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Low-temperature electron paramagnetic resonance measurements are performed on single crystals
of LiY1-,Gd,F4 with weak x = 0.005 and moderate = = 0.05 concentration of Gd ions. Modeling
of the experimental spectra allows us to precisely determine microscopic parameters of the spin
Hamiltonian of the parent LiGdF4 material, including the nearest-neighbor exchange constant. The
obtained parameters are further tested by comparing a strongly anisotropic Curie-Weiss tempera-
ture obtained for LiGdF4 in our static magnetization measurements with theoretically computed
values. We find a fine balance between principal magnetic interactions in LiGdF4, which results in
a hidden magnetic frustration presumably leading to a delayed magnetic ordering and an enhanced

magnetocaloric effect at low temperatures.

Introduction. Lithium rare-earth fluorides LiIREF, is
a family of magnetic materials with dominant dipolar in-
teractions. However, their magnetic behavior, including
the type of magnetic ordering, is significantly influenced
by single-ion properties of magnetic rear-earth ions. For
the case of a strong easy-axis (Ising-type) anisotropy of
Ho>* ions in LiHoF 4 the dipolar interaction stabilizes fer-
romagnetic structure with the temperature of magnetic
ordering T = 1.53 K approximately corresponding to
the dipolar field strength [1]. Critical properties of this
material in an applied field H | ¢ were extensively stud-
ied from the point of view of a realization of a paradig-
matic transverse-field Ising model E—B] For erbium com-
pound, magnetic moments of Er®t ions exhibit a strong
planar anisotropy and the magnetic ordering is antifer-
romagnetic with significantly lower transition tempera-
ture Ty = 0.38 K [6]. This system was recently studied
in more detail including the magnetic structure and the
critical behavior under applied field ﬂﬂ] The enhanced
role of fluctuations due to the intrinsic frustration of the
long-range dipolar interaction in this geometry was sug-
gested.

The most isotropic material in this family is LiGdF4
with Gd®* ions in the s-state with the spin-only angular
momentum S = 7/2. This material was recently rec-
ognized as an excellent refrigerant material for the low-
temperature magnetic cooling ﬂE] Despite its popularity
for the refrigeration applications , there is an ap-
parent lack of knowledge on its basic magnetic properties.
In particular, no magnetic ordering was observed so far
down to temperatures 0.3-0.4 K B, , ] The delayed
magnetic ordering can presumably originate from a fine
balance of dipolar and exchange interactions taking into
account a relatively weak (compared to the other two
above mentioned systems) single-ion anisotropy. Analo-
gously to magnets with frustrated exchange interaction

(sce e.g. [13] and references therein), this balance may
be a prerequisite for the presence of a number of ex-
otic magnetic phases and peculiar phase transitions un-
der applied field. In combination with a relatively high
density of magnetic ions with nearly degenerate eightfold
eigenstate (about 1.34-10%2/cm?), comparable to those in
other Gd-based magnetically frustrated compounds (e.g.
1.26 - 10?2 /em? for GdzGasO12 and 1.52 - 102 /cm?® for
GdsTizO7) the delayed magnetic ordering also provides a
unique opportunity for practical applications in the field
of magnetic refrigeration at ultra-low temperatures ﬂﬂ]

This work is aimed at precise determination of the
spin-Hamiltonian parameters of LiGdF, by experimen-
tal study and modeling of electron paramagnetic reso-
nance (EPR) spectra of the isostructural nonmagnetic
yttrium compound with small and moderate concentra-
tion of Gd-ions (LiY1_xGdxF4 with 2 = 0.005 and 0.05).
The obtained values of parameters are shown to describe
well the anisotropy of a Curie-Weiss temperature (CWT)
observed in our static magnetization measurements for a
concentrated LiGdF4 compound.

Crystal structure and growth: The compounds of
LiREF, family (RE is a trivalent rare-earth ion) have
Scheelite-type structure with the space group I4/a
(CS,,) and the local symmetry Sy on each RE-site. The
tetragonal unit cell shown in Fig. [ (left panel) con-
tains four formula units. It has the following parame-
ters: a = 5.219 and ¢ = 10.97 A for the Gd compound
and @ = 5.175 and ¢ = 10.74 A for the isostructural
yttrium-based compound ﬂﬁ] The corresponding Bra-
vais lattice is a body-centered tetragonal lattice with a
primitive unit cell consisting of two RE-ions. Each ion in
a RE-site is surrounded by four nearest neighbors (NN)
located at a distance ryn = /(a/2)% + (¢/4)2 ~ 3.79 A
and four next-nearest neighbors (NNN) in an (ab)-plane
at a distance rnnn = a (see Fig. [I left panel).
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Figure 1. Fig. [ (Left panel): The tetragonal unit cell of
LiREF4 compounds (only RE-sites are shown), hatched cir-
cles correspond to four nearest neighbors forming the tetra-
hedron (dashed lines) around the central (black) site. (Right
panel): Temperature dependence of the inverse molar suscep-
tibility of LiGdF4 measured in a field applied along a- and
c-axis (symbols O and [ respectively). Linear fits to high-
temperature (above 6 K) parts of the data with the parame-
ters quoted in the text, are shown by solid lines.

All single-crystal samples studied in this work were
grown using a standard Bridgman-Stockbarger tech-
nique. The directions of crystal axes were precisely de-
termined by X-ray Laue diffraction patterns.

Static magnetic susceptibility: ~ Magnetization of
LiGdF, was measured using the Quantum Design PPMS
Vibrating Sample Magnetometer. The sample was cut
from the parent single crystal in a shape of a thin plate
16.8 mg by mass containing the ac crystal plane. A
weak magnetic field H has been applied along the two
principal crystal axes, ¢ and a, within the sample plane
to exclude the demagnetization corrections. The tem-
perature of the experiment varied from 2 to 10 K with
the data obtained on cooling and heating being indis-
tinguishable. The experimental data are presented in
Fig. [ (right panel) showing the inverse magnetization
to field ratio vs temperature. Linear fits to the data
above 6 K according to the paramagnetic Curie-Weiss
law M = (g,uB)QS(S—I—l)H/[?)kB (T—ocw)] (,UB is a Bohr
magneton, kp is a Boltzmann constant, Ocyy is a Curie-
Weiss temperature) shown by solid lines allowed us to
determine both the corresponding g-factors and CWTs
for both field directions: g* = 1.99(1), ¢¢ = 2.00(1),

“w = —1.33(5) K and 6%y, = —0.08(5) K. An unusu-
ally large relative anisotropy of the CWT provides an-
other evidence for a quite atypical compensation of all
substantial interactions in the system, once again chal-
lenging for precise determination of microscopic spin-
Hamiltonian parameters.

Single-ion EPR: In the following we describe the pro-
cedure of the exact determination of spin-Hamiltonian
parameters in LiGdF, based on experimental study and
modeling of EPR-spectra in LiY;_GdF4 single crys-
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Figure 2. Fig. Resonance absorption spectra in

LiY1-xGdxF4 samples (x = 0.005 — thin lines, = = 0.05 —
bold lines) recorded at a frequency v = 27.5 GHz and tem-
perature T = 4.2 K: H || ¢ (left panel), H || a (right panel).
Insets in both panels show expanded boxed areas with “extra
lines” in the sample with x = 0.05.

tals, a system with an isostructural non-magnetic matrix
weakly doped by magnetic Gd-ions (z = 0.005). The
samples were in a shape of thin rectangular plates cut
in an ac- or tetragonal plane with the size varying from
1x1x0.2to2x2x0.2mm? (approximately 1 to 5 mg
by mass). The experiments were performed using a set
of home-made transmission-type microwave spectrome-
ters equipped with multi-mode rectangular cavities (res-
onators) with eigen-frequencies starting from 9 GHz and
higher. Resonators were placed inside an inner vacuum
space of a “He-bath cryostat with the base temperature
of 1.8 K. The variable-temperature stage was equipped
with the heater and thermometer to stabilize temper-
ature from 1.8 to 10 K with an accuracy better than
5%. In some experiments the sample was rotated using
a worm-gear setup with an accuracy exceeding 1°. The
microwave signal transmitted at a fixed frequency and
temperature was detected and recorded on continuous
back and force sweep of magnetic field up to 7 T created
by a superconducting cryomagnet. The examples of these
records in a LiY;_GdiF4 single crystal (x = 0.005) ob-
tained at a frequency v = 27.5 GHz and temperature
T = 4.2 K are shown in Fig. Bl for two principal direc-
tions of an applied field, H || ¢ and H || a. The spectra
consist of seven main lines corresponding to transitions
between energy sub-levels of S = 7/2 eightfold multi-
plet splitted by single-ion anisotropy and external field.
The results obtained at several frequencies are summa-
rized in corresponding frequency-field diagrams (the po-
sitions of lines are shown in Fig. Bl by circles). Rotation
of the sample from H || ¢ to H || a directions results
in continuous shifting of spectral lines demonstrated on
the angular dependence (Fig. Hl, left panel). We have
also observed a small 90-degree periodic shift of the res-
onance peaks when rotating the sample with an external
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Figure 3. Fig. Frequency-field diagrams of EPR-spectra
in LiY1-xGdxF4 with x = 0.005 (main spectral components
are shown by O) and 0.05 (O), obtained at 7" = 4.2 K for
two principal orientations of the sample under external field.
Symbols X in both panels correspond to “extra lines” exist-
ing in x = 0.05 sample only. The positions of resonance ab-
sorption peaks calculated using the single-ion Hamiltonian ()
with the parameters quoted in the text, are shown by solid
lines; dashed lines correspond to the spectra of the NN pairs
coupled by exchange (Jnn) and dipolar interactions.

field applied in tetragonal plane indicating the presence
of a weak forth-order in-plane anisotropy (Fig. d right
panel).

The EPR-spectra have been simulated via exact diag-
onalization of the S = 7/2 single-ion spin-Hamiltonian in
which we keep three lowest-order invariants:

Her = DyS? + DyS + %(sgsg +8252) + upg P H*SP .

(1)
Positions of measured resonance lines for all field direc-
tions (solid lines in Figs. BIH]) are well reproduced for the
isotropic g-tensor g% = ¢g¢ = 1.984(14) and the following
set of the anisotropy constants:

Dy /kp = —0.096(2) K, Dy/kp = —0.0018(6) K,

E/kp = 0.0020(2) K .

Signs of the crystal-field parameters are determined from
relative intensities of spectral lines, which were calculated
taking into account matrix elements of transitions be-
tween corresponding sub-levels and their thermal popu-
lation. Parameters of the six-order anisotropy terms that
are generally allowed for S = 7/2 spins in the S4 local
symmetry cannot be reliably determined from our data.
For the single-ion Hamiltonian expressed in terms of the
conventional Stevens operators, see e.g. m], these values
can be directly matched to corresponding coefficients:

bao = —2.619(60) GHz, by = —0.058(18) GHz,

by = 0.306(30) GHz.
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Figure 4. Fig. @l Angular dependence of seven main spectral
components of the S = 7/2 multiplet in LiY1_xGd<Fs (z =
0.005) sample rotated from H || ¢ to H || a (left panel) and
within the tetragonal plane (right panel). The resonance fields
are shown by circles, solid lines are the result of the single-ion
modeling.

The obtained values are in reasonable agreement with
the results reported in ﬂﬂ@]

Spectra of exchange and dipolar coupled pairs: The
exchange constants were determined by studying EPR-
spectra in LiY;_,GdiF4 samples with moderate concen-
tration of magnetic ions (x = 0.05). A set of seven
main lines was also detected with their positions and
relative intensities being nearly identical to those ob-
served in a sample with smaller Gd concentration (the
positions are shown in Fig. Bl by squares). However, the
lines observed in z = 0.05 sample demonstrated consid-
erable dipolar broadening: the half width at half maxi-
mum of the lines in x = 0.005 sample varies in the range
AHygwam = 30 =+ 50 Oe, while that in z = 0.05 sample
ranges from 200 to 300 Oe. In addition to main spectral
components, the spectra in this sample contain much less
intensive resonance lines which are either fully absent or
negligibly weak in the sample with x = 0.005. These lines
marked in Fig. @ as “EL” (extra lines), can be presum-
ably identified as the spectrum of pairs of magnetic ions
coupled by exchange and dipolar interactions since the
concentration of these pairs is quadratic in . The posi-
tions of the most clearly visible and reliably determined
lines are shown in the general frequency-field diagram
(Fig. B) by symbols X.

We have performed a series of EPR-spectra simulations
analogous to those described above, for two S = 7/2
Gd?** ions with the spin-Hamiltonian including Heisen-
berg exchange and dipolar coupling, as well as the single-
ion contribution and magnetic field.
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Figure 5. Fig. (Upper panel): Fragment of the resonance
absorption curve recorded in LiY;_xGdxFs4 (z = 0.05) sam-
ple at a frequency v = 36.0 GHz for H || ¢ direction of the
applied field; the best visible “Extra lines” are marked by ar-
rows, dashed line is an EPR spectrum simulated within the
single-ion model. (Lower panel): simulated positions of a,b,c-
lines depending on the value of the nearest-neighbor exchange
interaction, horizontal dashed lines mark their real positions,
shadowed area is an interval of allowed Jnn values.

Both the nearest- and the next-nearest-neighbor spin
pairs with exchange constants Jyn and Jnnn, respec-
tively, and corresponding dipolar energies were consid-
ered since both types of pairs are equally probable for
LiGdF, structure. (Note that some of the pairs become
nonequivalent as the magnetic field deviates from the
tetragonal axis). Single-ion anisotropy parameters and
g-factors are determined from single-ion spectra as was
described above, the dipolar coupling is predetermined
by the crystal structure. Thus, the model includes only
two independent tunable parameters, Jyn and JynN-

Simulated EPR spectra of two coupled S = 7/2 ions
contain numerous absorption lines with different inten-
sities. However, most of them are located in the field
range dominated by strong single-ion absorption compo-
nents. Hence, we focus our attention at spectral compo-
nents which are well separated from the single-ion spec-
tra. Some of them, in particular, low-field absorption
lines observed at H || ¢, were found to be highly sensitive
to the values of coupling parameters. The examples of
these lines are shown in the upper panel of Fig. 5 (marked
as a,b and c). We found that the positions of these
components can be reproduced solely in the NN model.
Varying the exchange coupling parameter Jyn and trac-
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Figure 6. Fig. Experimental angular dependence of the
resonance fields for the spectral components identified as orig-
inating from the coupled pairs (symbols) and simulated para-
magnetic absorption pattern for v = 39.0 GHz, ¢ to a rota-
tion (grades of color). Note that the intermediate field area
(7+18 kOe at this frequency) is of little use for detecting weak
pair spectral lines since it is covered by much more intensive
single-ion resonance modes.

ing the corresponding shifts of a,b and ¢ resonance fields
(Fig. Bl lower panel), one can determine the allowed in-
terval for Jyn values shown in Fig. Bl by shadowed area:
0.07 K< Jun/kg < 0.08 K or Jyn = 1.55(10) GHz.
Positive sign of J implies this interaction to be antiferro-
magnetic. The rest of the observed spectral components
which are missed in NN modeling (e.g line “d” in Fig. [
can be identified as the spectrum of NNN pairs. How-
ever, the value of the NNN exchange interaction could
not be reliably determined from our modeling since the
positions of all detected NNN components appeared to
be practically independent on Jynn while the others are
hidden under intense single-ion spectral lines.

To ultimately ensure that weak spectral components
are properly identified as the absorption from coupled
Gd ions we have measured their angular dependence at a
fixed frequency and compared it with the results of sim-
ulation taking into account NN and NNN pairs for all
possible orientations of pairs with respect to the applied
magnetic field. In this procedure the parameters Jyn and
Jnnn were set to 0.075 K and zero, respectively. Fig.
demonstrates satisfactory agreement between experiment
and simulation for all components that can be reliably
distinguished at the shadowing background of much more
intensive single-ion spectral components: most of identi-
fied coupled-pair lines (closed symbols) follow predicted
angular dependences. The frequency-field dependence of
some of the most clearly visible lines was also calculated
for two principal field directions H || ¢,a with the pa-
rameter Jyn/kp = 0.075 K. The corresponding curves
shown in Fig. 8] by dashed lines also reproduce quite well
the experimental data.

Theoretical analysis: We now use our data for the
temperature-dependent susceptibility in the bulk LiGdF4



to validate the microscopic parameters obtained from the
EPR study of dilute samples. In particular, we explain
strongly anisotropic values of the Curie-Weiss tempera-
ture 8w, obtained from the high-7" limit of the magnetic
susceptibility x o< 1/(T — 0cw), as illustrated in Fig. [

Different terms (exchange, single-ion and dipolar) in
the spin Hamiltonian contribute additively into the CWT

,]: 0% = Ocx+08;+05,, where a denotes the direc-
tion of an applied field. Corresponding contributions can
be computed as 6%, = —C%/C1 with Cy = S(S+1)/3
and

1
v 24

,J

Gy = SiSFNH)e - (3)

Here N is the total number of magnetic ions and (...).
stands for a cumulant (AB). = (AB)oy — (A)o(B)o, with
(...)o being the paramagnetic average.

The isotropic exchange contribution is given by the
standard expression

1
kpbles = —3 (znnJINN + 2nnNINnn) S(S+ 1), (4)

where 2z’s are respective coordination numbers. For
LlGdF4 with S = 7/2 and ZNN — ZNNN — 4 we obtain
kpBer = —21(Jnn+JInnN)- The single-ion anisotropy (1)
yields contributions with opposite signs into the CWTs:
25 —-1)(25+3

wopsss,

D E
X —D2—74(682+68—5)+7(82+S+5)].

Finally, the effect of dipole interactions is accounted
for by
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We use the Ewald’s summation technique to compute
the conditionally converging lattice sum in (@), see [21]
for further details. Exclusion of a singular term in cor-
responding calculations assumes implicitly a vanishing
demagnetization factor N, = 0. This is precisely the
condition satisfied by the geometry of our experiment for
both field directions along the a- and c-axes. As a result,
we find for LiGdF4

05, =1.019K, 6%, =0.580 K.

Combining all relevant contributions and using exper-
imentally determined anisotropy constants and 6y,
one can calculate the exchange interaction parameters.
From 0%y, = —0.08(5) K we get (Jyn + Jnnn)/kp =
0.077(3) K, whereas 6%y, = —1.33(5) K yields (Jxn +
Jnnn)/kp = 0.079(3) K. These values fall confidently
within the range deduced from the EPR measure-

ments for the nearest-neighbor exchange constant 0.07 <

Jnn/kp < 0.08 K. Consequently, the next-nearest-
neighbor exchange parameter should be very small:
Jann/ks < 0.005 K. One should mention, that the ex-
change interaction between Gd ions in LiGdF, appears
to be substantially different from those evaluated for Ho
ions in an Ising-type system LiHoF, (about 1 mK [3])
and estimated for Gd-Yb pairs from EPR experiments
on Gd-doped LiY;_,Yb,F4 system as 0.18 £0.12 K HE]

Conclusions: To summarize, a comprehensive elec-
tron paramagnetic resonance study of LiY;_GdF4 sin-
gle crystal samples with different concentrations of Gd
ions (z = 0.005 and 0.05) supplemented by static mag-
netization measurements in the parent magnetic com-
pound LiGdF, allow us to determine, precisely and self-
consistently, all spin-Hamiltonian parameters in this sys-
tem including g-factors and single-ion anisotropy con-
stants as well as nearest- and next-nearest exchange in-
teractions. The strength of all substantial magnetic in-
teractions in the system appear to be of the same or-
der of magnitude. The characteristic dipolar energy
can be estimated as E = (gupS)?/rin =~ 0.6 K, the
nearest-neighbor exchange interaction is equal to Fy =
JanS? ~ 0.9 K, while the effect of a single-ion anisotropy
is basically reduced to splitting between two lowest ionic
sub-levels, so that |S,) = +7/2 and +5/2. Its value is
directly measured in our experiment corresponding to an
upper gap in the frequency-field diagram (Fig. B)) which
is approximately equal to 17 GHz (~ 0.8 K). Thus, the
obtained results provide strong evidence for the fine bal-
ance between various types of magnetic interactions in
LiGdF, that might lead to the delayed magnetic order-
ing and enhanced magnetocaloric effect, as well as sup-
posedly generate peculiar phase diagram in this system
in the low-temperature range.
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