. External
quantification of the NMR signals was assisted with a micro-
balance (Sartorius MC5). The NMR visibility f was calculated as
the observed peak area of the 31P NMR signal per mole of the
sample normalized by the peak area per mole of non-doped
diamagnetic host. Deconvolution of NMR peaks was done
with the program deconv2Dxy.34 The NMR visibility fitting
function27,28 for a homogeneously mono-doped sample is defined
as f xð Þ ¼ exp �ar0

3x
� �

, where r0 is the blind-sphere radius, a
is a parameter related to the number density of dopable sites
(a = 4/3pNhostUC/VUC), NhostUC is the number of ‘‘dopable’’ sites
in the unit cell, x is the fraction of atoms substituted by a
paramagnetic dopant (see example) and VUC is the volume of
the unit cell. For example, for monazite35 doped with Dy, i.e.
LaPO4:Dy or La1�xDyxPO4, a is 0.055 Å�3.

Scanning electron microscopy images were obtained in
back-scattered electron detection mode (Hitachi S-3400 N).
For elemental mapping with EDX, the connected ThermoScientific
Noran System 7 was used. CL radiation emitted by the sample was
collected for a 256-by-184 grid (dwell time of 100 ms per point) with
an optical fiber and delivered to an Acton SP2300 monochromator
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and ProEM 1600EMCCDcamera (Princeton Instruments). CL
spectra and intensities were processed off-line. All spectra were
measured at room temperature and with an accelerating voltage
of 20 kV. To avoid electrical charging of the sample, and the
associated image deformations, a low background pressure of
20 Pa was used. For EDX quantification of the lanthanide ion
concentrations, the L lines were monitored (La: 4.7 keV, Nd:
5.2 keV, Tm: 7.2 keV).

Results and discussion

To investigate the effects of co-doping on the NMR visibility
function, reference compounds are required which are homo-
geneously doped. To this end LaPO4 was co-doped with Nd/Tm,
Gd/Dy and Nd/Ho at different concentrations.

The synthesis recipe had been used before26,28 to produce
single-doped monazite which proved to be homogeneous
according to XRD and NMR with respect to the Vegard behavior
of the lattice parameters and the NMR visibility function,27

respectively. In the following the doping homogeneity of
co-doped LaPO4 is first tested with energy dispersive X-ray
mappings and cathodoluminescence. Finally it is shown how
the NMR visibility function needs to be modified for application
to co-doped materials.

1. Doping homogeneity according to EDX

Monazite LaPO4 is obtained by dehydration of rhabdophane
LaPO4�H2O which in turn is obtained by precipitation from a
solution containing lanthanum and monophosphate ions.
Depending on washing steps and how fast the precipitation is
conducted, impurities by hydrogen phosphates can be observed
which after high temperature annealing convert into LaP3O9.

36

This impurity (less than 5% based on NMR peak area quanti-
fication results) should not have an influence on the distribution
of the lanthanide dopants but may cause the formation of grain
boundaries and could give rise to deviations in electron micro-
scopy which is sensitive to the surface of the particles. Powder
X-ray diffraction (not shown) indicates a very small impurity of
LaP3O9 which is consistent with 31P MAS NMR. Other side phases
could not be observed. Nevertheless, given that solubility limits
for a solid solution of LaPO4:Ln exist37 and that light lanthanides
prefer to crystallize in the monazite structure type but heavy
lanthanides prefer to crystallize in the zircon structure type, it is
reasonable to further investigate the distribution of lanthanide
dopants.

Energy dispersive X-ray spectroscopy (EDX) in comparison to
XRD is a local technique which elucidates sample composition
by the emitted X-ray spectrum inside the excitation volume of
the electron beam, which at 20 keV amounts to a 1–2 micro-
meters in LaPO4. In electron micrographs and EDX maps (Fig. 1
and Fig. S1–S3, ESI†) grain boundaries with different composition
in terms of the Ln/P ratio could be observed but apparently the
total amount was too small to have an impact on the NMR
experiments (see below). The element composition ratios for the
different lanthanides reflect the batch composition of the starting

materials and are consistent with a homogeneous distribution
throughout the material, at the sub-micron length scale. To assess
the spatial resolution which could potentially be obtained in the
studiedmaterial system,Monte Carlo simulations using Casino38,39

have been performed, where the interactions of the incoming
electrons with the sample are simulated, including the creation
and eventual detection of characteristic X-rays. The chosen electron
energy was 20 keV, as a compromise between EDX signal intensity
and spatial resolution. Indeed, lowering the electron beam energy
reduces the interaction volume, but simultaneously reduces the
number of generated X-rays. Specifically for the studied LaPO4:Ln
system, the L-lines of the lanthanides are monitored, in order to
avoid the strongly overlapping M-lines, which require an electron
beam energy of at least 15 keV to have sufficient yield. Given the
low concentrations (and thus also the corresponding EDX signal
intensities) of the dopants with respect to the La present in the
host, this is an experimental constraint. Consequently, it is not
obvious what spatial resolution can be obtained if one wants to
assess the dopant homogeneity in the co-doped LaPO4 samples.
Therefore, La1�x(Nd,Tm)xPO4 was simulated as a model system
(Fig. 2), where the doping was considered fully inhomogeneous.

A slab of La0.99Tm0.01PO4 was inserted in between two slabs
consisting of La0.99Nd0.01PO4. The width of the central Tm
doped slab was varied from 100 nm to 2 mm, while the (vertical)
thickness was taken larger than the penetration depth of the
electron beam. Then the electron beam was swept over the
sample surface, across the three slabs. For each simulated
point of incidence, the obtained EDX signal intensities for Nd
and Tm were stored and plotted (Fig. 2). While the lanthanide
concentrations follow a step like function, the concentration
profile is smoothed by the interaction volume in the sample.
For the widest central slab of 2 mm, the concentration profiles
show that distinct regions can be found, where e.g. no X-rays
originating from Nd are found. For narrower central slabs, a
further smoothing occurs, and already at a central width of
1 mm, Nd is measured along the entire profile. When the central
Tm-doped slab is only 100 nm wide, the Nd signal only drops by
about 20% in the middle of the Tm-doped slab, as compared to
positions far away from the central slab. Taking into account

Fig. 1 Electron micrographs detected via backscattered electrons (top
left) and EDX mappings (top right and bottom) of La0.8Nd0.1Tm0.1PO4. The
acceleration voltage is 30 kV.
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the experimental constraints, where the Nd EDX signal will be
low given the low doping concentration, the noise on each
measured point will likely obscure this small dip in the
concentration profile. Similarly, while there is for the central
Tm-doped slab of 100 nm a clear increase in the Tm concen-
tration when crossing this slab, the signal intensities will be
fairly low (e.g. as when compared to the 2 mm wide slab),
because the electrons spread laterally out into the Nd-doped
slabs. Consequently, mapping of the dopant concentration
by EDX will – under the mentioned constraints of signal
intensity – not allow to quantitatively assess the dopant homo-
geneity on the submicron, or smaller, scale. Of course, if the
(vertical) thickness of the sample can be reduced by preparing a
thin slab, the spatial resolution increases, as the electrons leave
the sample on the bottom side before they can spread too much
laterally.

2. Fluorescence spectroscopy

When the electron beam hits the sample, also cathodoluminescent
radiation is generated in a similar volume as the characteristic
X-rays, used for the EDX analysis. The advantage is however that
the CL emission can be strong, translating in a high signal
intensity, and that the contributions in the emission spectrum
can be related to specific luminescent ions, especially in the case of
the 4f–4f emitting trivalent lanthanides. In principle, the emission
intensity can be related to the local dopant concentration as there is
a linear relation between both, until concentration quenching sets
in, where the CL intensity increases sublinearly (or even reduces)
for increasing dopant concentration.

The CL emission spectra of codoped La0.984Nd0.008Tm0.008PO4

and La0.968Nd0.016Tm0.016PO4, together with those for single doped
La0.995Nd0.005PO4 and La0.995Tm0.005PO4, have been measured and
compared (Fig. 3). Those spectra were acquired while the electron
beamwas continuously swept over a large area (100 mm� 100 mm)
to find the average emission spectrum. The emission of
La0.995Nd0.005PO4 is dominated by the transitions in the infrared
(with the 4F3/2-

4I9/2 transitions around 900 nm), accompanied by
several transitions in the visible part of the spectrum, originating
from the higher-lying 2F(2)5/2,

4D3/2 and 2P3/2 levels.40 For
La0.995Tm0.005PO4, the main emission bands are around 345 nm
(3P0 -

3F4), 360 nm (1D2 -
3H6), 455 nm (3P0 -

3H4,
1D2 -

3F4),
475 nm (1G4 -

3H6), 650 nm (1G4 -
3F4) and from 700 to 800 nm

(3F2,
3F3,

3H4 - 3H6).
41 No emission peaks related to other

lanthanides were found, pointing at good purity of the prepared
phosphors. The CL emission spectrum of the Nd, Tm co-doped
La0.984Nd0.008Tm0.008PO4 is essentially the sum of the contributions
of both Tm3+ and Nd3+ ions (Fig. 3c), although subtle differences
can be spotted as function of the doping concentration, e.g. in the
relative intensity of the Tm3+ transitions at 345 nm and 360 nm
which originate from 3P0 and 1D2, respectively. To assess the
degree of energy transfer between Tm3+ and Nd3+, the dopantFig. 2 Monte Carlo simulations of the EDX signal intensities of Nd and Tm

were performed for a specific geometry of three slabs next each other,
with the outer ones consisting of La0.99Nd0.01PO4 and the central one, with
thickness d, being La0.99Nd0.01PO4 (see top schematic, which also includes
the underlying electron paths of a typical simulation). The derived concen-
tration profiles along the x direction are shown for different thicknesses d.

Fig. 3 The average CL emission spectra of (a) La0.995Nd0.005PO4 and (b)
La0.995Tm0.005PO4. (c) CL emission spectra of La0.984Nd0.008Tm0.008PO4

(black) and La0.968Nd0.016Tm0.016PO4 (green). (d) Difference between both
spectra in (c), multiplied by a factor of five.
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concentration of both Tm and Nd was doubled (i.e. the phosphor
with composition La0.968Nd0.016Tm0.016PO4, Fig. 3c). This doesn’t
dramatically alter the emission spectrum and to better appreciate
the differences, the difference spectrum between both co-doped
samples is shown in Fig. 3d.

For La0.968Nd0.016Tm0.016PO4, the Nd3+ transitions in the
near IR between 850 and 920 nm increase in relative intensity,
while the Nd3+ transitions in the visible are slightly reduced,
compared to La0.984Nd0.008Tm0.008PO4. For the Tm3+ emission
lines, most of the transitions below 675 nm reduce in intensity,
where especially the transitions originating from 1D2 reduce in
intensity, which could be due to increased cross-relaxation in
Tm3+ or to increased energy transfer to Nd3+, as the Tm3+ (1D2)
level is at approximately the same energy as the Nd3+ (4D3/2)
level with respect to their ground states.

Of course, the CL spectra discussed above are only average
CL spectra. Therefore, SEM-CL-EDX mapping was used to probe
the distribution of both dopant ions on the submicron scale,
where for every pixel the full emission spectrum was recorded
in the range from 400 to 920 nm. To assess the doping
homogeneity, the barycenter emission wavelength lbc

lbc ¼
Ð 910nm
400nmI lð ÞldlÐ 910nm
400nmI lð Þdl

(1)

was calculated for the measured spectral window (Fig. 4). Given
that the value of lbc changes from 542 nm for La0.995Tm0.005PO4

to 694 nm La0.995Nd0.005PO4, any change in the relative
contribution by both dopants to the total emission spectrum will
readily be reflected. This approach is valid as for the studied
concentrations the concentration quenching is limited, as well as
the energy transfer between the dopant ions. For instance, the
barycenter wavelength increases only 10 nm when going from
La0.984Nd0.008Tm0.008PO4, to La0.968Nd0.016Tm0.016PO4. The map

shows that the barycenter wavelength is narrowly distributed
(Fig. 4b). For instance, no phosphor particles with dominating
Tm3+ or Nd3+ emission were found. Apart from a few small
particles with lbc in the range from 590 to 600 nm (spectrum 1
in Fig. 4c), for most measured points a lbc between 605 and
620 nm is found. Comparing the CL intensity and topography
map in Fig. 4a with the lbc map in Fig. 4b, there appears a strong
correlation between lbc and the CL intensity. Bigger and smoother
particles, protruding from the sample surface, have slightly
shorter barycenter wavelength. This is likely related to a lower
fraction of reabsorption of emitted light or by a reduced optical
path length due to limited scattering, in comparison to lower
lying, smaller particles. Clearly, when considering only the bigger
particles, the variation on the barycenter wavelength is no more
than a few nm. For comparison, a scatter plot was made (Fig. 4d)
where the relative EDX intensity of Nd compared to all lanthanides
is plotted versus lbc. No clear trend can be found, although the Nd
concentration appears to slightly increase for longer barycenter
wavelengths, which is not unexpected based on the spectral
positions of the Tm3+ and Nd3+ emission. The low EDX signal
intensities for the Nd (and Tm) lines however introduce a great
uncertainty and make this an unreliable metric to be used for
dopant mapping, at least on this particular phosphor. In that
sense the CL spectroscopy is far more sensitive and points at a
very homogeneous distribution of both Tm and Nd dopants on
the submicron length scale, given the sensitivity of this metric.
Of course, it cannot make statements on the average Nd–Tm
distance, which is about two orders of magnitude smaller than the
spatial resolution of SEM-CL on these powder samples.

3. NMR: visibility function for paramagnetic co-doping of a
diamagnetic host

For mono-doped systems, the NMR visibility f (x) for homogeneous
doping shows an exponential dependence f xð Þ ¼ exp �ar0

3x
� �

on
the doping concentration x, the number density parameter a and
the radius of the blind sphere r0. Heterogeneity causes a deviation
from the homogeneous curve into the direction of complete phase
segregation.28 The curve for complete phase segregation can be
estimated assuming aminimum blind sphere radius, which can be
illustrated on the example of LaPO4:Tm, i.e. La1�xTmxPO4. Given
the mixture falls apart into (1 � x) LaPO4 and x TmPO4 and the
NMR active nuclei in TmPO4 are ‘‘invisible’’ because the blind
sphere is covering them, then the maximum possible visibility
fmax(x) is approaching fmax(x) = 1 � x.27

The exponential visibility function for mono-doped systems
was deduced in two different ways for a homogeneous doping
scenario. We derived it by an inductive argument, i.e. a Taylor
expansion for the low-doping regime which allowed to para-
meterize a decaying exponential function and a numerical
verification on discrete, crystalline, statistically doped structures27

by counting the numbers of atoms in- and outside the blind-
spheres, which also allows to qualify when the assumption of a
constant dopant number density is not valid anymore. Griffin and
coworkers (ref. 33, Supp. Info. p. S10), independently derived it by
an elegant probabilistic ansatz.42 In the latter the idea is to calculate
the probability for not finding a small voxel inside any blind-sphere

Fig. 4 (a) SEM image of La0.968Nd0.016Tm0.016PO4 obtained by the back-
scattered electrons, with the color overlay showing the integrated CL
intensity per pixel in the 256 � 192 sampled grid. (b) Barycenter wave-
length. (c) Two local CL emission spectra as measured in the two pixels
indicated in the barycenter map (b). (d) Scatter plot of the barycenter
wavelength as function of the Nd EDX signal intensity, normalized to the
lanthanide EDX signal intensity.
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in a given volume V, where the number density n is the number
density of blind spheres. In a given volume V in total N = nV blind
spheres are introduced.

pvisible ¼ lim
N!1

1� Vblind

V

� �N

¼ lim
N!1

1� n � Vblind

N

� �N

¼ expð�n � VblindÞ
(2)

A typical case where this approximation breaks down is when
the blind sphere radii become equal or shorter than the smallest
possible distance between the detected NMR nucleus and the
paramagnetic center.

It is straightforward to extend this approach to a homo-
geneous co-doping situation with the dopants Q and P.

pvisible ¼ lim
NP!1;NQ!1

1� VP
blind

V

� �NP

� 1� VQ
blind

V

 !NQ

¼ exp �nP � VP
blind � nQ � VQ

blind

� �
(3)

By expressing the blind sphere volume Vblind with the blind
sphere radius r the visibility function f (x,y) of a co-doped
material like La1�x�yGdxDyyPO4 can be written as

f (x,y) = exp(�ar1
3x)exp(�ar2

3y) (4)

where r1 and r2 are the blind sphere radii of the two dopants
respectively, and a is a parameter related to the number NUC of
dopable sites in the volume VUC of the unit cell equal to the case
of the mono-doped system.

a = 4/3pNUC/VUC (5)

4. Validation of the NMR visibility function for a co-doping
scenario

In the next step this model is to be tested experimentally. For
this purpose three co-doped sample series have been prepared:
La1�x�yGdxDyyPO4, La1�x�yNdxTmyPO4, and La1�x�yNdxHoyPO4.
Given the approximation works it should be possible to predict
the 3D visibility function f (x,y) from the blind-sphere radii of
Gd(III), Dy(III), Nd(III), Tm(III), Ho(III) obtained from mono-doped
systems for the homogeneous case, which in a previous study26

were estimated to be 13.5, 12.5, 5.5, 9.0 and 10.5 Å, respectively.
The co-doping systems were chosen for three different

reasons: first luminescence should be feasible to have another
method to disprove homogeneity (see above), second the blind-
spheres should have a different origin, i.e. relaxation based
quenching of the NMR signal leading to homogeneous broadening,
as in the case of Gd(III) and inhomogeneous line-broadening as
in the case of Nd(III), Dy(III), Tm(III) and Ho(III),26 and third the radii
should differ in size.

To ease the visualization of the NMR visibility f (x,y) the
doping concentration of both dopants was increased by an
equal amount.

f (x) = exp(�ar1
3x)exp(�ar2

3x) = exp[�a(r1
3 + r2

3)x] (6)

The NMR visibility can then be shown in a 2D plot. For
La1�2xGdxDyxPO4 (Fig. 5) and La1�2xNdxTmxPO4 (Fig. 6) good

agreement between experimental data and the curve expected
from the blind sphere radii obtained from mono-doped systems
is observed, which indicates that the dopants are randomly
distributed in the host onto the dopable sites.

A point which can be learned from the NMR visibility
function f (x,y) is that the sensitivity towards the doping
concentrations x and y are scaled by the cubic radius of the
corresponding dopants, which means that in case of a significant
difference in radius like for Nd(III) and Tm(III) the bigger ion will
dominate the visibility curve.

For this reason it makes sense to also test the visibility
function f (x,y) without imposing a linear dependence of x and
y. Such a 3D plot, the ‘‘NMR visibility map’’, is shown for
La1�x�yNdxHoyPO4 in Fig. 7, where the contour-levels have be
chosen according to the expected value for f (x,y) at the point
(x, y). Again the experimental data showed good agreement with the
assumedmodel. For the La1�x�yGdxDyyPO4 and La1�x�yNdxTmyPO4

series they are shown in the ESI† (Fig. S4 and S5).

Fig. 5 NMR visibility f (x) (circles with error bars) calculated from 31P MAS
NMR data plotted against the doping concentration x of La1�2xGdxDyxPO4

on a logarithmic scale. The dashed line features the expected visibility
function f (x) = exp[�ax(rGd

3 + rDy
3)] with the values a = 0.055 Å�3, rGd =

13.5 Å and rDy = 12.5 Å being the same as for mono-doped LaPO4. The
dotted and the dashdotted lines correspond to the f (x) function neglecting
Dy and Gd contribution, respectively, i.e. f (x) = exp(�arGd

3x) and f (x) =
exp(�arDy

3x).

Fig. 6 NMR visibility f (x) (circles with error bars) calculated from 31P MAS
NMR data plotted against the doping concentration x of La1�2xNdxTmxPO4

on a logarithmic scale. The dashed line features the expected visibility
function f (x) = exp[�ax(rNd

3 + rTm
3)] with the values a = 0.055 Å�3, rNd =

5.5 Å and rTm = 9 Å being the same as for mono-doped LaPO4. The dotted
and the dashdotted lines correspond to the f (x) function neglecting Nd
and Tm contribution, respectively, i.e. f (x) = exp(�arTm

3x) and f (x) =
exp(�arNd

3x).
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Which advantages and disadvantages does the NMR visibility
approach have in comparison to other techniques?

An advantage is that the NMR visibility tests doping homo-
geneity on a length scale which is of the same order of magnitude
as the critical energy transfer distance, which indicates it could
have relevance to applications in luminescence.

The NMR visibility function is not directly sensitive to the
distribution of the two co-dopants relative to each other on
the other hand. For two co-dopants with similar blind-sphere
radius, it is possible that the NMR visibility of a system where
the co-dopants do not mix, looks the same as a homogeneously
co-doped system. The proposed formula provides a simple
criterion to test doping homogeneity in co-doped systems,
nevertheless.

Conclusions

Doping homogeneity has been evaluated from Å to mm scales by
a combination of different techniques: solid-state NMR, EDX
and SEM-CL. LaPO4 doped with Tm3+ and/or Nd3+ was studied
as a model system. For the co-doped samples, the doping
homogeneity was very high at the submicron scale, as wit-
nessed by the almost invariable emission spectrum over the
evaluated sample area. It could be shown that the NMR
visibility function can be predicted in case of homogeneous
doping for co-doped systems given that the blind-sphere radii
do not influence each other. This approximation seems to be
valid in case of lanthanide dopants Ln(III). The NMR visibility

function may thus be used to study doping homogeneity in
co-doped systems to achieve higher light yields. The study
shows that it is often necessary to apply different techniques
to study doping homogeneity: bulk techniques like NMR have
the advantage that a deviation from an expected ideal curve can
be qualified in a simple number, while microscopic techniques
with local resolution power may give qualitative evidence for
heterogeneous distributions of dopants.
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Figure S1: Electron micrographs detected via backscattered electrons (top left) and EDX mappings (top right and bottom) 

of La0.94Nd0.03Tm0.03PO4. The acceleration voltage is 30 kV.

Figure S2: Electron micrographs detected via backscattered electrons (top left) and EDX mappings (top right and bottom) 

of La0.9Gd0.05Dy0.05PO4. The acceleration voltage is 30 kV.



Figure S3: Electron micrographs detected via backscattered electrons (top left) and EDX mappings (top right and bottom) 

of La0.92Nd0.04Ho0.04PO4. The acceleration voltage is 30 kV. 

2. NMR visibility maps

Figure S4: the NMR visibility map calculated from 31P MAS NMR data plotted against the substitution degree x and y in 

La1-x-yGdxDyyPO4 on a logarithmic scale. The dashed 3D plot (left) and its contour plot (right) feature the expected 

visibility function f(x,y) = exp[-a(rGd
3x+rDy

3y)] with the values a = 0.055/Å3, rGd = 13.5 Å and rDy = 12.5 Å being the same 

as for mono-doped LaPO4. The contour levels were chosen according to the expected value for f(x,y) at the point (x,y).



Figure S5: the NMR visibility map calculated from 31P MAS NMR data plotted against the substitution degree x and y in 

La1-x-yNdxTmyPO4 on a logarithmic scale. The dashed 3D plot (left) and its contour plot (right) feature the expected 

visibility function f(x,y) = exp[-a(rNd
3x+rTm

3y)] with a = 0.055/Å3, rNd = 5.5 Å and rTm = 9 Å being the same as for mono-

doped LaPO4. The contour levels were chosen according to the expected value for f(x,y) at the point (x,y).
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4 Summary of Articles
The aim of this chapter is to organize and make connections between the series

of articles, which shared the same research interest. A main question was raised

at the beginning of this work: was it possible to determine doping homogeneity

based  on  only  simple  measurements  of  NMR peak  areas?  The  question  was

answered in this cumulative thesis by the establishment of the “NMR visibility”

method and the resulting “NMR homogeneity”.  The stepwise attempt at this

problem  was  explained  in  the  following  subsections,  which  also  acted  as  a

summary of the manuscripts presented in the chapter 3.

4.1 Summary of the NMR Visibility Method

In section 3.1, the first trial of the idea of “NMR visibility” was presented and the

“NMR  visibility  function”  f (x )=exp(−ar 0
3x )  was  developed,  which  laid  the

foundation of this work. The NMR visibility f(x) was defined as the molar peak

area of the doped sample normalized by that of the non-doped host, which was a

function of doping fraction x. It is a dimensionless quantity ranging from 0 to 1.

The  parameter  a in  the  visibility  function  is  the  number  density  parameter

related to the host structure and the r0 is the radius of the blind sphere. Such

visibility  function  was  able  to  determine  the  doping  homogeneity  for  XRD

homogeneous  sample  series  Sr1-xEuxH2.  However,  at  this  step  it  was  unclear

whether the visibility function could be used as a general solution to determine

doping homogeneity.

In section 3.2, the visibility function f (x )=exp(−ar 0
3 x )  was tested on different

sample  series,  including  Sr1-xEuxGa2S4,  (Zn1-xMnx)3(PO4)2·4H2O and La1-xLnxPO4

(Ln  =  Nd,  Sm,  Gd,  Dy,  Ho,  Er,  Tm,  Yb).  For  all  sample  series,  doping

homogeneity could be determined, as the NMR visibility decayed exponentially

like the visibility function. The radii  r0 of blind spheres were extracted for all

paramagnetic dopants based on the visibility function. The exception case was

La1-xSmxPO4,  for  which  NMR visibility  f(x)  stayed  around  100% despite  the

increasing doping level  x. As a result, the  r0 of Sm(III) was refined within the
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shortest La to P distance (about 3 Å), but the numerical value was not clear

from NMR visibility function. To solve this problem, an alternative method was

developed,  which was based on the second moment analysis  of  the  31P MAS

NMR spectra  of  La1-xSmxPO4.  Taking  the  probe  head  dead  time  delay  into

consideration, the second moment could be treated as a function which linearly

dependent on the doping level  x. The blind sphere radius of Sm(III) calculated

from such method was 0.45 Å, which was as expected within the shortest La to P

distance (about 3 Å). However, the radii obtained from the two methods were

not comparable because the later method assumed that the line shape should be

perfect  Gaussian, which in reality is  hardly the case for paramagnetic doped

samples  especially  in high doping level.  In section 3.2,  the linear  dependence

equation of second moment or linewidth on doping level  x was developed for

Gaussian and Lorentzian lineshapes, respectively. The open question was that

whether  a  linewidth  relation  to  doping  level  could  be  developed  for  a  more

general lineshape for example Voigt lineshape. The correlations of blind sphere

radii to the gyromagnetic ratio and effective magnetic moment were consistent

with the dipolar part of  the Solomon–Bloembergen–Morgan relaxation model.

Unexpectedly, the blind sphere radii also showed correlation with the pseudo-

contact shift when comparing with reduced coupling constants, although in the

NMR  spectra  no  significant  shifts  were  observed  for  all  La1-xLnxPO4 except

La1-xSmxPO4. It was shown that both relaxation and pseudo-contact shift gave an

explanation to the origins of blind spheres.

In section 3.3, it was shown that the NMR visibility f(x) as a function of doping

level  x behaved  differently  for  homogeneously  and  inhomogeneously  doped

samples. Only the f(x) of homogeneously doped samples showed consistency with

the exponential  visibility function  f (x )=exp(−ar 0
3x )  and decayed to a small

value close to zero (signal invisible in NMR spectra) at high doping level. For the

inhomogeneously doped samples, even at high doping level there could be visible

signals and f(x) decayed to reach a plateau at a nonzero value, which varied for

individual sample series. A schematic presentation is shown in the figure 4.1-1.
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Figure 4.1-1 Schematic sketch of homogeneous (a) and heterogeneous (b) doping scenarios. The
small blue and red spheres represent host and dopant atoms, for example La and Ln (Ln = Nd,
Gd, Dy, Ho, Er, Tm, Yb), respectively. The large gray spheres (c,d) are the NMR blind spheres
which are around the paramagnetic dopants. At the same doping level, more volume fraction,
which means more NMR nuclei, is covered by the blind spheres for the homogeneous case (c) as
compared to the heterogeneous case (d). Thus, less NMR signal is expected to be observed for
homogeneous  samples,  which  means  smaller  NMR  visibility.  At  high  doping  level,  for
homogeneously doped sample (c) the NMR visibility decayed to a small value close to zero (signal
invisible  in  NMR spectra)  because the  whole  volume could  almost  be  covered by the blind
spheres. For the heterogeneously doped sample (d), the NMR nuclei in the uncovered volume are
not or less affected by the paramagnetic effects, thus contribute to the residue signal even at a
high doping level.    

The advantage of such NMR visibility method was that the length scale on which

the NMR homogeneity was checked is of the same order of magnitude as the

critical  energy transfer  distance,  indicating a relevance to the applications in

luminescence.  To test whether the NMR determined homogeneity agreed with

the material performance, quantitative excitation and emission spectra and decay
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timed have been measured for the two La1-xLnxPO4 series. The results showed

that  the  samples  with  higher  NMR  homogeneity  demonstrated  better

performance regarding decay time as well as excitation and emission intensity.

In section 3.4, a 3D visibility map was developed based on the extended version

of the NMR visibility function f (x ,y )=exp(−ar1
3x )exp (−ar 2

3 y)  for the co-doped

systems. The model compounds were co-doped sample series La1-x- yGdxDyyPO4,

La1-x- yNdxTmyPO4  and  La1-x- yNdxHoyPO4,  which  were  homogeneously  doped

according to the EDX mapping and the SEM-CL results. The consistency of the

measured NMR visibility with the predicted visibility map indicated that the

above method was not only applicable for systems with single dopant species but

also for co-doped systems. However, the application of such method was to detect

heterogeneity rather than to confirm homogeneity. The reason is that the NMR

visibility  function  is  not  directly  sensitive  to  the  distribution  of  the  two  co-

dopants relative to each other. In addition, for two co-dopants with similar blind

sphere radii, it is possible that the NMR visibility of a system where the co-

dopants  do  not  mix,  looks  the  same  as  a  homogeneously  co-doped  system.

Together with SEM-EDX mapping and SEM-CL techniques, it was shown that

co-doping homogeneity or heterogeneity can be systematically studied from m

to nm range.

Overall, the main question raised in  the introduction section, i.e. whether the

doping  homogeneity  that  correlated  to  the  material  performance  can  be

determined by a peak area related novel NMR methodology, was answered.

4.2 A Short Comment on NMR Homogeneity

In this thesis, a novel NMR methodology for  doping homogeneity analysis has

been established with the ideas of the NMR visibility, NMR visibility function

and the NMR homogeneity. The NMR visibility made use of the visible signal

(peak area)  as  well  as  the  lost  signals  inside  blind  spheres,  while  the  NMR

visibility function provides the possibility to extract numerical values of blind

sphere  radii.  The  homogeneous  and  heterogeneous  doping  scenarios  can  be
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differentiated by the NMR visibility method. The samples that were determined

to be homogeneous by this method possess higher NMR homogeneity on the

length scale of  Å to nm range, which was consistent with better luminescence

properties.  Such  method  has  been  shown  to  be  applicable  in  single  dopant

systems as well as co-doped ones. 

The concept of “NMR homogeneity” used in this thesis specifically referred to the

doping homogeneity determined by the NMR visibility method, which is not to

be  confused  with  NMR lab  slang,  for  example  magnetic  field  or  frequency

homogeneity  in  NMR.  In  addition,  it  is  also  different  from homogeneous  or

inhomogeneous line broadening in the section 3.2.

As introduced in the chapter 1, the IUPAC definition of “homogeneity” [29] (“the

degree to which a property or a constituent is uniformly distributed throughout a

quantity  of  material”)  reveals  the  importance  of  clarifying  specific  length  or

volume scale while making the statement of homogeneity or heterogeneity.

Because the concept of “NMR homogeneity” was based on the NMR visibility

method, the length scale that relates to “NMR homogeneity” can be narrowed to

the radius of the blind sphere of the paramagnetic dopant involved, which is Å to

nm.  The NMR visibility  which  relates  to  the  visible  peak area  change  as  a

function of doping level can also provide inside into dopant distribution, as the

consistency  or  inconsistency  with  the  NMR  visibility  function  indicates  the

doping  is  homogeneous  or  heterogeneous,  respectively.  The  formula  of  the

visibility function has also been independently derived by Griffin and coworkers

(reference  [61],  SI).  It  should  be  made  clear  that  the “NMR homogeneous”

specifically refers to a random distribution of dopants.  In addition, as pointed

out in the section 3.4, for co-doped systems, the NMR visibility method is not a

method to “prove” homogeneity. Instead, it acts as a tool that could disprove

heterogeneity on the  Å to nm length scale. This is because if two co-dopants

share a similar blind sphere radius, it is possible that the NMR visibility looks

the same for a homogeneously co-doped system and a system in which the co-

dopants do not mix. Another potential problem of applying the NMR visibility
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method could be triggered when the blind sphere is very small. In this case the

visibility method might not be applicable due to the absence of the visibility

variation. An example was presented in section 3.2, as a small NMR blind sphere

was observed for Sm(III).  Therefore, besides the NMR visibility method, other

methods such as diffraction, EDX and SEM-CL were also applied to confirm a

homogeneous  doping  (section  3).  Overall  a  comment  on  the  NMR visibility

method should be made:  a  technique may be remarkable  to disprove  doping

heterogeneity  on  a  certain  length  scale,  but  for  the  comprehensive  study  on

different  length  and  volume  scales,  a  combination  of  different  techniques  is

required.
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5 Overall Discussions
In the previous chapters 3 and 4, the main question of the thesis was answered

and the  method was  explained.  This  chapter  of  overall  discussions  aimed to

highlight the potential contributions to the NMR blind sphere theory as well as

to provide evidence for a reasonable interpretation of blind sphere radius. In the

following  subsections,  first  the  main  results  about  NMR blind  spheres  were

presented,  subsequently  each  result  was  compared  with  previous  publications

respectively,  and finally the possible  change of  the NMR blind sphere radius

upon magnetic field, temperature and MAS frequency, was speculated based on

publications in related fields. 

5.1 Main Results about NMR Blind Spheres

The  visibility  function  developed  in  this  thesis  not  only  contributed  to  the

homogeneity determination, but also to the aspect of the paramagnetic NMR

theories, as the visibility function f (x )=exp(−ar 0
3 x )  provided a general method

to  extract  blind  sphere  radii  in  different  systems  for  different  paramagnetic

dopants. The radii of Eu(II), Mn(II), Nd(III), Sm(III), Gd(III), Dy(III), Er(III),

Ho(III), Tm(III) and Yb(III) have been determined (see table 5.1-1). 

Table 5.1-1 Sum of the numerical values of the blind sphere radii r0 values obtained from the
NMR visibility method.

Dopants NMR nuclei Hosts r0 / Å

Eu(II) 1H SrH2 17

Eu(II) 71Ga SrGa2S4 13

Mn(II) 1H Zn3(PO4)2·4H2O 10

Mn(II) 31P Zn3(PO4)2·4H2O 7

Nd(III) 31P LaPO4 5.5

Gd(III) 31P LaPO4 13.5

Dy(III) 31P LaPO4 12.5

Ho(III) 31P LaPO4 10.5

Er(III) 31P LaPO4 10.0

Tm(III) 31P LaPO4 9.0

Yb(III) 31P LaPO4 5.8
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It was shown that for the same paramagnetic dopant, the blind sphere radius

related to the cubic root of gyromagnetic ratio of different NMR nuclei, and such

conversion formula was also adoptable  within error limit in different hosts. In

addition, from the study of different Ln(III) dopants in the same host, it was

shown that apart from relaxation,  which was assumed in the past to be the

major  contribution  to  blind  sphere,  the  pseudo-contact  shielding  is  also

empirically correlated with the size of the blind sphere for Ln(III) dopants except

Gd(III). In particular, Sm(III) has a blind sphere so small that all signals are

visible for La1-xSmxPO4 (0≤x 1≤ ). In this case a supplementary method based on

the  analysis  of  second  moment  change  as  a  function  of  doping  level  was

developed and its mathematical basis was also validated. Such method is the first

trial of applying second moment analysis on the study of doping homogeneity

and blind sphere radii.  It is also a good supplement to the visibility method

when the signal loss is small or when the signal overlapping is severe. To the best

of my knowledge, this is the first systematic publication on the blind sphere sizes

in inorganic solids, which not only contributes to database of blind sphere radii,

but also to the future study of the theory of blind sphere in paramagnetic NMR

and potentially also  in DNP. It  may also provide a  better estimation of  the

possibility that a sample is  NMR visible  or NMR blind (see section 3.2).  In

addition,  a  better  estimation  of  the  critical  doping  level  at  which  a  sample

becomes NMR blind could also be made.

5.2 Main Results Compared with Previous 
Studies

A simple picture of blind sphere is typically depicted as figure 5.2-1, which is a

spherical volume around a paramagnetic ion. The size of blind sphere depends on

the gyromagnetic ratio of the observed NMR nuclei and on the paramagnetic

species.[89] Additionally, in solution NMR r0 increases with increasing molecular

size.[89] The fundamental difference between the blind sphere size difference in

solution and in  solid  state NMR is  that  in  solids  the  molecular  tumbling  is

abolished therefore the contribution from Curie spin relaxation is absent. Only in
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special  circumstances,  for  example  in  extremely  anisotropic  lanthanide

complexes,[90,91] the  magnetic  susceptibility  can  be  modulated  by  the  small

fluctuations of the coordination environment and the possibility of Curie spin

relaxation  can’t  be  ruled  out.[27] In  such  cases,  the  relaxation  is  no  longer

dependent on the molecular tumbling time but on the characteristic timescale of

the distortion of the coordination environment.[27]

Figure 5.2-1  Schematic sketch of the blind zone,[58] which is typically treated as a spherical
volume around a paramagnetic ion Mn+.

In this thesis, the observed dependence of blind sphere radius r0 on gyromagnetic

ratio  γ as  r0∝
3
√γ  is consistent with previous studies.[89,92–94] In previous studies

this  dependence  was  explained  as  a  result  of  dipolar  PRE,  which  has  a

dependence  on  gyromagnetic  ratio  γ and  distance  r as  γ2 r−6 .[27,89,92–94] The

r0∝
3
√γ  relation was shown to be very useful for the choice of NMR nuclei in the

structure solution of metalloproteins, as direct detection of low γ NMR nucleus

for example 13C or 15N could provide more information on structure constrains in

the proximity of the metal ion than proton NMR due to smaller blind sphere.[92,93]

A more detailed picture about NMR blind spheres around different metal ions is

presented in the figure 5.2-2. The figure 5.2-2 also provides a closer look into the

detectable  paramagnetic  effect  region  (figure  5.2-1),  which  points  out  the

difference between metal ions that have isotropic (or near isotropic) magnetic

susceptibility tensor such as Gd(III) and Mn(II), and metal ions that possess

large  anisotropic  susceptibility  such  as  Dy(III).  This  is  consistent  with  the

exchange  spectroscopy  (EXSY)  data  in  the  section  3.2.  This  detectable

paramagnetic effect region is especially interesting for distance related structure
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constrains  such  as  the  application  in  NMR  crystallography,[89] whereas  the

information of blind sphere was only obtained as a piece of distance information

that defines the lower limit of detectable region.

Nevertheless,  in both descriptions (figure 5.2-1 and 5.2-2) the origin of  blind

sphere  was  assumed  to  be  related  to  line  broadening  and  specifically  to  T2

relaxation. The longer the electron relaxation time, the larger the nuclear  R2

(equation 2.2.3-9 in section 2.2.3) and the more severe broadening of the NMR

lines of  the observed nuclei,  and thus the size of the blind sphere should be

bigger around the metal ion.

Figure 5.2-2 Schematic sketch of the effect of different paramagnetic centers on blind sphere,
PCS and PRE. The three pictorial descriptions from the bottom to the top are related to three
types of paramagnetic centers: radicals with τe >10 ns and Δχ ≈ 0, metals with large Δχ (such
as Co2+,  Tb3+,  Tm3+,  Dy3+) and metals with large τe (τe <10 ns) (such as Cu2+,  Mn2+,  Gd3+),
respectively.[89] The Δχ is the magnetic susceptibility anisotropy, τe is the electron relaxation time,
R1 and R2 are the spin-lattice and spin-spin relaxation rates, respectively.
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In  section  3.2,  the  pseudo-contact  shielding  was  also  shown  to  be,  though

empirically,  correlated  with  the  size  of  the  blind  sphere  for  Ln(III)  dopants

except Gd(III). This triggered a second thought into the origin of blind sphere

and the  γ-dependence. Although the pseudocontact shift  δPCS itself  has no  γ-

dependence (but a distance dependence of  r−3 ), the  pseudocontact interaction

has a dependence of γr−3 . If the assumption in this thesis is true that an overall

interaction strength is responsible for the boundary condition of blind sphere,

then  it  is  not  likely  (at  least  based on the current  data)  to  distinguish the

contribution form PRE or PCS simply from the gyromagnetic ratio dependence

of blind sphere radius. In a word, the r0∝
3
√γ  relation itself does not rule out the

possibility of PCS contribution.

Indeed, it was pointed out in a study of superconductor that the NMR wipeout

effect can result from “static effects” or “dynamic effects” or both.[95] For static

origin, the signal loss was considered to be caused by a large spread of resonance

frequencies  out  of  a  given  spectral  window,[95,96] which  is  consistent  with  the

interpretation based on the EXSY data and inhomogeneous broadening in section

3.2. In the dynamic case, T2 relaxation time becomes shorter than the dead time

delay and thus signals from such nuclei becomes unobservable,[95,96] as was also

described in section 3.2. A typical example for wipeout due to static effects is

metal  doped  with  non-magnetic  impurity.[97] Wipeout  effects  due  to  dynamic

reason  were  observed  in  studies[96] of  canonical  spin  glass  systems,[98] stripe-

ordered cuprates,[99] doped lanthanum manganites[65] and so forth. 

From the previously mentioned examples it can be seen that the application of

blind sphere or wipeout effect is not just limited to the systems studied in this

work,  namely inorganic materials  with paramagnetic  dopants.  In fact,  it  also

finds applications in biochemistry studies especially metalloproteins[58,100,101] as well

as in alloys and magnetic materials.[102–105]

In dilute alloys, a concept in analog to the blind sphere is the “wipeout number”,

which  represents  the  neighboring  host  atoms  affected  sufficiently  by  the
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impurity,[104] or in other words, the number of neighbors whose contribution to

the intensity is  made unobservable.[104] The wipeout number is  defined as  the

difference between the number of host atoms in the alloy and the number of host

atoms in a pure host metal required to give the same intensity of the resonance

spectrum divided by the number of impurity atoms.[104,105] The measurement of

wipeout numbers gives the size of quadrupole interactions and thus of the electric

field gradient (EFG).[103,104]

In magnetic materials especially single molecule magnets and magnetic molecular

rings or clusters, the dynamic effect induced wipeout effect was studied along

with relaxation behavior and temperature dependence, because it could provide

information about the spin dynamics.[96] The wipeout effect was shown to become

more  pronounced  as  the  temperature  decreases,  which  was  explained  by  the

simultaneous enhancement of the spin-spin relaxation.[68,96] A formula (equation

5.2-1) was provided based on the Redfield equation,[68,96] and by replacing the T2

by the spectrometer dead time delay τd, the r0 can be written as equation 5.2-2.

The  〈δBz
2〉 is  the  longitudinal  fluctuating  field  originating  from  a  magnetic

moment  sitting  at  a  distance  r from the  NMR nucleus.  The  δ symbol  here

indicates fluctuations and it is not to be confused with the chemical shift. 

1
T 2

=γI
2
⟨δB z

2
⟩ τ (T )=

1
r 6 γI

2
⟨δμe

2
⟩ τ(T ) (5.2-1)

r 0=
6
√ τd γI

2
⟨ δμe

2
⟩ τ (T ) (5.2-2)

Calculation of the blind sphere radius from equation 5.2-2 is nontrivial because

the  correlation  time  τ is  not  a  constant  but  a  function  of  temperature  T.

Nevertheless, such equation may shed light on the temperature dependence of

wipeout effect. In the case studies of single molecule magnets, [68,96] the correlation

time τ was shown to become longer as temperature decreased and as a result, the

T2 was shortened.  When  T2 of some nuclear spins reached the  τd, signals from

those spins became undetectable by the spectrometer, which is the previously
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mentioned  wipeout  effect  by  the  dynamic  reason.  The gradual  loss  of  signal

intensity ceased until the  T2 of all nuclear spins in the sample became shorter

than τd, which means no signal can be observed anymore. As a consequence, the

wipeout effect was shown to be more pronounced at low temperatures than at

high temperatures. Although without further studies it is unknown whether the

same dependence could be observed in the paramagnetic doped samples as in the

single molecule magnets, such dependence may still be inspiring for the future

study of  blind spheres  in general and particularly,  for the application in low

temperature NMR.  

The MAS frequency may also play a role in the size of blind sphere, as shown by

a solid state  13C NMR study of the CoII-replaced catalytic domain of matrix

metalloproteinase  12  (CoMMP-12)  that  the  blind  sphere  around  the  CoII at

spinning frequency of 22 kHz is larger than and at 60 kHz.[100] The change of

blind sphere size upon MAS frequency may also be traceable from DNP studies

on the spinning-induced bleaching effect.[61,63] For a sample of glycerol : H2O 1 : 1

(v : v) doped  with  TOTAPOL  or  TEMPOL,* the  spinning-induced  bleaching

effect  was  more  pronounced  at  higher  spinning  frequencies,  while  the  same

sample  doped  with DyCl3 was  not  as  sensitive  to  the  change  of  spinning

frequency in the range of 6 to 12 kHz, at 100 K and 9.4 T.[63] This is consistent

with the observation in the NMR measurements of the samples in this thesis that

at the spinning frequency range of 8 to 12.5 kHz no significant change of signal

visibility  can  be  detected.  In  addition,  for  radicals  it  was  shown  that  the

bleaching effect should be less severe at higher temperatures.[63,106] However, it

should be pointed out that the conclusions drawn from the studies of spinning

induced bleaching effect in DNP are not completely comparable with the blind

sphere  results  in  inorganic  solid  state  NMR,  because  for  DNP  the  role  of

microwave and the cross effect[61,63,107] for biradicals need to be taken into account

in extra.

*TOTAPOL and TEMPOL are radical polarizing agents in DNP. TOTAPOL is a biradical  1-

(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol.  TEMPO is a stable nitroxyl  radical  2,2,6,6-

Tetramethyl-1-piperidinyloxy. TEMPOL is 4-hydroxy-TEMPO.
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At this stage, based on the results in this thesis as well as the examples discussed

so far, it is very convincing that the signal bleaching effect around paramagnetic

centers  can  be  observed  in  numerous  paramagnetic  systems  and  the  signal

intensity  in  general  decays  as  the  concentration  of  paramagnetic  species

increases.  Surprisingly,  however,  in  some  special  cases  even  at  very  high

concentration  of  paramagnetic  species  the  NMR  signals  can  still  be  well

observed, which almost conveys the impression that blind spheres are absent. In

this thesis an example of La1-xSmxPO4 was presented in the section 3.2. Besides

Sm(III), Ce(III) and Eu(III) were also shown to have small blind spheres in the
31P MAS NMR study of  La1-xEuxPO4

[108] and the  solution  13C NMR study of

cerium(III) metalloproteins,[92] respectively. These systems are potentially good

candidates for the systematic studies of paramagnetic effects because signals can

be  observed  in  wide  concentration  window,  and  especially  interesting  for

obtaining signal in the first coordination sphere of the metal ion.

In  this  work  the  systematic  change  of  blind  sphere  radii  for  the  lanthanide

Ln(III) ions has been discussed. Despite the difference in absolute values due to

difference in experimental conditions and choice of NMR nucleus, the trend in

radii of Ln(III) that the radius descends in the order of “Gd(III) Dy(III) Tm(III)

Yb(III) Nd(III)”, is in good agreement with the prediction of blind sphere radii

for solution 1H NMR at 900 MHz proton Larmor frequency in the reference [27].

The difference in the blind sphere radii for different Ln(III) is comparably larger

for the predicted  1H NMR  in reference [27] than for  31P NMR in table 5.1-1,

which could be partially attributed to γ-dependence.

In section 3.2 and in table 5.1-1, a conversion formula of blind sphere radii based

on the γ-dependence was shown to be adoptable between different NMR nuclei as

well as different hosts within error limit. For this comparison, it was assumed

that  the size  of  blind spheres  for  Eu(II)  and Gd(III)  is  similar,  as  they are

isoelectronic  thus  share  similar  electronic  relaxation  behavior.  However,  this

assumption is not necessarily true for every system. For example, in solution the

electronic  relaxation  times  T1e and  T2e of  Eu(II)  were  shown  to  be  longer

compared  to  the  T1e and  T2e of  Gd(III).[27,109,110] Such  studies  were  mainly
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performed in solution state as Eu(II) complexes are potential magnetic resonance

imaging (MRI) contrast agent.[110–112] The situation could be different in solids,

because in solution the water exchange kinetics should be considered in extra for

auqa ions [Eu(H2O)8]2+ and [Gd(H2O)8]3+.[109] Overall,  though similar electronic

properties are usually assumed for isoelectronic ions[27] and the EPR spectra of

Eu(II) and Gd(III) were similar in glass, ceramics and zeolites,[113] due to the

difference in ionic radii[114] and ground state splittings,[115] whether the electron

relaxation times are the same for Eu(II) and Gd(III) in solids and whether this

assumption about blind sphere works for every host or at different temperatures

pend for further research.

In table 5.2-1 and 5.2-2, brief summaries of published numerical values in solid

state  and solution  NMR are  provided,  respectively.  It  can  be  seen  from the

summaries that size of blind sphere could be suppressed by detecting low γ nuclei

instead of high γ 1H, or by increasing spinning frequency especially by ultrafast

MAS. Measurements at higher fields also tend to show smaller blind spheres,

however,  it  is  difficult  to trace the cause down to one single reason, because

measurements  at  higher  magnetic  field  are  usually  accompanied  by  better

hardware  such  as  probes  with  shorter  dead  time  or  MAS  unit  with  higher

spinning possibility. Finally, it’s worth pointing out that although the concept of

blind sphere was developed originally in inorganic crystalline systems (section

5.3),  the  numerical  values  collected  in  such  systems  are  rather  limited,  as

compared to in metalloproteins, for example. 



Table 5.2-1 Published values of blind sphere radii in solid state NMR and DNP MAS NMR

Paramagnetic species Techniques Hosts or samples NMR nuclei r0 / Å
Sample

temperature/K
Field/T

MAS
frequency/kHz

Reference

Trityl OX063 DNP MAS NMR

d8-glycerol/D2O/H2O +

13C-urea, frozen solution

13C 19 84 4.98 5 [61] SI

4-amino-TEMPO DNP MAS NMR 13C 21 84 4.98 5 [61] SI

TOTAPOL DNP MAS NMR 13C 29 84 4.98 5 [61] SI

Gd-DOTA (S=7/2) DNP MAS NMR 13C 32 84 4.98 5 [61] SI

TMP-V-T* DNP MAS NMR dihydrofolate reductase 1H 10.5 111±2.5 14.1 11 [64]

TOTAPOL DNP MAS NMR proline 1H 10 101 9.4 8.889 [59]

TEMPOL DNP MAS NMR glycerol : H2O 1 : 1 (v : v) 1H <10 100 9.4 static [63]

Co(II) soild state NMR CoMMP-12** 13C 9-10 280 20 22 [100,101]

Co(II) soild state NMR CoMMP-12 13C 5.6 280 21.1 60 [100,101]

Cu(II) soild state NMR Cu2+, Zn2+-SOD*** 13C 5 348.15 16.44 15 [101,116]

Cu(II) soild state NMR Cu2+, Zn2+-SOD 1H 10 286.15 19.9 60 [101,117]

Co(II) soild state NMR Co2+-SOD 1H 5 not specified 18.8 60 [101,118]

*TMP-V-T is a biradical with trimethoprim(TMP) covalently linked to TOTAPOL.[64]

**MMP-12 is matrix metalloproteinase 12. CoMMP-12 is Co(II) replaced catalytic domain of MMP-12, ZnMMP-12 is Zn(II) replaced, and so forth.
***SOD is superoxide dismutase. 



Table 5.2-2 Published values of blind sphere radii in solution NMR

Paramagnetic
species

Techniques Hosts/samples NMR nuclei r0 / Å
Sample

temperature/K
Field/T Reference

Gd(III) solution NMR GdCLaNP* 1H 20±3 303 14.1 [27,119]

Yb(III) solution NMR YbCLaNP‐3* 1H 10 303 14.1 [27,119]

Tm(III) solution NMR CaTmCb protein** 1H 15 300 21.1 [27,120]

Tm(III) solution NMR CaTmCb protein** 13C 5 300 16.4 [27,120]

Tm(III) solution NMR CaTmCb protein** 15N 4.2 300 9.4 [27,120]

Cu(II) solution NMR protein αB-crystallin 1H 12 268 16.4 [60]

Cu(II) solution NMR protein αB-crystallin 13C 6 268 16.4 [60]

Cu(II) solution NMR CopC*** 1H 11 298 16.4 [121,122]

Cu(II) solution NMR CopC*** 13C 6 298 16.4 [121,122]

Cu(II) solution NMR CopC*** 15N 5 298 16.4 [121,122]

Cu(II) solution NMR CopC*** 13C 4**** 298 11.7 [121]

Cu(II) solution NMR CopC*** 1H 10 298 11.7 [123]

Cu(II) solution NMR Cu2+, Zn2+-SOD 1H 10 298 21.1 [58,124]

Cu(II) solution NMR Cu2+, Zn2+-SOD 1H 11.5 298 16.4 [124]

Cu(II) solution NMR Cu2+, Zn2+-SOD 13C <9 298 16.4 [124]

*CLaNP is short  for caged lanthanide NMR probe,  which  is a  caged DOTA‐based (DOTA=1,4,7,10‐tetraazacyclododecane‐N,N′,N′′,N′′ ‐tetraacetic  acid)′‐tetraacetic acid)
lanthanide chelate that is attached to a protein through two disulfide bridges. The superscripts denote the type of lanthanide ions, for example GdCLaNP and
YbCLaNP‐3 correspond to Gd(III) and Yb(III), respectively.
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**CaTmCb is thulium(III) substituted Calbindin D9K, which is a di-calcium binding protein of 75
aminoacid. The substitution of the Tm(III) to the calcium(II) is at site II.
***CopC is a Cu(II)-binding protein.
****The 13C signals 4 Å away from the copper(II) can be detected but only on condition that they
do not experience Fermi contact contribution.

5.3 Blind or Wipeout? A Brief Overview on 
the Keywords, the History and the Future of 
the NMR Blind Spheres

In section 5.2, the results about blind spheres from different research fields such

as metalloproteins, alloys and molecular magnets were compared with the results

in this work. One may notice that different names or keywords were used in

different works for the same concept that no NMR signal can be observed inside

a volume around a paramagnetic center. For consistency the term “blind sphere”

is adopted in this thesis, however, if one restricts oneself to single keyword it is

highly possible that useful information is omitted. In addition, it is interesting to

find  out  that  the  concept  of  blind  sphere  was  originally  developed  in

paramagnetically  doped inorganic  crystals,  just  as  what  were  studied  in  this

thesis.  Based on these observations,  the author decided to add a small  final

section 5.3 to the overall discussions, which includes all possible keywords that

lead to publications in different fields, and a brief story of how this concept was

historically developed as a side dish in the study of spin diffusion. In parallel,

possible drawbacks on the previous and current blind sphere models have been

discussed, which may enlighten future improvements on the theory. This section

was intended to act as a small extra piece of information.

Table  5.3-1  summarized typical  examples  of  different  keywords  for  different

research interests. In the studies of metalloproteins by solution NMR and DNP,

the terms of “blind sphere” and “quenching/bleaching” are often used, as the blind

sphere and the detectable paramagnetic effects (figure 5.2-1 and 5.2-2) are useful

information for structure constrains.[27,58] For the studies of magnetisms in solids

the terms  “wipe-out/wipeout”  and “critical  radius”  are  used  and the research
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interests  lean  towards  relaxation  rate  and  temperature  dependence,  as  such

studies gives hint to the stripe order.[70] Yet there are more terminologies for the

same concept, the keywords include but are not limited to “signal bleaching”,

“signal quenching”, “bleaching effect”, “bleached zone”, “paramagnetic quenching”,

“paramagnetic bleaching” and so forth (references for each keyword see table 5.3-

1).

It is interesting to see how the keywords “navigated” themselves into different

research fields and even more intriguing to find the development of the idea of

blind sphere in fact may portend this navigation.

Historically, the concept of blind sphere can be traced back, though indirectly, to

the studies of nuclear relaxation caused by paramagnetic impurities in solids.[49,125–

135] The research interest of these studies was about spin diffusion, which was

pointed out as the means to transport nuclear energy to paramagnetic centers.[125]

For this  purpose,  the shell-of-influence  model  was  proposed,  in  order  to give

reference to the partitions of cases with different diffusion rates.[49,136]

Although the mathematical model of this thesis (section 3.1) was derived from

the well-established shell-of-influence model[136] and its variations (also referred to

as the sphere of influence model,[130] and modified versions were the single-center

model[49] and one-paramagnetic-center approximation[134]), it should be made clear

that the shells and the sphere  mentioned in these models were in fact not the

blind sphere in this thesis. The radii of the two shells related to the distance

between paramagnetic species and NMR nuclei, and the average spacing between

paramagnetic species, respectively.[136] Whereas the sphere of influence referred to

a region in which only one paramagnetic center determines the total  nuclear

spin-lattice relaxation rate, and its radius  R was the average separation of the

paramagnetic centers.[49] In the model of this thesis, the blind sphere referred to a

volume around a paramagnetic  center,  inside of  which signals  from all  NMR

nuclei are invisible, regardless of the invisibility reasons such as line broadening

or shift. 
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Table 5.3-1 Examples of keywords and applications of the concept blind sphere.

Paramagnetic species Techniques Keywords
Related 

explanation
Reference

TOTAPOL
DNP MAS NMR, 

solution NMR

signal bleach, 

paramagnetic bleaching,

blind zone

PRE, first shell 

contact shift
[64]

Gd-DOTA, 

4-amino-TEMPO,

TOTAPOL, 

Trityl OX063

DNP MAS NMR quenching radius

dipolar 

relaxation,

cross relaxation

[61] SI

SPIROPOL, 

TOTAPOL
DNP MAS NMR

paramagnetic 

quenching, signal 

quenching

relaxation [62]

TOTAPOL DNP MAS NMR
bleached volume, 

quench
PRE [59]

Cu(II) solution NMR
paramagnetic 

quenching, bleaching
PRE [60]

Cu(II) solution NMR blind sphere

dipolar and 

Fermi contact 

relaxation

[121]

Er(III), Dy(III) NMR, μ+SR wipeout effect

dipolar and 

Fermi contact 

relaxation

[69]

ferromagnetic 

clusters with Mn or 

Fe ions

NMR
wipeout effect, critical 

radius

dipolar 

relaxation
[96]

Single-ion magnet 

[Er(W5O18)2]9− NMR
wipe-out effect, critical 

radius

dipolar 

relaxation
[68]

cuprate 

superconductors 

La1.875Ba0.125CuO4

NMR, NQR wiped-out, wipeout relaxation [67]

antiferromagnetic 

molecular rings 

Cr8Zn

NMR wipe-out, critical radius
dipolar 

relaxation
[66]

A partially comparable radius was another parameter b0, which was defined as “a

radius about  each paramagnetic  center,  inside  of  which the nuclei  have such

broadened  resonance  lines  that  their  contributions  to  a  measured  signal  are

unobserved”.[49] This definition made by Lowe and Tse[49] in 1968 might be a hint
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of  the  first  blind  sphere  prototype.  It  may  be  comparable  to  the  critical

radius[68,96] in those studies that attributed the wipeout effect to T2 relaxation (see

section 5.2).  But why is this definition only  partially comparable? Cautiously

speaking it is because only the relaxation portion of blind sphere possibilities was

emphasized. Indeed, most of the descriptions/definitions in the early models[49,129–

131,134,136] gave prominence to relaxation, for example “a behavior of prohibiting

neighboring nuclei from participating macroscopic relaxation”,[131] with only rare

exception case being stated as “shift out of the resonance line”. [133] There was also

study that suggested  first-shell contact shifts may also contribute to the blind

sphere,[64] which supports the definition of blind sphere in this thesis.

It must also be pointed out that in the very first publication (section 3.1) one

sentence, which was an assumption for Sr1-xEuxH2,  is not correct. The original

text was: “the paramagnetic shift of atoms is the dominant reason why a nucleus

becomes ‘invisible’ in the above sense, and we neglect the relaxation effects which

can make the signal of a nucleus vanish in the dead time delay of the probehead”.

The reason  is  that  Eu(II)  has  nearly  isotropic  magnetic  susceptibility  tensor

(isoelectronic  as  Gd(III),  4f7 configuration)  and  relatively  long  electronic

relaxation time, as discussed in section 3.2 as well as section 5.2. Therefore, the

relaxation  effects  for  Sr1-xEuxH2 should  not  be  neglected.  The  importance  of

relaxation effects that can make the signal vanish in the dead time delay was

addressed in the second manuscript about blind spheres (section 3.2).

In 1968 Lowe and Tse[49] gave a first  definition of  the radius to the invisible

volume, but it is not until 1971 that the NMR terminology for this radius was

clearly  denominated  —  in  two  separate  contributions  from  Giovannini  and

Punkkinen the size of the invisible volume was both described as the “wipe-out

radius”[131,134]. Another name for the invisible volume was referred to as the “blind-

zone”  (figure 5.2-1),[58] however mainly after 21th century, possibly started by a

publication on metalloproteins from Bertini.[58] As already discussed in section

5.2, the theoretical explanation for blind zone was mainly based on r-6 dependent

dipolar relaxation, which leads to a mathematical convenience of treating the

blind volume as a sphere, therefore it’s also referred to as the blind sphere. In a
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way the name “sphere” is misleading, because the shape of the invisible volume is

not necessarily spherical. In rare case the blind zone can also be treated in other

forms for example as a rod-shaped volume.[59] 

The spherical treatment could be questionable because if shifts (potentially could

be paramagnetic shift or Knight shift depending on systems) were also taken into

account as possible contributions to blind sphere, the anisotropy and the angular

dependence of the hyperfine interaction should be important. In addition, the

border of blind sphere was assumed to be stiffly rectangular and discontinuous

between the visible and invisible status, which helped simplify the mathematical

treatment but was unrealistic.  Furthermore, the spheres were treated as hard

spheres and no mutual influence was possible. In section 3.1, it was also pointed

out that this assumption might be questionable because of possibility of multiple

interactions among different Eu(II) spheres, which could mutually cancel each

other out. This question is partially answered by the experimental fact that no

signal within the spectral window (100 kHz, same as series measurements for

La1-xLnxPO4) was observed for GdPO4. Another supportive experimental result is

the co-doping study (section 3.4) that blind spheres of different dopants could be

treated independently.  However,  further measurements on wider concentration

range,  on  different  dopants  (for  example  transition  metal  ions  instead  of

lanthanide ions) and at different temperatures should be done before jumping

into  certain  conclusion  and  if  necessary,  the  contributions  from  the  multi-

paramagnetic-centers[49] should be considered.
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6 Conclusions
The aims of this work were to establish a novel NMR methodology for dopant

distribution  analysis,  and  to  check  whether  the  NMR  determined  doping

homogeneity correlated to the material performance. 

The main results  of  this thesis included the followings:  a function (“visibility

function”) which allowed extracting the blind volume (“blind sphere radius”) for a

statistical doping scenario (section 3.1); the discussions on the relations between

blind volumes for different lanthanide ions and NMR nuclei (section 3.2); the

correlation  of  the  doping  homogeneity  determined  by  NMR  (“NMR

homogeneity”)  and  luminescence  (section  3.3);  and  the  development  of  an

extended function for co-doped materials (section 3.4). Based on these results, it

could be concluded that the developed NMR visibility method acts as  a useful

tool for doping homogeneity determination of paramagnetic ions.

The potential applications of this novel NMR methodology in the future may be

in the following areas.

First of all, as doping homogeneity on Å to nm scale could be determined, such

method may serve as a tool in the development of synthesis pathways which lead

to less clustering and a more efficient use of lanthanides. Such methodology can

be  applied  in  principle  in  any systems  with  paramagnetic  species  and NMR

nuclei. 

Second possible application mainly relies on the simplicity of this approach. As

majorly simple NMR experiments especially  single  pulsed measurements were

used  in  this  method,  neither  high  restrictions  on  instrumental  levels  nor

requirements  on  complicated  computational  calculations  were  required.

Therefore,  on  condition  of  known  blind  sphere  radius,  in  principle  a  single

measurement point would be sufficient to determine doping homogeneity.  For

example,  it  is  potentially  interesting  for  industrial  fast  sample  batch  quality

inspection  and  quality  control  regarding  doping  homogeneity,  which  avoids

excessive consumption of dopants while ensuring the material property. In this

way, it offers a potential solution for the rational utilization of RE elements.
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Besides potential values in high throughput testing, this NMR method may be

also interesting for scientific researches because it provides a better estimation of

the critical doping level at which a sample becomes NMR blind. Additionally,

whether a sample is NMR visible or NMR blind could be speculated or maybe

even predicted without experimental measurements, which offers convenience for

the choice of NMR model compounds. For example for a NMR research that

aims at observing paramagnetic effect at high doping level, Sm(III) is a good

choice because the blind sphere radius was estimated to be small. 

Figure 6.1: Schematic sketch demonstrating (1) how NMR visibility curves help to differentiate

the homogeneous (i.e. random) doping scenario from the heterogeneous one that has clusters in

this picture and (2) how the luminescence property of the two sample series should differ, because

at  the  same  doping  level  the  heterogeneous  sample  contains  clustering  domains  as  well  as

deficient domains that show poorer luminescence performance. The gray circles around black

points represent the blind spheres around paramagnetic centers.  The dashed circles represent

domains with different levels of doping homogeneity.
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Appendix
The Fortran90 code used in the section 3.1 for Sr0.995Eu0.005H2 is shown as an example in this
appendix. The simulation of other systems such as La1-xLnxPO4 required adapting the code to
different crystal structure.

The  example  for  Sr0.995Eu0.005H2 consists  the  following  files:  Makefile,  SrH2_0.5percent.f90,
mod_ATOM_TYPE.f90, mod_SHIFT_TYPE.f90, mod_RANG_COUNTER.f90, distance.f90,
sub_random.f90 and unitcell_atom12.txt, which is a text file with crystallographic information
of the host lattice.

Makefile

# GNUmakefile to build and execute ACML example programs

F90 := gfortran

FLINK := $(F90)

FFLAGS := -m64 -lrt -O3

#-g for debugging, -O3 for optimization

FLINKFLAGS :=  

FLINKLIBS :=

obj := o 

.SUFFIXES: .f .$(obj) .exe 

all: SrH2_0.5percent

# Source code of F90 programs

SOURCE := mod_ATOM_TYPE.o mod_SHIFT_TYPE.o distance.o sub_random.o 
mod_RANGE_COUNTER.o SrH2_0.5percent.o 

mod_ATOM_TYPE.o:mod_ATOM_TYPE.f90

$(F90) $(FFLAGS) -c mod_ATOM_TYPE.f90

mod_SHIFT_TYPE.o:mod_SHIFT_TYPE.f90

$(F90) $(FFLAGS) -c mod_SHIFT_TYPE.f90

mod_RANGE_COUNTER.o:mod_RANGE_COUNTER.f90

$(F90) $(FFLAGS) -c mod_RANGE_COUNTER.f90

distance.o:distance.f90

$(F90) $(FFLAGS) -c distance.f90

sub_random.o:sub_random.f90

$(F90) $(FFLAGS) -c sub_random.f90

SrH2_0.5percent.o:SrH2_0.5percent.f90

$(F90) $(FFLAGS) -c SrH2_0.5percent.f90

SrH2_0.5percent: $(SOURCE)

$(F90) $(FFLAGS) -o SrH2_0.5percent.exe $(SOURCE) $(FLINKLIBS)
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clean:

rm -f $(SOURCE)

rm -f atom_type_module.mod

rm -f ATOM_TYPE_module.o

rm -f SHIFT_TYPE_module.o

rm -f shift_type_module.mod

rm -f sub_random.o

rm -f mod_RANGE_COUNTER.o

rm -f range_counter_module.mod

rm -f SrH2_0.5percent.exe

rm -f SrH2_0.5percent.o

SrH2_0.5percent.f90

PROGRAM SrH2_05percent

USE ATOM_TYPE_module

USE SHIFT_TYPE_module

USE RANGE_COUNTER_module

IMPLICIT NONE

INTEGER :: I, J, M, N  ! variable without real meaning

INTEGER, ALLOCATABLE, DIMENSION(:) :: dummy  ! variable without real meaning

INTEGER :: IOstatus

INTEGER :: N_loop  ! number of calling RANGE_COUNTER 

INTEGER :: N_cut ! calculate the sdv using results from loops after N_cut

INTEGER :: size_range

INTEGER, POINTER, DIMENSION(:) :: COUNT_RESULT

INTEGER, ALLOCATABLE, DIMENSION (:,:) :: BLA  ! result from a single loop

DOUBLE PRECISION, ALLOCATABLE, DIMENSION(:,:) :: AVE  ! average from loops

DOUBLE PRECISION, ALLOCATABLE, DIMENSION(:) :: SUM_AVE, MEAN

DOUBLE PRECISION, ALLOCATABLE, DIMENSION(:) :: SUM_DEV, STANDARD_DEV

CALL RANGE_COUNTER(COUNT_RESULT,size_range)

! number of loops is adjustable

N_loop = 6000

ALLOCATE(BLA(N_loop,size_range))

ALLOCATE(AVE(N_loop,size_range))

ALLOCATE(dummy(size_range))

! define the 1st values
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   BLA(1,:) = COUNT_RESULT

   AVE(1,:) = DBLE(BLA(1,:))

   dummy = BLA(1,:)

! start calling and looping 

DO I = 2, N_loop

!   PRINT *, "Now we are in loop number", I

   CALL RANGE_COUNTER(COUNT_RESULT,size_range)

      BLA(I,:) = COUNT_RESULT

   DO J = 1, size_range

     dummy(J) = dummy(J) + BLA(I,J) 

     AVE(I,:) = DBLE(DBLE(dummy(:))/I)  

   END DO

END DO

ALLOCATE(SUM_AVE(size_range))

ALLOCATE(MEAN(size_range))

ALLOCATE(SUM_DEV(size_range))

ALLOCATE(STANDARD_DEV(size_range))

N_cut=N_loop*4/5

OPEN(988, FILE="stdev_05percent.txt")

DO J= 1, size_range

SUM_AVE(J)=SUM(AVE(N_cut:N_loop,J), DIM=1)

MEAN(J) = DBLE(SUM_AVE(J)/(N_loop-N_cut+1))

END DO

DO J=1,size_range

   WRITE(988,*) "sum ave", SUM_AVE(J)

   WRITE(988,*) "mean", MEAN(J)

END DO

DO I = N_cut, N_loop

DO J=1,size_range

  SUM_DEV(J) = (AVE(I,J)-MEAN(J))**2 + SUM_DEV(J)

END DO

END DO

DO J = 1, size_range

     STANDARD_DEV(J) = DBLE(SQRT(SUM_DEV(J)/(N_loop-N_cut)))   

END DO

DO J=1,size_range
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   WRITE(988,*) "standard deviation", STANDARD_DEV(J)

END DO

CLOSE (988)

OPEN (789, FILE = "result_loops.txt")

DO I = 1, N_loop

WRITE (789,*) "BLA", BLA(I,:)

END DO

DO I=1, N_loop

WRITE (789,*) "AVE", AVE(I,:)

END DO

CLOSE (789)   

DEALLOCATE(COUNT_RESULT)

DEALLOCATE(BLA)

DEALLOCATE(AVE)

DEALLOCATE(dummy)

DEALLOCATE(SUM_AVE)

DEALLOCATE(MEAN)

DEALLOCATE(SUM_DEV)

DEALLOCATE(STANDARD_DEV)

END PROGRAM SrH2_05percent

mod_ATOM_TYPE

MODULE ATOM_TYPE_module

PRIVATE 

PUBLIC :: ATOM_TYPE !,UnitCellAtoms

TYPE ATOM_TYPE

   CHARACTER (len=5) :: site_symbol

   DOUBLE PRECISION :: x,y,z

   INTEGER :: site_id

END TYPE ATOM_TYPE

END MODULE ATOM_TYPE_module

mod_SHIFT_TYPE.f90

MODULE SHIFT_TYPE_module

USE ATOM_TYPE_module

PRIVATE
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PUBLIC :: SHIFT_TYPE

TYPE SHIFT_TYPE

   INTEGER :: ax, by, cz ! Box Origin

   TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: SrAtomPos

END TYPE SHIFT_TYPE

END MODULE SHIFT_TYPE_module

mod_RANGE_COUNTER

MODULE RANGE_COUNTER_module

PRIVATE

PUBLIC :: RANGE_COUNTER

CONTAINS

SUBROUTINE RANGE_COUNTER(COUNT_RESULT,size_range)

USE ATOM_TYPE_module

USE SHIFT_TYPE_module

IMPLICIT NONE

INTEGER :: I, J, M, N, SA, SB, SC  ! variables with no real meanings

INTEGER :: IOstatus

CHARACTER(LEN=50):: buffer  ! variables with no real meanings

REAL :: random

DOUBLE PRECISION :: dummydistance

DOUBLE PRECISION, ALLOCATABLE, DIMENSION(:) :: dummy_min_distance

INTEGER :: Nr_UnitCellAtoms

INTEGER :: Nr_atoms ! total number of all atoms

INTEGER :: Nr_boxes ! total number of shifted unit cells

INTEGER :: BoxNr

INTEGER :: Nr_BoxesXDimension=41 !adjust the number to have more boxes in X

INTEGER :: Nr_BoxesYDimension=67 !adjust the number to have more boxes in Y

INTEGER :: Nr_BoxesZDimension=35 !adjust the number to have more boxes in Z

INTEGER :: Nr_H_unitcell ! number of H atoms inside unit cell

INTEGER :: Nr_Sr_unitcell ! number of Sr atoms inside unit cell

INTEGER :: Nr_Sr         ! number of all Sr atoms 

INTEGER :: Nr_Eu         !  = Eu Nr given by calling random

INTEGER :: Nr_Eu_ideal   !  = doping concentration * total Sr Nr

INTEGER :: Nr_Eu_around_H = 10 ! number of nearest neighbour Eu atoms per H atom

DOUBLE PRECISION :: doping = 0.0050d0 ! doping concentration of Eu
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DOUBLE PRECISION, ALLOCATABLE, DIMENSION(:,:) :: min_distance 

INTEGER :: range_min = 2 ! define the min of interested distance range

INTEGER :: range_max = 32 ! define the max of interested distance range

INTEGER :: size_range

INTEGER :: d_range

INTEGER, ALLOCATABLE, DIMENSION(:,:) :: RANGE_COUNT

INTEGER, POINTER, DIMENSION(:) :: COUNT_RESULT

! from functions

DOUBLE PRECISION :: distance

! from TYPE modulse

TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: UnitCellAtoms

TYPE(SHIFT_TYPE), ALLOCATABLE, DIMENSION(:) :: box

TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: H_unitcell

TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: Sr_unitcell

!TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: Sr_atoms

TYPE(ATOM_TYPE), ALLOCATABLE, DIMENSION (:) :: Eu_atoms

!read unit cell fractional coordinates from list

Nr_UnitCellAtoms=0

PRINT *, "start reading unitcell info"

OPEN (001, file="unitcell_atom12.txt", ACCESS="SEQUENTIAL", status="OLD",&

       BLANK="NULL", POSITION="ASIS", action="read", IOSTAT=IOstatus)

DO WHILE (IOstatus==0)

  READ (001,*,IOSTAT=IOstatus) buffer   

! count the number of atoms in the unit cell

IF (IOstatus==0) THEN

  Nr_UnitCellAtoms=Nr_UnitCellAtoms+1

END IF

END DO

PRINT *, "number of atoms in unit cell", Nr_UnitCellAtoms

ALLOCATE(UnitCellAtoms(Nr_UnitCellAtoms))

REWIND 001

DO I=1, Nr_UnitCellAtoms

READ (001,*) UnitCellAtoms(I)%site_symbol, &

     UnitCellAtoms(I)%x, UnitCellAtoms(I)%y, UnitCellAtoms(I)%z, &

     UnitCellAtoms(I)%site_id   

END DO
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CLOSE (001)

PRINT *, "Unit Cell Atoms read in"

! total number of atoms in the big box can be calculated from shift units 

!PRINT *, Nr_atoms

Nr_boxes=(Nr_BoxesXDimension*2+1)*&

         (Nr_BoxesYDimension*2+1)*&

         (Nr_BoxesZDimension*2+1)

Nr_atoms=Nr_boxes*SIZE(UnitCellAtoms)

PRINT *, Nr_boxes

PRINT *, Nr_atoms

! count the total number of H atoms inside the unit cell

Nr_H_unitcell = 0

DO I=1, SIZE(UnitCellAtoms)

  IF (UnitCellAtoms(I)%site_symbol=="H1" .OR. &

      UnitCellAtoms(I)%site_symbol=="H2")  THEN

                Nr_H_unitcell =  Nr_H_unitcell + 1

   END IF

END DO

PRINT *, Nr_H_unitcell

! create array of H atoms inside unit cell from UnitCellAtoms

ALLOCATE (H_unitcell(Nr_H_unitcell))

Nr_H_unitcell = 0

DO I=1, SIZE(UnitCellAtoms)

  IF (UnitCellAtoms(I)%site_symbol=="H1" .OR. &

      UnitCellAtoms(I)%site_symbol=="H2")  THEN

      Nr_H_unitcell =  Nr_H_unitcell + 1

      H_unitcell(Nr_H_unitcell)=UnitCellAtoms(I)

  END IF

END DO

! count the number of Sr atoms inside unit cells

Nr_Sr_unitcell = 0

DO I=1, SIZE(UnitCellAtoms)

  IF (UnitCellAtoms(I)%site_symbol=="Sr")  THEN

                Nr_Sr_unitcell =  Nr_Sr_unitcell + 1

  END IF

END DO
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PRINT *, Nr_Sr_unitcell

! create array of Sr atoms inside unit cell from UnitCellAtoms

ALLOCATE (Sr_unitcell(Nr_Sr_unitcell))

Nr_Sr_unitcell = 0

DO I=1, SIZE(UnitCellAtoms)

  IF (UnitCellAtoms(I)%site_symbol=="Sr")  THEN

      Nr_Sr_unitcell =  Nr_Sr_unitcell + 1

      Sr_unitcell(Nr_Sr_unitcell)=UnitCellAtoms(I)

  END IF

END DO

!BoxNr is the identifier of each small "box" (shifted unit cell)

BoxNr=0

PRINT *, "start creating Sr atoms list!"

! create a permanent list of all Sr atom positions 

ALLOCATE (box(Nr_Boxes))

 DO I=1,Nr_boxes

    ALLOCATE(box(I)%SrAtomPos(Nr_Sr_unitcell))

 END DO

DO  SA= -Nr_BoxesXDimension, Nr_BoxesXDimension

   DO  SB=-Nr_BoxesYDimension, Nr_BoxesYDimension

      DO  SC=-Nr_BoxesZDimension, Nr_BoxesZDimension

         BoxNr=BoxNr+1

          box(BoxNr)%ax = SA

          box(BoxNr)%by = SB

          box(BoxNr)%cz = SC

         ! Now follows an ARRAY-assignment

          box(BoxNr)%SrAtomPos%site_symbol=Sr_unitcell%site_symbol

          box(BoxNr)%SrAtomPos%site_id=Sr_unitcell%site_id

          box(BoxNr)%SrAtomPos%x=Sr_unitcell%x+SA

          box(BoxNr)%SrAtomPos%y=Sr_unitcell%y+SB

          box(BoxNr)%SrAtomPos%z=Sr_unitcell%z+SC

      END DO

   END DO

END DO

PRINT *, BoxNr 

PRINT *, "atom list created!"
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DEALLOCATE(Sr_unitcell)

Nr_Eu_ideal = INT(CEILING(doping * Nr_atoms/3))  

Nr_Sr = Nr_atoms/3

PRINT *, Nr_Eu_ideal

! count the real Nr_Eu 

Nr_Eu = 0

PRINT *, "start creating Eu atoms!"

ALLOCATE(Eu_atoms(Nr_Sr))

   DO I=1, Nr_boxes

      DO J=1, SIZE(box(1)%SrAtomPos)

            CALL INIT_RANDOM_SEED()

            CALL RANDOM_NUMBER(random)   

            IF (random<=doping) THEN 

              !box(I)%SrAtomPos(J)%site_symbol="Eu"

               Nr_Eu = Nr_Eu +1

               Eu_atoms(Nr_Eu) = box(I)%SrAtomPos(J)

              ! Sr_atoms(Nr_Eu)= box(I)%SrAtomPos(J)

              !ELSE IF (random>doping) THEN

              ! box(I)%AtomPos(J)%site_symbol="Sr"

            END IF

      END DO

   END DO

PRINT *, "real Eu number", Nr_Eu

PRINT *, "ideal Eu number", Nr_Eu_ideal

PRINT *, "start calculating distance Eu-H"

! create a list of min distance of Eu-H for each H atoms in unit cell

OPEN (1234, FILE ="min_distancelist.txt")

PRINT *, Nr_Eu_around_H

ALLOCATE (min_distance(SIZE(H_unitcell),Nr_Eu_around_H))

min_distance=HUGE(min_distance(1,1))

ALLOCATE (dummy_min_distance(Nr_Eu_around_H))

dummy_min_distance=HUGE(dummy_min_distance(1))

DO I = 1, SIZE(H_unitcell)

   DO J = 1, Nr_Eu

      ! use distance function

      dummydistance=distance(H_unitcell(I),Eu_atoms(J)) 
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       IF (dummydistance<MAXVAL(min_distance(I,:))) THEN

        min_distance(I,MAXLOC(min_distance(I,:))) = dummydistance  

       END IF       

   END DO  

   dummy_min_distance=min_distance(I,:)

   WRITE (1234,*) "10 min distance for H", I 

!SORT Eu-distances  per H-Atom according to size

   DO M=1,Nr_Eu_around_H

      DO N=M,Nr_Eu_around_H

         IF(dummy_min_distance(N)<dummy_min_distance(M)) THEN

            dummydistance=dummy_min_distance(M) ! store M to dummy

            dummy_min_distance(M)=dummy_min_distance(N) ! write N to M

            dummy_min_distance(N)=dummydistance ! write dummy (M) TO N

         END IF

      END DO

   END DO

   WRITE (1234,*) min_distance(I, 1:10)

2222 END DO

CLOSE (1234)

DEALLOCATE(box)

DEALLOCATE(Eu_atoms)

DEALLOCATE(UnitCellAtoms)

DEALLOCATE(dummy_min_distance)

PRINT *, "start range counter"

PRINT *, "number of nearest Eu we calculated here for each H" ,Nr_Eu_around_H

PRINT *, "min Eu-H of all = ", MINVAL(min_distance)

size_range = range_max-range_min+1

PRINT *, size_range

ALLOCATE (RANGE_COUNT(SIZE(H_unitcell),size_range))

RANGE_COUNT = 0

OPEN (189, FILE = "result_semi.txt")

DO I = 1, SIZE(H_unitcell)

   DO d_range = range_min, range_max

      IF (MINVAL(min_distance(I,:))<=d_range) THEN

         RANGE_COUNT(I,(d_range-range_min+1)) = 1

      END IF
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   END DO

   WRITE(189,*)  RANGE_COUNT(I,:)

END DO

WRITE(189,*)  SUM(RANGE_COUNT,DIM=1)

CLOSE (189)

ALLOCATE(COUNT_RESULT(size_range))

COUNT_RESULT=SUM(RANGE_COUNT,DIM=1)

DEALLOCATE (H_unitcell)

DEALLOCATE (RANGE_COUNT)

DEALLOCATE (min_distance)

END SUBROUTINE RANGE_COUNTER

END MODULE RANGE_COUNTER_module

distance.f90

DOUBLE PRECISION FUNCTION distance(atoms1,atoms2)

USE ATOM_TYPE_module

IMPLICIT NONE

TYPE (ATOM_TYPE) :: atoms1,atoms2

DOUBLE PRECISION :: a, b, c

a=6.3540d0

b=3.8540d0

c=7.2860d0

distance=SQRT(((atoms1%x-atoms2%x)*a)**2+((atoms1%y-atoms2%y)*b)**2+((atoms1%z-
atoms2%z)*c)**2)

RETURN

END FUNCTION distance

sub_random.f90

The  sub_random.f90 was adopted from the RANDOM_SEED in the online documentation of

the GNU Fortran compiler (Copyright (C) Free Software Foundation, Inc., https://gcc.gnu.org/),

from which the verbatim copying and distribution is permitted provided the notice of copyright is

preserved.

unitcell_atom12.txt

H1  0.64484  0.25000  0.92759 1
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H1  0.85516  0.75000  0.42759 2

H1  0.14484  0.25000  0.57241 3

H1  0.35516  0.75000  0.07241 4

H2  0.97365  0.75000  0.82183 5

H2  0.52635  0.25000  0.32183 6

H2  0.02635  0.25000  0.17817 7

H2  0.47365  0.75000  0.67817 8

Sr  0.76083  0.25000  0.61070 9

Sr  0.23917  0.75000  0.38930 10

Sr  0.26083  0.25000  0.88930 11

Sr  0.73917  0.75000  0.11070 12
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