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By combining high spinning speed (60 kHz) and low-field (4.7 T) 3!P solid-state NMR with magnetic
susceptibility measurements, we experimentally characterized a series of solid solutions belonging to the
La,Eu;_,PO, (0 < x < 1) series. Analyses of the magnetic susceptibility data were carried out using the free ion
model and crystal field theory calculations allowing to extract the electronic structure. The paramagnetic shifts
of the P sites having one Eu* cation in their surrounding were predicted by combining the determined crystal
field and energy level values with density functional theory (DFT) calculations. For the Lajy¢Euy PO, sample,
these theoretical shifts gave a very good overall trend allowing the unambiguous attribution of each P site. This
study paves the way for the future analysis of both magnetic susceptibility and NMR data for a broad range of

materials containing paramagnetic rare-earth cations.
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I. INTRODUCTION

Owing to their technological and fundamental interest
[1,2], lanthanide orthophosphates with the monazite crys-
talline structure (Ln = La to Gd) have been extensively stud-
ied over the past decades. The La,Eu;_,PO, solid solutions
represent an important class of these materials, being lumi-
nescent [3-5] and being considered as potential matrices for
encapsulation of nuclear materials due to their high resistance
to radiation damage [6,7]. For this latter purpose, Eu’t is,
indeed, often used as a surrogate for Am** to monitor the
structural modifications resulting from ion substitutions, as
the two cations have similar outer electronic configuration
(nf®, n = 4 for Eu** and n = 5 for Am3*) and ionic radii [8]
(Bu’t = 0.947—1.12 A and Am** = 0.975—-1.09 A) [9-11].
Additionally, while a solid solution can generally be formed
over the whole range of composition [12,13], in the focus are
those with low rare-earth contents [1,4] as a high solubility in
a LaPO4 matrix does not occur for all lanthanide [14,15] or
actinide [16—18] cations.

In order to have a better understanding of the local envi-
ronment around the *'P atoms in these solid solutions, magic
angle spinning (MAS) NMR has been proven as an efficient
analytical tool. Indeed, several authors published data on
related crystalline rare-earth orthophosphates, like the LnPOy4
series (Ln>T = La3t to Eu®* [19] and Ln?* = La3* to Yb3*
[20]) and some of their solid solutions (Ln** = Ce3t, Nd3*,
and Gd3") [14,15,21]. It was shown that NMR allows to
detect, in numerous types of materials, very low paramagnetic
content in a unique manner [22]. However, a full attribution
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of the MAS- NMR signals is not straightforward because
the paramagnetic cations cause additional contribution to the
nuclear chemical shift [23]. Indeed, it is known that the
experimental NMR shift (8.xp) is the sum of an orbital com-
ponent (84iy), a pseudocontact (PC) shift (8pc) and a Fermi
contact (FC) shift (§gc) [24,25]. The determination of these
paramagnetic shifts (§,) is currently based on a combination
of empirical calculations using the Bleaney’s theory for dpc
[26,27] and the McConnell and Robertson approach and its re-
cent improvements for §gc [28—34]. The theoretical prediction
of paramagnetic shifts in the rare-earth series is intensively
studied [24,35,36] especially for MRI contrast agents [37-44]
and in metalloproteins [45-48]. However, these experiments
are mostly performed using liquid-state NMR on organic
molecules, usually containing conveniently one isolated para-
magnetic cation. In inorganic materials, where several param-
agnetic cations are present, the numerous unpaired electrons
are difficult to handle in the calculations and therefore little
has been achieved concerning the full prediction of the para-
magnetic shifts [49,50].

Due to the difficulty encountered in predicting the para-
magnetic shifts with the monazite crystallographic structure,
it is often preferred to limit the discussions to the nature
of the paramagnetic shifts through the full lanthanide series
[14,15,50-52]. Thus, in their pioneering work, Palke and
Stebbins attributed the nature of §, to arise from both FC
and PC interactions in the La,Ln;_,PO, (Ln>* = Nd and Ce)
series [14,15]. This assumption was indirectly deduced from
the analysis of the xenotime analogues (containing Ln** =
Tb** to Lu**) which possess a more symmetric environment
around the Ln* cation.

In the present study, we propose a combined experimen-
tal/theoretical approach to go further in the understanding of
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the NMR data in the monazite series by considering this time
the series La,Eu;_,PO4 (with 0 < x < 1). To achieve this,
we first probe the local environment using *'P high-resolution
MAS- NMR and low magnetic field. As numerous peaks are
overlapping in most MAS- NMR spectra, we focus our data
analysis on the two samples Lay gEug PO4 and Lag  Eug oPO4
while a more general discussion is presented about the remain-
ing samples. In the next step, we predict the PC paramag-
netic shifts of the P atoms surrounded by one paramagnetic
center (vide infra) in these two compounds using calculated
energy levels (EL) and crystal field parameters (CFP) obtained
by fitting the experimental magnetic susceptibility curves.
Finally, we determine indirectly the FC paramagnetic shifts
for LaggEuy ;PO4 from EPR parameters obtained by DFT
calculations using its Gd** analogue.

II. METHODS
A. Synthesis

LaPOs and EuPO, as well as nine intermediate
La,Eu;_,PO4 compositions of the solid solution were pre-
pared by sol-gel reaction, using a procedure modified from
Geisler et al. [13]. In short, stoichiometric amounts of La, O3
(Alfa Aesar, 99.99%) and Eu,03; (Merck, 99.99%) were
dissolved in HNO; (Merck, 63%). An excess of H3POy,
(Merck, 85%) ((Eu’t + La*t) : PO4>™ =1 : 1.2) was added
dropwise under continuous heating (343 K) and stirring; this
initiated the precipitation of a white gel. After 1 h, a 25%
NH,4OH solution (Merck) was added till achieving a pH = 5.
The precipitates were separated from solution by centrifuga-
tion and subsequently washed several times with water. After
drying in air, the powders were calcined for 5 h under air in
alumina crucibles at 873, 1373, and 1873 K, with intermediate
grinding steps.

B. NMR

The room temperature (334 K) 3'P MAS NMR spectra
were recorded at 60 kHz on a Bruker AVANCE Il HD 4.7 T
spectrometer at a >'P Larmor frequency of 81.02 MHz. One-
pulse experiments were performed using a 90° pulse length of
1 ws. The longitudinal relaxation experiments were performed
using a saturation-recovery pulse sequence. The variable tem-
perature spectra were acquired at a spinning rate of 45 kHz.
The temperature was calibrated with KBr using the linear
law T = —40AS + T (AS being the shift variation and 7 the
temperature) [53]. To be sure that KBr did not interact with
the paramagnetic sample, a layer of Teflon film was added
between the powders. All samples were referenced to H3POy.
The spectra were fitted using the DMFIT software [54].

C. Magnetic susceptibility

Measurements of the magnetic susceptibility (xmo) were
performed by using a magnetic property measurement system
(MPMS - Quantum Design) in the temperature range 2 to
300 K in applied magnetic fields between 0.5 and 7 T. The
powders were pressed into pellets and put in a sample holder.
The data obtained were then all corrected for the paramagnetic
signal of the sample holder.

D. X-ray photoelectron spectroscopy (XPS)

The powder was pressed into indium foil (5 x Smm) and
mounted on a stainless-steel sample holder. It was kept under
vacuum at room temperature for 3 days. High-resolution XPS
measurements were performed using a Phoibos 150 hemi-
spherical analyzer. The Al K, (E = 1486.6eV) radiation was
produced by an XRC-1000 microfocus source, equipped with
a monochromator and operating at 120 W. The background
pressure in the analysis chamber was 2 x 107! mbar. The
spectrometer was calibrated with the 4 f7,, line of Au metal
to give a value at 83.9 eV BE and the 2p;3,; line of Cu metal at
932.7 eV BE for XPS. Photoemission spectra were recorded
at room temperature.

E. Calculations of the crystal field parameters
and the energy levels

For the determination of the CFP data, we have used the
SIMPRE computational package [55] introducing the experi-
mental atomic crystallographic coordinates and applying the
two fitting parameters [radial displacement vector (D,) and
the effective point charge (Z;)] of the radial effective charge
(REC) model [56]. The electronic structure of LaggEug POy
has been calculated using the full basis of microstates in the
latest version of the CONDON program [57].

F. DFT calculation of the EPR parameters

We firstly relaxed the LaPO, crystalline structure using
geometry optimizations of the atomic positions (APO) with
the QUANTUM ESPRESSO (QE) package [58—60] in order to re-
move the strain (from a computational point of view) from the
experimental structure and to partly correct for the experimen-
tal uncertainties. QE relies on a pseudopotential plane-wave
expansion formalism of density functional theory (DFT). A
4 x 4 x 4 Monkhorst—Pack k-point grid and a kinetic energy
cutoff of 100 Ry were used.

From the APO structure, we designed two cluster models
of 54 (C1) and 77 (C2) atoms for the calculation of the EPR
parameters shown in Fig. 4 and in Ref. [61]. The fixed cores
of these clusters (12 and 47 atoms, respectively) correspond
to the APO structure. The outer coordination sites are termi-
nated by 21 and 15 OH groups, respectively. The geomet-
rical parameters of the OH groups were relaxed by partial
geometry optimizations using the GAUSSIAN 09 software [62].
The theoretical level of these calculations consisted of the
B3LYP exchange-correlation functional in conjunction with
the relativistic effective core potential of Hay and Wadt with
the associated valence double-zeta basis set (LANL2DZ) for
La and with the standard 6-31G** basis set for P, O, and H.
The hyperfine tensors ay (with and without spin-orbit effects)
and the electron g tensor, or the g-shift tensor Ag (Ag pre-
dominant part arises due to spin-orbit effects [63,64]), were
determined using the ADF code [65,66]. A previous work
showed that this software was efficient for such calculations
in the lanthanide series [63]. In these calculations, the scalar
(SF) and spin-orbit (SO) relativistic effects were accounted for
by utilizing the zeroth-order regular approximation (ZORA)
[67]. The SAOP exchange-correlation potential [68,69] was
applied, in conjunction with an uncontracted set of Slater-type
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orbitals (STOs) of triple-zeta-plus-polarization quality (TZ2P-
J) [70] containing extra tight (mainly 1s) functions for use
in EPR hyperfine calculations. As recommended for systems
with heavy elements, the Gaussian finite nucleus model [71]
was applied. For the calculation of the matrix products, the
MATHEMATICA software was used [72].

III. RESULTS

A. Crystalline structure

The LnPO4 (Ln = La, Eu) and their solid solutions [13]
crystallize in the monazite space group P21/n. This crystal-
lographic structure is composed of chains of alternating PO,
tetrahedra and Ln-Og polyhedra along the ¢ axis. With regard
to crystallography, there is one P site, one Ln site and four
different O sites. At the Ln site, a Cs (or Cy;) symmetry is
formed as shown in Fig. 1 [73,74]. This symmetry is nonaxial
and the symmetry operations are E and oy. Each Ln-Og
polyhedron is surrounded in its first cation coordination shell
by seven crystallographically distinct POy (Fig. 1). The P-O-
Ln distances (dporn) and angles are given in Table S1 [61].
While there is only one crystallographic P site in pure LnPOy,
we differentiate the seven P atoms as it will be necessary for
the following NMR discussion on the solid solution.

By decreasing the cation size from La to Eu, the P-Ln
distances decrease accordingly (cf. Table S1). The precise
determination of the rpj, distances in the solid solution

P7

FIG. 1. Example of the C; symmetry for the LaPO, crystalline
structure represented by a 4.5-A sphere with La as a central atom.
The following color code is used: La atoms are in green, P atoms
in orange, and O atoms in red. Here, the seven P sites have been
differentiated to illustrate the discussion through the paper. In the
insert is presented the local environment around the P atom.

samples was not possible. This is usually done via neutron
diffraction experiments, which are particularly challenging
for Eu-based materials because of their high cross sections.
Nonetheless, it can be noticed that P1 and P2 are closer to the
Ln cation with rpy, < 3.3 A, while P3 displays an interme-
diate distance of rpy, ~ 3.5A and P4 to P7 have relatively
similar distances with average distances of rp_1, = 3.784 A
and rp_g, = 3.672 A for LaPO, and EuPOy, respectively (see
Table S1).

B. 3'P MAS NMR spectra

As amoderate magnetic field reduces the extent of the spin-
ning sideband pattern and ultrafast MAS increases the spin-
ning sideband separation (reduce their widths and increase
coherence lifetimes) [75], the experiments were performed at
4.7'T at a spinning rate of 60 kHz. Moreover, as the frequency
range can span around 50 kHz wide at this field, decreasing
the spinning rate below 50 kHz or increasing the magnetic
field would lead to the overlap between center peaks and
spinning sidebands. The *'P MAS NMR spectra of LaPOy,
EuPOy and their solid solutions are shown in Fig. S1 [61]. All
experimental NMR parameters such as §eyp, the paramagnetic
shift §, (exp), the full width at half maximum, the relative
intensities, and longitudinal relaxation times (7}) are reported
in Table I and Table S2 in Ref. [61]. All T} parameters were
fitted using a single exponential time constant.

While the LaPO,4 and EuPO, spectra present a single peak
at —4.5 ppm and 385.4 ppm, respectively (in agreement with
the known unique crystallographic P site), the solid solutions
spectra feature numerous peaks with pronounced overlapped
and broadened features (Fig. S1). Thus we only fitted the
spectra of LaggEugPOs and LayEugy9PO4 as shown in
Fig. 2. For these two samples, only the quantitative spectrum
of LagEugoPO4 presented remaining spinning sidebands,
which have been included in the fit as shown in Fig. S2 [61].
The spectrum of LaggEug POy could be fitted using fifteen
peaks as depicted in Fig. 2(a), and the one of Lag jEug POy
could be described by five peaks [Fig. 2(b)]. While an
unambiguous fit cannot be obtained for all the spectra, it
could be noticed that signals with similar J.,, are clearly
visible through the whole solid-solution composition range
(Tables I and S1). For example, peaks 1 to 7 in Lag9Eu POy
and LaggEup,PO4 or peaks 1 to 5 in LagEuyoPO4 and
Lag,Eug sPOy. Previous studies on solid solutions containing
rare-earth elements have shown that finding similar NMR
shifts is an evidence for the presence of a similar environment
around the nucleus detected by NMR [50-52]. It should
also be noted that the line broadening is more important for
the Eu-rich solid solutions (Table I), as expected for solid
solutions with higher paramagnetic cation content (structural
local disorder and/or anisotropic bulk magnetic susceptibility
effects) [14,15,21,49].

C. Magnetic susceptibility curves

Based on the NMR results, we decided to focus the
magnetic susceptibility measurements on four specific sam-
ples to investigate a possible trend: LaPOy4, LaggEug POy,
LagsEug sPOy, and Lag | Eug 9PO4 (Fig. S5 [61]). As the mag-
netic susceptibility of EuPO4 has been previously measured
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TABLE I. Summary of the NMR parameters extracted from the experimental spectra: the measured experimental shift (8.y,), experimental
paramagnetic shift [§, (exp)], the full width at half maximum (FWHM), relative intensity (RI), and longitudinal relaxation time (7} ).

Sexp 3, (exp) FWHM
(ppm) (ppm) (ppm)
Sample composition Peak (£0.2 ppm) (£0.2 ppm) (£5%) RI (%) (£1%) Ti(s) (£5%)
LaPO4
1 —4.5 2.5 1714
LagoEuy POy
1 220.1 225.2 13.5 4.9 0.296
2 1214 126.5 159 5.9 0.523
3 42.0 47.1 10.1 5.3 1.7
4 16.5 21.6 11 6.1 2.3
5 -5.1 - 9.6 49.7 25.2
6 -39.1 —34 10.6 9.9 33
7 —62.6 -57.5 12 5.6 2.9
8 335.7 - 17.5 0.9
9 273.3 - 12.8 0.6
10 193.5 - 9.2 0.9
11 164.1 - 119 1
12 85.25 - 21.6 1.8
13 2.96 - 7.8 3.7
14 -27.9 - 7.8 2.8
15 —96.9 - 154 0.9
Lay.1Eug9oPO4
1 386.4 391.5 51.5 75.9 0.215
2 335 340.1 60.3 7.3 0.258
3 229.5 234.6 40.2 7.3 0.396
4 136.7 141.8 61.1 8.4 0.429
5 —33.6 —-28.5 38.9 1.1 -
EUPO4
1 385.4 454 0.21

[76,77], the magnetic susceptibility curve acquired by Golbs
et al. [77] was extracted and analyzed alongside the data
we recorded for the other samples (Fig. S5). For LaPOy, the
experimental value of y = —0.2 x 1073 emumol~! obtained
is, as expected, characteristic of its diamagnetic behavior. A
small diamagnetic upturn is also present (Fig. S5). The mag-
netic susceptibility curve of EuPOy is characteristic of a pure
Van Vleck (VV) behavior with low-temperature independent
variation up to ~100 K (due to the diamagnetic J = 0 ground
state of Eu?t) [78], then it becomes temperature dependent.
At higher temperatures, a Curie-Weiss like behavior is visible
as observed in other Eu’T-based material [78—80].

For a coherent approach, the magnetic susceptibilities of
the solid solutions have also been normalized considering
the Eu®™ content (Xmolgu3+) i Fig. 3. Above 50 K, all the
solid solution curves present a typical VV paramagnetism
even for the low Eu-content. Below 50 K, an upturn is clearly
detected on all the recorded magnetic susceptibility curves.
This upturn is more visible for the Lag 9Eug ; PO4 composition
[Fig. 3(b)]. It should be noted that for this low Eu**-doped
sample, there is also the presence of a small amount of a
ferromagnetic impurity characterized by a hysteresis loop
at low field (Fig. S6 [61]). This ferromagnetic behaviour is
suppressed at a magnetic field of 4.7 T, at which field the NMR
experiments were conducted.

The effective moment at 300 K [petf = +/8x300x7 in the
centimetre-gram-second (CGS) system] has been determined

for all compositions considering the magnetic susceptibility
value at this temperature. This was done considering xmo
(Metr) and XmolEuw3+ (Meffu3+). The values are reported in
Table II. Through the series, there is a decrease of p.i with
decreasing Eu-content as expected from the diamagnetic char-
acter of LaPOy. The pefpy34+ values are consistent with the
value of 3.51 p5 determined for a free Eu®* ion [81,82], while
they are slightly decreasing with decreasing Eu** content.

IV. DISCUSSION
A. Analysis of the >'P MAS NMR data

1. The quantitative spectra

The spectra of the solid solutions with paramagnetic
cations allow us to characterize the local structure around the
NMR active spin-bearing nucleus in a unique manner [51].
Thus, in the ideal case of a randomly distributed network
(RDN), depending on the composition of the solid solution,
the NMR peaks can be assigned to P(La),,(Eu);_,, (0 < m <
7) units (i.e., a P atom surrounded by “m’ La atoms and “7-m”
Eu atoms). Their relative intensities can be predicted thanks to
the formula:

k x n!
L= (@' —=p)"™) (m) (1
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FIG. 2. 3'P MAS NMR spectra of (a) LagoEug,PO, and (b)
Lag1EuyoPO, and their corresponding fits acquired at 4.7 T at a
MAS rate of 60 kHz. The insert shows an enlargement of the low
intensity signals of Lag¢Eug ;PO,.

where p is the probability of Ln** replacing an Eu-Oy site,
which is equal to the concentration of Eult, k=7—m is
the number of Eu* interacting with the 3'P nucleus for the
specific peak, 7 is the total number of sites into which Eu*
can enter and cause a specific paramagnetically shifted peak
(equal to 7 here for the seven distinct first-shell *'P—Eu’*
configurations). With this approach, we obtained the values
displayed in Table S3 [61]. Thus, for example, the spectrum of
Lag9Eup PO, should have four signals corresponding to the
P(La);(Eu)o, P(La)s(Eu);, P(La)s(Eu),, and P(La)s(Eu)s
units with the relative intensities of 48%, 37%, 13%, and
2%, respectively. Similarly, for LagEu9POy, four signals
with the same relative intensities are also expected except
that they should correspond to the P(La)o(Eu);, P(La);(Eu)s,
P(La),(Eu)s, and P(La);(Eu), units respectively. By compar-
ing the experimental data with the theoretical number of peaks
and relative intensities, one can but notice the differences.
Indeed, the experimental spectrum of Lag 9Eug PO, presents

T T T T T
— e v Lag 4 Eug oPO,
—~ 6 §
' ®
>
L
= |ees
[e) ®
g |4
S 5 65
IS £
o 515 4
g °[E..
= £
=
L 63
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T (K)
(a)
4 | 1 ]
T T T T T
6L — A Lag 5 Eug 5PO,
A Model 1
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35 P’
LlJ - pa
S |@ edf :
© L : —— A
E 5 | © e A _
=} € 58 P
= g 0N
) 5 N
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4 " 1 " 1 " 1
T T T T T T
Lag g Eup PO,
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= g 55
4 E
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FIG. 3. Field cooled magnetic susceptibility curves of (a)
LaoAlEU0A9P04, (b) LaOASEqu5PO4, and (C) LaoAgEU0A1PO4. To fit the
Xmol.Eu3+» We considered Model 1, Model 2, and approaches as dis-
cussed in the text. Lay ;Eug PO, calculated magnetic susceptibility
based on Model 3 is included in (c).

15 peaks and the one of Lay 1 Eug POy five peaks with relative
intensities different from the RDN values. A straightforward
explanation to these differences can be deduced from the simi-
lar spectra previously recorded for the La,Ce;_,PO4 monazite
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TABLE II. Effective moments at 300 K for the solid solutions (i) and for the specific Eu* magnetic cation [ (mol Eu**)~']. The
A = E; constant considering a free ion determined by fitting with Models 1 and 2 (see text).

Model 1 Model 2
Name Hetr (LB) MefiEus+ (UB) A(em™) A(em™h) C 0y fi
EuPO, 3.39 3.39 278 260 0.015 —10 0.07
La()_l()EU()_g()PO4 3.17 3.34 322 - - - -
La0‘50Eu0‘50PO4 2.32 3.28 352 - - - -
Lag g0Eug.10PO4 1.01 3.18 356 327 0.058 —10 0.09

series (with x = 0.97, 0.9, 0.84, 0.68) [15]. Indeed, instead
of having peaks with the relative intensities calculated with
Eq. (1), the authors observed (#ik)!) peaks having each the

relative intensity (p*(1 — p)"~*). Consequently, depending
upon the position of each Eu atom compared to the P atom
a different NMR signal will be obtained. Now, taking again
the LaggEuy 1 PO4 sample as an example and by considering
the P(La);(Eu)o units (k = 0), the theoretical spectrum will
be made of one signal with a relative intensity of about 48%.
This theoretical value is in good agreement with the relative
intensity of 49.7% determined experimentally for peak 5. The
main difference with the values obtained from Eq. (1) will be
indeed observed for k # 0 as it corresponds to the insertion
of paramagnetic cations in the diamagnetic matrix. Thus, by
considering now the P(La)7(Eu); units (k = 1), seven signals
are expected with relative intensities of about 5.3% each. And
it is exactly the relative intensities obtained for the experi-
mental peaks 14, 6, and 7 (peak 6 being the overlapping of
two components). Due to spatial inequivalency, 21 peaks for
the P(La)s(Eu), units should appear on the spectrum, with
relative intensities of 0.6%. Experimentally, some of these
signals can be detected, but due to the low intensities, it will
be difficult to analyze them further. Finally, the P(La)4(Eu);
units will most probably not be detected as the calculated
(RDN) relative intensity of 2% is divided over 35 peaks.

We also did a similar approach for the LagEug9POy4
spectrum. Thus, the observable signals should be: one peak
for the P(La)y(Eu); units with a relative intensity of 48% and
seven peaks for the P(La);(Eu)s units of about 5.3% each. It
is clear that part of the signal intensity corresponding to peak
1 [Fig. 2(b)] belongs to the P(La)y(Eu)7 units as it is the most
intense (77%). Unfortunately, it is here less straightforward to
attribute the seven signals to the P(La); (Eu)g units mostly be-
cause the peaks are broad and overlapping. With these results
in mind, one can easily understand the increased complexity
observed in the spectra of the other solid solutions.

2. MAS- NMR spectra of other rare-earth monazites

For the low Eu®* content, our spectrum can be compared
to the one previously published for other Lag 9L.ng ;PO4 com-
pounds (Ln = Ce [15] and Nd [14]). All the three spectra fea-
ture a similar unshifted peak with the highest relative intensity
which can easily be attributed to the P(La);(Ln)y units. How-
ever, as expected, the peak positions of the seven P(La)g(Ln),
units depend upon the nature of Ln3* cation. Indeed, four
peaks have positive frequencies for Eu** compared to the two
ones for Ce®* and to the three ones for Nd**. The other peaks

have negative shifts. A more detailed comparison between
spectra from the same composition but with a different Ln*
cation is not possible as the different peaks corresponding to
these P(La)s(Ln); units were not previously assigned. To our
knowledge, for such a high content of paramagnetic cation,
only the Laj5Ndp 75PO4 NMR spectrum has been published
[20]. However, the authors did not achieve a sufficient spectral
resolution due to the strong overlap between the main signal
and the spinning sidebands.

3. Longitudinal relaxation times

A very long T; is observed for LaPOy (1714 s, see Table I)
as expected for this diamagnetic compound [14]. Our value
differs from the one of 600 s published previously [21,83],
probably due to the presence of different small quantities
of impurity. EuPO,4 possesses a short 7; of 210 ms being
close to that of the paramagnetic GdPO,4 (460 ms) [21]. For
La,Eu;_,POs (x =0.1, 0.2, 0.8, 0.9), the T; values were
determined for peaks 1-7 (low Eu**-content) and peaks 1-5
(high Eu*-content), as these peaks could easily be differenti-
ated and possess similar shifts (Fig. 2, Table I, and Table S3).
Peak 5, attributed to the P(La);(Eu)y units, possesses accord-
ingly the longest 77 compared to the other peaks, while being
much shorter than the peak of neat LaPQy. This confirms the
presence of Eu’" in the outer coordination sphere of such P
atoms. Peaks 1 and 2 display the shortest 77, a fact which also
points toward a closer proximity to the paramagnetic cation
as Ty is proportional to r® according to the general equation
[21,27,49,84,85]:

L _ 2( 1 >2yp2ge2m€ 3,

22
1+ wpt;

S.)?
T, 5 (52)

@

4 ré

with yp being the phosphorus gyromagnetic ratio, g, the
electron g-factor, wp the Bohr magneton, r the Eu-P distance,
(S;) the thermal average of the z component of the electron
spin, 7, the electronic longitudinal relaxation time, and wp the
3TP Larmor frequency.

The shortest 77 values indicate that peaks 1 and 2 might
be, at first sight, respectively assigned to P1 and P2 for
the P(La)s(Eu); units, as they possess the shortest Eu-P
distance (Table S1). For x = 0.8, in a similar approach, the
peaks at dep ~ —5, 220, and 121 ppm might be attributed to
P(La);(Eu)y, and to P1 and P2 of P(La)g(Eu);, respectively.
We want to underline that this statement is made as a first
approximation, as peak attribution solely based on 7; is not
always true [24]. For the two highest Eu**-content samples
(x =0.1 and 0.2), all peaks possess relatively similar and
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short 77 values, precluding an assignment from considerations
on distances alone.

For the other compositions, as it was not straightforward to
fit all peaks, the spectra were divided into three regions of dexp,
the shifts ranges and 7; values being specified in Table S2.
R1 corresponds to species with shifts close to pure EuPOy,
R2 to species with ey, in between pure EuPO4 and LaPOy
and R3 to species with shifts close to pure LaPQy. T; is the
shortest for the peaks belonging to R1 and R2 peaks have
intermediate 7; values and R3 the longest 7; values. There
is a slight 7} increase with increasing La content as observed
for La,Nd;_,PO4 [21,22].

4. Temperature effects compared with Lag ¢oNd 1 POy

As previously done by Palke and Stebbins [14] for a
lanthanum-neodynium orthophosphate with very low Nd3*
content, we also performed variable temperature experiments
on the lowest Eu’*-doped sample as it presents the best
spectral resolution (Fig. S3 [61]). The peaks corresponding
to the seven P sites surrounded by one Eu®* and six La®*
cations gave the best resolution and are therefore the ones
discussed here. Peaks 1, 2, 3, 6, and 7 have their positions
affected by temperature. The range of paramagnetic shifts in
the present study is much broader than the one observed for
Lagg9Ndg 01 PO4 and all peaks are more sensitive to temper-
ature as illustrated by the sharper slopes (Fig. S4 [61]). The
peaks with the highest positive paramagnetic shifts (peaks
1 and 2) have the most important temperature variations
similarly to peaks A and B in the Lagg9Ndy PO, spec-
trum (Fig. S4). Signals with positive paramagnetic shifts will
move upfield while those with negative paramagnetic shifts
will move downfield with increasing temperatures. We do
not believe that these similarities are random and it might
thus be possible that peaks A and B in the Lagg9Ndg g1 PO4
spectrum correspond to the P1 and P2 sites, respectively.
However, our suggestion is only speculative because no 7
measurements were shown by Palke and Stebbins [14]. On the
other hand, Maron et al. [21] published 7; measurements on
a LaggoNdg.10PO4 sample, but they only provided an average
value over all peaks.

B. Prediction of the *'P paramagnetic shifts
1. Pseudocontact and contact shifts

The formula for the experimental NMR shifts of a param-
agnetic compound caused by a rare-earth center is [37,39,49]

Sexp = 84ia + Src + dpc 3
————
8p

The anisotropic part of the shift by Eu** has been analyzed
by Bleaney separately from the other rare-earth cations due to
its nonmagnetic ground state (J = 0). He considered that the
PC is only due to the anisotropy in the magnetic susceptibility,
that the ELs are nondegenerate (original Van Vleck theory)
and the excited states (J/ = 1, 2, and 3) have to be considered
[26,86].

The formula applied to calculate the §pc directly has been
derived from Bleaney’s theory and is currently the most

used [24,27,37,39,87]:

322 — 1?2 3x2 —y?
Spc = chgr—S + «/Echgr—s (4)

with C; being a constant equal to 4 for Eu’t (relative to
—100 ppm for Dy**) calculated by Golding and Pyykko [29]
for LnCl; matrices with B} = 274 cm™! at 300 K [37,39]. C;
includes the excited states and the temperature dependency
and is commonly applied for the Ln3* series giving already
successful results to calculate the Spc [37,39,85]. We will
denote this approach as Golding and Pyykko approach (GPA)
in the following discussion.

Another formula has been determined by Bleaney [26] in
its original theory and allows, to calculate the PC shieldings.
The following equation for the PC with temperature depen-
dency is [26]

&)

opc =L F”[ﬂ}_

14 3e~

The L constant is proportional to r— (r being the Eu-P
radial distance) and to the J = 1, 2, 3 nondegenerate mul-
tiplets; F” is a constant which depends on the radial angle
0, the polar angle ¢, and the crystal field parameters Bg
and B3; f(T) is a temperature dependent function which
includes the nondegenerated excited levels; finally x = kf—‘T
(where E) is the energy of the first excited state J =1 in
J, kg the Boltzmann constant in JK~! and T in K) is the
classical Boltzmann distribution. All these terms are compiled
in Table III. We will denote this approach as the Bleaney
theory (BT) in the following discussion. By comparing the
two formulas to retrieve dpc and the opc, one can notice that
for the shielding calculations all the parameters can be set
and the use of a pre-calculated C; constant—with CFP which
might not correspond to our compound—is not necessary.

The isotropic part of the contact shift for a free ion
has been calculated by some authors using the formula
[23,30,37,39,88,89]:

Aiso g (S2)

x 100, (6)
I 3yp kgT

dpc =

where Ajy//f is the electron-nucleus transferred hyperfine
coupling constant (in Hz, Ajs, in J and 7 the inverse of the
Planck constant in Js), (S;) is the reduced value of the aver-
age spin polarization (no unit), yp is the gyromagnetic ratio
of the observed nucleus 3'P (Hz T '), ug T~ or Am?), ks
is the Boltzmann constant, and 7 in K. However, more recent
works [31-33] have shown that the g factor is missing from
Eq. (7) and the correct expression is the following:

us (Sz) 6
Spc = t 10°, 7
FC 376 kT r[gay] x @)

with g the g-tensor and ay is the hyperfine coupling tensor of
the probe nucleus. The value of the g-tensor is obtained from
g =g+ Ag with g, = 2.0023 [63].

As the empirical formulas for both the PC and FC shifts in-
clude temperature dependence, the variation of peaks position
with increasing temperatures can now be understood.
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TABLE II. The terms C, F” and f(T) are used to calculate the opc based on the original Bleaney’s theory [26] as discussed in the text.
g is the Bohr’s magneton (in J T-1), o the permeability in vacuum (in TmA™"), r—3 the Eu-P distance (in A), E,, E,, and E; the energies
of the J = 1, 2, and 3 nondegenerate energy levels (in J), BS and BY the CF parameters (in J), and o, the screening coefficient equal to 0.52

[90,91].

L F” S(T)
4G 2E B9 B . ) £ 52
Effmg (1+ Ez‘) [2 x ﬁ(3eos29 -+ 2ﬁ(sm290052<p)] {(1+2EL2‘) Hi+ e 2<E2JEI)2
3E2
- <Ez—El><lEg—El>

+x(1+ %) + 2x%}

C. Energy levels and crystal field parameters

It is clear from the previous part that in order to predict the
dpc, prior knowledge of the energy levels and CFP is required.
To do so, we determined the energy levels a) by fitting the
experimental o gu3+ curves using the free ion approach and
b) with theoretical calculations performed for Lag 9gEug PO4.

1. The low-temperature upturn

This type of upturn was observed in several other Eu®*-
based materials [78,92-96]. While some authors attributed it
to the presence of Eu>* impurities [78], others excluded this
+2 oxidation state. Indeed, by combining magnetic suscepti-
bility measurements with '>'Eu Massbauer spectroscopy, no
Eu?* signal could be detected [92,97-99] while its contribu-
tion is usually easily detected [80,100,101].

XPS is also very powerful to discriminate between these
two oxidation states [102—104], as it is a high-sensitive surface
technique facilitating a detection down to one atomic percent.
Thus the LagEug9PO4 sample has been characterized by
XPS as it contains the highest Eu content. The spectra are
presented in Fig. S7 [61]. First the Eu-44 line was considered.
The 4d photoemission lines of Eu?* appear at about 9.3 eV
lower binding energy (BE) than the lines of Eu** for several
binary compounds (Eu-O, Eu-F) [103]. The received sample
does not show any intensity that could be attributed to Eu>*.
The peak at 132.2-eV BE, attributed to P-2p, is separated

J

by 3 eV from the Euyys;, line. To completely exclude its
possible assignment to Eu?t (4d-5/2), we exposed the surface
to atomic oxygen at room temperature—which would oxidize
surface Eu?t to Eu?t. There was no spectral modification,
which is consistent with the P-2p nature of this peak or the
exclusive presence of Eu?* in the sample. Finally, the Eu-3d
spectrum shows the presence of the Eu™-3d peaks and the
absence of Eu?T-3d (which would also appear shifted to
9 eV lower BE than the Eu®* peaks). The present analysis
clearly excludes the Eu’>* cation as the cause of this low-
temperature upturn on the magnetic susceptibility curves. It
is worth mentioning that it is difficult to obtain neat Eu** and
that as other rare-earth ions might be also present, they can be
the cause of this low-temperature upturn. Another hypothesis
to this low-temperature upturn, which is more important for
the LaggEuy PO, sample, would be a slight effect of the
diamagnetic contribution as observed for LaPOj,.

2. Fitting with the free Eu** ion model

Due to its electronic configuration, Eu** possesses a dia-
magnetic ground state, and it is the mixing with the excited
states which leads to the peculiar Van Vleck paramagnetism
[81,82,105,106]. In the case of a free Eu’t ion, all the energy
levels are nondegenerate and the magnetic susceptibility can
be fitted using a pure VV interaction following the equation
[78]:

(i (o) sen( ) (%) sen (1) ()
+13exp (—%)) x (24 + (13.5(%) = 1.5) exp (-%) + (67.5(%) - 2,5) exp (f%)
+<189<%> - 3-5) exp (—6%) + (405(%) - 4.5) exp (—%) + <742.5<%) - 5.5) exp <_15T)‘>
+(1228.5<%) - 6.5) exp (_ZITA))/(@M(B) 101)) ©

In this approach (called thereafter model 1), the only
variable is the A parameter which corresponds to the energy
of the first excited state (E;). E) is related to the other energy
levels as shown in the diagram in Fig. S8 [61]. The best
fit parameters of A [Fig. 3(b)] are reported in Table II. The
susceptibility curves were fitted limiting the space to the

(

lowest three multiplets (J/ = 0, 1, 2), since the inclusion of
further excited states did not improve the quality significantly.
Similarly, releasing the constraint between the energy levels
(Ey = 3E, = 6F3) did not improve the fits. While model 1
properly describes the low-temperature VV constant behavior
important for setting the energy level values, it does not
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reproduce the very low-temperature upturn previously dis-
cussed. Therefore the curves were also fitted using model
2 which includes the upturn in the fit by adding a scaled
Curie-Weiss law to the Van Vleck paramagnetism formula
(VVCW) using the following equation:

Xvvew = fiL + (1 = fi)xvv ©)

T-90,
with f; being the percentage of paramagnetic impurities lead-
ing to a CW behavior, C the Curie-Weiss constant, and 6,
the Weiss temperature. Some authors proceeded similarly to
fit their curves [92]. There is now a better fit of the global
magnetic susceptibility curves, especially for LaggEug PO4.

3. Theoretical calculations for the Lay ¢Euy PO, sample

Using the following approach, denoted thereafter as Model
3, it was possible to determine both the energy levels and the
CFP (B}, A]). As such crystal field calculations are limited
to a magnetic center completely isolated from other magnetic
ions, we focused on the sample with the lowest Eu-content.
The full set of CFP has been determined using the REC [56]
model in the SIMPRE computational package [55]. As the en-
ergy level fitting in the SIMPRE code is limited to the ground
J multiplet being J =0 for Eu’*, we took advantage of
the spectroscopic energy levels reported for the isostructural
NdPOy derivative [107] [J(Nd*t) = 9/2]. This allowed us to
obtain the REC parameters that model the crystal field effect

J

of the phosphonate ligands (D, = 0.749 A and Z; = 0.371).
Then, we applied them to the experimental coordinates of
LaggEug POy in order to calculate the 27 CFP using the
following expressions:

AO N 4 N Z,-ez 9 1
T ; IFZko( is ©i)Pkgs (10)
N
4 Z;é*
q __ ! O
A= ; R§+,qu<9,, ©Pkg (g >0), (11
N
4 Z:e*
Al = w1 Z Wzkm(eis ©i)Priq (g < 0), (12)

i=1

where R;, 6;, and ¢; are the effective polar coordinates of the
point charges; Z; is the effective point charge, associated to
the ith donor atom with the lanthanide at the origin; N is
the number of ligands; e is the electron charge; pyq are the
prefactors of the spherical harmonics and Zyq are the tesseral
harmonics expressed in terms of the polar coordinates for the
ith donor atom. The full set of EL and CFP are given in Tables
S4 and S5 [61].

In order to obtain the energy levels and the magnetic
susceptibility curve of the system, the calculated CFP were
introduced into the CONDON package that uses the following
full Hamiltonian:

N 2 N o2 N
Hran =) |:—2—meVi2 + V(h‘)} + P + )&l -5
i=1 i>j ! i>j
. J J
HO Hee ﬂSO

N k

N
+ 303 Y BIC G + (1G] + B (GG — (= 1ICHO) )+ Y ms(kT + g8) B, (13)

i=1 k=2,4,6 g=1

i>j

Hcr

where H, represents the energy in the central field approxi-
mation (which is neglected), ﬂee the interelectronic repulsion,
Hcp the crystal field with C,f the spherical tensors, H,, the
spin-orbit coupling, and ﬁmag the Zeeman effect of an external
magnetic field B. The calculated magnetic susceptibility is
finally plotted with the experimental one in Fig. 3(c) showing
how well such an approach is able to reproduce the experi-
mental data. With model 3, the values of the degenerate EL (J
up to 4) can now be determined, which was not possible with
the free ion approach.

The Bg and B%, which are of interest for the dpc calcula-
tions, are also compared with the experimentally determined
ones for an LaPO4 matrix doped with low Eu®*-content
and the ones determined by Antic-Fidancev et al. [107]
(see Table IV). The agreement is remarkable considering
that the previous works assumed an axial C;, symmetry
around the Eut cation (this approximation often done for
other rare earths [108,109]) while we used experimental
coordinates.

Hmag

4. Comparison of the energy levels

As the energy level values determined with the free ion
approach (Models 1 and 2) are expressed in kelvin in the
CGS system of unit (magnetic susceptibility being expressed
in emumol~") [78], they have been converted in cm™' as it
is the unit which is employed most of the time (the SI unit
being the Joules). Independently of the model considered,
using the free ion approach, the values are in good agreement
with the "F; EL equal to 379cm™' for the free Eu®" ion

TABLE IV. Calculated crystal field parameters.

BY (cm™!) B3 (cm™")
Lag 9Eug 1 PO, (this work) —623 71
1% — 5%-Eu* LaPO, —649 (23) 129 (13)
(Antic-Fidancev [107])
EuPOy [110] —707 (9) —62 (4)

054412-9



LAURA MARTEL et al.

PHYSICAL REVIEW B 100, 054412 (2019)

[81]. The A values (Table II) between models 1 and 2 are not
very different (~ 30 cm~!) meaning that both approaches are
equivalent in describing the EL. While a better fit is obtained
with Model 2, the physics behind the constants C and 6, can
be questioned. Indeed, the meaning of the Curie constant,
which is characteristic of the effective magnetic moment,
gives incoherent values (Table II) in the way that, effective
moments equal to 0.1 and 0.2 can be calculated for EuPO, and
LaggEug POy, respectively. These peculiar values exclude
the presence of Eu?* cations as an impurity (tegr = 7.94 up)
and might be attributed to a mixing of several rare-earth
paramagnetic cations. Also, the percentage of paramagnetic
impurity leading to this upturn is very small (Table II). Over-
all, considering Model 1 or 2, there is an increase of the EL
values with increasing La content. To compare this evolution
with the one obtained theoretically, we have to suppose that
the energy levels are also nondegenerate (average value of
the three calculated Mg levels for J = 1). Accordingly, for
the low Eu®t content, ’F; = 391.2cm™" was determined. For
EuPOy, calculations of the EL were previously done [76]
(Table S4) and a ’F; = 371 cm~! was deduced. These higher
theoretical values compared to those determined using the free
ion approach are not surprising as the full Hamiltonian is now
considered. Overall, there is always a decrease of the EL with
increasing Eu** content independently from the model used.

D. Calculations of the EPR parameters using cluster models

In these calculations, we modelled the Eu’t dilution in a
diamagnetic matrix, i.e., the effect of a single Eu?t ion on
the NMR shift of 3'P. To predict the 8pc [Egs. (7) and (8)],
we need Ajs, or tr[gay]. They can be determined by DFT
calculations on an appropriate model structure containing one
P atom surrounded by six La** cations and one paramagnetic
center. Unfortunately, due to its nonmagnetic ground state,
the calculation of EPR parameters using DFT calculations for
the Eu?t cation is not straightforward. However, a team of
researchers [37-39] overcame this drawback by substituting
this 4% cation by Gd** (4f7). They multiplied the obtained
Ajso values by a factor of 0.34 and succeeded in predicting the
paramagnetic shifts. Luckily in our case, the La,Gd;_,PO4
[21,111] system still belongs to the monazite series and thus
this approach can be used.

Hence, we relaxed the LaPOy crystalline structure using
the QUANTUM ESPRESSO software (details in the Experimental
Part). Then, the full structure was approximated by clus-
ter models. Recent results [112,113] on 3d-element-based
materials (Mn, Fe, Co, Ni) showed that the paramagnetic
shifts were similarly well reproduced using the cluster model
approach as by solid-state calculations. To render the local
environment effects on the EPR parameters, we considered
two cluster models presented in Fig. 4.

In the C1 model structure with the molecular formula
of P;LagGd;O,5H,; the P atom is in the center surrounded
by four O atoms as the first coordination sphere. Seven Ln
(Ln = La, Gd) atoms form the second coordination sphere.
The fixed coordinates of these atoms correspond to the APO
structure. The outer coordination sites of the Ln atoms (third
coordination sphere) are terminated by relaxed OH groups.
The cluster has a charge of —3 e. In this model the surrounding

FIG. 4. Model structures used for the calculations of the
isotropic hyperfine coupling constants: (a) the P;Gd;LasO,s5Hy;
cluster C1 (considering here P2 as the central atom) and (b) the
Gd,P;La;;O4Hy; cluster C2. The following color code is used: La
atoms are in green, P atoms in orange, Gd atoms are in pink, H atoms
are in white, and O atoms in red. In the insert, the local environment
around the P atom is presented.

of the central P atom corresponds to that in the crystal,
therefore it is described very well. The description of the
Ln atoms in the second coordination sphere, however, may
somewhat suffer from the replacement of the crystal O atoms
by relaxed OH groups. In order to account for the seven
magnetically different environments; seven C1 clusters were
implemented substituting each time a different La’* atom
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TABLE V. Isotropic hyperfine coupling constants (A;s /%, MHz)
and shifts due to the Fermi contact interaction (8gc, ppm) calculated
based on the P] La(,Gd| 025H21 (Cl) and Gd] P7La] 1 O4()H] 1 (C2) clus-
ters. As suggested previously [37-39], the Ay, /i values determined
from the Gd** clusters were scaled by a factor of 0.34 in order to
predict the ones expected for an Eu** cluster.

Psite Ao/l Orci (C1)  Aio/h Spc2 (C2) tr[gay]  Orc3 (C2)
P1 0.177 73.4 0.166 69.1 0.599 2488
P2 0.129 53.8 0.107 44.6 0.382 158.7
P3 0.061 25.3 0.043 18.0 0.173 71.9
P4 0.017 7.2 0.016 6.5 0.060 25.0
P5 —0.012 —4.97 -0.016 —6.7 —0.059 =245
P6 -0.015 —-6.2 —0.003 —1.1 —0.001 -0.5
P7 -0.041 -169 —-0.017 -7.1 —-0.059 247

by a Gd3* atom. The calculated Aj, /% values are given in
Table V. For P1 and P2, possessing the highest Ais,// values,
we tested the larger QZ4P-J basis set in order to see how it
influences this parameter. Very similar values of 0.170 and
0.123 MHz, respectively, were obtained. This shows that, in
the present case, the TZ2P-J basis set is good enough for this
parameter.

To better describe the local environment around the Gd
atom, we implemented the cluster C2 model with the molec-
ular formula of Gd,P;La;;O4H;;. It contains a Gd*t atom
in the center surrounded by seven PO, groups as the first
coordination sphere. The second coordination sphere consists
of eleven La atoms. The fixed coordinates of these atoms
correspond to the APO structure. The outer coordination sites
of the La atoms are terminated by relaxed OH groups. The
cluster has a charge of 0 e. In this model, the surrounding
of the central Gd atom corresponds to that in the crystal,
therefore it is described very well. The description of the P
atoms in the second coordination sphere should be also very
good, because they are surrounded with O atoms and at a
further distance by the closest La atoms, exactly as in the
crystal structure. On the other hand, the description of the
outer La atoms may somewhat suffer from the replacement
of the crystal O atoms by relaxed OH groups. Due to the
better description of Gd and the P atoms, the C2 model should
be superior to C1. Using this C2 model, the Ajy,//i values
of the seven P sites could conveniently be obtained in one
calculation (Table V). One can observe that the two sets of
Aiso/h values from the C1 and C2 model structures are quite
similar except for P6 and P7.

In addition, using the C2 model, we calculated also the
ay and g tensors and from them evaluated the g-factor by
matrix operations. The obtained value of 1.236 is much lower
than the experimental g-factor of 1.995 [111]. We therefore do
expect that this approach will lead to important uncertainties.

E. Nature and prediction of the 3'P paramagnetic shifts
1. The LnPQy series (Ln = La, Ce, Pr, Nd, Sm, and Eu)

In order to understand the origin of the paramagnetic shift
in BEuPOy, we considered the 3'P dexp for the given series as
was previously done for other crystalline phases [20,50,52].
Thus the ¢y, data recorded at 31.25 kHz by Bregiroux et al.
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FIG. 5. Variation of the *'P dexp Obtained by Bregiroux et al.
[19] at 31.25 kHz against the average electron spin polarization
(S;) determined by Golding and Halton [30] for the LnPO, (Ln =
La — Eu) series. The dashed line is a linear correlation with an
adjusted coefficient of 0.95.

[19] were plotted against the average electron spin polariza-
tion (S,) values calculated by Golding and Halton [30] in
Fig. 5. A good linear correlation is observed through the series
suggesting a constant Ay, in contrast to previous results [20].
As the dexp data were determined from static conditions [20],
this difference might be linked with higher uncertainties on
the NMR shifts in such conditions. This linear relation also
shows that the Fermi contact interaction is the dominant one.
Furthermore, by plotting the 8¢y, against the C; parameters
calculated by Golding and Pyykko [29], we can attribute the
variation of the paramagnetic shifts to the PC interaction.
Here, as shown in Fig. S9 [61], we did not obtain a linear
correlation, excluding any significant role of this interaction
in the variation of the shifts.

2. Lao.l Ell0.9PO4

The 8pc; and ope; data were calculated for this rich Eu’t-
doped solid solution using the CFP previously determined
in pure EuPO, [110] and the energy levels published by
Bronova et al. [76]. The atomic coordinates required for the
calculations [Eq. (5), Eq. (6), and Table III) are those from
EuPOy. The calculated values are presented in Table VI. As
expected, the opc; and the dpc; values possess opposite signs.
As the same interaction acts for the shielding and the shift,
we considered that a linear relation exists between these two
parameters following the equation §pcy = a.opc; (with a as
the scaling factor). This rescaling was previously applied by
Bleaney ef al. [86] and gave good results. The two approaches
provided similar pseudocontact shift values (§pc; and dpca, cf.
Table VI). It is interesting to notice that the §pc values (with
similar signs) determined for the different P sites have very
close values. This might be a good explanation for the fewer
signals (due to overlapping) in this rich Eu**-doped sample.
However, these empirically calculated shifts are very different
from the experimental §,(exp) ones. It is clear that, for this
sample, the PC interaction is not the only one responsible for
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TABLE VI. Calculated pseudocontact shieldings, opc (in ppm), and pseudocontact shifts §pc (in ppm) determined with the CFP and EL
from the present study (PS), from Antic-Fidancev et al. [107] (AF), and independently by Chen [110] ef al. and Bronova et al. [76] (CB). The
Bleaney theory (BT) or Golding and Pyykko approach (GPA) were used for their prediction.

Lag,1Eug POy

LaggEug POy

dpci, GPA opct, BT dpca, BT dpc3, GPA opc2, BT dpcs, BT
CB PS AF PS AF PS AF
P1 92.1 —476.9 85.9 53.2 39.3 —388.7 —363.9 64.2 62.1
P2 87.3 —4559 82.1 48.1 355 —-3519 —329.3 58.1 56.2
P3 453 —309.3 55.7 70.8 84.1 —373.7 —412.0 61.7 70.4
P4 —45.8 253.8 —45.7 —12.6 -94 91.2 85.6 —-15.0 —14.6
P5 —48.8 295.7 —53.3 —74.6 —77.8 442.5 458.6 —73.0 —78.3
P6 35.1 —244.2 44 50.6 60.6 —264.2 —292.8 43.6 50.0
P7 —48.3 271.2 —48.9 -274 —26.8 170.8 172.7 —28.2 —29.5

the experimental shifts and that FC, which is the dominant
interaction in EuPQy, contributes probably in a substantial
degree. This may also be the source of the different behavior:
the calculated dpc values change sign for some P sites while
all the experimental peaks with relative intensities >>4% have
positive §,(exp) shifts. Unfortunately, it was not possible to
predict the FC interaction by determining the A;y, using an
appropriate model structure for Lag Eug9POy, as our DFT
calculations failed for structures containing more than one Ln
with unpaired electrons.

3. L30_9E110_1PO4

Based on Egs. (5)—(8), we attempted to attribute the dif-
ferent signals of the P(La)¢(Eu); units by calculating theoret-
ically the paramagnetic shifts and comparing them with the
experimental paramagnetic shifts, §, (exp). In order to obtain
3,(exp), we subtracted the diamagnetic contribution (d4;,, the
shift corresponding to the P(La); units, i.e., the unshifted peak
at —4.5 ppm) from the experimental shifts, 8cxp, following the
equation 8,(exp) = Sexp — Ogia [14,37,39,44,114] (Table I).
Then, to calculate empirically the pseudocontact shift based
on the Golding and Pyykko approach, Spcz [Eq. (5)], and
the paramagnetic shielding based on Bleaney’s theory, opc:
[Eq. (6)], we used the theoretical CFP and EL values evaluated
in the present study (PS) and compared the results with those
previously published by Antic-Fidancev (AF) et al. [107].
Like §, (exp), four P sites have positive calculated dpc3/opca
values (Table VI) and three others have opposite signs. By
comparing dpc3 determined using the two sets of CFP and EL
(Table VI, Fig. S10(a) [61]), one can notice a difference of
~20%—25% (in relative intensity) for P1, P2, P3, P4, and P6;
while for the opc; this difference is less significant reaching
max. ~11% for P6. As previously described, the opcy data
have been rescaled based on épc3 (similarly to reference 83) to
obtain the dpcy values. Very close scaling factors of —6.04 and
—5.85 were determined using the CFP and EL data from the
PS and AF works, respectively. As the pseudocontact shifts
determined with the CFP and EL from the present study give
more coherent results, we will focus our discussion on these
values. Both approaches (i.e., BT and GPA), give differences
up to ~17%, the minimum differences obtained for P5 (2%)
and P7 (~3%) [Fig. S10(b)].

As the FC interaction is missing from these calculations,
the theoretical FC shifts, pc, were separately calculated tak-
ing advantage of the “dilution” of a paramagnetic cation in a
diamagnetic matrix. To do so, the reduced value of the average
spin polarization parameter (S;) needs to be determined, as
expressed by Egs. (7) and (8). Then, assuming a Boltzmann
distribution, this parameter can be obtained using the follow-
ing equation [115]:

_ > (80,21 + Dexp[—E;J(J + 1)/2kT]

(52 = >, 7+ l)yexp[—E;J(J + 1)/2kT] (14)

and

(2T /E;)(8 — ¥ ) (g —2)
2-v)

e—vg/UJ+1)
S.), =
(S2); a—7)

with E; being the energy level of the J states. Also, similarly
to Pinkerton et al. [115], we set g the Landé g factor to 4.4,
the y orbital reduction factor to 1, while the & Boltzmann
constant is equal to 0.695cm ™! /K. A (S.) value of 10.56 has
been determined at 334 K (the temperature corresponding to
the experimental conditions). This value is really close to the
(S;) = 10.68 value, determined previously by Golding and
Pyykko [29].

Using the two sets of Ajs, values and the tr[gay] prod-
uct obtained in our cluster model calculations (vide supra),
three sets of paramagnetic shifts due to the Fermi Contact
interaction were determined (Table V). By comparing Spc
determined using Cluster 1 (§pc;) to those from Cluster 2
(8rc2), large differences were obtained for P6 (~|82|%) and
P7 (~|58|%), originating from the largely different A;,, values.
It is also noteworthy that, both Fermi contact shifts are of
highest importance for P1 and P2, which possess the shortest
distances to the paramagnetic center. This observation seems
to comfort the previous statement based on 7. As expected,
Srcs present different and larger values of shifts than both 6g¢
and 3]:(:2.

Finally, in Table VII, the theoretical paramagnetic shift
values are shown as determined by summing the pseudocon-
tact shifts (pc3 and Spcy in Table VI) with the Fermi contact
shifts (8pc1, Opca, and Sgc3 in Table V). The experimental
and theoretical paramagnetic shifts are compared in Fig. 6.
We first compare 8, with §,, 8,3 with §,4 and, 5,5 with
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TABLE VII. Theoretically calculated paramagnetic shifts &,,.

P site 8p1 = 81 + Spcs 82 = k1 + Spca 8p3 = 8rca + dpc3 8ps = Srca + Spca 8ps = Orc3 + Opcs 8p6 = 3 + Spca
Pl 136.7 125.8 133.2 122.3 313.0 302.0
P2 111.2 101.3 102.6 92.7 216.8 206.8
P3 86.7 95.8 79.7 88.8 133.56 142.7
P4 -7.9 —54 —8.5 —6.0 99 12.4
P5 —77.9 —79.5 —79.8 —81.4 —-97.6 —99.2
P6 37.4 44 .4 42.5 49.4 43.1 50.0
P7 —44.9 —44.1 —35.3 —34.5 —-52.9 —52.1

8p6(Fig. S11(a) [61]) to render the effect of replacing pc3
with 8pcy. For most P sites, there are only small differences
(up to ~20%) between the two paramagnetic shifts except
for P4 (up to ~40%) probably because for this site there is
a small theoretical paramagnetic shift value. Next, by fixing
the PC shifts and changing the FC approach based on Eq. (7),
one can note that the type of cluster model influences the
paramagnetic shifts only moderately with differences up to
~30% for P7 [Fig. S11(b)]. Also, independent from the type
of cluster model used, the theoretical paramagnetic shifts
values (considering érc; and Spcp) are underestimated with
respect to the experimental ones for P1, P2, and P4, while they
are overestimated for the other P sites. At last, by using Eq. (8)
to calculate dgc3 (Fig. 6), there is an overall overestimation
with respect to the experimental paramagnetic shifts values.
This observation is not surprising, as the g-tensor might not
be very well predicted underlining the rough approximation
character of substituting Eu** to Gd**. Yet, there is a similar
trend in the shifts based on the experiment and the two other
theoretical approaches. This implies that it may still be a
helpful approach for helping in the assignment of the different
sites in a solid sample based on the overall trend.

Thus, we note that compared to the most recent works
on calculated paramagnetic shifts for solid-state materials
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FIG. 6. Comparison between the experimental [5,(exp)] and the-
oretical paramagnetic shifts (5,) determined using Eq. (3). The peak
numbers refer to §,(exp). The theoretical paramagnetic shifts are
obtained by summing the pseudocontact shifts determined using the
Golding and Pyykko Approach (dpc3) or the Bleaney Theory (Spcs)
with the Fermi contact shifts (FC) determined using clusterl (8gcy),
cluster 2 (8gc2), or by including the g-tensor approach (8gc3). More
details are given in Table VII.

(mostly on 3d metals) using state-of-the-art DFT methods
[112,113], the agreement between the present experimental
and theoretical shifts is still very good. Moreover, whatever
methods used, we obtained a clear trend allowing us to assign
the NMR peaks unambiguously. Considering the numerous
approximations needed because of the specific ground state
of Eu** (namely, using Nd** to calculate CFP and EL, the
cluster models and Gd3* substituted to Eut), it is quite en-
couraging to observe such trends and to achieve the distinction
and attribution of each P(La)g(Eu); unit.

V. CONCLUSION

We have recorded *'P MAS NMR spectra and magnetic
susceptibility curves for a series of La,Eu;_,POy solid solu-
tions. The spectra of the Eu-containing samples are complex
due to the paramagnetic character of Eu**: instead of a single
peak expected from the unique crystallographic P site, several
signals attributed to magnetically inequivalent P sites were
detected. For the spectrum of Lag 9Eug 1 POy, for example, we
identified (i) one peak belonging to the P(La)7 units, (ii) seven
peaks with equivalent intensities for the P(La)s(Eu); units,
and (iii) remaining intensities corresponding to the twenty one
peaks belonging to the P(La)s(Eu); units.

‘We measured the 7; relaxation time over the whole range of
composition. The obtained faster longitudinal relaxation upon
increase of the paramagnetic cation concentration facilitated
the attribution of peaks 1 and 2 to the P1 and P2 sites,
respectively, in the Lay gEug PO4 and Lag gEug PO, spectra.

We were also able to better understand the magnetic prop-
erties by recording magnetic susceptibility curves for LaPOy,
La()_gEll()_1PO4, La().5EU.0.5PO4, and La()_lEll()_QPO4 and com-
paring them to the one previously published for EuPO,. We
observed the Van Vleck behavior for all the composition
having paramagnetic Eu’* cations. LaPO, displays a dia-
magnetic behavior. By fitting empirically the xmol.gu3+ Using
the free ion model, we extracted the nondegenerate energy
levels. Furthermore, for LaggEuy POy, it was possible to
fit theoretically the curve and predict the energy levels and
crystal field parameters. Overall, there was a decrease of the
EL values with increasing La** content.

The so-obtained energy levels and CFP allowed us to
predict the pseudocontact shifts for both Lag ;EugoPO, and
Lagg9Eu1PO4 using the BT and GPA methods for the
P(La)s(Eu); units. We found that the use of the C; con-
stant gave dpc more dependents on the energy levels and
crystal field parameters. These calculations confirmed that
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this interaction plays an important role in the shifts, but the
FC interaction has also to be considered. The Fermi contact
shifts for a P atom surrounded by one paramagnetic cation
were evaluated from theoretical EPR parameters obtained by
DFT calculations. The diamagnetic electronic ground state
of Eu** was circumvented substituting Eu’* by the Gd3*
ion. Nonetheless, as expected, some differences have been
observed between experimental and theoretical shifts due to
these approximations. Thanks to a similar trend in the shifts, it
has yet been possible to assign each signal of the P(La)g(Eu),;
units, and on its basis to achieve the interpretation of the
LaggEug PO, spectrum.

As these crystalline phases are also considered as matrices
for radioactive materials, we plan to use the same approach on
similar matrices doped with actinide cations.
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