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Pressure-induced quantum critical behavior and magnetic order in YbNi;Gay
with a chiral crystal structure: ac calorimetric measurements up to 12 GPa
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The chiral compound YbNi;Gag with a trigonal structure, which is a valence fluctuating material at ambient
pressure, undergoes a magnetic order under pressure above P. of 9 GPa. We have studied the temperature-
pressure-magnetic-field phase diagrams of this compound by ac calorimetric measurements under pressures P up
to 12 GPa. The specific heat C divided by temperature 7', C/ T, markedly increases with applying pressure up to
P.. At 8.6 GPa, just below P., C/T exhibits —In T dependence in the temperature range 2-9 K. At 7 < 1.5K,
C/T is saturated to a large value 1J/K? mol, i.e., heavy Fermi-liquid behavior. At P = 9.3 GPa, just above P,, a
broad maximum in C/T appears at 1.6 K, indicating the onset of the magnetic order. With increasing P further,
the maximum shifts to a higher temperature and transforms to a sharp A-type peak at 5 K for P > 11 GPa. By
using the temperature, pressure, and magnetic field B dependences of the specific-heat data C(T', P, B) obtained
under B_Lc and B||c, we have constructed B-T phase diagrams at each P value. Another field-induced ordered
phase appears in the diagrams only for B_Lc at P > 11 GPa. The origin of this induced phase is discussed in
relation to the chiral soliton lattice and the skyrmion lattice reported for chiral magnets.
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I. INTRODUCTION

Recently, chiral magnets such as CtNb3S¢ [1], MnSi [2], and
FeGe [3] have attracted a great deal of interest. In chiral mag-
nets, novel magnetic structures such as a chiral soliton lattice
(CSL) and skyrmion lattice are caused by the asymmetric spin
interaction, the so-called Dzyaloshinskii-Moriya interaction.
The CSL is a type of superlattice structure that consists of
a periodic helical spin texture [1]. Most chiral magnets have
been based on 3d-transition elements thus far. Recently, chiral
magnets based on rare-earth elements such as Yb or Eu have
been synthesized, for which unusual magnetic properties have
been reported [4,5].

Studies of Yb-based intermetallic compounds have en-
riched strongly correlated electron phenomena such as quan-
tum critical phenomena, unconventional superconductivity,
and anomalous magnetic orders [6—8]. For example, applica-
tion of pressures P can tune the ground state continuously
from a paramagnetic state to a magnetically ordered state
through a quantum critical point [9]. In the vicinity of the
critical point, physical properties display an unusual power
law or logarithmic temperature dependences, the so-called
non-Fermi-liquid (NFL) behaviors [10]. The NFL behaviors
for some Yb compounds are explained by the self-consistent
renormalization theory [11,12]. However, the NFL behaviors
in YbRh;Si; [13] and 8-YbAIB4 [7,14] cannot be described
by the spin-fluctuation theory but are explained in terms of a
critical valence fluctuation of Yb ions [15].

The compounds YbNi3 Xy (X = Al and Ga) are potential
candidates exhibiting chiral magnetic structures as well as
quantum critical phenomena [4,16—19]. The two compounds
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crystallize in the trigonal ErNizAlg-type structure with space
group R32. YbNi3Alyg undergoes a chiral helical magnetic
ordering transition at Ty = 3.4 K [4,16]. Neutron diffraction
measurements revealed that the magnetic structure below Ty
is helical, characterized by the magnetic propagation vector
g = (000.8) [4]. By applying magnetic fields B of 0.1 T
along the a axis (perpendicular to the helical axis, i.e., the
¢ axis), the helical state changes into a forced ferromagnetic
state [4,16]. By substituting 6% of Cu for Ni in YbNi3Aly, the
value of the metamagnetic field B, increases up to 1 T, and the
magnetization curve below Ty = 6.4 K exhibits a downward
convex curve, a characteristic feature of CSL [17,18]. The
specific heat C(T') of Yb(Nig94Cupgs)3Alg shows a sharp
peak at Ty under magnetic fields of 0 < B < B, [18]. Recent
resonant x-ray diffraction measurements have revealed that
the CSL is realized in the field range B < B, [19]. In the
CSL, Yb spins form a superlattice composed of commensu-
rate forced-ferromagnetic domains periodically partitioned by
incommensurate 277 rotation of spins [1].

YbNi3Gag, on the other hand, is an intermediate-valence
system with a Kondo temperature of 7x = 570K [4,20]. A
magnetic order was expected to occur when high pressures
are applied on this compound. Indeed, a magnetic order above
P. = 9 GPa was inferred from the electrical resistivity o and
ac magnetic susceptibility x,. measurements [21]. Under P =
P., p(T) at low temperatures exhibits a linear-temperature
dependence, i.e., NFL behavior. At 8.5 GPa, just below P, the
field dependence of x,.(B]|a) indicated a hysteretic anomaly
at 0.7 T, which was attributed to a first-order metamagnetic
transition. This transition was discussed by means of the
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FIG. 1. Specific heat divided by temperature C/T vs T? for
YbNi;Gag under various pressures. The solid line indicates C/T of
LuNi;Gag at P = 0 [4].

critical valence fluctuation theory [15]. Because quantum
critical phenomena have been reported only for the resistivity,
the magnetic and thermodynamic properties of the pressure-
induced magnetic order above P. remain to be investigated.

In this paper, we report the specific-heat measurements of
YbNi3Gag under pressures up to 12 GPa and magnetic fields
up to 8 T applied parallel and perpendicular to the c¢ axis.
We discuss the quantum critical phenomena in the specific
heat near P.. Furthermore, we show and discuss the B-T
phase diagrams above P, constructed by using C(T, P, B)
data obtained under Bl c and B]|c.

II. EXPERIMENTAL PROCEDURES

Single-crystalline samples of YbNi3Gag were grown by
the Ga self-flux technique [4]. The measurement of the spe-
cific heat C was performed by the ac method in the ranges
of pressure, temperature, and magnetic field, P < 12 GPa,
0.5<T < 10K,and 0 < B < 8T, respectively. Thereby, we
combined a Bridgman anvil cell, a 3He cryostat, and an 8-T
superconducting magnet [22]. A sample of 1.50 mg was
wrapped with 4.83 mg of indium foil, which plays the role
of a pressure transmitting medium. The wrapped sample was
packed in a Cu-Be gasket (6.33 mg). Two chip resistors for the
thermometer and the heater were mounted on the outer flange
of the gasket. Because the thermometer is free from pressure,
it was not necessary to be calibrated under different pressures.
The pressure was estimated by the pressure dependence of
the superconducting transition temperature of the In foil. The
details of the experimental setup were described in Ref. [22].

III. RESULTS AND DISCUSSION

A. Quantum critical phenomena in the specific heat near P.

Figure 1 shows the specific heat C divided by temperature
T, C/T, under various pressures as a function of 72. With
increasing pressure, the value of C/T at low temperature
increases and reaches a large value of 1J/K? mol at 8.6 GPa. At
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FIG. 2. Pressure dependences of (a) Sommerfeld coefficient y
and (b) Kondo temperature 7x and magnetic ordering temperature
Twm for YbNi3;Gag. The inset in (a) shows the logarithmic plot of the
coefficient A for the T2 dependence of the resistivity [21] and the
Sommerfeld coefficient y under various pressures. The solid line rep-
resents the generalized Kadowaki-Woods ratio Ay “2[N(N — 1)/2]7!
with the degeneracy N = 8 [24].

P = 9.3 GPa,justabove P, abroad maximum of C /T appears
at 1.6 K, which is the manifestation of a magnetic order, as will
be noted below. With increasing pressure, the maximum of
C/T shifts to higher temperatures and grows to a A-type peak
at Tyy = 5K for P > 11 GPa. The peak temperature agrees
with Ty in the resistivity data at P = 11 GPa [21].

First, to assess the pressure dependence of the Sommerfeld
coefficient y, we analyze the data of C/T by dividing into
three contributions: the electronic, magnetic, and phonon
contributions, C = yT + Cpag + Cpn. Because Cpye = 0 for
P < P, the y values are estimated by an extrapolation of the
linear portion of the C/T vs T? curve to 0 K. For P > P,
and T < Ty, where Cp,e is given by aT" where a and
n(l < n < 3) [23] are constant, we evaluate the y values by
fitting with C = y T + o T" 4+ BT to the data.

The y values are plotted in Fig. 2(a) as a function of
pressure. For P = 0.2GPa, y of 30 mJ/K? mol agrees with
the reported value for P = 0 [4]. With increasing pressure up
to 8.6 GPa, the y value increases to 1 J/K? mol. Note that the y
value is related to the T2 coefficient A of the resistivity through
the generalized Kadowaki-Woods ratio Ay “2[N(N — 1)/2]~!
with an orbital degeneracy N [24]. The inset of Fig. 2(a) shows
a double logarithmic plot of y and A, where A at various
pressures was estimated using the resistivity data reported in
Ref. [21]. These data sets of y and A are close to the straight
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FIG. 3. Temperature dependence of the entropy S for YbNi;Gay
at various pressures above P.. The thin line at the bottom indicates
S(T) for LuNi3Gag [4], which represents the phonon contribution Spy.
The inset shows the pressure dependence of S at Ty;.

line expected by the generalized Kadowaki-Woods ratio for
N =8.

Now, we evaluate Tx for P < P, from the y value using
the expression Tx = R(N — 1)7>W(N)/(3Ny), where R and
W (N ) are the gas constant and the Wilson number, respectively
[25-27]. Here, we adopt N as 8 according to the above result.
The obtained T is plotted in Fig. 2(b) as a function of pressure.
As pressure is increased up to 8.6 GPa, the value of T
decreases down to 16 K, which is still a rather high temperature
even in the vicinity of P.. As shown in Fig. 2(b), for P > P,
Tw rapidly rises with pressure and reaches 5 K at 11 GPa,
whereas it does not change for P > 11 GPa.

Figure 3 shows the temperature dependence of the entropy
S of YbNi;Gay at various pressures for P > P, which is
derived from the C/T data in Fig. 1. The entropy S has
two contributions from 4 f electrons S;; and phonons Spy.
The value of Sy, for P = 0 was estimated using the phonon
part of C(T') of LuNi3Gag. Because the magnitude of Sy is
negligible as shown in Fig. 3, the value of S for YbNizGag
is solely attributed to S4r. As shown in the inset, S(7y) for
P > 11 GPa is saturated to 0.6 R In 2, which is a value smaller
than 0.7R In 2 for the isostructural compound of YbNi3Alg at
P = 0[4,16]. The smaller S(7y) for YbNi3Gag may be related
to the higher Tx = 16 K even at P, compared with Tx = 2.7K
for YbNiz;Aly [4].

To examine the quantum critical behavior in C(T) near P,
we plot C/T vs In T in Fig. 4. As pressure approaches P,
the temperature range following the form of C/T o« —In T
becomes wider, i.e., 2-9 K for 8.6 GPa. At T < 1.5K,
however, C /T becomes constant, which contradicts the — In T
dependence expected near the quantum critical point from the
mode-coupling theory for critical valence fluctuations [28]. A
finer tuning of the pressure and magnetic field may be needed
to observe the critical behavior down to zero temperature.
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FIG. 4. Logarithmic temperature dependence of C/T under var-
ious pressures near P, for YbNi;Gag.

‘We have measured the field dependence of the specific heat
at various constant temperatures, in order to investigate the
field-induced first-order metamagnetic transition near B_Lc =
0.7 T that was observed in y,.(BLlc) at P =8.5GPa < P,
[21]. As shown in Fig. 5, C/T at 0.8 K for P = 8.5 GPa ex-
hibits a maximum at By, = 0.9 T. With increasing temperature,
the maximum slightly shifts to low fields and becomes broader.
As the temperature is increased above 2.3 K, the maximum
is smeared out. At a slightly higher pressure of 8.6 GPa, the
value of By, decreased down to 0.5 T. These values of B, agree
with the values observed in x,.(B Lc) measurements. Thus, the
maxima in C/T are attributed to the metamagnetic transition.
However, any hysteresis in C(B) indicative of the first-order
transition has not been observed.

B. Magnetic phase diagrams for P > P,

To gain insight into the pressure-induced magnetic phase for
P > P., we have measured the specific heat under magnetic
fields for two configurations, B Lc and B||c, denoted by B+
and B, respectively, as shown in Figs. 6 and 7.
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FIG. 5. Specific heat divided by temperature C/T for YbNi;Gag
as a function of magnetic field B_Lc at various constant temperatures
under P = 8.5 (left) and 8.6 GPa (right) below P.. Solid lines are
guides to the eye.
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FIG. 6. (a) Specific heat divided by temperature C/ T vs T for YbNi3Gay under magnetic fields B_Lc up to 2 T at various pressures above
P.. (b) Magnetic field dependence of C/T at various temperatures, in which an offset is added for clarity. (c) B-T phase diagrams at various
pressures determined by specific-heat data shown in (a) and (b), where the open square denotes the peak temperature in C/ T in the paramagnetic

phase.

For B Lc,the T and B dependences of C/ T are represented
in Figs. 6(a) and 6(b), respectively. First, we focus on the data
at P = 9.6 GPa. In Fig. 6(a), the peak of C/T vs T shifts to
lower temperatures with increasing B up to 0.8 T. For B+ >
1 T, the peak of C/T vs T? changes to a broad maximum
and shifts to higher temperatures. The broad maximum is
attributed to the Schottky-type thermal excitations between the
two Zeeman-split energy levels of the ground-state doublet.
As shown in Fig. 6(b), the peak and sharp drop of C/T vs B
appear for T < 2.7 K. In the B-T phase diagram in Fig. 6(c),
which is constructed by using the 7 and B dependences of

the specific-heat data, the magnetically ordered phase noted
as phase I ends at the critical fields B, = 0.8 T. The value of
B. increases with increasing pressure. For P > 11 GPa, the
peak of C/T vs T? splits into two peaks in the field range
0.4 < B+ < 1T. Similar splitting is also observed in the B
dependence of C/T vs T in Fig. 6(b) for P > 11.4 GPa. These
splits suggest another field-induced ordered phase, which is
denoted as phase II in Fig. 6(c).

For B||c, the features of T and B dependences of C/T and
P < 11 GPa shown in Figs. 7(a) and 7(b) are similar to those
for B_Lc. However, the value of B, = 1T at P = 9.6 GPa in
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FIG. 7. (a) Specific heat divided by temperature C/ T vs T? of YbNi3Gao under magnetic fields B|c up to 2 T at various pressures above
P.. (b) Magnetic field dependence of C/T at various temperatures, in which an offset is added for clarity. (c) B-T phase diagrams at various
pressures determined by specific-heat data shown in (a) and (b), where the open square denotes the peak temperature in C/ T in the paramagnetic

phase.

Fig. 7(c) is close to 0.8 T for B _Lc in Fig. 6(c). With increasing
pressure, the value of B, decreases slightly in contrast with
the increase for B_Lc. It should be noted that, as shown in
Fig. 7(c), the phase II found for B _Lc does not appear for B||c
up to 11.5 GPa.

First, we discuss the magnetic order of YbNi3Gag un-
der various pressures. Although our specific-heat data solely
do not decide the magnetic structure, we propose possi-
ble magnetic orders in terms of the magnetic structures in
the compounds with related crystal structures. The crystal
structure of YbNi3Gag seems to be unchanged under certain
pressures because no feature of a structural phase transition

has been found in our specific-heat data nor the resistivity
data in Ref. [21]. Even if the crystal structure was changed
under certain pressures, we expect the crystal symmetry
to keep chirality. Let us compare the obtained B-T phase
diagrams of YbNi3Gag under various pressures with that of
Yb(Ni;_,Cu,)3Alg at P =0 in terms of Ty; and B.. We
denote B, for B_Lc and B||c by B} and B!, respectively. The
value of Tyy = 5K for YbNi3Gag at P = 11.9 GPa is closer
to Tm = 6.4 K for Yb(Nig.94Cug o6)3Aly than Ty = 3.4K for
YbNi3Alg. For YbNi;Gag at P = 11.9 GPa, the anisotropy
between B =1.2 T and B! = 0.9 T is weak. This weak
anisotropy is similar to the case for Yb(Nig 94Cug o6)3Alg with
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B} = Bl = 1 T, rather than that for YbNi;Aly with B} =
0.1 Tand B! = 1.8 T [18]. These similarities in the magnetic
phase diagrams between YbNizGag under certain pressures
and Yb(Nig.94Cug 06)3Alg under ambient pressure suggest that
the CSL emerges in the pressure-induced magnetic phase of
YbNi3;Gag under magnetic fields for B_Lc.

Next, let us discuss the nature of the phase II of YbNizGag
in Fig. 6(c), which appears for B1lc and P > 11GPa. It
is noteworthy that such a field-induced phase has not been
observed in Yb(Nipo4Cugos)3Alg. A recent theory on a
monoaxial helimagnet has predicted that a highly nonlinear
CSL (HNL-CSL) appears close to the phase boundary from
CSL to the paramagnetic (PM) phase at high magnetic fields
[29]. Actually, the magnetization measurements for CrNb;Sg
revealed that the CSL state consists of CSL-1 with a dominant
helical texture and a poor ferromagnetic array and CSL-2
(HNL-CSL) with a large ferromagnetic array [30]. However,
the phase of CSL-2 is not a thermodynamic phase, because the
transformation from CSL-1 to CSL-2 is a sort of crossover
rather than a phase transition. The phase II in YbNi3Gag,
however, is thought to be a thermodynamic phase, in view of
the obvious peak in both C/T vs T? and C/ T vs B as shown
in Fig. 6.

Another possibility of the phase II is a skyrmion lattice
[2]. In the B-T phase diagram of YbNizGag for B_lc and
P = 11.9 GPa, the phase II in Fig. 6(c) appears near the phase
boundary between the phase I and field-induced ferromagnetic
phase. This feature is similar to the skyrmion lattice phase
found in MnSi, FeGe, and Cu,0SeOs; [2] and the A phase in
EuPtSi [5]. The specific heat of MnSi under magnetic fields
exhibits two clearly distinguished peaks [31], an observation
that has proved the skyrmion lattice in MnSi to be a ther-
modynamic phase. The crystal symmetry of YbNizGag itself
allows the formation of a skyrmion lattice [32], whereas the

absence of a ferromagnetic nature seems to be unfavorable. In
order to determine the magnetic structure of the field-induced
phase in YbNi3;Gag, magnetization and neutron diffraction
measurements for P > 11 GPa are highly desirable.

IV. SUMMARY

In the present work, we have studied the pressure-induced
quantum critical behavior and magnetic ordered phase in the
chiral compound YbNi;Gag by the measurements of the spe-
cificheat C under pressures up to 12 GPa and magnetic fields up
to 8 T. First, C/T shows a NFL behavior C/T o —In T near
P. and the y value is increased to a large value of 1J/K? mol.
Furthermore, field-induced maxima appear in C/T vs B_lc,
which are attributed to a metamagnetic transition. Second, we
constructed B-T phase diagrams for B_Lc and B]|c at various
constant pressures from the C(7T', P) data. The magnetic phase
diagrams for YbNi3Gag under pressures resemble those for
Yb(Nig.94Cuyg g6 )3 Alg with the CSL, suggesting the emergence
of CSL in YbNi3Gag for B L c. Furthermore, we found another
field-induced ordered phase for B_Lc and P > 11 GPa. The
multiple phases found in this system would promote studies of
chiral magnets based on rare-earth ions.
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