
Field evolution of the spin-liquid candidate YbMgGaO4

Sebastian Bachus, Ilia A. Iakovlev, Yuesheng Li, Andreas Wörl, Yoshifumi
Tokiwa, Langsheng Ling, Qingming Zhang, Vladimir V. Mazurenko, Philipp
Gegenwart, Alexander A. Tsirlin

Angaben zur Veröffentlichung / Publication details:

Bachus, Sebastian, Ilia A. Iakovlev, Yuesheng Li, Andreas Wörl, Yoshifumi Tokiwa,
Langsheng Ling, Qingming Zhang, Vladimir V. Mazurenko, Philipp Gegenwart, and
Alexander A. Tsirlin. 2020. “Field evolution of the spin-liquid candidate YbMgGaO4.”
Physical Review B 102 (10): 104433. https://doi.org/10.1103/physrevb.102.104433.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under these conditions:
Deutsches Urheberrecht
Weitere Informationen finden Sie unter: / For more information see:
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

licgercopyright

https://doi.org/10.1103/physrevb.102.104433
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/


PHYSICAL REVIEW B 102, 104433 (2020)

Field evolution of the spin-liquid candidate YbMgGaO4

Sebastian Bachus ,1,* Ilia A. Iakovlev ,1,2 Yuesheng Li,1 Andreas Wörl ,1 Yoshifumi Tokiwa,1 Langsheng Ling,3

Qingming Zhang,4,5 Vladimir V. Mazurenko,2 Philipp Gegenwart ,1 and Alexander A. Tsirlin 1,†

1Experimental Physics VI, Center for Electronic Correlations and Magnetism, University of Augsburg, 86159 Augsburg, Germany
2Theoretical Physics and Applied Mathematics Department, Ural Federal University, Ekaterinburg 620002, Russia

3High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei 230031, China
4National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

5School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China

(Received 18 June 2020; revised 20 August 2020; accepted 27 August 2020; published 28 September 2020)

We report magnetization, heat capacity, thermal expansion, and magnetostriction measurements down to
millikelvin temperatures on the triangular antiferromagnet YbMgGaO4. Our data exclude the formation of the
distinct 1

3 plateau phase observed in other triangular antiferromagnets, but reveal plateaulike features in second
derivatives of the free energy, magnetic susceptibility, and specific heat, at μ0H = 1.0–2.5 T for H ‖ c and
2–5 T for H ⊥c. Using Monte Carlo simulations of a realistic spin Hamiltonian, we ascribe these features to
nonmonotonic changes in the magnetization and the 1

2 plateau that is smeared out by the random distribution of
exchange couplings in YbMgGaO4.

DOI: 10.1103/PhysRevB.102.104433

I. INTRODUCTION

The search for spin-liquid states in triangular antiferro-
magnets has been intensified by the discovery of Yb-based
materials that show three-fold-symmetric arrangement of the
magnetic ions, strong magnetic frustration, and persistent spin
dynamics down to millikelvin temperatures in zero field [1].
The initial work on YbMgGaO4, where Mg/Ga site disorder
causes randomness of exchange couplings [2], was recently
extended to delafossite materials, such as NaYbX2 (X = O, S,
Se), with no visible randomness effects reported to date.

Disorder-free delafossites reveal apparent spin-liquid be-
havior [3,4] with a broad continuum of magnetic excitations
[5–8] and no signs of spin freezing or magnetic order in zero
field [4,5,9]. Magnetic field of about 2 T applied along the
in-plane direction leads to a suppression of the spin-liquid
phase [7,10,11] that evolves into the collinear up-up-down
order [6] visible as the 1

3 plateau in the magnetization [7,11].
Details of these transformations and especially the behavior
above the 1

3 plateau phase remain to be understood [12],
but the overall temperature-field phase diagram is strongly
reminiscent of Co-based triangular antiferromagnets that also
develop a sequence of field-induced phase transitions with
the pronounced 1

3 plateau in the magnetization [13–16]. The
main difference in this case is the zero-field phase, 120◦ order
in Co-based materials vs putative spin liquid in Yb-based
triangular antiferromagnets [1].

YbMgGaO4 breaks this analogy, because no field-induced
phase transitions were reported in most of the previous studies
[17–19], although Steinhardt et al. [20] detected a crossover
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by monitoring the shift of the spectral weight from the M point
of the Brillouin zone to the K point upon increasing the field.
This shift can be paralleled to a magnetization anomaly that
would coincide with the anticipated 1

3 plateau of a triangular
antiferromagnet [20].

Here, we report comprehensive field-dependent thermody-
namic measurements on YbMgGaO4 at temperatures down to
40 mK and in magnetic fields up to 10 T. Using magnetization
and heat-capacity data, we exclude field-induced anomalies in
first derivatives of the free energy that would be indicative of
a thermodynamic phase transition. We do, however, observe
plateaulike features in some of the second derivatives and in-
terpret them as vestiges of field-induced transitions that could
occur in YbMgGaO4 in the absence of randomness effects.

II. METHODS

A. Experimental details

All measurements were performed on YbMgGaO4 single
crystals from Ref. [21]. No sample dependence was observed
in this or any of the previous studies. Excellent crystal qual-
ity is confirmed by narrow, resolution-limited peaks in x-ray
diffraction and absent paramagnetic impurity contribution
probed by electron-spin resonance [21].

Magnetization down to 40 mK and in fields up to 10 T was
measured in a dilution refrigerator with a capacitive method
using a Faraday force magnetometer [22]. Additionally, mea-
surements up to 7 T and down to 0.5 K were performed in
a Quantum Design magnetic property measurement system
(MPMS) using the 3He insert. These data were used to scale
the magnetization measured in the dilution refrigerator. In
both methods, magnetization is probed directly, and abso-
lute values of the magnetic moment are obtained, unlike in
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Ref. [20] where changes in the magnetization are monitored
indirectly by a shift in the resonance frequency of the tunnel
diode oscillator.

Heat capacity was measured in the dilution refrigerator
down to 200 mK and up to 7 T using quasiadiabatic pulse
method. The same setup was used for measuring the magnetic
Grüneisen parameter �mag [23]. A weak oscillating mag-
netic field was superimposed on the main magnetic field, and
temperature oscillations due to magnetocaloric effect were
detected. They were further used to calculate �mag = 1

T
∂T
∂H |

S
.

In-plane thermal expansion and magnetostriction (�L⊥c)
were measured in a dilution refrigerator by use of a capacitive
dilatometer [24] in fields (H ⊥ c) up to 10 T and down to
temperatures of 100 mK.

B. Model and numerical simulations

Magnetic interactions in YbMgGaO4 are described by an
anisotropic spin Hamiltonian on the triangular lattice [25,26]:

Hexch =
∑

m

[
HXXZ

m + H±±
m + Hz±

m

]
, (1)

which includes interactions between nearest neighbors
(m = 1) and second neighbors (m = 2). The first term,

HXXZ
m = Jm

∑

〈i j〉

(
Sx

i Sx
j + Sy

i Sy
j + �Sz

i Sz
j

)
, (2)

is the XXZ Hamiltonian with the exchange anisotropy �. The
second and third terms,

H±±
m =

∑

〈i j〉
2J±±

m

[(
Sx

i Sx
j − Sy

i Sy
j

)
cos ϕα

− (
Sx

i Sy
j + Sy

i Sx
j

)
sin ϕα

]
, (3)

Hz±
m =

∑

〈i j〉
Jz±

m

[(
Sy

i Sz
j + Sz

i Sy
j

)
cos ϕα

− (
Sx

i Sz
j + Sz

i Sx
j

)
sin ϕα

]
, (4)

stand for the additional anisotropies, including off-diagonal,
and ϕα = 0,±2π/3 is the bond-dependent prefactor.

Quantum simulations by exact diagonalization for the spin
Hamiltonian of Eq. (1) are restricted to very small lattice sizes.
Therefore, we resort to the classical spin Hamiltonian:

H = Hexch −
∑

i

HSi −
∑

i �= j

B(H )i j (SiS j )
2, (5)

where the exchange Hamiltonian from Eq. (1) is augmented
by the Zeeman term and by the biquadratic exchange that
emulates the effect of quantum fluctuations [27]. To determine
the optimal size of the biquadratic exchange, we adopt the
procedure of Ref. [27] modified as follows:

B(Hα ) = Jzz
1

[
0.0536

(
1 − 0.03Hα

√
Hα

sat − Hα
)]

n, (6)

where Hα
sat is the saturation field for the field direction α, and

n is an integer. The Yb3+ g-factor (g⊥ or g‖ depending on
the field direction) was added a posteriori by rescaling the
magnetic field.

Magnetization of the Hamiltonian given by Eq. (5) was
determined by classical Monte Carlo (MC) simulations at

TABLE I. Exchange parameters for the spin Hamiltonian of
Eq. (5). Models A and B are based on the data from Refs. [19,21],
respectively, the latter augmented by the second-neighbor coupling
J2.

Model � J±±
1 /J1 Jz±

1 /J1 J2/J1 g‖ g⊥

A 0.88 0.176 0.176 0.18 3.81 3.53
B 0.54 0.086 0.02 0.18 3.72 3.06

temperatures up to T = 0.15Jzz
1 , where Jzz

1 = J1�, using
the Uppsala Atomistic Spin Dynamics (UPPASD) package
[28,29].

Each magnetization curve was calculated using 500 differ-
ent values of the magnetic field. During the MC simulations,
we gradually cool down the system from T = 5.0Jzz

1 . Each
run is composed of 25 annealing steps with 40 000 MC steps
per spin. �T between successive temperature steps is differ-
ent and set manually. At the final temperature, we perform
100 000 MC steps for thermalization and 150 000 for mea-
surements.

The parametrization of Hexch has been a matter of signifi-
cant debate [1]. Here, we use two sets of exchange parameters
(Table I). Model B based on the Curie-Weiss temperatures
and electron-spin resonance data [21] was initially formulated
for the purely nearest-neighbor (NN) spin Hamiltonian. We
augment it by adding the second-neighbor coupling J2 com-
patible with the neutron-scattering data [18,19]. Model A is
based on fitting magnetic excitations determined by terahertz
and neutron spectroscopies as a function of field [19]. Two
of the parameters, J±±

1 /J1 = 0.4(3) and Jz±
1 /J1 = 0.6(6), are

determined with a very high uncertainty, leaving a rather
vague definition of the parameter space. We tested several
values within the range allowed by the aforementioned ex-
periments, and chose the J±±

1 /J1 and Jz±
1 /J1 values that yield

best agreement with the experimental magnetization curves.
These values are given in Table I for the parameter set A.

The main difference between the models A and B lies in the
extent of their XXZ anisotropy �. Both parameter sets place
YbMgGaO4 into the region of a stripe phase on the general
phase diagram of triangular antiferromagnets [25], although
experimentally YbMgGaO4 strongly resembles a spin liquid
and clearly lacks any magnetic order. Different scenarios of
the spin-liquid formation were discussed in the literature [1].
For example, Zhu et al. [31] argued that structural randomness
leads to random directions of spin stripes, and this stripe liquid
mimics a spin liquid. On the other hand, Rau and Gingras [32]
suggested that structural randomness will not affect the posi-
tion of the material on the phase diagram and will only lead
to a variation of J1 across the crystal, the scenario reminiscent
of a valence-bond solid with quenched disorder [33] that was
used to interpret low-energy excitations of YbMgGaO4 [34].
We, therefore, employ the randomness scenario proposed by
Rau and Gingras [32] in our simulations, as further explained
in Sec. III B.

III. RESULTS

A. Magnetization and susceptibility

Figure 1 shows field dependence of the magnetization
for both directions of the applied field. The saturation

104433-2
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FIG. 1. (a), (b) Field-dependent magnetization of YbMgGaO4 measured with MPMS for H ‖ c and H ⊥c, respectively. (c), (d) Associated
magnetic susceptibility χ = dM/dH . (e) Field-dependent magnetization measured for H ‖ c in the dilution fridge up to 10 T and down to
40 mK; the inset shows χ (H ) in good agreement with the MPMS data from panel (c). (f) Schematic picture of field-dependent magnetization
for the NN triangular Heisenberg antiferromagnet with � = 1 and J±±

1 = Jz±
1 = J2 = 0, as taken from Ref. [30]. The 1

3 plateau is clearly
visible and leads to the rectangular dip in χ (H ) (black line in the inset) that transforms into a minimum when broadening is introduced
(red line).

magnetization Msat calculated from the experimental g-factors
(Table I, model B) is about 1.86 μB/Yb3+ for H ‖ c and
1.53 μB/Yb3+ for H ⊥c. These values are reached at the
saturation fields of H‖

sat � 5 T and H⊥
sat � 7 T, respectively.

The magnetization increases linearly above H‖
sat because of the

sizable van Vleck term caused by the higher-lying crystal-field
levels of Yb3+. The higher value of the saturation field for
H ⊥c reflects easy-plane anisotropy of the exchange cou-
plings. To a first approximation, � � H‖

sat/H⊥
sat � 0.71 is in

between the estimates of the models A and B in Table I.
Even at 0.5 K, the magnetization curves do not show

any features that could be unambiguously identified as the
1
3 plateau, although there is a clear nonlinearity around Msat/3

for both field directions [Figs. 1(a) and 1(b)]. This effect
is better visible in the magnetic susceptibility χ = dM/dH ,
where a plateau is observed centered around 1.7 T for H ‖ c
and 3.5 T for H ⊥c [Figs. 1(c) and 1(d)].

To detect these features more clearly, we reduced the mea-
surement temperature to 40 mK. This was only possible for
H ‖ c, because in the H ⊥c configuration a strong torque, pre-
sumably caused by sample misalignment, prevented reliable
measurements with the Faraday magnetometer. Nevertheless,
already the H ‖ c data suggest that reducing the temperature
has no visible effect on the nonlinearity of M(H ) and plateau
feature of χ (H ) [Fig. 1(e)], and they obviously deviate from
the prominent 1

3 plateau expected, for example, in a NN tri-
angular Heisenberg antiferromagnet [Fig. 1(f)]. Furthermore,
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FIG. 2. (a) The M(H ) and χ (H ) curves obtained for model B with H ⊥ c, Javg = 2.26 K, and T = 0.15Jzz
1 without averaging over different

values of J1. No plateau feature comparable to the experimental data is visible in χ (H ). (b) Averaging of the M(H ) curve to simulate the
exchange randomness. The curve with f = 1 equals the original curve shown in (a), whereas f = 0.55 and 1.45 represent two values of
J1 which contribute with a smaller weight w to the averaged curve following Eq. (7). The inset shows a Gaussian distribution of the f
values together with the respective weight w. The resulting averaged M(H ) curve is shown in purple. (c) Calculated χ (H ) for model A
using Javg = 1.63 K with 2σ = 0.53 Javg, n = 5, T = 0.15Jzz

1 for H ‖ c and 2σ = 0.61 Javg, n = 2, T = 0.15Jzz
1 for H ⊥c. (d) Calculated χ (H )

for model B using Javg = 2.26 K with 2σ = 0.46 Javg, n = 6, T = 0.05Jzz
1 for H ‖ c and 2σ = 0.6 Javg, n = 5, T = 0.15Jzz

1 for H ⊥c. This
parameter set yields best agreement with the experimental behavior shown by the dotted lines for the experimental data measured at 500 mK.

the bend due to saturation remains very broad, much broader
than expected at 40 mK where thermal fluctuations are mostly
suppressed. This broadening is an intrinsic effect that reflects
a distribution of exchange couplings in YbMgGaO4 caused by
the structural randomness.

Our data are overall in agreement with the indirect mag-
netization measurement by Steinhardt et al. [20], who also
observed saturation at 4–5 T for H ‖ c and 7–8 T for H ⊥c.
The field-induced crossover proposed in their work seems to
coincide with the plateau features of χ (H ). Our direct mag-
netization measurement clearly excludes a thermodynamic
phase transition around this field, because no anomalies are
observed in M(H ). Both first and second derivatives of the
free energy evolve continuously.

B. Modeling of the susceptibility

Randomness of exchange couplings broadens all features
in the magnetization curves, so it would be natural to interpret
the effects observed in our magnetization data as partially
smeared out signatures of the 1

3 plateau. Two aspects of
the data speak against this interpretation, though. First, the
1
3 plateau is typically observed for H ⊥c and not for H ‖ c,
as in Ba3CoSb2O9 (� = 0.85–0.95) [14–16] and NaYbSe2

(� = 0.49) [11]. YbMgGaO4 with an intermediate value of
� shows a quite different behavior, since both field directions
lead to very similar signatures in M(H ) and χ (H ). These
signatures are shifted to higher fields for H ⊥c because of the
stronger couplings between in-plane spin components, similar
to the anisotropy of the saturation field.

104433-4
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Second, χ (H ) is expected to show a dip, becoming zero
at the 1

3 plateau while being positive both below and above
the plateau [Fig. 1(f)]. Broadening transforms this dip into a
shallow minimum, but it does not lead to a plateau feature
with the overall downward trend in χ (H ). We thus conjecture
that the features shown in Fig. 1 may have a different origin,
and attempt to reproduce them in numerical simulations for a
realistic spin Hamiltonian of YbMgGaO4.

MC calculations for the models A and B from Table I result
in magnetization curves with a steplike feature that marks the
onset of the 1

2 plateau, which is exemplified in Fig. 2(a) for
model B, H ⊥ c. Similar behavior is obtained for both field
directions within model A. The exception is model B, H ‖ c,
where only the step was observed, but no plateau was visible.
The 1

2 plateau is indeed expected for the parameter range of
YbMgGaO4 with J2/J1 = 0.18. Quantum simulations for tri-
angular antiferromagnets with large J2 also yield the 1

2 plateau
and assign it to the up-up-up-down magnetic order stabilized
for J2/J1 > 0.125 [35].

We now compare these results to the experimental data
by introducing exchange randomness that stems from the
random distribution of unequally charged Mg2+ and Ga3+

ions in the structure. These nonmagnetic ions impose different
electric fields on the magnetic Yb3+ ions, affect their crystal-
field levels, and influence ground-state wave functions that,
in turn, modify exchange couplings in the system. Li et al.
[36] described these intricate disorder effects using several
structural models that reproduce experimental crystal-field ex-
citations probed by neutron spectroscopy. Consequently, Rau
and Gingras [32] used the same structural models to estimate
exchange parameters, and showed that only the absolute value
of J1 varies throughout the crystal, whereas �, J±±

1 /J1, and
Jz±

1 /J1 are nearly unchanged. We follow this assumption and
employ a Gaussian distribution of J1 in our simulations, while
keeping fixed values of � and other exchange parameters
given in Table I. We also assume a similar Gaussian distri-
bution of J2 with the constant J2/J1 ratio.

Pristine magnetization curve M(H )prist is calculated for
Javg, an average value of J1 in the crystal, and the field is
consequently rescaled by the factor f = J1/Javg to reflect the
change in the energy of exchange couplings. The step and
plateau in M(H ) are shifted accordingly toward higher or
lower fields [Fig. 2(b)]. For each curve, a weighting factor w

is assigned using the Gaussian distribution [inset of Fig. 2(b)].
The distribution is truncated at factors where w = 0.01, which
in this example occurs for J1,min / max = 0.1 and 1.9 Javg. It cor-
responds to a half width of about 0.7 and a standard deviation
of σ ∼ 30% of Javg. Thus the interval of Javg ± σ that carries
most of the weight corresponds to about 60% variation in the
size of J1 due to structural randomness, in agreement with
the atomistic simulations of Ref. [32]. Similar values have
been used for the other curves in Figs. 2(c) and 2(d), and all
parameters are summarized in Table II.

Averaged magnetization is obtained by adding all factor-
ized curves as follows:

M(H )avg =
∑n

i=0 wi fiM(H )prist∑n
i=0 wi

, (7)

with 201 fi values, exemplarily shown again for model B,
H ⊥ c, in Fig. 2(b). Averaged curves of χ (H ) for models A

TABLE II. Summary of the parameters used for the averaging
procedure shown in Figs. 2(c) and 2(d) and explained in the text.
σ is defined as the standard deviation. The interval ±σ around Javg

includes ≈68% of the J1 values, thus carrying most of the total
weight.

Model FWHM (% of Javg) J1,min / max 2σ (% of Javg)

A, H ‖ c 62 0.2/1.8 Javg 53
A, H ⊥ c 71 0.08/1.92 Javg 61
B, H ‖ c 54 0.3/1.7 Javg 46
B, H ⊥ c 70 0.1/1.9 Javg 60

and B are shown in Figs. 2(c) and 2(d) and, besides predicting
the correct order of magnitude, strongly resemble the exper-
imental χ (H ). For model A the plateau in χ (H ) is obtained
around the same field for both field directions, whereas for
model B the plateau is observed at about twice higher field for
H ⊥c than for H ‖ c in perfect agreement with the experiment.
Experimental positions of the plateaus are reproduced using
Javg = 2.26 K, to be compared with the earlier estimates of
1.8 K [21] and 2.0 K [19] that, however, did not take into
account exchange randomness.

Several discrepancies should be mentioned as well. Even
in model B, the χ (H ) plateaus in the simulated curves are
more narrow than in the experiment. This may indicate an ap-
proximate nature of our randomness scenario. Moreover, ex-
perimental magnetization curves reveal a downward curvature
below 1 T, whereas simulated curves (and their average) are
linear in this field range. This difference may arise from quan-
tum effects that, for example, cause nonlinear field-dependent
magnetization of frustrated square-lattice antiferromagnets
[37], but were neglected in our classical MC simulations.

We have also checked how different exchange parame-
ters affect the shape of χ (H ). A small variation of J±±

1 and
Jz±

1 does not change the plateaus in χ (H ) or their positions.
However, if one of these parameters exceeds 40% of Jzz

1 , the
plateau, as well as the steplike feature in M(H ), vanish. This
may be related to the fact that off-diagonal terms destabilize
the collinear up-up-up-down order forming around Msat/2
[35]. Changing � has an immediate effect on the suscepti-
bility and magnetization, as one can see from Figs. 2(c) and
2(d). Model B with the smaller � leads to a much better match
with the experiment, suggesting a sizable XXZ exchange
anisotropy in YbMgGaO4. On the other hand, we checked that
increasing the anisotropy even further (i.e., reducing � below
0.54) will suppress the features for H ‖ c. This gives the lower
bound of � � 0.5 for the XXZ anisotropy in YbMgGaO4.

Finally, broadening of the magnetization curves with the
1
3 plateau obtained for J2/J1 < 0.125 does not lead to a
plateaulike feature in χ (H ) [see Fig. 1(f)]. This corroborates
the sizable J2 in YbMgGaO4, as pointed out by neutron and
terahertz spectroscopies [18,19].

C. Calorimetry

Calorimetry offers a complementary thermodynamic probe
of the field-induced magnetic behavior. In Fig. 3(a), we show
specific heat measured as a function of field for both field
directions at 200 mK. Several contributions add up to the
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FIG. 3. (a) Field dependence of the specific heat C(H ) of YbMgGaO4 measured with H ‖ c and H ⊥c at 200 mK. For both field directions
the slope obviously changes in the same field region like the susceptibility, and especially for H ‖ c a plateau is clearly visible. The dotted lines
indicate the position of the plateau in χ (H ) for the two field directions, respectively. The inset shows field-dependent magnetic entropy
calculated using C(H ) and �mag(H ) as described in the text. (b), (c) Field dependence of the magnetic Grüneisen parameter �mag for
different temperatures and both field directions. (d) In-plane magnetostriction λ(H ) measured at several temperatures for H ⊥c. The inset
shows temperature-dependent linear thermal expansion coefficient α measured at 0 and 3 T, with the power-law behavior highlighted at low
temperatures.

total specific heat C probed in our experiment. Electronic con-
tribution is absent in insulating YbMgGaO4, whereas lattice
contribution is negligibly small below 1 K [17]. Therefore,
at 200 mK we are mostly probing magnetic specific heat,
probably with a nuclear contribution [5,38], but the latter
increases with increasing magnetic field, which is not the
case in our data. Therefore, we conclude that the signal
shown in Fig. 3(a) is dominated by the magnetic specific
heat.

Specific heat systematically decreases with field
[17,18,39], because low-energy excitations of YbMgGaO4

are progressively gapped out [40]. This decrease is
nonmonotonic, though. The data for H ‖ c show a plateau
between 1.5 and 2.5 T in striking resemblance to the plateau
in χ (H ) for the same direction of the applied field [Fig. 1(c)].

Although no clear plateau feature is seen for H ⊥c, the linear
regime between 2.5 and 4 T is reminiscent of the plateau
in χ (H ) in Fig. 1(d). This confirms that field evolution of
YbMgGaO4 is nonmonotonic.

Specific heat is proportional to the second derivative of free
energy with respect to temperature. In order to reconstruct
entropy as the first derivative, we measured the magnetic
Grüneisen parameter which is defined as

�mag = 1

T

∂T

∂H

∣∣∣∣∣
S

. (8)

The field-dependent entropy S(H ) is obtained by integrat-
ing the Maxwell relation ∂S/∂H = ∂M/∂T , using ∂M/∂T =
−�mag(H ) × Cp(H ) [23,41]. The resulting S(H ) curve was
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shifted by 0.07R ln 2 to account for the zero-field entropy at
200 mK [17].

The overall decrease in the magnetic entropy mirrors the
decrease in C(H ) due to the low-energy excitations gapped
out and the tendency of spins to align parallel to the applied
field. A nonmonotonic behavior can be still seen around 2 T
for H ‖ c, but no features are visible for H ⊥c. This is similar
to the data in Fig. 1, where only a weak nonlinearity is seen in
magnetization as first derivative of the free energy.

The magnetic Grüneisen parameter itself is a sensi-
tive probe of field-induced phase transitions. Sign change
expected for a second-order phase transition is clearly ab-
sent across the whole field range in both H ‖ c and H ⊥c
[Figs. 3(b) and 3(c)]. The regions of the χ (H ) and C(H )
plateaus correspond to a minimum in �mag, although it does
not reach zero, suggesting that S(H ) evolves monotonically
without going through a maximum, as would be typical for a
thermodynamic phase transition. We also note that at 200 mK
�mag vanishes above 5 T for H ‖ c and bends around 7–8 T
for H ⊥c. These features coincide with the saturation, which
is independently probed via M(H ) (Fig. 1).

D. Dilatometry

We complete our thermodynamic characterization of
YbMgGaO4 by measuring linear thermal expansion α =
(1/L0)(dL/dT ) and magnetostriction λ = (1/L0)(dL/dH ).
Both parameters are relatively small, on the order of 10−6 K−1

and 10−6 T−1, respectively, as typical for insulating magnets
[42,43] with only a weak coupling between lattice and spins.

At a constant pressure, specific heat and thermal expan-
sion should have the same temperature dependence according
to the Grüneisen relation α(T ) = � C(T ), where � is the
Grüneisen constant. At low temperatures, specific heat of
YbMgGaO4 reveals a peculiar T γ power-law behavior with
γ � 0.7 in zero field [17,18,39], reminiscent of γ = 2

3 in
the U (1) quantum spin liquid with spinon excitations. This
behavior is indeed reproduced in our zero-field α(T ) data
that follow the T γ power law with γ � 0.8 below 500 mK.
The power law is thus robust, although its relation to spinons
remains debated [25,39], especially in the light of valence-
bond models with quenched disorder that can account for this
behavior too [33,34]. At 3 T, the γ value increases to 1.6, indi-
cating gradual opening of a gap in the excitation spectrum. A
similar evolution has been seen in the temperature-dependent
specific heat of YbMgGaO4 [17].

Positive in-plane magnetostriction indicates that mag-
netization of YbMgGaO4 should decrease under uniax-
ial pressure, according to the Maxwell relation λV =
−(dM/dP)p→0,T,H , where V is the molar volume [44]. This
observation is compatible with J1 increasing under hydro-
static pressure as a result of shortened Yb-O distance and
decreased Yb-O-Yb bridging angle [45], because similar
structural changes in the YbO2 layer are expected under
uniaxial pressure in the ab plane. No thermodynamic anoma-
lies are observed across the whole field range of our study,
whereas the maximum around 7 T can be ascribed to the
saturation of the magnetization for H ⊥c. The broadening of
this maximum and the sizable λ observed even at 10 T are

compatible with the strong exchange randomness. Below the
maximum, λ(H ) evolves monotonically and does not show
plateaulike features observed in χ (H ) and C(H ). They are
probably fully smeared out by the randomness.

IV. DISCUSSION AND SUMMARY

Triangular antiferromagnets show some of the most intri-
cate field-induced magnetically ordered states [46]. Recent
experiments suggest that even spin-liquid candidates, which
do not order in zero field, are prone to field-induced magnetic
order with the formation of the up-up-down collinear phase
( 1

3 plateau) and possibly other types of magnetic structures
[6,12]. YbMgGaO4 stands as an exception. Its field evolution
probed by our thermodynamic measurements at millikelvin
temperatures does not reveal any anomalies, suggesting that
spin dynamics previously confirmed in zero field [47,48] may
persist across the whole field range until spins become fully
polarized.

Structural randomness and eventual randomness of ex-
change couplings are the most likely origins of this unusual
behavior, because in the presence of randomness any field-
induced transition broadens into a crossover and ultimately
fades. Indeed, even at temperatures as low as 40 mK, we ob-
serve very broad features at saturation (Fig. 1). Our modeling
of the magnetization data, as well as the earlier microscopic
results [32], suggest at least 50% distribution of Javg that
appears to smear out any field-induced transitions in this
system. Nevertheless, even in this highly random setting the
field evolution remains somewhat nonmonotonic. We detected
plateau features in second derivatives of free energy, magnetic
susceptibility and specific heat. The positions of the plateaus
reflect the XXZ anisotropy of underlying exchange couplings
and of the saturation field.

Intriguingly, our magnetization data cannot be repro-
duced under an assumption that these features in χ (H )
are vestiges of the 1

3 -magnetization plateau and associated
up-up-down order commonly seen in other triangular antifer-
romagnets, but they can be modeled if magnetization curves
with the 1

2 plateau (up-up-up-down order) are considered.
The 1

2 plateau is expected in triangular antiferromagnets with
J2/J1 > 0.125, the parameter regime compatible with J2/J1 �
0.18 inferred for YbMgGaO4 from neutron and terahertz
spectroscopy [19].

Our modeling of the magnetization process is based on
the description of YbMgGaO4 in terms of a microscopic spin
Hamiltonian. A concurrent, phenomenological interpretation
can be given within the valence-bond scenario developed in
Ref. [33] and backed by the experimental study of low-energy
excitations [34]. This scenario interprets the zero-field ground
state of YbMgGaO4 as a mixture of orphan spins and antifer-
romagnetic dimers (valence bonds) with randomly distributed
exchange couplings. The initial reduction in χ (H ), which is
the slope of M(H ), can be ascribed to the polarization of these
orphan spins, while the plateau region of χ (H ) will reflect
the field range where orphan spins are fully polarized, and
the dimers are gradually transformed from singlets to triplets.
A common aspect of both scenarios is that the field range of
the plateau reflects the energy scale of exchange couplings
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for a given spin direction and thus the extent of the XXZ
anisotropy in the system.

In summary, we have shown that no thermodynamic
anomalies occur in YbMgGaO4 across the whole field range
up to saturation, although a nonmonotonic behavior with
plateaus features in second derivatives of free energy is
observed. The nonlinearity of M(H ) and the plateaulike evo-
lution of χ (H ) are seen for both field directions and may not
be vestiges of the 1

3 -magnetization plateau. On the other hand,
they can be explained by nonmonotonic changes in the mag-
netization expected at J2/J1 > 0.125. The relative positions of
the plateaus features for H ‖ c and H ⊥c indicate the sizable
XXZ anisotropy of YbMgGaO4.
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