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We report a magnetization study of the rare-earth-based paramagnet KEr(MoQ,); in a magnetic field up to
50 T. A recent observation of massive magnetostriction and rotational magnetocaloric effects in this compound
triggered interest in the microscopic mechanism behind these phenomena. We combine several experimental
techniques to investigate the magnetization behavior up to its saturation along three main crystallographic
directions. The synergy of magnetic torque measurements and vibrating sample magnetometry allowed us to

reconstruct parallel and perpendicular components of the magnetization vector, enabling us to trace its evolution
up to 30 T. Our experiments reveal the magnetization saturation along all principle axes well below the value,
expected from crystal electric field calculations. We argue that an externally applied magnetic field induces a
distortion of the local environment of Er** ions and affects its crystal electric field splitting.

DOLI: 10.1103/PhysRevB.109.024438

I. INTRODUCTION

The magnetostrictive materials exhibit a strain caused by
an externally applied magnetic field. Particularly strong mag-
netostriction has been reported in a magnetically ordered
state [1,2]. Recently, we reported a remarkably strong magne-
tostrictive response of the insulator paramagnet KEr(MoOy ),
[3]. The magnetoelastic strain observed in KEr(MoOy),
(~6x10~%) exceeds the strain value reported for other rare-
earth paramagnetic oxides by one order of magnitude, and
reaches a value typical for metallic antiferromagnets, such
as NdBg or ErGa, [4]. Such a high lattice sensitivity to the
applied magnetic field together with a giant rotational magne-
tocaloric effect reported in this compound earlier [5] provide
great perspectives for applications in cryogenic and magnetic
technologies [6].

Our previous analysis revealed a strong coupling between
the magnetic Er*" ions and the crystal lattice via quadrupolar
moments of Er*™ [3]. The key role of quadrupolar mo-
ments and its interactions in rare-earth-based paramagnets
was earlier shown for RVO, (R = Ho, Tb, Dy, Er) com-
pounds with a tetragonal zirconia structure [7-9]. Here, we
aim for a further understanding of the microscopic mechanism
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of magnetostriction in KEr(MoQOys), via a comprehensive
experimental study of the magnetization process supported
by ab initio calculations [10]. We find that the lattice dis-
tortion induced by the external magnetic field is so strong
that the conventional crystal electric field (CEF) approach is
insufficient to simultaneously describe the magnetization and
magnetostriction curves of KEr(MoQy),.

We employed a number of experimental techniques:
Superconducting quantum interference device (SQUID) mag-
netometry, inductive magnetization measurements in pulsed
magnetic fields up to 50 T, vibrating sample magnetometry
(VSM), and torque measurements in a 33-T Bitter magnet.
The combination of these techniques allows to reconstruct
the magnetic field behavior of the parallel and perpendicular
components (M and M, ) as well as spatial orientation of the
Er*™ magnetic moment.

Single crystals of KEr(MoOy), have been grown by the
flux method at the Institute for Low Temperature Physics in
Kharkiv, Ukraine. To confirm the quality of the samples used
in our study, we performed a compositional analysis using
scanning electron microscopy in combination with energy-
dispersive x-ray spectroscopy and elemental mapping. This
analysis revealed the stoichiometric chemical composition
and homogeneous distribution of Er and K atoms in our
crystal. All samples used for experiments reported in this

©2024 American Physical Society
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FIG. 1. (a) The molar magnetic susceptibility x, of
KEr(MoOy), along the a, b, and ¢ directions at uoH = 0.02 T.
Symbols represent the experimental data, and the dashed lines show
the susceptibility calculated by the exact diagonalization of the CEF
Hamiltonian in the magnetic field. The inset displays the crystal-
lographic structure of KEr(MoQ,),. (b) Curves x,,7 are shown to
illustrate the deviation of the magnetic susceptibility from Curie law
(xmT = const in the Curie model). The inset shows the splitting
of the Er** multiplet #7;5 /2 into eight Kramers doublets by CEF.

paper were cleaved from the same bulk crystal. Samples
of the same origin were used for the magnetostriction
study [3].

KEr(MoQ,), crystallizes as light pink transparent plates
with the D;ﬁ (Pbcn) orthorhombic space group (a = 5.06 A,
b=18.23A, and c = 7.92 A) [11] [see the inset in Fig. 1(a)].
Er** ions are located in an octahedral oxygen environment,
which generates a CEF and lifts the degeneracy of the lowest
Er** multiplet *7;5 /2 into eight Kramer’s doublets with a gap
between the lowest and highest states of 39.1 meV (454 K or
315cm™!, respectively) [see the inset in Fig. 1(b)] [3,12,13].
The energy gaps between the lowest doublet, the first, and the
second excited doublets are 1.6 and 3.9 meV (19.5 and 45.3 K,
or 13 and 31.5cm™"). These states are further split by an ex-
ternally applied magnetic field (due to the Zeeman effect). The
small energy gaps between the levels of the *I;5/, multiplet
together with the sensitivity of the lattice to the magnetic field,
leads to an anomalous behavior of the magnetization, which
we evaluate further in this paper.

II. RESULTS AND DISCUSSION

Figure 1(a) shows the molar magnetic susceptibility y,, of
KEr(MoQOy), measured by SQUID magnetometry along the

a, b, and c crystallographic directions in the external magnetic
field of uoH = 0.02 T. It reveals a strongly anisotropic para-
magnetic behavior with the easy axis along the ¢ direction.
In KEr(MoQy),, the interaction of 4 f electrons with the CEF
is smaller than the spin-orbit coupling, which is typical for
comparable 4f compounds [14]. Consequently, there is no
quenching of the orbital momentum and the ground state con-
tains significant spin and orbital contributions which result in
a large anisotropy. Another consequence of the small CEF is
energy gaps between the lowest-energy levels of the Er’* mul-
tiplet (1.6 and 3.9 meV, with temperature equivalents 19.5 and
45.3 K, respectively) which is significantly below room tem-
perature. This makes the magnetic moment of an individual
Er** ion temperature dependent. Thus, Curie and Curie-Weiss
models, developed for magnetic systems composed of par-
ticles with a temperature- and field-independent magnetic
moment, cannot be applied to this compound. In Fig. 1(b),
we illustrate the deviation of the magnetic susceptibility in
KEr(MoQy), from the Curie law by plotting the x,,T product,
which is supposed to be a constant if the Curie law obeys.
One can see a significant deviation from the linearity over the
entire temperature range. Consequently, determination of the
g factors, Curie constants, and the effective magnetic moment
from the Curie-Weiss law would not provide adequate values.
Note that the same restriction for the use of the Curie-Weiss
law applies for all magnetic systems where the contribution
of the higher-energy levels is significant. To evaluate the mea-
sured susceptibility KEr(MoQOy),, it is necessary to take into
account the contribution of the whole multiplet. To first order,
the susceptibility measured in a static field is x,, = M /H and
the contribution of all levels of the *I;5,» multiplet is given by
the equation which accounts for the thermal population of the
excited states [15]:

7 —(E; iupH)/kT
NAgl'LB Z[:Omiie (Ei+gminpH)/

ZZ:O e—(EitgmzippH)/kT

My = M

Here, i is an index designating the energy level and E; is
the separation of the ith level from the ground state (i = 0,
Ey = 0). up is the Bohr magneton, k is the Boltzmann con-
stant, N4 is Avogadro’s number, g is the Landé factor of the
spectroscopic splitting, g = 6/5 for the Er** ion, and T is
the sample temperature. m.y; denotes the field projection of
the total angular momentum of individual states (£ states
for the upper and lower branches of Kramers doublets).

Equation (1) is widely used for describing the magnetic
susceptibility and magnetization of compounds containing d-
type transition ions [15] where the initial CEF splitting is an
order of magnitude exceeding the Zeeman energy. However,
for the f ions the CEF splitting is comparable to the Zee-
man energy which leads to the magnetic field dependence of
the states’ wave functions. Thus, the Van Vleck susceptibil-
ity [16], which accounts for quadratic contributions of the
magnetic field to energy levels, has to be considered. The
dashed lines in Fig. 1(a) show the magnetic susceptibility
of KEr(MoOy), calculated by diagonalization of the CEF
Hamiltonian in the magnetic field taking into account the Van
Vleck terms. The CEF parameters was obtained by an ab initio
method [10] and given in the Ref. [3].
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FIG. 2. The field dependencies of the parallel component
of the magnetization of KEr(MoQO,), measured by SQUID at
T = 2K (solid symbols), VSM at 1.3K (open symbols), and in
pulsed magnetic fields (solid lines). Dashed lines display the result
of calculations based on CEF parameters obtained by the ab initio
calculations described in Ref. [3]. Results for the different crystallo-
graphic directions are denoted by the red (H || ¢), green (H || a), and
blue (H || b) symbols and lines.

The Van Vleck term manifests also in the magnetization
process. In Van Vleck’s magnets the magnetization evolves
via two processes. In small fields and low temperatures, the
magnetization grows quite rapidly with the applied field due
to the Zeeman splitting of the lowest Kramers doublet and
reaches a quasisaturation when the Zeeman splitting of the
myq levels exceeds the thermal energy (in a few tesla). As
the magnetic field grows further, myy grows as well, until it
reaches its maximal value (m = 15/2) which happens when
the Zeeman energy exceeds the energy of the CEF (signifi-
cantly above a hundred tesla).

Figure 2 displays the magnetization curves measured by
SQUID magnetometry (solid symbols), VSM in a Bitter 33-T
magnet (open symbols), and the inductive method in pulsed
magnetic fields (solid lines). A significant magnetocaloric
effect and short pulse duration (25 ms full pulse, upraise 7 ms,
T = 1.6 K at B = 0 before the pulse) makes curves measured
in pulsed magnetic fields smoother than curves measured in
the Bitter magnet. The core difference between the static and
pulsed field experiments is the fact that the pulse duration
(1-100 ms) sets nearly adiabatic conditions for the sample,
which is opposite to a static field environment, where isother-
mal conditions can be ensured. If the sample demonstrates
a significant magnetocaloric effect, that could lead to a sub-
stantial difference between magnetization curves (or other
thermodynamic properties) measured in static and pulsed
fields (see, for example, Fig. 3 in Ref. [17]). Adiabaticity itself
should not lead to irreversibility or looping of the measured
curve. However, in the case of a massive magnetocaloric effect
some heat is transferred from the sample to the environment
(or otherwise, as the effect can be negative as well) thus the re-
turn temperature path will be not preserved. In fact, the pulsed
magnetization curves are rather adiabatic than isothermic and
the difference between up and down curves of the pulse field

measurements is due to irreversible heat transfer between the
sample and the environment.

When the magnetic field is along the easy axis (¢ axis),
the magnetization saturates at 1.1 T, and reaches a value of
8.6113/Er*", which is close to the expected saturation value
for free Er** ion of 9u3/Er*". For a magnetic field applied
along a and b axes, the magnetization exhibits an abrupt
enhancement at 5.7 and 14.5 T and saturation at about 25 and
40 T, respectively. Our previous study reveals that the feature
in the magnetization curve at 14.5 T for H || b is related to
the massive magnetostriction effect [3]. The dashed lines in
Fig. 2 display the magnetization calculated based on the CEF
parameters obtained using an ab initio method reported in
Ref. [3]. For all crystallographic directions, these calculated
magnetization curves initially grow up to about 7up/Er’*
after which they exhibit a slow enhancement without ever
approaching the expected saturation value even up to 50 T.
In contrast, we experimentally observe the saturation below
40T, even for the hard b-axis. Thus, in contrast to RVOy,
compounds, where the CEF approximation is sufficient to
describe the magnetization behavior [7] in KEr(MoOy); there
is another additional mechanism responsible for the earlier
saturation of the magnetization.

As we mentioned above, the *J;s 2 multiplet of Er’t is
split by the crystal field into 8 Kramers doublets spread
over an energy interval of 39.1meV. The exact arrange-
ment of those states is determined by CEF effects. The
CEF splitting and wave functions of the *J;5 »2 multiplet
in KEr(MoOy), were calculated in Ref. [3] obtaining a
good quantitative agreement for the overall splitting and the
CEF level structure. These wave functions can be written
as superpositions Y «,,|m) of the total-angular-momentum
eigenstates |m) = |J = 15/2; m) for the moment projections
m==+x1/2,4£3/2,...,+£13/2,£15/2 along a given quanti-
zation axis. A low-symmetry environment with large CEF
mixing leads to contributions of any eigenstate |m) being
spread over many CEF states. In particular, the eigenstates
[m = £15/2) corresponding to a fully saturated moment
along the a crystallographic axis were found to contribute to
both the CEF ground state and the highest-energy excited one
(see the Supplemental Material of Ref. [3]). On the other hand,
the saturation of the magnetization along the a axis seen in
Fig. 2 above 20 T implies that the ground state wave function
at such fields contains only an m = 15/2 component, thus
seemingly suggesting the Zeeman energy being essentially
larger than the total CEF splitting ~40 meV. However, taking
into account that for Er** ¢ = 6/5, such a magnitude of the
Zeeman energy would require a magnetic field significantly
above 100 T, which contradicts the experimental results. The
same argument holds for the hard b axis, where the saturated-
moment eigenstate can be again shown to be spread over all
the CEF levels, but for which an essentially full saturation is
observed in Fig. 2 at about 40 T.

These findings indicate that in order to achieve an agree-
ment between theory and experiments a modification of the
CEF is essential. However, with the adjustments of the CEF
parameters we may improve the situation for the particu-
lar crystallographic direction with controversial results for
other axes in return. Based on the previous analysis, we
conclude that the earlier reported lattice deformation [3] in
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FIG. 3. Magnetic torque curves of KEr(MoOy ), measured at dif-
ferent temperatures. The dashed line and blue shade show the torque
signal that is caused by the shape of the sample.

KEr(MoOQ,), significantly affects the octahedral oxygen en-
vironment of the Er’* ions. The deformation of the local
environment, in turn via the CEF, modifies the electronic
wave functions in such a way that the lowest-energy *Is/
state morphs into a pure saturated-moment eigenstate |m =
+15/2) much more rapidly than one would expect from the
zero-field CEF splitting. Indeed, as seen in Fig. 2, the theoret-
ical magnetization curves calculated from the zero-field CEF
exhibit a much slower approach to the saturation value. In our
experiment, the field effect upon CEF manifests itself as an
enhancement of the magnetization between 5 and 10 T for the
a axis and between 15 and 20 T for the b axis. At higher fields,
the lattice distortion becomes even stronger and affects the
anisotropy of the system. Above 30 T the ground state wave
function becomes an essentially pure [m = £15/2) state.

To complete the experimental investigation of the magneti-
zation process along the hard b axis, we evaluate the spatial
orientation of the magnetization using VSM and magnetic
torque measurements. The torque measurements were per-
formed on a plate-shaped specimen of size 0.500 x 0.516 x
0.062 mm (ac plate) using a piezocantilever. The sample was
mounted such that its crystallographic a axis was parallel to
the longest side of the cantilever plate and the b axis is per-
pendicular to the cantilever plate. The signal measured by the
cantilever is linearly proportional to the applied torque, t. As
we demonstrate later this signal is approximately proportional
to the magnetization component perpendicular to the mag-
netic field (M ). Figure 3 displays the temperature evolution
of the 7 signal. At lowest temperatures, it exhibits peculiarities
in the field similar to magnetization. With increasing tempera-
ture the thermal fluctuations between the low-lying CEF states
cause additional mixing of the electronic states which makes
the magnetic field effect less pronounced and anomalies in the
field behavior tend to vanish.

When the applied magnetic field H is perpendicular to the
cantilever, the sample with magnetization M experiences a
torque,

T=VM- -H)xd+HxM, 2)

where d is the distance from the sample to the torque axis.
The first term in Eq. (2) arises from the isotropic magnetiza-
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FIG. 4. The calculated absolute value of the magnetization of
KEr(MoOy), (dashed green line) and its parallel (solid blue) and
perpendicular (solid brown) components. Measurements are done
with the magnetic field applied along the b axis at 1.3 K. Orange
dashed line shows the orientation of the magnetization in the bc plane
(right scale). ¢ = 0 corresponds to M || c. The blur around the curves
shows confidence interval (see text for the details).

tion of the sample and induces a torque in a magnetic field
gradient. In our experiments, we took great care of precisely
positioning the sample in the field center of the Bitter magnet
such that VH & 0 and the first term is negligible (for more
details, see Refs. [18,19]). Thus, the measured signal is due to
the second term which originates from the anisotropy of the
magnetization when H x M # 0. It is important to note that
there are two sources of such anisotropy: (i) the single-ion
anisotropy of the Er’* ion 74 and (ii) the shape anisotropy of
the sample 5. In our experimental geometry both these forces
act in the same direction, inducing a torque which rotates the
sample towards an orientation with the magnetic field in the
ac plane.

The first contribution 74 = HM sin 6, where 6 is the angle
between H and M. Thus, by dividing 74 by the magnetic field,
we obtain M| = M sin @ in arbitrary units. The tg induced by
the shape anisotropy is a monotonic function of the applied
field and sample magnetization, so 7 «x MH.

As we see in Fig. 3, the torque signal exhibits a broad
maximum at about 15.5 T and decays when the magnetiza-
tion saturates and M, — 0. However, even at 30 T, when
the magnetization is almost saturated 7 is far from zero. We
assume that a significant part of the measured signal is due
to the shape contribution 5. The dashed line in Fig. 3 shows
an expected shape contribution to the . In order to obtain
the field dependence of M, we subtract this tg from 7 and
got M in arbitrary units. Based on the magnetostriction re-
sults [3], we assumed that the absolute magnetization M,
reaches saturation at about 20 T, and taking absolute numbers
for M from the VSM result we rescaled the perpendicular
magnetization curve accordingly to get the absolute value,
Myps = M.

Figure 4 shows the parallel and perpendicular components
of the magnetization together with its absolute value and the
orientation with respect to the ¢ axis at 1.3K and H || b.
The solid blue curve displays M|, measured by VSM [18,19].
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M was obtained from the torque measurements as described
above and shown in Fig. 4 by the brown line. The blur around
the brown curve shows the confidence interval based on the
uncertainty of the shape contribution to the t. These data
allowed us to reconstruct an absolute value of the magneti-
zation vector M,y (dashed green curve) and its orientation
(dashed orange curve). The magnetization vector is always in
the plane between the magnetic easy axis ¢ and the applied
magnetic field, which in our case is the bc plane. Results of
the calculation depend on the saturation field of M,,s which
we guessed from the magnetostriction curve and from the
contribution of 7g in the torque signal. The blur of the curves
in Fig. 4 shows the confidence interval of the M, saturation
between 19 and 20 T.

At small fields, both M| and M| increase with increasing
magnetic field (shown in Fig. 4 with blue and brown solid
lines, respectively). Due to the enhancement of the magnetic
energy the moment rotates towards the b axis along the field.
In higher magnetic fields, however, the lattice deformation
becomes so strong that it changes not only the magnetic mo-
ment but also the anisotropy of the system. As one can see in
Fig. 4, above 10 T while M, continues to grow, the magnetic
moment rotates back towards the ¢ axis. Above 17 T, M, is
almost saturated, M, decays, and the further magnetization
process is an alignment of the magnetic moment along the
magnetic field (the rotational process).

III. SUMMARY

We performed a detailed study of the magnetization pro-
cess of KEr(MoOy), in magnetic fields up to 50T. We
demonstrate that for samples with high single-ion anisotropy,
a combination of VSM and torque measurements, performed
in a well-chosen geometry, allows for the reconstruction of
the absolute value of magnetization and its spatial orientation.
Using the pulsed magnetic fields we determined a saturation
field along the b axis (hard direction) of 40 T which is an order
of magnitude below the value expected from the CEF splitting
of the Er* multiplet */;5 /2. We found that by the adjustments

of the CEF parameters we may improve results for the par-
ticular magnetic field direction, however, with controversial
results for other axes.

We reveal the distortion of the local environment of
the Er*" ions by a magnetic field applied along the crys-
tallographic b axis. Via CEF, this distortion leads to a
wave-function and magnetic anisotropy modification which
in turn triggers anomalies in the magnetization and magne-
tostriction curves.

For a complete reconstruction of the ground state wave-
function evolution, a few further steps have to be taken.
Complementary to this study, it is essential to perform struc-
tural and spectroscopy measurements in magnetic fields above
15 T as well as magnetostriction measurements in the direc-
tion perpendicular to the applied magnetic field to determine
all components of the magnetoelastic tensor. After this, CEF
parameters could be determined with a higher precision based
on the simultaneous analysis of the magnetic field splitting
of the *I;s /2 multiplet components, magnetization, and lattice
deformation in high magnetic fields.
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