PHYSICAL REVIEW B 105, 014441 (2022)

Antiferromagnetism and Ising ground states in the rare-earth garnet Nd;Gas0O1,
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In this paper, we investigate the low temperature magnetic properties of the rare-earth garnet compound
Nd3GasO,; in detail by means of magnetization, specific heat, and magnetocaloric effect measurements. The
magnetic thermal properties along with the crystal field calculations reveal that the Nd** ions form into a
frustrated hyper-kagome lattice with connected triangles have an Ising-like ground state with the easy axis along
the local [100], [010], and [001] directions. Instead of a quantum spin liquid ground state, an antiferromagneti-
cally ordered state is found below Ty = 0.52 K. With applying field in the [111] direction, the antiferromagnetic
order is suppressed at the critical field of B. = 0.75 T, and enhancement of the critical fluctuations with linear

crossover behaviors is observed near the critical point.

DOI: 10.1103/PhysRevB.105.014441

I. INTRODUCTION

As an exotic spin state of matter, quantum spin liquid
has attracted an extensive amount of interest in condensed
matter physics. In comparison to the traditional ferromag-
netic or antiferromagnetic spin states, no long-range order
that breaks the translational symmetry was expected in the
quantum spin liquid state, although the spins are quantum
entangled over long distances [1,2]. Due to the enormous
quantum fluctuations, various exotic spin behaviors were
expected in the state of quantum spin liquids. However,
the experimental realization of quantum spin liquid state in
real materials is a long-sought dream, and many candidate
physical models have been proposed. Among these, geomet-
rically frustrated magnetic systems, such as two-dimensional
(2D) antiferromagnetic triangle compounds [3—5] and kagome
lattices [6—8], have been extensively studied. In these 2D spin
lattice systems, since the moments are highly frustrated, the
entangled spin liquid states with a large degeneracy were
expected down to the zero-temperature limit. As an addition,
three-dimensional (3D) frustrated spin lattices are very rare
and they have attracted a lot of attention.

Hyper-kagome compounds are unique examples of 3D
frustrated spin systems, where magnetic ions form into
a 3D network of corner shared triangles. The rare-earth
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garnet family Rj3(Al, Ga);0, is a prototypical example,
where the magnetic rare-earth ions reside in two penetrating
hyper-kagome lattices of perfect corner-sharing triangles. The
most well studied material of this garnet family is Gd3;GasO1,
[9-16], where the magnetic Gd** jons host an isotropic
Heisenberg ground state. Intensive studies of Gd;GasO; have
been performed and peculiar field-temperature phase dia-
grams were reported [17-19]. Instead of long-range magnetic
order, a spin liquid state was proposed [20-23], and the most
recent study indicated that the peculiar magnetic ground states
may be raised from the multipolar hidden order [24]. For the
garnet systems, large high-quality single crystals are easily
accessible, and the most direct way to investigate the spin
dynamics would be inelastic neutron scattering. However, the
extraordinarily large neutron absorption cross section of Gd'®’
made neutron scattering experiment on Gd;GasOj, compli-
cated. Alternatively, exploring other rare-earth based garnet
systems with smaller neutron absorption cross sections seems
to be a natural option.

In this paper, we chose the Nd-based garnet compound
Nds;Gas0j;. In contrast to Gd3GasOy,, the neutron absorp-
tion of Nd isotopes is very weak and this makes future
inelastic neutron scattering relatively easier. Different from
Gd;Gas0Oj, with a classical § = 7/2 ground state, doublet
ground states are realized in Nd3;GasO, due to the large crys-
talline electrical field (CEF), resulting in an effective S = 1/2
model. Calorimetric study of Nd3GasO;, had been carefully
performed [25] and it implied that Nd;GasO,, entered into
an ordered state at Ty = 0.516 K. Furthermore, it was found
that exchange interaction was the dominant factor in the phase
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transition rather than dipolar interactions [25]. A previous
neutron diffraction study indicated a ground state with mag-
netic order described by I'4 irreducible representation [26].
Although magnetocaloric effect (MCE) and anisotropy of the
magnetic moment at 4.2 K have given us some basic prop-
erties of Nd;GasOq, [25,27], detailed studies about the low
temperature thermal properties are still needed. Especially,
compared to the rich field-induced physics in Gd;GasOq,,
it is still unknown if there is any exotic order that exists in
Nd3;GasO,, when the antiferromagnetic order is suppressed.
Here, we perform a comprehensive study of magnetization,
heat capacity, and MCE down to very low temperatures. An
antiferromagnetic ground state has been found. In addition,
by applying a magnetic field in the [111] direction, the system
is tuned to a critical point around 0.75 T and enhanced spin
fluctuations are observed.

II. EXPERIMENTAL DETAILS

High-quality large single crystals of Nd3GasO, are grown
using the Czochralski (CZ) technique, and the crystal struc-
ture of Nd3GasOj, is confirmed using a Bruker D8 Quest
diffractometer with Mo-K« radiation (A = 0.71073 A). All
the thermal properties are measured with field along the
crystal [111] direction, which is verified using the x-ray
Laue camera. Magnetization measurements are performed on
the commercial Quantum Design Magnetic Property Mea-
surement System (MPMS) and, for temperatures below 1.8 K,
a Hall sensor magnetometer integrated with a dilution refrig-
erator (DR) insert is used [28—-30]. Specific heat is measured
with the traditional thermal relaxation method, using the
commercial Quantum Design Physical Property Measurement
System (PPMS). The CEF calculations based on the point
charge model were done using the MCPHASE software [31].

III. RESULTS AND ANALYSIS

A. Crystal structure and crystalline electrical field

Nd3;Gas0;, formed in the garnet crystal structure with the
space group la=3d. The crystal structure has been verified
with single crystal x-ray diffraction. The lattice parameters
refined at 100 K were found tobe a = b = ¢ = 12.5081 A and
a = B =y = 90°, which are well consistent with previously
reported values [32]. The crystal structure of Nd3;GasO,, with
magnetic Nd>* sites is shown in Fig. 1(a). In this garnet
structure, the magnetic Nd3* ions reside on a 3D network
with two interpenetrating corner sharing triangular sublattices.
This geometry, usually known as the hyper-kagome lattice, is
equivalent to the kagome lattice in a 2D plane.

In rare-earth-based magnets, CEF configurations are usu-
ally important for a comprehensive understanding of the
magnetic properties. In the case of Nd**, the good quantum
number J = 9/2 (L = 6,5 = 3/2) resulted in ten (2J + 1 =
10) multiplet degenerate states, which are lifted into five
doublet states due to the environment of the neighboring
oxygen (O%7) and gallium (Ga®") charges. The energy gaps
and the wave functions of these split CEF states are deter-
mined by the local point symmetry. For Nd3GasOj,, with
the space group la=3d, the magnetic Nd** ions locate at
site 24c and have three twofold axes along the local crystal

FIG. 1. (a) Simplified crystal structure of Nd;Gas;O;,, where
only the magnetic Nd*" ions are shown. (b) Calculated moment con-
figurations for Nd** magnetic ions (blue arrows), where only eight
nearest neighbor 0%~ charges are considered for the calculations.
(c) Measured Laue pattern of the Nd;GasO,, single crystal along the
[111] direction. Inset: single crystal of Nd3;GasO,, with the surface
normal to the [111] direction.

[011], [0=11], and [100] directions. We have performed the
CEF calculation based on the point charge model [33-35].
Taking the Nd3* ion located at the position (0.125,0,0.25)
as an example, the best diagonalization of the CEF Hamil-
tonian is found when the quantization z axis is chosen along
the local [100] direction. The calculated ground state wave
functions are

Eor = 0.91] £ 9/2) +0.09] F7/2) +0.39] £5/2), (1)

which indicates a well-separated Ising-like ground state with
most of the contribution from the | £ 9/2) states. The calcu-
lated saturation moment is found to be Mg ~ 3up/Nd and the
calculated first excited CEF levels are 14.84 meV ~ 173 K.
Applying the above calculations to the other two Nd>* sites
at positions (0.25,0.125,0) and (0,0.25,0.125), resulted in
the same Ising ground states but with the local easy axis
along [010] and [001]. The overall spin configurations of
Nd3;GasOj, are presented in Fig. 1(b), with the Ising axis
indicated by the blue arrows. We have to point out here that
only the eight nearest neighboring O?~ charges are considered
in the above calculation and the calculated CEF configura-
tion is only a rough approximation. These calculated excited
energy schemes may not quantitatively match well with the
real values and need to be verified with further neutron
scattering experiments. However, it is the low temperature
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quantum magnetism that we are interested in here and the
most important information is about the ground states. We
found that these CEF calculations suggest isolated Ising-like
ground doublet states with easy axis aligned orthogonal to
each other. These results are consistent with previous neutron
scattering measurements in zero field [26]. As indicated by
the CEF calculations, the three Nd moments that share a tri-
angle are along their local [100], [010], and [001] directions,
respectively. Thus applying magnetic field along the [100]
direction would be the easy direction for 1/3 of the total Nd**
moments, but the hard direction for the other 2/3 of the total
Nd** moments. Instead, the field direction along [111] was
chosen here. With this choice, the angles between the external
field and the three local easy moment axis are the same and
thus all the Nd** moments could be tuned simultaneously in
the magnetic field. All the field and temperature-dependent
magnetic susceptibility and specific heat data were measured
on a single crystal with the large surface normal to [111] axis,
and the crystal orientation is confirmed by the single crystal
Laue camera, as shown in Fig. 1(c).

B. Magnetic properties

Further characterization of the single crystal magnetization
is performed. Figure 2(a) shows the temperature-dependent
dc magnetic susceptibility (x = M/H) of Nd3GasOj,. The
magnetic susceptibility increases as temperatures are lowered,
and no long-range order is observed down to 2 K. To avoid
the contributions from the excited CEF levels at higher tem-
peratures, we fit the inverse magnetic susceptibility with the
Curie-Weiss law [x = C/(T — 6.w)] at a lower temperature
range from 2 K to 20 K [red solid line in Fig. 2(a)]. The Curie-
Weiss temperature is found to be around 6., = —0.58 K and
the effective moment is found to be 2.45up/Nd. The small
negative Curie-Weiss temperature suggests weak antiferro-
magnetic interactions presented at low temperatures.

The field-dependent magnetization measured at different
temperatures from 2 K to 5 K is shown in Fig. 2(b). The satu-
ration moment achieved at 2 K and 7 T is about 1.42up/Nd.
As discussed above, the CEF calculations suggest that the
Nd** moments are pointing along the three orthogonal [100],
[010], and [001] directions, and neither of them is fully along
the [111] direction in the saturation field. Taking the angle
@ = 55° between these local easy axes and the [111] field
direction into consideration, the expected saturation moment
should be M (uuoH || 111) = Mscosp >~ 1.71ug/Nd, that is
close to the experimentally observed value 1.42ug/Nd. The
field-dependent magnetization with field along the [100] di-
rection is shown in the inset of Fig. 2(b). The magnetization
moment is about 1.2ug/Nd at 2 K and 7 T. This value is
slightly smaller than the saturation moment with field along
the [111] direction, since the other 2/3 of the Nd** mo-
ments are not fully polarized along their local [100] direction.
However, for future study, it will be interesting to measure
the magnetization with field along [100] up to high mag-
netic fields, where all the Nd*>T moments would be fully
polarized.

Magnetization as functions of woH /T measured at dif-
ferent temperatures are plotted in Fig. 2(c). The calculated
Brillouin function assumes a doublet ground state with ef-
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FIG. 2. (a) Temperature dependent dc magnetic susceptibility
(x =M/H, left axis) and inverse susceptibility (1/y, right axis) of
Nd3;GasO,,, measured at uoH = 0.1 T, with the field applied along
the crystal [111] direction. The red solid line is the fitting of the
Curie-Weiss law. (b) Field dependent dc magnetization measured at
different temperatures from 2 K to 5 K, with uoH || [111]. Inset:
field dependent magnetization with field along the [100] direction.
(c) Magnetization measured at different temperatures overplotted
with functions of woH/T. The calculated Brillouin function as-
suming an effective § = 1/2 ground state is presented as the solid
purple line.

fective spin § = 1/2 and g.sr = 2.84 is overplotted (the solid
purple line). The magnetization curves at higher temperatures
around 10 K and 15 K are well consistent with the calculated
Brillouin function; however, when the measuring tempera-
tures are comparable to the Curie-Weiss temperature 6., =
—0.58 K, the measured data indicates significant deviations
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FIG. 3. (a) Temperature dependent specific heat (Cp) measured
at zero-field (black solid circles) and the phonon contribution es-
timated from the Debye model (blue line). (b) Magnetic specific
heat (Cy) with phonon contributions corrected (red solid circles) and
the integrated magnetic entropy (green solid line). The long range
antiferromagnetic order is indicated by the gray dashed lines.

from the Brillouin function curve, due to the antiferromag-
netic interactions.

C. Zero-field specific heat

To explore the low temperature properties of Nd3Gas0O,,
specific heat measurements are performed. Figure 3(a) shows
the zero-field heat capacity, Cp, down to 50 mK. Higher tem-
perature specific heat is fitted with the Debye model and the
magnetic specific heat with phonon contribution corrected is
shown in Fig. 3(b). At the transition temperature Ty = 0.52 K,
a sharp peaklike anomaly is observed, followed by a long tail
that extended to temperatures as high as 2 K. The integrated
entropy is presented in Fig. 3(b). A full entropy of RIn2
is achieved above 2 K. It is interesting to notice that about
60% R 1n 2 of the total entropy is released at the antiferromag-
netic transition, while the rest is left at higher temperatures
above the phase transition.

D. Field-temperature phase diagram

To further investigate the magnetically ordered phase, mag-
netization measurements down to 0.1 K are performed with
the field along the [111] direction. As shown in Fig. 4(a), a
cusplike feature is observed at the transition temperature. This
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FIG. 4. (a), (b) Temperature dependent magnetization (a) and
magnetic specific heat (b) measured under different magnetic field
along the [111] direction. (c) The temperature dependence of the
integrated entropy at different magnetic fields.

cusplike feature is then gradually suppressed with increasing
fields. Finally, the antiferromagnetic order disappeared above
the critical field around 0.8 T. Similar behaviors are also
observed in the specific heat measurements, as presented in
Fig. 4(b). The sharp triangularlike peak is suppressed to lower
temperatures with increasing fields and finally turned into a
broad anomaly around 0.8 T. The integrated magnetic entropy
at different fields is presented in Fig. 4(c). In zero field, the
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FIG. 5. (a), (b) Field dependent magnetization M (a) and
magnetic susceptibility x = dM/uodH (b) measured at different
temperatures from 0.6 K down to 0.07 K. (c) Field temperature
(noH-T) phase diagram of Nd;GasO,.

obtained magnetic entropy at the 7y is about 60% R In2. With
increasing fields, only about 44% RIn2 is reached at Ty for
noH = 0.6 T. However, in all these field ranges from 0 to
0.6 T, a full expected R In2 is obtained at temperatures above
1.4 K. In contrast, the integrated entropy at the critical field
0.8 T only reached about 90% R In2. Since the experimental
data is not integrated from the exact zero temperature, the
contributions below 0.1 K are ignored. Normally little fluc-
tuations are left in zero temperature. However, at the critical
point, quantum fluctuations are playing an important role, and
the missing 10% RIn2 of entropy at 0.8 T comes from the
residual entropy enhanced by the quantum fluctuations.

The field-dependent magnetization below the ordering
temperature is shown in Fig. 5(a). As for lowering temper-
ature, a steep increase in magnetization is observed at the
critical field. The transition fields are defined by the peak
positions in magnetic susceptibility, as shown in Fig. 5(b).
At intermediate temperatures, such as 0.4 K and 0.3 K,
broad anomalies are always observed followed by the peaklike

features. Finally, at the base temperature around 0.07 K, these
two features merged into a broad peak with width at half
maximum around 0.14 T. The overall field-temperature phase
diagram with the phase boundaries extracted from the temper-
ature and field-dependent magnetization is plotted in Fig. 5(c)
(blue solid circles). Together with the phase boundary, the
contour of the field-dependent susceptibility at different tem-
peratures is overplotted in Fig. 5(c) as well. As discussed
above, there is a broad region with a width about 0.15-0.2 T
centered at 0.75 T, indicating a great number of fluctuations
persist near the critical point.
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FIG. 6. (a) Field-dependent specific heat Cyy of Nd;GasOj, at
different temperatures. (b) Contour plot of the field-dependent spe-
cific heat and the field temperature phase diagram. The linear
crossovers extracted from the peak positions of the field-dependent
specific heat are indicated by the empty stars and the dash lines.
(c) The measured MCE of Nd;GasO, at different temperatures.
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Similar to the field-dependent magnetization, the field-
dependent specific heat is presented in Fig. 6(a). A sharp
decrease is observed at the phase boundary, followed by a
minimum at the critical field. More interestingly, another
broader anomaly is observed above the critical field. The max-
imum positions of the peak increased linearly with increasing
temperatures, as indicated by the empty stars and the blue
line in Fig. 6(b). This effect is not due to the Schottky effect
in magnetic fields. In the case of a Schottky anomaly of a
two-level system, the maximum of the specific heat would
stay at a constant value around 3.6 J/mol K for different fields.
However, in Fig. 6(a), the maximum value above the critical
fields is significantly smaller than 3.6 J/mol K at the base
temperatures. These observed behaviors are the crossovers in
the vicinity of a gapless quantum critical point (QCP). This is
consistent with the observations of the MCE measurements.
As shown in Fig. 6(c), the red solid lines are the measured
temperature-field dependence as sweeping magnetic field in
a quasiadiabatic condition. Clear diplike features are ob-
served at the phase boundary at different temperatures. As we
keep increasing fields, a broad peaklike anomaly is observed
near the crossover line, just as reported in other quantum
magnets [36,37].

IV. CONCLUSION

In summary, we have performed a comprehensive inves-
tigation of the specific heat and magnetization of the single
crystal Nd3GasOy,. The CEF calculations based on the point
charge model reveal that the ground doublet states of the mag-
netic Nd** ions are Ising-like, with the local easy axis along
the [100], [010], and [001] directions. The magnetic thermal
properties indicate an antiferromagnetic ground state in zero
field below Ty = 0.52 K. This antiferromagnetic state is tuned
with magnetic field, resulting in a critical point around 0.75 T.
The specific heat and magnetic entropy indicate that not all the
magnetic moments of Nd** ions are well ordered and part of
the local moments keep fluctuating at the AFM ground states.
Especially, as the system is tuned by the magnetic field to the
vicinity of the quantum critical point, enhancement of critical
fluctuations and linear crossover behaviors are observed.

However, considering that the magnetic Nd** ions are lo-
cated in a geometrically frustrated hyper-kagome lattice with
corner-sharing triangles, quantum ground states are expected.
In contrast to the isostructure compound Gd;Gas0O1,, where a

great amount of fluctuations and series of complex quantum
states in fields have been reported [9-24], the physics here
in Nd3;GasO;, appears to be rather classical. A significant
difference between these two compounds is that the Gd>* ions
host almost ideal Heisenberg ground states of S = 7/2, due to
the absence of crystal field, while the Nd** magnetic moments
are forced to align orthogonally to each other along their local
Ising axis. This situation is very similar to the other rare-
earth-based garnet family compounds, such as Er;GasOi;
[38], Dy3A15012 [39—41], Tb3A15012 [41], and H03Ga5012
[42]. We conclude that the strong single ion anisotropy arises
from the CEF effect that has lifted the extensive degeneracy,
and thus released a great number of fluctuations. In addi-
tion, the CEF analysis indicates three orthogonally aligned
Nd** moments. With this moment configuration, the term
M, - M, of the nearest neighbor dipole interaction would
vanish. This may be the reason why the dipole interaction is
weak, although the nearest neighbor distance is not that large.
This is consistent with the conclusion found in the previous
paper [25] that the exchange interaction was the dominant
factor in the zero-field antiferromagnetic phase transition of
Nd3GasOj,. On the other hand, significant critical fluctuations
are observed near the field-induced critical point and further
inelastic neutron scattering around that quantum critical re-
gion would be rather interesting.
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