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Rotational Griineisen ratio: A probe for quantum criticality in anisotropic systems
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The Griineisen ratio I and its magnetic analog, the magnetic Griineisen ratio I'y, are powerful probes to
study the nature of quantum phase transitions. Here, we propose a Griineisen parameter, the rotational Griineisen
ratio I'y, by introducing the orientation of the external field as a control parameter. We investigate I', of the
highly anisotropic paramagnets CeRhSn and CelrSn by measuring the rotational magnetocaloric effect in a wide
range of temperatures and magnetic fields. We find that the I'y, data of both compounds are scaled by using the
same critical exponents and the field-invariant critical field angle. Remarkably, the scaling function for the Iy,
data reveals the presence of highly anisotropic quantum criticality that develops as a function of the easy-axis
component of the magnetic field from the quantum critical line. This paper provides a thermodynamic approach
to detect and identify magnetic quantum criticality in highly anisotropic systems.
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I. INTRODUCTION

Quantum criticality arising from quantum fluctuations has
been a key concept for understanding exotic condensed mat-
ter systems such as heavy fermion systems, quantum spin
liquids, and high-7; superconductors [1-7]. The universal
scaling of various quantities in a wide range of temperatures
plays an important role in characterizing quantum critical
points (QCPs) where the system undergoes a quantum phase
transition at absolute zero by tuning a control parameter such
as pressure p, doping concentration, or magnetic field H. In
particular, whereas the specific heat C, the thermal expansion
a, and the temperature T derivative of magnetization M ap-
proach zero according to the third law of thermodynamics, the
Griineisen ratio I' = «/C and the magnetic Griineisen ratio
I'y = —(0M/9T)/C have been theoretically predicted to di-
verge with a universal temperature dependence, proportional
to T~/ toward a QCP [8]. Here, the correlation length
exponent v and the dynamical exponent z characterize the
divergence of the correlation length £ ~ |r|~" and the corre-
lation time &; ~ £% as a function of the control parameter r
describing the distance from the QCP, respectively. As studied
in various materials [4,5], precise estimations of these critical
exponents are essential because these exponents reflect the
nature of quantum fluctuations arising near the QCP. Because
of the thermodynamic relation of I' = [1/(V,,T)](dT/9p)s
and I'y = (1/T)(0T /oH)s, where V,, is the molar volume,
I' (T'y) is related to the piezocaloric effect [magnetocaloric
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effect (MCE)] and becomes a sensitive probe to detect a QCP
in which the pressure (magnetic field) is the control parameter.

In contrast to these previous QCP studies where the mag-
nitude of the external parameters is relevant, the direction
of the external parameters (such as magnetic field, pressure,
and electric field) can become an important parameter for
the quantum critical behavior when the system has a large
anisotropy. An introduction of a large anisotropy in the sys-
tem often gives rise to significant changes in the physical
properties that emerge. For example, a strong local easy-axis
anisotropy in the pyrochlore structure yields Ising-like spin
correlations, which has been theoretically predicted to real-
ize a quantum spin-ice state with emergent photons [9]. The
bond-dependent Ising anisotropy in the honeycomb structure
realizes a Kitaev spin Hamiltonian with fractionalized spin ex-
citations [10]. Therefore, quantum criticality in systems with
a strong magnetic anisotropy may exhibit exotic quantum crit-
ical phenomena not observed in isotropic systems. Indeed, the
reentrant superconductivity observed in the highly anisotropic
magnetic compounds URhGe [11,12] and UTe, [13,14] has
been pointed out to be driven by anisotropic spin fluctuations.
However, quantum criticality in these anisotropic systems has
not yet been well studied experimentally, due to the lack of
appropriate probes.

In this paper, we introduce the rotational Griineisen ratio
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to study the quantum critical behaviors in which the angle ¢ of
the external parameters is the control parameter. The measure-
ments of I'y, have the advantage of minimizing misalignment

©2025 American Physical Society
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effects in a highly anisotropic material by varying the angle
over a wide range. Furthermore, when ¢ is the angle of the
external magnetic field, adiabatic rotational MCE (97 /0¢)s
is easier to achieve than adiabatic MCE (07 /0H )5 because,
unlike the limitation on the ramp rate of the magnetic field
by the large inductance of the superconducting magnet, the
ramp rate of the rotation angle can easily be set large to
realize adiabatic rotational MCE measurements. We note that
I'y given by the magnetic field angle corresponds to the ratio
between the temperature derivative of the magnetic torque
(t=—-M x H) and C as (dt/dT)/C, in a similar form of
'y =—(M/dT)/C.

We apply this experimental method to the highly
anisotropic paramagnets CeRhSn [15-20] and CelrSn [21,22].
In CeRhSn, a zero-field QCP is suggested to be realized due
to the geometrical frustration caused by the quasikagome lat-
tice [18]. We determine I'y through the measurements of the
rotational MCE (07T /d¢)s by rotating the magnetic field in
the ac plane. We reveal that the Iy, data of these two materials
follow the same universal relation with the critical exponents
vz = 2/5 and the same critical field angle ¢, = /2 despite
the very different Kondo temperatures (240 K for CeRhSn
and 480 K for CelrSn), showing a common origin of the
quantum criticality in the quasikagome Kondo-lattice sys-
tem which has antiferromagnetic spin correlation [16,22] and
Ising-type anisotropy (M. > M,,) [15,21]. We further find
that the scaling function for the I'y, data shows the presence of
a quantum critical line for both compounds, in which the mag-
netic field along the easy-magnetization axis is the dominant
control parameter of the highly anisotropic quantum critical-
ity. These results demonstrate that I'y is a powerful probe to
study quantum criticality in materials with a large magnetic
anisotropy.

II. EXPERIMENTAL METHODS

Single-crystalline samples of CelrSn and CeRhSn were
grown by the Czochralski method [15,21]. A single crystal
of CelrSn with a mass of 14.4 mg weight was used in this
study. The chemical stoichiometry of the single crystals, as
well as the negligible sample dependence, was confirmed by
the electron-probe microanalysis in a previous study [21].
The single-crystalline sample of CeRhSn is identical to the
one used in the previous study [20]. The specific heat was
measured by the quasiadiabatic method using a home-built
calorimeter installed in a dilution refrigerator (Kelvinox AST
minisorb, Oxford). The rotational MCE was estimated at each
field angle ¢ by fitting the initial slope of the temperature
change, dT /d¢, in response to the quasiadiabatic rotation of
the external magnetic field in the ac plane by 1.0° or 0.5° at
a rate of 0.04° — 0.1°/s [23]. Here, ¢ is measured from the
¢ axis. The magnetization of CelrSn was measured using a
capacitive Faraday-force magnetometer [24,25] installed in a
‘He refrigerator (HelioxVL, Oxford).

III. RESULTS AND DISCUSSION

In Fig. 1(a), the magnetization of CelrSn at 0.3 K is
plotted as a function of the magnetic field applied approxi-
mately along the a axis. In addition, Fig. 1(b) shows the field
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FIG. 1. Magnetic field dependence of (a) the magnetization M
(circles) for H || a and (b) the specific heat for H || ¢ (¢ = 0°) and
H || a (¢ =90°) of CelrSn at 0.3 K. Here, the field angle ¢ is mea-
sured from the ¢ axis. In (a), the field dependence of the derivative
of magnetization dM/dH (arb. unit) for H || a is represented by the
solid line. Crosses in (a) show the magnetization M (H) at 0.5 K for
H || ¢ taken from Ref. [21], which is divided in half. The inset in
(b) shows the field-angle dependence of the relative entropy change
ASy = S(¢) — S(0°) (solid line) and the rotational MCE dT /d¢
(circles) of CelrSn under a magnetic field of 2 T rotated within the
ac plane at 0.3 K.

dependence of the specific heat of the same CelrSn sample
at 0.3 K under a magnetic field applied precisely along the ¢
or a axis. A metamagnetic anomaly was clearly detected for
H || aaround 5.5 (5.8) T from C(H) (dM/dH), in reasonable
agreements with the previous report [21]. As shown in the
inset of Fig. 1(b) and Supplemental Material (SM) (I) [26], a
sharp peak (sign change) was detected at ¢ = 90° in the field-
angle dependent entropy ASg (rotational MCE dT /d¢) for
CelrSn, where AS is estimated by integrating (9S/0¢)r x =
—(C/T)(T /9¢)s . These sharp angle dependences of AS
and dT /d ¢ ensure that the field orientation was precisely con-
trolled during our MCE and specific-heat measurements for
CelrSn [see SM (I) [26] for CeRhSn]. The adiabatic condition
during the measurements has also been ensured by confirming
that the initial slope of T (¢) just after starting the field rotation
was identical for the clockwise and the anticlockwise rota-
tion [20,23] [see SM (II) for more details]. Given the larger
nuclear contribution in the specific heat of CelrSn at low
temperatures than that of CeRhSn [21], only the data above
0.3 K are presented for CelrSn in this study. Using Eq. (1) and
the rotational MCE data [see SM (II) [26] for all the rotational
MCE data], the rotational Griineisen ratio I'y, of CelrSn is esti-
mated as exemplified in the inset of Fig. 2(a). We also estimate
I'y of CeRhSn from the rotational MCE data which include
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FIG. 2. Scaling plots of the rotational Griineisen ratio I'y of
(a) CelrSn at 0.5 T and (b) CeRhSn at 2 T for various temperatures.
The solid line indicates the scaling function I'y ~ (¢ — 7 /2)T /2.
Insets plot the same data of I'y, as a function of the magnetic-field

angle ¢ measured from the ¢ axis. The rotational MCE data used to
estimate I', are shown in SM (II) [26].

those obtained from the previous measurements [20,26], as
exemplified in the inset of Fig. 2(b).

We now discuss the scaling of the rotational Griineisen
ratio I'y for CelrSn and CeRhSn. Based on a theoretical model
in the vicinity of a QCP [8], if a QCP exists at the critical field
angle ¢, as the applied magnetic field H is rotated with a
plane, a scaling for (¢ — ¢ )[4 is defined by a function of
(@ — @)l ~ f(T /(¢ — ¢er)¥®). This scaling describes the
divergence of Ty, given as ~T /"9 in the quantum critical
regime (T /Ty > r"*) and ~1/(¢ — ¢.;) in the quantum para-
magnetic (disordered) regime (7 /Ty < r"?). Here, the control
parameter is r(¢) = (¢ — ¢er)/do, To and ¢y are constants
for scaling, ¢, is a critical field angle, and f(x) is a scaling
function.

We examine this scaling relation for I'y using the data in
the insets of Figs. 2(a) and 2(b). By investigating the scaling of
the (¢ — ¢ )Ty data as a function of 7' /(¢p — ¢)" for various
exponents n, we find that n = 4/5 and ¢, = 7 /2 provide the
best scaling as shown in Figs. 2(a) and 2(b) for CelrSn at
0.5 T and CeRhSn at 2 T, respectively. Thus, (¢ — 7 /2)["y
data at the fixed H collapse on the same curve and I'y, shows
quantum critical divergence as (¢ — 7 /2)T ~>/? for both ma-
terials. In Fig. 2(b), (¢ — m /2)I"y becomes constant in the low

T /(¢ — m/2)*/3 regime, corresponding to the quantum para-
magnetic regime. As shown in the SM (III) [26], the (¢ —
7w /2)I'y data at different magnetic fields also show similar
scaling on different curves as a function of T /(¢ — 7 /2)*/5.
These scalings suggest that the correlation length & diverges
at ¢ = /2 regardless of the magnitude of H, below at
least 2 T with the common critical exponents vz, indicating
the existence of a quantum critical line along ¢ = /2 (the
hard-magnetization a axis).

This presence of the quantum critical line along ¢ = 7 /2
indicates that the quantum criticality is dominated by the c-
axis component of the magnetic field (H; = H cos ¢), but is
insensitive to the a-axis component (H; = H sin ¢). In order
to clarify the control parameter in this system, we investigate
the rotational magnetic Griineisen ratio Iy given by

- Ty 1 /oT 1 /0T

O AR AR
H, TH \d¢p /g T\OH|/q
Therefore, the scaling relation of I'y = (1/T)(dT /0H )s valid
at ¢ = 0 can be adopted for "4 in a highly anisotropic system
in which the control parameter is given by r(H)) ~ |H —
H,.|/Hy where H| . is the critical magnetic field along the
c axis and Hj is a constant. As shown in the contour plot of
', of CeRhSn at 0.1 K in the Hj-H, plane [Fig. 3(a)], Ty
asymmetrically changes as a function of H) with respect to
Hj =0, but it is insensitive to H, showing that the magnetic
field component along the easy c axis is the dominant control
parameter of the quantum criticality.

The scaling of (Hy — Hy )[4 as a function of T/(H) —
Hj )" enables to identify the critical field value along the ¢
axis H) .. We find that n = 4/5 and H) . = 0 provide the best
scaling for all the data at different magnetic fields as shown
in Figs. 3(b) and 3(c) for CelrSn and CeRhSn, respectively;
all the experimental f¢ data collapse on a universal curve in
multiple orders of magnitude of T /Hﬁ /3. Here, the H, Ty data
for |¢| < 30° are excluded because the error in T’ » 1s enhanced
due to the divergence of HII around ¢ = 0. These scalings
with H . = 0 again support the presence of the quantum
critical line along H = 0 (at ¢, = 7/2) in the ac field plane
for both compounds.

For CeRhSn, the magnetic Griineisen ratio I'y for H | c,
i.e., I'ylg=0, is also plotted in Fig. 3(c) using the reported
MCE data [18,20]. I'y|g—o clearly exhibits the same scal-
ing as f‘¢. The difference between f‘¢ and I'y|g—o is in the
contribution from H; both H and H, vary with the field
rotation in the former, whereas only H) is controlled with
keeping H;, = 0 in the latter. Therefore, the common diver-
gence observed both in Iy and It lp=o further supports that
the quantum criticality arises mainly from spin fluctuations
along the easy-magnetization axis. Indeed, I'y; for H || a does
not follow the present scaling [see SM (IV) [26]].

Remarkably, we find the same quantum critical diver-
gence 'y ~ H;T~%? for both CelrSn and CeRhSn in the

regime T/Hf‘1 26 K T %5, as represented by the solid
lines in Figs. 3(b) and 3(c). These results indicate universal
quantum criticality emerging in these isostructural materials
where a strong Kondo effect and geometric frustration coexist.

In the regime T/Hﬁv5 <0.3 K T743, H”f‘d, saturates at a
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FIG. 3. (a) Contour plot of f'¢ (Hy, H, ) for CeRhSn at 0.1 K. The
gray region indicates no data available. (b), (c) Scaling plots of the
rotational magnetic Griineisen ratio f¢ of (b) CelrSn and (c) CeRhSn
for various magnetic fields and temperatures. The different sym-
bols (colors) of the data correspond to the different magnetic fields
(temperatures) of the measured data. In (c), the magnetic Griineisen
ratio I'y of CeRhSn for H || ¢, i.e., T'yly=o, is also plotted. The
field-dependent I'y; (H)|4=o data at 0.1 K (pentagons) were obtained
using the MCE data in Ref. [20], and the temperature-dependent
'y (T)|p=o data (solid triangles) were taken from Ref. [18]. The solid
line indicates the scaling function T'y ~ HyT~>/2. The dashed line
represents H, T’y = 0.05.

constant value, as demonstrated by the dashed line in
Figs. 3(b) and 3(c). This constant HHf‘¢ shows a formation
of a quantum paramagnetic state, emerging on the universal
phase diagram in the vicinity of a QCP [6]. In this quantum
paramagnetic state of CeRhSn, I, diverges toward Hj ~ 0.
This divergence of 'y o 1/H| supports the presence of a QCP
at H) . = 0, consistent with a zero-field quantum criticality

suggested by the previous I'y measurements [18]. Because
the large nuclear contribution in the specific heat of CelrSn
limited our precise measurements above 0.3 K, the divergence
coefficient of I'y in the low T /HIT /> region of CelrSn cannot
be well evaluated.

Let us discuss the critical exponents determined by our
measurements done in CelrSn and CeRhSn. The universal
scaling in the quantum critical regime, I'y ~ H;T %2, indi-
cates the exponent vz = 2/5 because of the scaling relation
H\Ty = f(T/H™) expected for a QCP at H. =0 [27].
Here, f(x) is a universal scaling function for f‘¢. This value
of vz is also supported by the fact that the specific-heat data
of CeRhSn for H || ¢ are scaled as a function of 7 /H?"* [see
SM (V) [26]].

The value of vz = 2/5 obtained for CeRhSn and CelrSn is
much smaller than that expected by the Hertz-Millis-Moriya
theory predicting vz = 1 (3/2) for antiferromagnetism (fer-
romagnetism) [28], as well as vz=3/4 found in the
heavy-fermion superconductor CeColns [27,29] and vz =
2/3 in the quantum spin ice PryIr,O; [27]. To the best of
our knowledge, a theoretical model that consistently explains
the critical exponents vz = 2/5 for CelrSn and CeRhSn is
lacking. Nonetheless, the small value of the critical exponents
vz indicates that the correlation length and the correlation
time are relatively long. These longer correlations may re-
flect a characteristic of the quantum criticality driven by the
geometrical frustration of the quasikagome lattice of these
compounds.

Finally, we evaluate v and z separately using vz = 2/5 and
the scaling relation. We find the scaling of the specific heat
for quantum criticality as C = Td/zf(T/HHZVZ) with vz =2/5
and d/z = 0.85 [Fig. S8 in SM (V) [26]], where d is the
dimension of the system. These values lead tov ~ 0.17 (0.11)
and z ~ 2.4 (3.5) ford = 2 (3). We also find yy = 0.8 [Fig. S9
in SM (V) [26]], from the specific-heat data (C ~ T°°) in the
quantum disordered regime. In addition, the scaling relation of
the ac susceptibility x,c ~ H ™ gives vd = 0.35 by adopting
a = 0.5 [Fig. S10in SM (V) [26]], where @ = 2 — 2v(d + 2).
Using these parameters, G, = —v(d — ypz)/yo is estimated to
—0.025, which matches with the experimental f‘¢ data, as
demonstrated by a dashed line in Figs. 3(b) and 3(c), where
H Ty = —2G,. Despite the relatively large error, the extracted
G, falls within the expected range, supported by other scaling
parameters, which provides confidence in the general validity
of our analysis. Moreover, the values of v and z will place
strong constraints on further theoretical works to clarify the
nature of the quantum criticality of these quasikagome com-
pounds.

Before concluding, let us discuss potential developments
of this method. Compared to the previous measurements done
on Pr,Ir,O; [27] and CeColns [29], our data exhibit the larger
variance due to the lower entropy in CeRhSn and CelrSn. This
issue may be resolved by replacing the current monotonic
control of the magnetic field angle with an ac modulation,
as demonstrated in Ref. [30] for magnetocaloric measure-
ments. This approach will be investigated in future work.
This method is expected to be effective in studying finite-
field quantum criticality in anisotropic systems, such as Ising
magnets, and will be explored in future work.
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IV. SUMMARY

We have developed an experimental tool, the rotational
Griineisen ratio I'y, to characterize quantum criticality
sensitive to the external-field angle. From the rotational mag-
netocaloric effect, we have investigated I'y of the highly
anisotropic quasikagome paramagnets CeRhSn and CelrSn in
a wide range of temperatures and magnetic fields. We reveal
that the measured I'y, data of both compounds are scaled by a
function with the same critical exponents vz = 2/5 and ¢, =
/2, demonstrating the realization of the universal quan-
tum criticality in the geometrically frustrated Kondo-lattice
system. The field-independent vz and ¢, obtained from the
scaling analysis of I'y along with the good match between

the scaling of I'y at ¢ = 0 and that of f¢ = —-I'y/H| sug-
gest the existence of a quantum critical line in the ac field
plane, around which the highly anisotropic quantum criticality
is dominantly controlled by the easy-axis component of the
magnetic field. These results indicate that the I'y, measure-
ments have the potential to advance the study of quantum
criticality in highly anisotropic systems.

ACKNOWLEDGMENTS

We thank Y. Tokiwa for useful discussion. The magne-
tization measurement was carried out as joint research in
ISSP. This work was supported by KAKENHI (JP23H01128,
JP23H04868, and JP24H01673) from JSPS.

[1] H. v. Lohneysen, A. Rosch, M. Vojta, and P. Wolfle, Fermi-
liquid instabilities at magnetic quantum phase transitions, Rev.
Mod. Phys. 79, 1015 (2007).

[2] G. R. Stewart, Non-Fermi-liquid behavior in d- and f-electron
metals, Rev. Mod. Phys. 73, 797 (2001).

[3] P. Gegenwart, Q. Si, and F. Steglich, Quantum criticality in
heavy-fermion metals, Nat. Phys. 4, 186 (2008).

[4] P. Gegenwart, Griineisen parameter studies on heavy fermion
quantum criticality, Rep. Prog. Phys. 79, 114502 (2016).

[5] P. Gegenwart, Classification of materials with divergent mag-
netic Griineisen parameter, Philos. Mag. 97, 3415 (2017).

[6] M. Vojta, Frustration and quantum criticality, Rep. Prog. Phys.
81, 064501 (2018).

[7] D. van der Marel, H. J. A. Molegraaf, J. Zaanen, Z. Nussinov, F.
Carbone, A. Damascelli, H. Eisaki, M. Greven, P. H. Kes, and
M. Li, Quantum critical behaviour in a high-7;. superconductor,
Nature (London) 425, 271 (2003).

[8] L. Zhu, M. Garst, A. Rosch, and Q. Si, Universally diverging
Griineisen parameter and the magnetocaloric effect close to
quantum critical points, Phys. Rev. Lett. 91, 066404 (2003).

[9] M. J. P. Gingras and P. A. McCarty, Quantum spin ice: A search
for gapless quantum spin liquids in pyrochlore magnets, Rep.
Prog. Phys. 77, 056501 (2014).

[10] S. Trebst and C. Hickey, Kitaev materials, Phys. Rep. 950, 1
(2022).

[11] F. Lévy, L. Sheikin, and A. Huxley, Magnetic field-induced su-
perconductivity in the ferromagnet URhGe, Science 309, 1343
(2005).

[12] F. Lévy, L. Sheikin, and A. Huxley, Acute enhancement of the
upper critical field for superconductivity approaching a quan-
tum critical point in URhGe, Nat. Phys. 3, 460 (2007).

[13] S. Ran, L.-L. Liu, Y. S. Eo, D. J. Campbell, P. M. Neves, W. T.
Fuhrman, S. R. Saha, C. Eckberg, H. Kim, D. Graf, F. Balakirev,
J. Singleton, J. Paglione, and N. P. Butch, Extreme magnetic
field-boosted superconductivity, Nat. Phys. 15, 1250 (2019).

[14] Y. Tokiwa, P. Opletal, H. Sakai, S. Kambe, E. Yamamoto, M.
Kimata, S. Awaji, T. Sasaki, D. Aoki, Y. Haga, and Y. Tokunaga,
Reinforcement of superconductivity by quantum critical fluctu-
ations of metamagnetism in UTe,, Phys. Rev. B 109, L140502
(2024).

[15] M. S. Kim, Y. Echizen, K. Umeo, S. Kobayashi, M. Sera, P. S.
Salamakha, O. L. Sologub, T. Takabatake, X. Chen, T. Tayama,

T. Sakakibara, M. H. Jung, and M. B. Maple, Low-temperature
anomalies in magnetic, transport, and thermal properties of
single-crystal CeRhSn with valence fluctuations, Phys. Rev. B
68, 054416 (2003).

[16] H. Tou, M. S. Kim, T. Takabatake, and M. Sera, Antiferromag-
netic spin fluctuations in CeRhSn probed by ''?Sn NMR, Phys.
Rev. B 70, 100407(R) (2004).

[17] A. Schenck, F. N. Gygax, M. S. Kim, and T. Takabatake, Study
of the electronic properties of CeRhSn by u* Knight shift and
relaxation measurements in single crystals, J. Phys. Soc. Jpn.
73,3099 (2004).

[18] Y. Tokiwa, C. Stingl, M.-S. Kim, T. Takabatake, and P.
Gegenwart, Characteristic signatures of quantum criticality
driven by geometrical frustration, Sci. Adv. 1, e1500001
(2015).

[19] R. Kiichler, C. Stingl, Y. Tokiwa, M. S. Kim, T. Takabatake, and
P. Gegenwart, Uniaxial stress tuning of geometrical frustration
in a Kondo lattice, Phys. Rev. B 96, 241110(R) (2017).

[20] S. Kittaka, Y. Kono, S. Tsuda, T. Takabatake, and T. Sakakibara,
Field-angle-resolved landscape of non-Fermi-liquid behavior in
the quasi-kagome Kondo lattice CeRhSn, J. Phys. Soc. Jpn. 90,
064703 (2021).

[21] S. Tsuda, C. L. Yang, Y. Shimura, K. Umeo, H. Fukuoka,
Y. Yamane, T. Onimaru, T. Takabatake, N. Kikugawa,
T. Terashima, H. T. Hirose, S. Uji, S. Kittaka, and T.
Sakakibara, Metamagnetic crossover in the quasikagome Ising
Kondo-lattice compound CelrSn, Phys. Rev. B 98, 155147
(2018).

[22] Y. Shimura, A. Worl, M. Sundermann, S. Tsuda, D. T. Adroja,
A. Bhattacharyya, A. M. Strydom, A. D. Hillier, F. L. Pratt,
A. Gloskovskii, A. Severing, T. Onimaru, P. Gegenwart, and T.
Takabatake, Antiferromagnetic correlations in strongly valence
fluctuating CelrSn, Phys. Rev. Lett. 126, 217202 (2021).

[23] S. Kittaka, S. Nakamura, H. Kadowaki, H. Takatsu, and
T. Sakakibara, Field-rotational magnetocaloric effect: A new
experimental technique for accurate measurement of the
anisotropic magnetic entropy, J. Phys. Soc. Jpn. 87, 073601
(2018).

[24] T. Sakakibara, H. Mitamura, T. Tayama, and H. Amitsuka,
Faraday force magnetometer for high-sensitivity magnetization
measurements at very low temperatures and high fields, Jpn. J.
Appl. Phys. 33, 5067 (1994).

045123-5


https://doi.org/10.1103/RevModPhys.79.1015
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1038/nphys892
https://doi.org/10.1088/0034-4885/79/11/114502
https://doi.org/10.1080/14786435.2016.1235803
https://doi.org/10.1088/1361-6633/aab6be
https://doi.org/10.1038/nature01978
https://doi.org/10.1103/PhysRevLett.91.066404
https://doi.org/10.1088/0034-4885/77/5/056501
https://doi.org/10.1016/j.physrep.2021.11.003
https://doi.org/10.1126/science.1115498
https://doi.org/10.1038/nphys608
https://doi.org/10.1038/s41567-019-0670-x
https://doi.org/10.1103/PhysRevB.109.L140502
https://doi.org/10.1103/PhysRevB.68.054416
https://doi.org/10.1103/PhysRevB.70.100407
https://doi.org/10.1143/JPSJ.73.3099
https://doi.org/10.1126/sciadv.1500001
https://doi.org/10.1103/PhysRevB.96.241110
https://doi.org/10.7566/JPSJ.90.064703
https://doi.org/10.1103/PhysRevB.98.155147
https://doi.org/10.1103/PhysRevLett.126.217202
https://doi.org/10.7566/JPSJ.87.073601
https://doi.org/10.1143/JJAP.33.5067

SHOHEI YUASA et al.

PHYSICAL REVIEW B 111, 045123 (2025)

[25] Y. Shimizu, Y. Kono, T. Sugiyama, S. Kittaka, Y. Shimura, A.
Miyake, D. Aoki, and T. Sakakibara, Development of high-
resolution capacitive Faraday magnetometers for sub-Kelvin
region, Rev. Sci. Instrum. 92, 123908 (2021).

[26] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.111.045123 for (I) magnetic-field angle de-
pendence of thermodynamic quantities for CelrSn and CeRhSn,
(IT) experimental data of the rotational magnetocaloric effect,
(IIT) scaling analyses of the rotational Griineisen ratio, (IV)
contribution from the perpendicular component of the magnetic
field, and (V) evaluation of the critical exponents based on
specific heat and ac susceptibility measurements.

[27] Y. Tokiwa, J. J. Ishikawa, S. Nakatsuji, and P. Gegenwart,
Quantum criticality in a metallic spin liquid, Nat. Mater. 13,
356 (2014).

[28] E. Abrahams, J. Schmalian, and P. Woélfle, Strong-coupling
theory of heavy-fermion criticality, Phys. Rev. B 90, 045105
(2014).

[29] Y. Tokiwa, E. D. Bauer, and P. Gegenwart, Zero-field quantum
critical point in CeColns, Phys. Rev. Lett. 111, 107003 (2013).

[30] Y. Tokiwa and P. Gegenwart, High-resolution alternating-field
technique to determine the magnetocaloric effect of metals
down to very low temperatures, Rev. Sci. Instrum. 82, 013905
(2011).

045123-6


https://doi.org/10.1063/5.0067759
http://link.aps.org/supplemental/10.1103/PhysRevB.111.045123
https://doi.org/10.1038/nmat3900
https://doi.org/10.1103/PhysRevB.90.045105
https://doi.org/10.1103/PhysRevLett.111.107003
https://doi.org/10.1063/1.3529433

