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We investigate ytterbium gallium garnet Yb3;GasO,, in the paramagnetic phase above the supposed magnetic
transition at 7, =~ 54 mK. Our study combines susceptibility and specific heat measurements with neutron
scattering experiments and theoretical calculations. Below 500 mK, the elastic neutron response is strongly
peaked in the momentum space. Along with that, the inelastic spectrum develops flat excitation modes. In
magnetic field, the lowest energy branch follows a Zeeman shift in agreement with the field-dependent specific
heat data. An intermediate state with spin canting away from the field direction is evidenced in small magnetic
fields. In the field of 2 T, the total magnetization almost saturates and the measured excitation spectrum is well
reproduced by the spin-wave calculations taking into account solely the dipole-dipole interactions. The small
positive Curie-Weiss temperature derived from the susceptibility measurements is also accounted for by the
dipolar spin model. Altogether, our results suggest that Yb;GasO); is a quantum dipolar magnet.

DOLI: 10.1103/PhysRevB.104.024427

I. INTRODUCTION

Geometrical frustration typically suppresses conventional
magnetic ordering and may stabilize exotic phases with un-
conventional spin excitations [1,2]. Apart from fundamental
interest, the delayed magnetic ordering in conjunction with a
large unfrozen entropy makes frustrated materials to be good
candidates for the low-temperature magnetic cooling [3]. The
developing space applications and increasing costs of helium
fuel a continuing search for new refrigerant materials for the
adiabatic demagnetization refrigeration (ADR) in the 0.1-4 K
temperature range, which can outperform the presently used
paramagnetic salts [4]. In the past few years there have been
experimental reports of the enhanced magnetocaloric effect
observed for pyrochlores [5—7], intermetallics [8—10], and
various Yb compounds [9-12].

In this work, we investigate ytterbium gallium garnet
Yb3Gas0j,, which exhibits an enhanced magnetocaloric ef-
fect below 2 K [11]. There is also a reborn interest in the
rare-earth gallium garnets R3GasO), in general. The recent
experimental studies focus on R = Er [13], R = Tb [14,15],
and R = Dy [16] compounds, whereas gadolinium gallium
garnet was extensively studied in the past two decades; see,
for example, Ref. [17] and references therein.

In the cubic garnet crystals, space group Ia3d, the
rare-earth ions form two inter-penetrating lattices of corner-
sharing triangles often called hyperkagome lattices. The
hyperkagome lattice strongly frustrates the nearest-neighbor
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antiferromagnetic exchange keeping a large degree of frustra-
tion in the presence of anisotropy and dipolar interactions as
well. Positions of the crystal field levels of Yb** ions were
measured by Buchanan et al. for several ytterbium garnets us-
ing infrared spectroscopy [18]. The lowest J = 7/2 multiplet
is split into four Kramers doublets by the local orthorhom-
bic crystal field. In YbsGasOi,, the distance between the
lowest doublet and the next excited level is about 67 meV.
Hence, at temperatures below 10 K, one can safely neglect
the excited levels and interpret magnetic properties in terms
of the effective S = 1/2 degrees of freedom corresponding
to the ground-state doublet. The magnetic entropy variation
AS,, = RIn2 determined in the specific heat measurements
between 44 mK and 4 K [19] is fully consistent with this
conclusion. The g-tensor of the ground-state doublet is only
weakly anisotropic as follows from the EPR measurements
[20] and the crystal-field calculations [21].

Below 4 K, the magnetic susceptibility of Ybs;GasOj,
follows the Curie-Weiss law with a small Curie-Weiss temper-
ature 6, = 45mK [19]. In addition, the specific heat exhibits
a lambda-peak anomaly at 7;, = 54 mK preceded by a broad
maximum at 200 mK. These features were tentatively associ-
ated with a long-range order and short-range spin correlations,
respectively [19]. However, Mossbauer spectroscopy mea-
surements did not detect any hyperfine splitting associated
with a possible magnetic ordering below 7, [22]. uSR ex-
periments did not observe signs of a long-range order as
well pointing instead to the reinforcement of the dynamical
correlations below 7, [23]. The diffuse magnetic scatter-
ing in Yb3zGasOj; has been recently measured in neutron
experiments [24] and interpreted in terms of the exotic di-
rector state associated with ten-site loops by analogy with a
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similar suggestion for Gd;GasO;, [17]. The experimental
studies in Ref. [24] have been complemented by simulations
of the exchange-dipolar Ising model, which is not entirely
realistic in view of fairly isotropic g-factors of Yb>* ions.
Thus, despite several decades of research, the basic mag-
netic properties of ytterbium gallium garnet remain poorly
understood both in terms of possible magnetic states [25] as
well as underlying microscopic interactions. In the present
paper, we combine results of bulk measurements of single
crystals of Yb3GasOj, with neutron scattering experiments in
an applied magnetic field and theoretical calculations to get
a further insight into the microscopic properties of this inter-
esting frustrated material. The combination of complementary
techniques allows us to quantitatively conclude on a dominant
role of the dipolar interactions both for the static and dynamic
properties of this interesting spin-1/2 hyperkagome material.

II. EXPERIMENTAL DETAILS
A. Sample preparation

Single crystals of Yb3;GasOj, were grown by the floating
zone technique using a commercial optical furnace (Crystal
System Inc.) equipped with 1 kW halogen lamps. The feed
rods were prepared from high-purity oxides Yb,O3 (99.99%)
and Ga,03 (99.99%) mixed and heated up to 1150°C. After
sintering, the rods were pressed isostatically at 1500 bar and
sintered again at 1400°C in air. Crystal growth conditions
were optimized under argon pressure (4.5 bar) with a gas
flow of 0.5 L/min at the growth rate of 2 mm/h. The feed
and crystallized rods have been rotated in opposite directions
at the rate of 30 rounds per minute. Crystals of Yb3GasO,;
prepared with this procedure grow in a direction very close
to a four-fold axis of the cubic /a3d phase. We observe that
rods are white transparent when grown under air or oxygen
(oxidizing) conditions or slightly pink under argon (reduc-
ing) atmosphere. No foreign phase was detected in the x-ray
powder diffraction experiments. The checks of crystal quality
and the crystallographic orientation were done using the Laue
diffraction technique. It should be mentioned that the crystal
color can be reversibly changed from white to pink according
to the post growth heat treatment in a specific atmosphere.
No significant modifications of the basic physical properties
(magnetization, specific heat) were observed between both
states.

Growth of single crystals was complemented by prepa-
ration of a high-density ceramic of Yb3;GasOj, suitable for
a direct use in an ADR prototype [11]. Ceramic samples
were made from the same starting powders of Yb,Os; and
Ga;03. An extensive investigation was carried out using
a planetary crusher to perform fine grinding followed by
laser granulometry to measure a powder-diameter distribu-
tion, and high-temperature dilatometry to determine optimal
temperatures for synthesis and sintering. After all, the starting
materials were first treated at 1050°C before being pressed
isostatically under 2500 bar and, then, sintered at 1700°C. The
ceramic samples were checked by x-ray powder diffraction,
showing the same cubic Ia3d phase. No traces of foreign
phases have been detected. Following this optimized route, the
density of ceramic samples reaches 96(1)% of the bulk crystal

density showing no open porosity as evidenced by scanning
electronic microscopy.

B. Methods

The specific heat was measured on a commercial quan-
tum design physical property measurement system with the
3He insert using the heat-pulse semi-adiabatic technique. Two
types of samples were investigated: a 0.87 mg ceramic sample
in fields up to 8 T and a 17.25 mg single crystal (white color)
with the field applied along the [001] direction in fields up
to3T.

Magnetization was measured using the homemade low-
temperature SQUID magnetometer developed at the Institut
Néel, which operates in a dilution fridge [26]. A single crys-
tal of YbsGas0;, shaped as a parallelepiped of size 0.93 x
0.95 x 4.37 mm?> has been glued on a copper sample holder
with GE varnish to ensure good thermalization. Magnetic
field was applied along the long side of the sample, which
corresponds to the [001] direction. The corresponding demag-
netization factor was estimated to 1.19 (cgs units) [27]. All the
data shown below are corrected from demagnetizing effects.

The neutron scattering experiments were performed at the
high-flux reactor of the Institut Laue-Langevin, Grenoble.
Diffraction measurements were done on the two-axis thermal-
neutron diffractometer D23 equipped with a lifting detector.
A copper monochromator provides an unpolarized beam with
the wavelength of 1.276 A. The diffuse scattering was mea-
sured on the D7 beam line for the polarization along the
vertical z-axis and the wavelength of the incident beam being
4.8 A. A four-to-one time ratio was used between the spin-flip
and non spin-flip channel measurements. The data were col-
lected in a 120° range, with steps of 1° for two positions of the
detector banks, resulting in 0.5° between each measured po-
sition. Standard vanadium, quartz and empty corrections have
been performed for taking into account the detector efficiency,
the polarization efficiency and the background scattering [28].
The flipping ratio measured in the direct beam was in the
range 20-29 during all the experiment. However the flipping
ratio was larger at higher temperatures (20-27 at 50 mK and
25-29 at 5 K).

The inelastic neutron-scattering (INS) experiments were
carried out on the three-axis spectrometer ThALES [29]. The
instrument was used in the classical single detector mode
and set up in the W configuration. The incident beam was
provided by the Si monochromator with a velocity selector
in place. A Be filter was put in the scattered beam and a radial
collimator was placed between the graphite analyzer and the
detector. Most of the data were taken at fixed k; = 1.2 A~!
(corresponding to 5.2 A).

The white-color crystal of Yb3GasOj, used in the neutron
experiments has a cylindrical shape (diameter 8 mm, length
27 mm) with the long axis parallel to the [001] direction. The
sample was embedded in a copper foil glued with hydrogen-
free fluorinated Fomblin oil, tightened with Teflon tape to
ensure good thermalization, and mounted in a dilution insert.
For D23, a smaller part cut from this rod was used. The
scattering plane was selected to be (1 0 0)-(0 1 0). For D23 and
ThALES, the sample was inserted inside 6 T and 2.5 T vertical
magnets, respectively, so that the field was applied along the
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FIG. 1. Inverse magnetic susceptibility x ~' = H;/M as a func-

tion of temperature measured in the applied field puoH, = 0.01 T
oriented parallel to the [001] axis. The solid line is a fit to the
Curie-Weiss law.

[001] direction. In our experiments, the lowest temperature
indicated on the dilution fridge thermometer was 50 mK.
Still, due to the distance between the sample and the dilution
mixing chamber as well as to a heating effect from the neutron
beam, we assume that our measurements were performed
above 54 mK, which is the expected transition temperature for
Yb3GasOy;, [19]. For the sake of simplicity, we nevertheless
use the thermometer temperatures in the description of our
results. In the following, the scattering vectors are expressed
as Q = (O, Ok, Q) and reciprocal space directions are la-
beled by (h k [). The scattering vectors and wave-vectors
components are expressed in reciprocal lattice units (r.l.u.).

C. Magnetic characterization

The static magnetic susceptibility was measured in a weak
applied field uoH, = 0.01 T to ensure a linear response in the
whole range of temperatures down to 70 mK. The susceptibil-
ity was calculated by dividing a uniform magnetization to an
internal field H;, which was obtained from H, by applying the
demagnetization correction at each temperature. The inverse
susceptibility can be fitted in the 1-4.2 K range to a Curie-
Weiss law x ' = (T — 0,)/C, where 0, is the Curie-Weiss
temperature and C is the Curie constant (see Fig. 1). The
fitting yields 6, = 97 mK and C = 1.12 emu/mol Yb. The
Curie constant corresponds to an effective moment of 3 up
for an Yb* ion in agreement with the early measurements by
Fillipi et al. [19]. Our value for the Curie-Weiss temperature
is somewhat larger than their estimate 6, >~ 45 mK, though
both agree on its ferromagnetic sign. In contrast, a negative
(antiferromagnetic) 6, has been recently reported in Ref. [24].
Note, that accounting for the Van Vleck contribution, as was
done in Ref. [19], only slightly affects the values of C and 6,,.

The saturated magnetization measured at 120 mK and 8 T
is found to be 1.76 up, corresponding to an effective g = 3.52,
in agreement with the previous reports and the crystal field
calculations [19-21].
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FIG. 2. Color-coded intensity plot of the magnetic scattering
measured on D7 at (a) 50 mK, (b) 200 mK, (c) 500 mK, and (d) 5 K.
The labels A, B, and C in panel (a) mark the diffuse scattering
features described in the text and the stars indicate the location
of the momentum transfer Q, = (3/2,3/2,0) and Q, = (3,0, 0)
investigated by INS. The dashed lines indicate the longitudinal and
transverse cuts shown in Fig. 3.

II1. DIFFUSE SCATTERING

The magnetic scattering measured on D7 in the spin flip
channel with polarization along the c-axis is shown in Fig. 2
for four different temperatures 50 mK, 200 mK, 500 mK,
and 5 K. The measured magnetic signal corresponds to the
scattering obtained for an energy integration of the scattering
function in the range [—kgT , E;], with E; = 3.5meV.

Magnetic correlations are observed along the (1 1 0) di-
rection and are peaked at Q ~ 0.36 A1 (feature A) and Q ~
1.1 A=" (features B). They are washed out progressively with
temperature and a Q-independent weaker signal is observed at
5 K. In addition a small signal with the same characteristics in
temperature is observed for Q &~ 1.95 A~ [in the directions (3
7 0) and (7 3 0); features C]. The observation of Bragg peaks
at high momentum transfer is ascribed to the inaccuracy of
the polarization correction which happens for these nuclear
Bragg peaks that have a tremendous intensity in the non spin
flip channel.

Figure 3(a) shows the peak obtained by performing a cut of
the feature A in the direction (1 —1 0) for the four measured
temperatures. The peaks are fitted by Lorentzian lineshapes
and the resulting temperature dependence of the amplitude
A, and half width at half maximum (HWHM) «, are shown
in Fig. 3(b). The signal clearly rises up upon cooling, and
the correlation length increases below 200 mK. At 50 mK,
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FIG. 3. (a) Momentum cut across feature A along the (1 —1 0)
direction for several temperatures, lines show the Lorentzian fits.
(b) Temperature variation of the amplitude, A, and HWHM, «, of the
peaks shown in panel (a). Lines are guides to the eye. (c) Constant
energy spectra performed on ThALES along Q = (Qy, O, 0) at
E = 0meV in zero field at T = 65 mK and 1.4 K, subtracted from
the 65 mK data for uoH = 2 T. The same data without subtraction
are shown in the inset (in the 2 T data, the missing points in the figure
correspond to the (1, 1, 0) magnetic Bragg peak induced under field).
Dashed lines are guides to the eyes. In the main panel, the full line
corresponds to the same longitudinal cut obtained from the D7 data
at 50 mK.

the obtained HWHM is 0.12 r.l.u. along (1 —1 0), which
corresponds to a correlation length, £ o 1/«, of about 11 A,
i.e., to a distance between several Yb atoms in the cell (the
minimum Yb-Yb distance being 3.74 A).

The elastic scattering was measured on ThALES with
an unpolarized neutron setup. Here, the measurement is
made for zero energy transfer, £ = 0, and the integration
in energy is performed over the resolution function, which
full width at half maximum (FWHM) equals 0.039 meV
as measured on the incoherent signal. The obtained scans
along Q = (Qy, Op, 0) at 65 mK and 1.4 K are shown in
Fig. 3(c).

A modulation is observed at 65 mK, which is suppressed
at 1.4 K. The observed signal at E = 0 on ThALES corre-
sponds to the features A and B highlighted on the D7 data
as demonstrated by the similar peak positions in the figure.
This indicates that the diffuse response is essentially dom-
inated by true elastic or very low energy processes within
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FIG. 4. Energy spectra at 7T = 65 mK and 1.4 K in zero field:
(a) and (b) for the scattering vector Q = (3/2, 3/2, 0) and (c) and
(d) for Q = (3, 0, 0). Lines are fits as explained in the text.

the neutron time-scale. It is to be noted that the sample base
temperature reached on ThALES is undoubtedly higher than
the one reached on D7 given the very high flux of cold neutron
on the former instrument and this could explain the difference
of lineshapes obtained owing to the strong temperature depen-
dence of the signal below 200 mK.

IV. ZERO-FIELD EXCITATION SPECTRUM

The spin dynamics has been investigated along the high-
symmetry lines and points of the Brillouin zone. Emphasis
was put on specific wave-vectors at which the magnetic dif-
fuse scattering described in the previous section was found to
have its maximum or minimum intensity.

Representative low energy spectra are shown in Fig. 4
for Q = (3/2,3/2,0), Figs. 4(a) and 4(b), and Q = (3, 0, 0),
Figs. 4(c) and 4(d), at T = 65 mK and 1.4 K. Positions of
these two vectors are indicated by Q; and Q; in Fig. 2. At
the lowest temperature, aside from the elastic line, the spectra
are composed of several inelastic modes: a sharp mode at E,
around 0.05 meV, a broader one at E, around 0.1 meV whose
maximum intensity is barely resolved [Figs. 4(a) and 4(c)] and
a very broad one at E,, around 0.7 meV [Figs. 4(b) and 4(d)].
The constant Q-scans are phenomenologically described at
low energy, Figs. 4(a) and 4(b), by Gaussian lineshapes, where
both Stokes and anti-Stokes peaks together with the temper-
ature factor are taken into account. A constant background
and an elastic line with a fixed profile are also included (see
Appendix).

The fits shown in Fig. 4 are obtained with Ey =
0.045(6)meV and E; = 0.100(6) meV and fixed FWHM of
0.059 and 0.094 meV, respectively, which are about two and
three times the incoherent width. The higher energy part is
conveniently described by a broad Gaussian peak centered
at £, = 0.70(5) meV with a FWHM of 0.190(5) meV on a
slopping background [see Figs. 4(b) and 4(d)]. At 1.4 K, the
overall intensity is reduced in both the elastic and inelastic
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FIG. 5. (a) Constant energy scans performed along Q =
(On, O, 0) for the energy transfer £ = 0.05meV at T = 65 mK
and 1.4 K. (b) Energy spectra at Q = (Q,, O, 0) for O, =1/2,
1 and 3/2 and at Q = (0.54, 2.05, 0) at 65 mK. Lines are fits
performed using the same procedure as described for Fig. 4.

channels and a broad quasielasticlike signal replaces the well
defined excitations. It is thus impossible to describe in a
unique manner the lowest energy modes. The fits shown
in Fig. 4 are indicative only and are obtained keeping the
peak positions Ey and E; to their low-temperature values,
while the peak widths and intensities are free. However,
the spectral weight of the E, mode clearly moves to lower
energies.

The inelastic modes are essentially dispersionless and a
representative constant energy scan performed along Q =
(Qn, QOn, 0) for an energy transfer of 0.05 meV is shown
in the Fig. 5(a). A broad intensity modulation with Q is
observed at low temperature, with a kink at Q;, ~ 0.75 r.l.u.,
corresponding to a scattering vector magnitude of 0.55 A~!
[arrow in Fig. 5(a)]. The dispersionless nature of the ex-
citations is further confirmed by several constant Q scans
performed along this line for O, = 1/2, 1 and 3/2 shown
in Fig. 5(b) together with a scan performed at an arbitrary
position Q = (0.54, 2.05, 0) having the same Q modulus as
Q = (3/2, 3/2, 0). Here again, only an intensity modulation
is present, while no clear dispersion in energy could be de-
tected. In the remainder of the paper, we focus on the response
at the scattering vectors Q = (3/2,3/2,0) and Q = (3, 0, 0).

(a) Q=(3/2,3/2,0) T=65

mK
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FIG. 6. Energy spectra at Q = (3/2,3/2,0) at T = 65 mK and
various magnetic fields H || [001] with the intensity on a log scale
(a) and on a linear scale (b). The inset shows a magnified view on the
0-0.6 meV energy range. Lines in panel (b) are fits described in the
text.

V. MAGNETIC RESPONSE

The evolution of the excitation spectrum in an applied
field is shown in Fig. 6 for Q = (3/2,3/2,0) at T = 65 mK.
Figure 6(a) presents the intensity on a log scale to emphasize
the presence of three inelastic modes. Their positions change
with field as indicated by different arrows. The two lowest
energy modes at Ey and E; move to higher energy, the first
one being better defined when escaping from the elastic line.
The higher-energy mode E,, initially at 0.7 meV moves to
lower energy and merges with the second mode at around 1 T.
Figure 6(b) shows this evolution on a linear scale which better
illustrates the behavior of the intense elastic line and of the
lowest energy inelastic mode at Ej. The inelastic line is fully
resolved at 0.5 T, but exhibits broadening with increasing field
and eventually gives rise to a double peak structure at 2 T, see
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FIG. 7. Field dependence of physical parameters (H || [001]):
(a) uniform magnetization; (b) intensities of the Bragg peaks (1, 1, 0)
(main panel) and (2, 2, 0) (inset); (c) energies of the three excitation
modes obtained from the INS measurements. The full line is a linear
fit, the dashed lines are guides to the eye. Open circles show the
Schottky gap obtained from the specific heat data.

the inset in Fig. 6(b). As for the elastic line, its intensity is
reduced at 0.25 T compared to zero field and does not further
change up to 2 T. This observation indicates that the diffuse
magnetic scattering seen in the D7 data is fully suppressed at
025T.

The field dependence of the peak positions is shown in
Fig. 7(c). The energy of the first mode, which is the only one
well-defined in the whole field range, is fitted with a linear
variation. The intercept at O T is 0.032(5) meV and the slope
is 0.198(5) meV/T [30]. It is to be noted that the energy of
the first mode determined in this way is found to be lower
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FIG. 8. (a) Temperature dependence of the specific heat of a
ceramic sample for several magnetic fields. The open circles are the
zero-field data by Filippi et al. [19]. Lines are fits to the Schottky
anomaly function. (b) Field dependence of the Schottky gap A, open
circles; solid squares are the additional single crystal data obtained
for H || [001]. The solid line is a linear fit to the low-field data up to
47T.

than the one obtained by fitting the raw data in Fig. 4, i.e.,
0.032(5) versus 0.045(1) meV. The slope conversion in terms
of magnetic moments gives a value of 3.41 ug. This suggests
that the E, field dependence is associated with the Zeeman
splitting 2uH, giving a moment p of 1.70 up consistent
with the magnetization measurements below the saturation
(between 2 and 8 T, the magnetization evolves from 1.70 to
1.76 pLB).

A further evidence of the Zeeman splitting effect is found
in specific heat measurements; see Fig. 8. With increasing
field, the broad peak in C(T') shifts to higher temperatures.
The data can be fitted to a Schottky anomaly and the field
dependence of the corresponding gap is shown in Fig. 8(b). A
linear variation can be traced up to uoH = 4 T. A similar field
variation of the Schottky anomaly is also found for a single
crystal sample (solid squares in the figure). The obtained gap
is compared to the lowest energy excitation in Fig. 7(c) and
a good matching is obtained. Indeed, as seen above, under
magnetic field (already at 0.25 T), the diffuse magnetic elastic
scattering disappears so that the low energy correlations ex-
isting in zero field are suppressed. It is thus natural that the
specific heat Schottky anomaly reflects the Zeeman splitting
of the INS spectrum. At higher fields (6 and 8 T), the fit to
a Schottky anomaly is less accurate: the specific heat peak
is narrower and of smaller intensity. This hints for a more
complex picture than a simple two level system description.

To shed light on the field-induced behavior of Yb3;GasO,,
neutron diffraction measurements were conducted on D23.
The lattice parameter obtained from the orientation matrix
of the single crystal sample is a = 12.19 A. The focus was
on the magnetic field variations of the (2, 2, 0) and (1, 1,
0) Bragg reflection intensities. The inset of Fig. 7(b) shows
the field variation at 65 and 500 mK of the (2, 2, 0) peak
intensity. This peak, allowed by symmetry for the 24c Yb site,
probes the ferromagnetic component of the system. Indeed,
its field dependence strongly resembles the low-temperature
magnetization shown in Fig. 7(a) in the low field region.
At 65 mK, the signal increases up to about 0.5 T and then
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FIG. 9. Inelastic neutron scattering measurements at 7 = 60 mK
and puoH =2 T: panels (a) and (c) show the energy spectra along
Q=@2, k, 0) and Q=2 —h, 2—h, 0), respectively; panels
(b) and (d) show the corresponding color-coded intensity maps as
functions of Q and energy transfer. In panels (a) and (c) the lines are
Gaussian fits. In the color plots in panels (b) and (d), the shaded re-
gions are obtained by interpolation of the data (the grid is composed
of units of size 0.1 in r.l.u. and 0.02 in meV).

slowly decreases. The field dependence of the (1, 1, 0) peak
is shown in Fig. 7(b). (1, 1, 0) is a forbidden peak for the
24c position and a magnetic field induced signal thus points
to a breaking of the usual uniform field induced symmetry
in the achieved spin configuration. At low temperature, the
amplitude of the (1, 1, 0) peak increases fast and reaches a
maximum at 0.15 T. This intermediate state corresponds to a
canting of some magnetic moments. The intensity decreases
above 0.15 T, but remains finite and almost stable above 1 T,
which matches the slow decrease of the (2, 2, 0) peak at high
field. The magnetization itself never saturates up to 8 T (not
shown), a small but finite slope being observed above 1 T. In
the following, the phase at 2 T is nonetheless named saturated
for convenience.

The measured dispersion of low-lying magnetic excitations
in the 2 T saturated phase is illustrated in Fig. 9. The panels
show the energy spectra for the (0 1 0) direction [31], Fig. 9(a),
and the (1 1 0) direction, Fig. 9(c), measured at 7 = 65 mK.
They exhibit a double peak structure with an individual peak
width of 0.05 meV (FWHM). Figures 9(b) and 9(d) present
the combined color-coded intensity plots for the two direc-
tions. The excitation peaks are essentially dispersionless. The
magnon band is centered near 0.4 meV and spans an energy
region of 0.1 meV in width.

VI. THEORY

In magnetic materials with transition temperatures in the
sub-Kelvin range the dipole-dipole interactions play a sig-
nificant role. Here we give a brief theoretical account of
the corresponding effects for ytterbium gallium garnet, for
a general discussion see [32,33]. The Kramers ions Yb*t in
the garnet structure possess effective S = 1/2 moments with
weakly anisotropic g tensors. Its principal values in the local
coordinate frame were obtained in the EPR experiments on

dilute (Y;_,Yb,)3GasO, crystals as g, = 2.85, g, = 3.60,
and g, = 3.74 [20]. For simplicity, we adopt an angular av-
eraged

g= /(2 +g+8)/3~342, M

which agrees with the low-temperature magnetization data in
Sec. I C and in Ref. [19]. The garnet structure can be conve-
niently represented as a body-centered cubic (bcc) lattice with
the primitive unit cell containing 12 magnetic ions residing at

a a a 5Sa
P1=(0,Z7§)v Py = 071a§ s P3a=—pin )

and other eight sites obtained from the above four by
cyclic permutations of their coordinates. The primitive
bcec translations are defined as a; = (—a/2,a/2,a/2), a, =
(a/2,—a/2,a/2), a3 = (a/2,a/2, —a/2) with the unit cell
volume V. = a®/2. The lattice constant value a = 12.19 A
(Sec. V) is used in the following.

A. Dipolar interactions and the Curie-Weiss law

The starting point is a standard relation for the magnetic
susceptibility tensor

o (gus)? o
$ o = e Z(sl. Sf), 3)

ij
expressed via zero-field averages of the angular momentum
operators (effective spins), kg is the Boltzmann constant. We
need to consider only the diagonal elements x*“, which de-
termine the longitudinal magnetization.
At high temperatures the magnetic susceptibility can be
expanded in powers of the inverse temperature

A=t ot 4)

with the Curie constant C; = (gup)*S(S + 1)N/3kp and the
Curie-Weiss temperature 6cw = C,/C;. The second-order
coefficient C; in the high-temperature series expansion is ex-
pressed as

_ (gus)?
ky

C = D [lsrsiA, — (si85) ). )

ij

where 7 is the magnetic Hamiltonian in the absence of an
external field and (. ..)o denotes paramagnetic averaging. As
Eq. (5) implies, different magnetic interactions contribute ad-
ditively into Ocw. Thus, it is possible to separate the dipole
shift from other effects.

The dipole-dipole Hamiltonian is given by

I:S,"Sj _ 3(Si'rij)(sj'rij)i|. (6)

I3 |13

. 1
Haip = 5(8#3)2 Z

iJj

Substituting ﬁdip into Eq. (5) we obtain the Curie-Weiss tem-
perature for the component x** as

e (eua)? 1o30)
- W S(S + 1)2[ T } (7
L]
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Here N is the number of magnetic ions and the sum over both
i and j is kept since the result of a partial summation ),
may vary for magnetic ions inside the unit cell. The above
expression agrees with the previous works [34,35]. We further
separate dimensional and dimensionless parts in Eq. (7) as

: Jy a’ Iri;|* — 327,
pdip — ——SS+1)— e
o= 3 SR L T
J 2
Jd _ (g’;‘B) ~ 4.02 mK. ®)
kB a kB

The strength of dipolar coupling between adjacent ions is
estimated as E,, = (8/+/6)°J;52 /kg = 35 mK.

Lattice sums in Egs. (7) and (8) are conditionally con-
vergent, i.e., the outcome depends on the shape of a chosen
region. The standard way to treat this problem is to use
the Lorentz sphere construction, which explicitly separates
the shape-dependent demagnetization part [33]. We omit the
demagnetization contribution assuming that a corresponding
correction is included in the experimental data. The rest is
represented as a discrete-lattice sum inside the Lorentz sphere
and its surface integral. In cubic crystals the lattice sum van-
ishes [this applies only to the double sum in Eq. (8)] and one
is left with the surface integral:

1 i |* — 32} 47
N 9
N Z Iri; > 3vg ®

iJ
where vy = a®/24 is the volume per one magnetic ion in a
garnet lattice. Thus, we obtain for YbzGasO1,
SS+1) |
B

08P = 3274, 01 mK. (10)
This theoretical estimate is very close to the experimental
value 6oy = 97 mK, Sec. II C. The remaining 4% difference
can be attributed to a nearest-neighbor antiferromagnetic ex-
change Jy, ~ 0.1E,,, but also to an uncertainty of the Ocw
experimental determination and of the Van Vleck contri-
bution or an imprecise knowledge of the g-factors. Hence,
we conclude that magnetic properties of Yb3;GasOj, can be
well approximated by the dipolar spin-1/2 model with nearly
isotropic g ~ 3.42. A possible exchange coupling between the
nearest-neighbor ytterbium ions does not exceed 5—10% of the
dipole-dipole interaction between them.

B. Magnons in the saturated state

In a strong field, magnetic moments become almost paral-
lel to the field direction. Since we choose an isotropic g-tensor
for Yb>* ions, the only source of a remaining small canting

J

is the dipolar interaction. We neglect this effect, which is
justified once the Zeeman gap Ap in the magnon spectrum
is sufficiently large in comparison with J; (Epy).

Assuming that the external field H and the local mo-
ments are oriented along the cubic Z axis we use the
Holstein-Primakoff transformation to transform the Hamilto-
nian Eq. (6) to the quadratic bosonic form. The position of
a magnetic ion is expressed as r,; = p, + r;, where p,, is its
location in the primitive unit cell and r; is the cell position.
Then,

. 1
Hz = EJdS Z [_ Dlzli,mj(a;iani + a;jamj)

ni,mj

N =

+ (Dﬁfm/ + Di{mj)(ar’tiamj + a:njani):|

+H Y ala,. (11)

where the dipolar matrix is defined as

pep 8P 3(rm)” (rm)” (12)
ni,mj — |I"-1.m 3 |r’,1{”|5 )
ij ij

with r?;“ =T, — Iy, and all distances measured in units of
the lattice constant a. We have excluded from Eq. (11) the
anomalous terms a,;a,,; (a:”.am j). These as well as the lin-
ear terms contribute quadratically to the magnon energy ex:
~J? /Ay and can be neglected in comparison to the linear in
Jg dispersion originating from the normal terms.

After the Fourier transformation, the quadratic form 7:12
changes to

=) ahan [H — TSy D;;(O)}
nk m

1 ,
+5aS > aham| Do () + DRk, (13)

n,m,k

where the Fourier transform of the dipolar matrix is

nm ni,mj

Debk) =Y Db ek, (14)
J

The matrix elements D/ (k) are computed using the Ewald
summation technique. The details of this method are de-
scribed, for example, in Ref. [32]. Below, we give only the
final expression in a general form suitable for any non-Bravais
lattice:

3 o o
D) = — e 54 3 K+ GVK +G) repaz iksGrin,n
m N Vi & k+ G2

. fc(ke R 3R* RP
+ Z efsz |:er c( ) <8aﬁ _ nm” \nm
R

3 2
an an

— e
VTR,

— 8up +

c”nm” nm

2k 2 3R%, RP
—kZR2, (2k2Ra R? ;;21 nm ):| ) (15)
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FIG. 10. Magnon spectra along the symmetry lines in the Bril-
louin zone computed for the dipolar spin model with H || [001],
woH =2 T. The wavevector components are measured in units of
21 /a.

Here, erfc(x) is the complementary error function, the first
sum is performed over the reciprocal lattice points G =
mib; + myb, + m3bs, whereas the second sum is taken over
the direct lattice R = n;a; + mpa; + nzasz, R,y =R+ p, —
P> and k. is an arbitrary cutoff parameter. For k # G, both
sums in Eq. (15) rapidly converge for k. ~ 1. However, the
term with G = 0 in the first sum becomes ill-determined as
k — 0 and has to be dropped out as indicated by a prime
near the summation symbol. Such a regularization procedure
is equivalent to neglecting the magnetostatic effects for the
excitation spectra.

The magnon spectra were computed by numerical diag-
onalization of Eq. (13). Figure 10 displays results for an
applied field of uoH =2 T with H || [001] by showing the
magnon energy &k for the symmetry directions in the Bril-
louin zone. Since the primitive unit cell contains 12 magnetic
sites, the excitation spectra have twelve branches with weak
dispersion proportional to J;. The branches are gathered into
several groups depending on the momentum direction. The
total magnon bandwidth ~0.04 meV is an order of magnitude

smaller than the gap Ay ~ 0.4meV. Such a large separa-
tion of the energy scales justifies the approximation adopted
above. However, for weak fields uoH < 0.4 T the neglected
anomalous terms as well as the local spin canting have to be
taken into account again.

An interesting feature of the computed spectrum is mul-
tiple crossing points between different magnon branches.
Some of them correspond to crossing of three or even more
branches, e.g., at (1/2,1/2, 1/2) in Fig. 10(c). Such conical
crossing points may be stable in the cubic garnet crystals, if
the Bloch states in the meeting branches transform according
to a three-dimensional irreducible representation. As a result,
magnon bands may possess interesting topological properties.
These questions deserve a separate theoretical investigation.
Comparing with experiment, we note that the average posi-
tion of magnon bands at ~0.4 meV matches well the neutron
data of Sec. V. The limited instrumental resolution as well
as thermal fluctuations (T ~ 2E,,) cause a smearing effect
producing a broad double-peak structure in the experimen-
tal data of Fig. 9 instead of individual magnon lines. This
structure is consistent with the observed tendency of magnon
branches to further bunch into several groups. Still, the ex-
perimental bandwidth is twice larger than the theoretical one
indicating a possible contribution from the nearest-neighbor
antiferromagnetic exchange. Additional future measurements
and calculations are needed to clarify the origin of the ob-
served discrepancy.

VII. DISCUSSION

Previously, the diffuse scattering was measured in the (1
—1 0)—(1 1 2) plane and analyzed using reverse Monte Carlo
calculations performed for the powder average response [24].
In our work, the diffuse scattering pattern shown in Fig. 2 is
seen projected from a fourfold axis. Three peaks are found
at 0.36, 1.1, and 1.95 A~!. The first and last values coincide
approximately with the ones found in Ref. [24], which re-
ports another peak at 1.86 A~!'. These typical ranges of Q
are also characteristic of the short range correlations found in
Gd3Gas0y,. This highlights the common spin configurations
involved, with contributions from trimers and 10-spin loops
[36]. Furthermore, we show that the corresponding correla-
tions in Yb3GasOy; are significantly increased below 200 mK
while a Q independent signal (except for magnetic form factor
dependence) is still present at 5 K. The temperature depen-
dence of the elastic signal finds echo in the increase of the
relaxation rate found by ©SR in the range 7; to 0.4 K [23].

The excitation modes observed for YbsGasO, generally
agree with the results of Sandberg e al. [24] who reported
rather similar energies of 0.06, 0.12, and 0.7 meV. Still, our
field dependence analysis has demonstrated that the first mode
has a lower energy Ey = 0.032 meV. A precise determination
in zero field would require experiments with higher resolution.
It is to be noted that the elastic and inelastic responses seem
not to be correlated since the strong Q-dependence of the
former is not reflected in the latter. Interestingly, this magnetic
excitation spectrum is very similar to the one observed in
Gd3;Gas0j, where the sequence in energies is 0.04, 0.12 and
0.58 meV [37], while the two systems are expected to be
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different since the Yb3;GasOj, ground state is supposed to be
ordered.

The intermediate spin configuration observed in an ap-
plied field, through the maximum intensity of the (1, 1, 0)
Bragg peak at 0.15 T, may correspond to a spin canting and
is reminiscent of the complex magnetic state in Gd;GasO,;
[36,38]. However, the field-dependent studies of the latter
garnet were hardly conclusive due to a lack of large isotopic
single crystals suitable for neutron scattering experiments.
Therefore, we expect that further studies in YbsGasO, will
help to elucidate the complex magnetic structures arising from
competition between the dipolar interactions and an external
magnetic field. In contrast to Gd;Gas01,, we do not observe
any signatures of field induced transitions in the magnetiza-
tion measurements so that the anomalous field variation of
the Bragg peaks could be indicative of a crossover regime.
In addition, our ac susceptibility data do not show evidence
for magnetic freezing in Yb3GasO;, down to 70 mK contrary
to the Gd3GasOq, case [39].

The most original contribution of the present study is
the focus on the spin dynamics under magnetic field. The
experimental ferromagnetic Curie-Weiss temperature is quan-
titatively well accounted for the dipolar interactions. The
magnetic excitation spectrum in the saturated phase is also
well reproduced with a magnon calculation based on a dipole-
dipole Hamiltonian. A challenge is the understanding of the
spin excitation at zero field and the global magnetic behavior
under field below the saturation. An interesting question is to
know if the dipolar interactions can explain the canting away
from the applied field below the saturated phase as proposed
for Gd3;GasOg; (see Fig. 1(c) of Ref. [40]).

Recently, Brasiliano et al. have demonstrated that
Ybs3GasOy; is a promising refrigerant material for ADR ap-
plications [11]. The optimal magnetocaloric properties of
ytterbium gallium garnet stem from (i) its high density of
magnetic ions leading to a large magnetic entropy per vol-
ume, (ii) significant size of magnetic moments, and (iii) the
suppressed ordering transition. A prototype ADR stage utiliz-
ing YbsGas0Oj, [11] has demonstrated a figure of merit for
0.3 < T < 1.75 K that is three times higher than for chromic
potassium alum, a typical paramagnetic salt used in ADR
applications. In that context, the present work provides mi-
croscopic inputs beyond the macroscopic quantities used as
selection criterions in material screening by focusing on the
specific spin dynamics of Yb3GasOy; in an external magnetic
field. Especially, we have demonstrated that the field depen-
dence of the specific heat is governed by the field evolution
of the band of low-lying magnon excitations. This highlights
the presence of an additional microscopic contribution to the
enhanced magnetocaloric effect in YbsGasO;, determined
by collective excitation modes, in line with the theoretical
proposal of Ref. [3], and in contrast with the mechanism at
play in the classical paramagnets used for adiabatic demag-
netization. Indeed, in these paramagnetic salts, the excitation
spectrum consists solely of a quasielastic component with a
width proportional to kgT. Within the resolution of the neu-
tron experiments it thus appears as an elastic signal [41] and
the spectral weight is simply transferred to a ferromagnetic
Bragg peak once the applied field exceeds kgT .

VIII. CONCLUSION

Our study demonstrates that the magnetic response of
Yb3GasOy;, is composed of two distinct contributions: from
the Q-dependent elastic signal and from almost dispersionless
inelastic modes. This landscape appears to be quite similar
to the one found in another garnet, namely Gd;GasOy;, ex-
tensively studied in the past. The present work reveals the
dominant role of dipolar interactions in Yb3GasO1,. The the-
oretical calculations for the spin-1/2 dipolar model reproduce
the gross features of the experimental magnon spectrum in
the saturated phase and quantitatively account for the Curie-
Weiss temperature. Thus, ytterbium gallium garnet provides
an interesting example of a quantum dipolar magnet on the
hyperkagome lattice. Further experimental and theoretical in-
vestigations of the spin dynamics are necessary to elucidate
the interplay between its highly symmetric frustrated geom-
etry and the long-range dipolar interactions. In addition, the
obtained results confirm that strong spin correlations in a frus-
trated geometry can enhance the magnetocaloric response. We
hope that this observation will motivate a continuing search of
suitable frustrated magnetic materials for ADR applications.
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APPENDIX: FIT OF THE NEUTRON DATA

The fit of the neutron data is performed considering a
constant background, an elastic line and three excitations at
energy Ey, E|, and E,. To model these excitations, the Stokes
and anti-Stokes peaks and the associated temperature factor
are taken into account.

The intensity of the elastic line does not evolve between
0.25 and 2 T and at 2 T, the magnetization is almost saturated.
Except for the Bragg peak positions, it is therefore assumed
that the elastic peak at 2 T is mostly composed of nuclear
incoherent scattering with either a small or null magnetic
contribution. At this field, the elastic line is furthermore well
separated from the inelastic excitations. This allows us to ob-
tain the energy resolution profile. It is conveniently described
by two Gaussians of FWHM 0.039 meV and 0.096 meV, the
second one having an intensity of 1/18 of the first one. This
reflects globally the non-Gaussian profiles of the monochro-
mator and analyzer transfer functions. The position of the
elastic line is also fitted to take into account a slight misalign-
ment of the spectrometer. An offset of —0.004 meV, which
represents 10% of the resolution FWHM is found. All the
energies given in the text are corrected from this offset. At low
field, additional magnetic scattering contributes to the elastic
line. No broadening or change of lineshape is observed for
this signal as compared to the nuclear incoherent scattering
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measured at 2 T. The elastic line is therefore described by
the same lineshape with only one free parameter, an overall
intensity, with the second gaussian intensity fixed at 1/18 of
the first one.

For the inelastic modes, a single gaussian is used. Indeed,
the above described resolution profile is not observed, due to
the lower intensity and broader signals as compared to the
elastic one. The intensities and peak positions are always free
parameters. Depending of the magnetic field, the peak widths
are either fitted when the peaks are resolved or fixed when they

are not resolved. For the Ey mode, the width is fixed at 0 T to
0.059 meV, which corresponds to the fitted value at 0.25 and
0.5T. At 1T, a FWHM of 0.070 meV is obtained from the fit.
At 2 T, the double peak structure is composed of two Gaussian
peaks of FWHM 0.05 meV. For the ill-resolved mode at E|,
the width is fixed at 0, 0.25 and 0.5 T to the estimated value of
0.094 meV obtained when all the other parameters are fixed.
At 1 T, it merges with E; mode. For this latter mode at E,,
all the parameters are free. In the main text only the peak
positions are described in details.
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