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FIG. 1. (a) Illustration of the arrangement of Fe ions in BiFeO3.
a and c represent unit vectors in the hexagonal cell. Ps indicates
spontaneous ferroelectric polarization below ∼1100 K. (b) Schematic
drawing of the definition of azimuthal angles for the applied field
and cycloidal q vector, φH and φq , respectively. (c) Photograph of the
single crystal used for the measurements.

of {63̄6}h and {63̄6̄}h on a hexagonal setting owing to the loss
of inversion symmetry based on atomic coordinates given in
the literature [4,26]. The determined a and c hexagonal axes
are chosen as the +X and +Z directions. By this definition,
Ps points in the +Z direction as shown in Fig. 1(a). Magnetic-
field-induced changes in electric polarization were measured
by integrating (de)polarization currents [27] induced in pulsed
magnetic fields generated using a 55-T magnet for a duration
of 8 ms. These experiments only determined the relative
changes in electric polarization ("P) with respect to the initial
values for a zero field. To determine the zero level of electric
polarization, we performed a series of experiments while
changing the field angle using a sample rotator as discussed
in the following.

Typical results are shown in Fig. 2(a). Prior to this experi-
ment, we applied a magnetic field (H) with a magnitude up to
41 T at an azimuthal angle of φH = 91◦ (∼H ∥Y ) as defined in
Fig. 1(b). We then measured "P along the X direction ("PX )
as a function of the magnetic field at φH = 45◦. In the first
field cycle, "PX has a hysteretic trace below 10 T [red dotted
line in Fig. 2(a)], which is ascribed to the reorientation of the
magnetoelectric domains. Here, the change in PX from 0 to
20 T becomes small after reorientation of the magnetoelectric
domain. The generalized IDM model predicts the emergence
of the largest PX in the reoriented state and the absence of it in
the CAFM state. The observed reduction in "PX is therefore
a puzzling phenomenon [13].

To unambiguously determine the spin-driven components
in electric polarization, we sequentially measured "PX while
systematically changing φH . Representative data of "PX ,
"PY , and "PZ are presented in Figs. 2(b)–2(d) as functions of
H applied at various φH . All data presented in the following
were recorded at a temperature of 4.2 K to minimize the effect
of leakage current. Throughout this Rapid Communication,
P-H curves obtained in the first and second magnetic-field
sweeps for each φH are respectively represented by dotted and

FIG. 2. (a) Magnetic-field-induced changes in electric polariza-
tion along X at φH = 45◦. Traces in the first and second cycles
are respectively shown by dotted and solid lines. Magnetic-field-
induced changes in electric polarization along (b) X , (c) Y , and (d) Z
directions, measured at various field angles. Traces are vertically
offset so that the initial point of each curve is the end point of
the previous curve. The inset presents a rectangular parallelepiped
sample of BiFeO3 (dark-gray area) with electrodes (light-gray area)
to visualize the measurement direction.

solid lines. In Figs. 2(b) and 2(c), all traces are offset on the
vertical axis so that the starting point of the trace coincides
with the endpoint of the previous trace. The curves of "PX in
Fig. 2(b) were measured in the order of φH = 91◦ → 45◦ →
67◦ → 45◦ → 79◦ → 45◦ → 117◦ → 45◦ → 134◦. We here
determined the zero level of PX by taking the average of the
largest and smallest values of PX for a zero field. Adopting
the present definition of the zero level, we can reasonably re-
produce the observed angular dependence using a theoretical
model as will be seen later.

The data at φH = 134◦ were obtained after application of
a field at φH = 45◦. Thereby, an irreversible change in PX
below 10 T in the first field sweep is due to the 90◦ rotation
of the q vector, which appears as a sign change in PX as
shown by the blue dotted line. A steep change in PX at ∼18 T
corresponds to the transition from the cycloidal phase to the
CAFM phase. The largest value of PX in the cycloidal state is
thus determined as ∼300 µC/m2 at a zero field. Meanwhile,
PX in the CAFM phase is almost twice this value.

Moreover, we also carried out for PY on the same crys-
tal in the order of φH = 177◦ → 155◦ → 140◦ → 126◦ →
111◦ → 90◦. The results are plotted in Fig. 2(c) adopting a
vertical offset as in the previous case. Here, the zero level of
PY is defined as the average value of PY for the zero field after
the application of fields along φH = 90◦ and 177◦. We again
observe larger PY in the CAFM phase for fields stronger than
18 T.

Meanwhile, "PZ has negligible angular dependence as
shown in Fig. 2(d). In this case, we can hardly determine the
zero level for PZ . PZ steeply decreases by ∼240 µC/m2; i.e.,
total PZ slightly reduces at the cycloid-to-CAFM transition
around 18 T independently of the azimuthal angle of the
applied field.
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investigated the adiabatic temperature change in these Heusler
alloys under magnetic fields of up to 1.9 T [14,27], this field is
insufficient to complete the MFIMT. Therefore, the hysteretic
nature that is inevitable in these first-order transitions hinders
a quantitative interpretation of the MCE results. In the
present study, we investigated the IMCE of Ni45Co5Mn50−xInx

alloys in a wide range of temperatures and magnetic
fields using newly developed direct experimental techniques
[28–30]. Based on these results, we discuss the electronic,
structural, and magnetic contribution to entropy change
individually.

II. EXPERIMENTS

Polycrystalline samples of Ni45Co5Mn50−xInx (x = 13.3,
13.5 at.%) were used for the experiments. These samples were
obtained by annealing the ingots, which were prepared by the
induction melting method, at 900 ◦C for 24 h under argon
atmosphere. MCE measurements in pulsed high magnetic
fields were performed for Ni45Co5Mn36.7In13.3. To measure
the sample temperature that changes instantaneously in the
pulsed field, a patterned Au resistive thermometer (thickness:
100 nm) was deposited on a sapphire disk (thickness: 5 µm).
Then, the sapphire disk with the thermometer was placed
on top of the sample with a small amount of Apiezon R⃝ N
grease. The pulsed fields are generated by the 55-T magnet
(duration: 36 ms) at the Institute for Solid State Physics,
the University of Tokyo. The isothermal magnetization under
pulsed fields is detected using a coaxial-type pick-up coil
located at the center of the pulse magnet. To realize isothermal
measurements under pulsed fields, the sample was thermally
contacted to the large quartz block with silicone grease. The
structural change of the sample surface through a MFIMT
in Ni45Co5Mn36.5In13.5 was observed using the high-speed
imaging system for a pulsed field of up to 35 T [28]. The
sample surface was polished to be optically flat at room
temperature.

The heat-capacity measurements in zero and steady fields
are performed using a differential scanning calorimeter (DSC,
204F1 Phenix R⃝, NETZSCH) and a relaxation-type calorimeter
(Physical Property Measurement System, QuantumDesign).

III. RESULTS AND DISCUSSION

We show the MCEs of Ni45Co5Mn36.7In13.3 directly mea-
sured in pulsed high magnetic fields (Fig. 1). The sample is in
the ferromagnetic A phase at 310 K. Applying a magnetic field
at this temperature causes monotonic heating of the sample,
which can be attributed to the conventional MCE caused by the
forced spin alignment by the applied fields. The present result
at 310 K shows a reversible trace between field-increasing
and -decreasing processes, as expected in the conventional
MCEs, indicating the experimental validity, i.e., negligible
heat exchange to the surroundings and fast response in the
thermometer, in the present measurements [30]. The results
at 250–300 K are the MCEs when the magnetic fields are
applied in the M phase. As the field increases, the sample
temperature steeply decreases (IMCE) at the MFIMT, followed
by a positive slope in the high-field A phase. In the successive
field-decreasing process, the sample heats up to approximately
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FIG. 1. (Color online) Temperatures of Ni45Co5Mn36.7In13.3

sample during the adiabatic magnetization processes in pulsed
magnetic fields. Inset: directly measured adiabatic temperature
change !T (15 T) and that calculated from isothermal magnetization
curves !T MH shown as a function of temperature.

10 K at the MFIMT. The coincidence of the initial and final
temperatures at the zero field indicates that the heating caused
by hysteresis loss is negligible in comparison to the MCEs [30].
The inset of Fig. 1 shows the temperature change caused by
an external field of 15 T, which is defined as !T (15 T)
and indicated by the thick arrow in Fig. 1 as a function of
the initial temperature. !T (15 T) increases linearly as the
initial temperature decreases from the transition temperature
at zero field. This !T (15 T) contains conventional MCE by
forced spin alignment in the A phase. To evaluate the entropy
difference in the two phases at zero field, we subtract this
component by extrapolating the high-field T -H traces to zero
field and evaluating !T (0T) as indicated by the thin arrow in
Fig. 1. The estimated !T (0 T) = −13.8 K at 300 K corre-
sponds to the isothermal entropy change !Stot ≃ −C!T/T =
22 J/kg K. Here, we used specific heat C = 485 J/kg K
[see Fig. 2(a)].

To check the validity of this value, we evaluated the
!Stot by the specific-heat measurements at zero field
for Ni45Co5Mn36.7In13.3 (In13.3) and Ni45Co5Mn36.5In13.5
(In13.5), respectively. Figure 2(a) shows the results measured
on the warming process. The peaks at 317 K for In13.3 and
at 312 K for In13.5 are due to the latent heat released at MT.
The shoulders at 387 K for In13.3 and at 383 K for In13.5
correspond to the Curie temperature (TC) in the A phase. The
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FIG. 8. Magnetic field dependence of (a) magnetoresistance, (b)
magnetization, (c) ultrasonic attenuation coefficient, and (d) sound
velocity up to 55 T. In (a), blue trace is oscillatory components (!ρ)
obtained by subtracting the linear background from the red trace. In
(b), blue trace is the first derivative of the red trace with respect to
the magnetic field (dM/dB). In (a) to (c), newly identified structures
in high-field measurements are indicated by solid arrows.

From these results, we identified the two quantum oscilla-
tions at approximately 18–20 T and 30–32 T, which indicate
the depopulations of the Landau subbands from the Fermi
level at these magnetic fields. These values agree well with the
expected values shown in Fig. 7. Therefore, we can restrict the
possible MZC to 0.52 or 1.48. In both cases, the system enters
the spin-polarized quantum limit state in which all conduction
carriers are confined into the lowest 0− subband. The differ-
ence between these two cases is the order of the spin + and −.
To distinguish these cases experimentally, we should perform
a measurement to identify the spin corresponding to each
subband. Because such a measurement is not available at the
current stage, we finally adopt a recent theoretical suggestion.
According to the multiband k · p theory, the analytic forms of
M

∥
ZC and M⊥

ZC are represented by [20]:

M
∥
ZC = 1 − λ|X|2 + λ′|Y |2

1 + λ|X|2 + λ′|Y |2
, (11)

M⊥
ZC = |1 − λ′YZ∗|

!
(1 + λ′|Z|2)(1 + λ|X|2 + λ′|Y |2)

. (12)

FIG. 9. (a) Schematic energy band structure of PbTe at the L

point. The carrier type is assumed to be a hole, and !1−−3 is the
energy difference from the top of the valence band (E0), defined
as !n = E0 − En. (b) The Landau-level fan diagram obtained from
the SdH oscillations. Closed and open symbols represent + and −
subbands, respectively. Blue and red symbols were obtained from
measurements in static fields up to 14 T and pulsed magnetic fields
up to 55 T, respectively. The broken line represents the averaged
Fα/B of + and − subbands.

In this formulation, the carrier type is assumed to be a hole,
and the suffixes ∥ and ⊥ indicate the magnetic field directions
parallel and perpendicular to the ⟨111⟩ direction, respec-
tively. λ = !1/!2 and λ′ = !1/!3, and !n = E0 − En (n =
1, 2, 3) is defined as the energy difference from the top of the
L+

6 (L1) valence band as shown in Fig. 9(a). X, Y , and Z are
complex constants determined by the degree of interband cou-
plings via spin-orbit interaction. Note that the contributions
from the lower bands [L+

45(L3) and L+
6 (L3)] having the same

parity as the valence band vanish, and we can consider only
upper bands [L−

6 (L′
3), L−

45(L′
3), and L−

6 (L′
2)] with different

parities. Because !n < 0 in the case of PbTe, λ, λ′ > 0 is
satisfied. Thus, the denominators are always larger than the
numerators in Eqs. (11) and (12), from which it follows that
MZC < 1 for PbTe. Thus, we conclude that MZC = 0.52 is
realized in our #V sample. This value lies between that of InSb
(MZC = 0.36) and bismuth (MZC = 0.9-1.0) [21]. On the
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III. RESULTS AND DISCUSSION

First, we focus on transport properties under pressure. As
mentioned previously, a recent theoretical calculation pre-
dicted the emergence of the Weyl semimetal phase without
inversion symmetry above 2.2 GPa. Such metallization should
be probed by the change in the temperature dependence of the
resistivity or the emergence of SdH oscillation under applied
pressure.

Figure 2(a) shows the pressure dependence of the resistiv-
ity (ρ) at room temperature. Abrupt decrease in resistivity was
observed at approximately 4 GPa, which corresponds to the
structural transition to the Te II phase as reported in previous
studies [17–19,28]. Figure 2(b) shows the temperature (T )
dependence of resistivity at various pressures up to 8.0 GPa.
Although the resistivity decreases by more than two orders
of magnitude at room temperature, we found that the ρ-T
curves continued to depict semiconducting up to 3.9 GPa,
contrary to the recent theoretical and experimental studies
[21,22]. At 2.3 GPa, we also measured the magnetoresistance
at 2 K with B ⊥ [0001] and I ∥ [0001] up to 14 T using
piston-cylinder-type pressure cell and Daphne7373 oil as a
pressure medium, which shows a monotonic increase in ρ by
a factor of 2.8 at 14 T without showing any signature of SdH
oscillations as shown in Fig. 5(b).

The ρ-T curves represented metallic character above
5.0 GPa. The ratio ρ(300 K)/ρ(2.4 K) increases to 315 at
8 GPa, indicating a highly conductive state. The red curve in
Fig. 2(c) shows the ρ-T curve at 5 GPa in a zero magnetic
field. We observed a clear superconducting transition at a
critical temperature of ∼ 2.3 K. This superconducting state
can be easily suppressed by application of a magnetic field
(B) of 0.03 T, as shown in the inset of Fig. 2(d). Some of the
previous studies suggest that the Te II phase has a monoclinic
structure without spatial inversion symmetry [17,18]. We
do not observe an enhancement of superconducting critical
field, which is characteristic of noncentrosymmetric super-
conductors. The normal state shows significant linear magne-
toresistance, as shown in Fig. 2(d), ρ(5 T)/ρ(0.05 T) = 4.4
at 1.3 K.

In classical electron-hole two-carrier model, the mag-
netoresistance is known to have quadratic magnetic field
dependence in weak magnetic field and then saturate in
sufficiently high magnetic field. Large magnetoresistance
is widely observed in compensated semimetals with high-
mobility carriers. In elemental Te, each Te atom has an
even number of electrons. Therefore, the gapless state in
the Te II phase should be a compensated semimetal. This
semimetallic state could be the essential point of the observed
large positive magnetoresistance in this phase. The linear
magnetoresistance is expected to occur in the quantum limit
state of a system having a linear energy dispersion [29]
such as Dirac and Weyl semimetals. However, the power of
magnetoresistance can be affected by disorder effects [30,31]
and also the curvature of the relevant Fermi surface [32]. We
also note that the data shown in Fig. 2(d) is not symmetrized
as a function of B and, hence, we cannot rule out possible
contribution of the Hall resistance due to slight misalignment
of the electrical contacts. In order to discuss the origin for
the linear magnetoresistance, we need additional information
about the underlying electronic state.

FIG. 3. (a) Magnetoresistivity (ρxx) and (b) Hall resistivity (ρyx)
up to 55 T at several temperatures. (c) FFT spectra of oscillations
superimposed on ρxx . (d) Magnified view of dρxx/dB below 12 T.
The red arrows indicate the SdH oscillation, discernible only below
6 T. (e) Landau level fan diagram constructed from σxx (red) and ρxx

(blue). The peaks are plotted for integer n. Two SdH components
mentioned in the previous data of Berezovets et al. [33] are also
shown by closed and open black circles, which are constructed from
peaks in − d2ρxx/dB2.

As shown above, we could not realize bulk metallic states
in trigonal Te under pressure. In the case of black phosphorus,
which also has a direct band gap of ∼ 0.3 eV at ambient
pressure, absorption of alkali ions can close the gap at the
surface instead of the application of hydrostatic pressure [34].
Also in Te, the emergence of a metallic surface state is
reported for the chemically etched crystal. We therefore focus
on the transport properties in the surface state in the following.

We measured the magnetoresistivity (ρxx) and the Hall
resistivity (ρyx) in pulsed magnetic fields up to 55 T at various
T from 1.4 to 20 K. Here, magnetic fields were applied normal
to the (101̄0) plane, while the currents flowed along the [0001]
axis. As shown in Figs. 3(a) and 3(b), the modulations super-
imposed on both ρxx and ρyx can be recognized above 20 T and
are systematically damped with increasing temperature. We
also confirmed that this modulation is periodic as a function
of B− 1. Thus, we attribute this structure to the SdH oscilla-
tion. Figure 3(c) shows the fast Fourier transformation (FFT)
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FIG. 1. Crystal structure of Te viewed (a) from [0001] direc-
tion and (b) from [101̄0] direction. (c) First Brillouin zone of Te.
(d) Schematic valence band structure of Te along the direction kz

in the vicinity of the H (H ′) point with spin-orbit interaction. Red
and blue colors represent the spin polarization along the [0001] axis.
(e) Isoenergetic surfaces of Te at the H (H ′) point. The inner and
outer surfaces represent the cases of EF < ϵ0 and EF > ϵ0, respec-
tively. (f) Photograph of a Te sample used for transport properties
measurements.

at ∼ 2.2 GPa in the trigonal phase has been predicted theoreti-
cally [21], and recent experimental data have been interpreted
in favor of this scenario [22]. Also, Agapito et al. predicted
that trigonal Te becomes a strong topological insulator under
shear strain [23]. On the other hand, another high-pressure
study using a diamond-anvil cell reported that the band gap
did not close up to 6 GPa [24]. As mentioned above, it is
still controversial whether the band gap closes by pressure
maintaining the trigonal structure. Thus, high-pressure study
with high hydrostaticity should be necessary to clarify this
point.

Metallic states of pure Te can also be realized on the
surface of Te at ambient pressure. von Klitzing and Landwehr
observed SdH oscillations in pure Te [25]. The observed
metallic states were attributed to the surface accumulation
layer created by the chemical etching process. According to
earlier SdH experiments on the etched (101̄0) surface of Te,
the two observed SdH frequencies are attributed to the shallow
and deep electronic subbands with EF ≃ ϵ0 and EF ≫ ϵ0,
respectively [26].

Here, we studied the magnetotransport properties of Te in
high magnetic fields up to 55 T at ambient pressure and high
pressure up to 8 GPa at 0 T with cubic-anvil-type pressure cell.
In our measurements, pressure-induced metallization within

FIG. 2. (a) Pressure dependence of the resistivity ρ up to 8 GPa
at room temperature. (b) Temperature dependence of ρ at various
pressures. (c) Temperature dependence of ρ at 5 GPa in magnetic
field of 0 and 0.1 T. (d) Magnetic field dependence of ρ up to 5 T
at 5 GPa and 1.3 K. The inset shows the magnified view of low-field
region up to 0.1 T.

the trigonal phase was not observed. On the other hand, we
identified SdH oscillations in the metallic surface state in
Te without chemical etching, which indicates the inevitable
influence of this surface state when measuring the physical
properties of Te in the atmosphere.

II. EXPERIMENTS

Single crystals of Te investigated in this study were pre-
pared by the Bridgman method. Samples were prepared by
cleaving large ingots (typically 3 mm × 3 mm × 5 mm) in
liquid nitrogen. For transport measurements, gold wires were
attached to the cleaved shiny surfaces using carbon paste, as
shown in Fig. 1(f). Resistivity measurements under pressure
up to 8 GPa were carried out mainly using a cubic-anvil-type
pressure cell, which can generate pressure with high hydro-
staticity even after the solidification of the pressure media
[27]. Glycerol were used as pressure media. The magnetic
field dependence of the resistivity at 5 GPa [Fig. 2(d)] was
performed with a combination of cubic-anvil-type pressure
cell and superconducting magnet (< 5 T, Cryomagnetics,
Inc.). Magnetoresistance measurements up to 14 T were car-
ried out with the Physical Properties Measurement System
(PPMS, Quantum Design). Magnetoresistance up to 55 T was
measured using nondestructive pulse magnets (time duration
of 36 ms) installed at The Institute for Solid State Physics,
The University of Tokyo. Field-angle dependence of mag-
netoresistance was studied using a sample rotator. Transport
measurements under pulsed magnetic fields were performed
by a numerical lock-in technique at a typical frequency of
100 kHz.
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that trigonal Te becomes a strong topological insulator under
shear strain [23]. On the other hand, another high-pressure
study using a diamond-anvil cell reported that the band gap
did not close up to 6 GPa [24]. As mentioned above, it is
still controversial whether the band gap closes by pressure
maintaining the trigonal structure. Thus, high-pressure study
with high hydrostaticity should be necessary to clarify this
point.

Metallic states of pure Te can also be realized on the
surface of Te at ambient pressure. von Klitzing and Landwehr
observed SdH oscillations in pure Te [25]. The observed
metallic states were attributed to the surface accumulation
layer created by the chemical etching process. According to
earlier SdH experiments on the etched (101̄0) surface of Te,
the two observed SdH frequencies are attributed to the shallow
and deep electronic subbands with EF ≃ ϵ0 and EF ≫ ϵ0,
respectively [26].

Here, we studied the magnetotransport properties of Te in
high magnetic fields up to 55 T at ambient pressure and high
pressure up to 8 GPa at 0 T with cubic-anvil-type pressure cell.
In our measurements, pressure-induced metallization within

FIG. 2. (a) Pressure dependence of the resistivity ρ up to 8 GPa
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the trigonal phase was not observed. On the other hand, we
identified SdH oscillations in the metallic surface state in
Te without chemical etching, which indicates the inevitable
influence of this surface state when measuring the physical
properties of Te in the atmosphere.

II. EXPERIMENTS

Single crystals of Te investigated in this study were pre-
pared by the Bridgman method. Samples were prepared by
cleaving large ingots (typically 3 mm × 3 mm × 5 mm) in
liquid nitrogen. For transport measurements, gold wires were
attached to the cleaved shiny surfaces using carbon paste, as
shown in Fig. 1(f). Resistivity measurements under pressure
up to 8 GPa were carried out mainly using a cubic-anvil-type
pressure cell, which can generate pressure with high hydro-
staticity even after the solidification of the pressure media
[27]. Glycerol were used as pressure media. The magnetic
field dependence of the resistivity at 5 GPa [Fig. 2(d)] was
performed with a combination of cubic-anvil-type pressure
cell and superconducting magnet (< 5 T, Cryomagnetics,
Inc.). Magnetoresistance measurements up to 14 T were car-
ried out with the Physical Properties Measurement System
(PPMS, Quantum Design). Magnetoresistance up to 55 T was
measured using nondestructive pulse magnets (time duration
of 36 ms) installed at The Institute for Solid State Physics,
The University of Tokyo. Field-angle dependence of mag-
netoresistance was studied using a sample rotator. Transport
measurements under pulsed magnetic fields were performed
by a numerical lock-in technique at a typical frequency of
100 kHz.
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FIG. 8. Magnetic field dependence of (a) magnetoresistance, (b)
magnetization, (c) ultrasonic attenuation coefficient, and (d) sound
velocity up to 55 T. In (a), blue trace is oscillatory components (!ρ)
obtained by subtracting the linear background from the red trace. In
(b), blue trace is the first derivative of the red trace with respect to
the magnetic field (dM/dB). In (a) to (c), newly identified structures
in high-field measurements are indicated by solid arrows.

From these results, we identified the two quantum oscilla-
tions at approximately 18–20 T and 30–32 T, which indicate
the depopulations of the Landau subbands from the Fermi
level at these magnetic fields. These values agree well with the
expected values shown in Fig. 7. Therefore, we can restrict the
possible MZC to 0.52 or 1.48. In both cases, the system enters
the spin-polarized quantum limit state in which all conduction
carriers are confined into the lowest 0− subband. The differ-
ence between these two cases is the order of the spin + and −.
To distinguish these cases experimentally, we should perform
a measurement to identify the spin corresponding to each
subband. Because such a measurement is not available at the
current stage, we finally adopt a recent theoretical suggestion.
According to the multiband k · p theory, the analytic forms of
M

∥
ZC and M⊥

ZC are represented by [20]:

M
∥
ZC = 1 − λ|X|2 + λ′|Y |2

1 + λ|X|2 + λ′|Y |2
, (11)

M⊥
ZC = |1 − λ′YZ∗|

!
(1 + λ′|Z|2)(1 + λ|X|2 + λ′|Y |2)

. (12)

FIG. 9. (a) Schematic energy band structure of PbTe at the L

point. The carrier type is assumed to be a hole, and !1−−3 is the
energy difference from the top of the valence band (E0), defined
as !n = E0 − En. (b) The Landau-level fan diagram obtained from
the SdH oscillations. Closed and open symbols represent + and −
subbands, respectively. Blue and red symbols were obtained from
measurements in static fields up to 14 T and pulsed magnetic fields
up to 55 T, respectively. The broken line represents the averaged
Fα/B of + and − subbands.

In this formulation, the carrier type is assumed to be a hole,
and the suffixes ∥ and ⊥ indicate the magnetic field directions
parallel and perpendicular to the ⟨111⟩ direction, respec-
tively. λ = !1/!2 and λ′ = !1/!3, and !n = E0 − En (n =
1, 2, 3) is defined as the energy difference from the top of the
L+

6 (L1) valence band as shown in Fig. 9(a). X, Y , and Z are
complex constants determined by the degree of interband cou-
plings via spin-orbit interaction. Note that the contributions
from the lower bands [L+

45(L3) and L+
6 (L3)] having the same

parity as the valence band vanish, and we can consider only
upper bands [L−

6 (L′
3), L−

45(L′
3), and L−

6 (L′
2)] with different

parities. Because !n < 0 in the case of PbTe, λ, λ′ > 0 is
satisfied. Thus, the denominators are always larger than the
numerators in Eqs. (11) and (12), from which it follows that
MZC < 1 for PbTe. Thus, we conclude that MZC = 0.52 is
realized in our #V sample. This value lies between that of InSb
(MZC = 0.36) and bismuth (MZC = 0.9-1.0) [21]. On the
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from the temperature dependence of M using a thermody-
namic Maxwell relation, and the H-robustness of Tsc
triggered by the enhancement of the effective mass.

Single crystals of UTe2 were grown using the chemical
vapor transport method.8,9) Magnetization in pulsed-magnetic
fields was measured by the conventional induction method,
employing coaxial pick-up coils. Pulsed-magnetic fields of
up to 56T were applied using nondestructive pulse-magnets
having typical durations of ∼36ms installed at the Interna-
tional MegaGauss Science Laboratory of the Institute for
Solid State Physics of the University of Tokyo. The
measurements were taken for the field applied along the a-
and b-axes at low temperatures down to 1.4K. Below 7T, the
temperature dependence of M was measured by a commercial
SQUID magnetometer at temperatures down to 1.8K for
H k a-, b-, c-axes.

Figure 1(a) shows the temperature (T ) dependence of the
magnetic susceptibility M=H, with H applied along the
orthorhombic principal axes. Consistent with previous
reports,8,10) there is no indication of any phase transition
down to 1.8K, suggesting a PM ground state before the
establishment of SC. MðTÞ for H k b-axis shows a broad
maximum at Tmax

! # 36K, which hardly depends on H at
least up to 7T [Fig. 1(c)]. On the other hand, as shown in
Fig. 1(b), MðTÞ for H k a increases upon cooling without
saturation at low fields, but MðTÞ tends to saturate around
5K above ∼5T. These saturations may correspond to the
anomaly around 7T in the MðHÞ curve shown later.

Next, we show the results of MðHÞ in a pulsed field. The
results at low fields and the obtained Hc2ðT Þ curves are
shown in the Supplemental Material.14) Figure 2 presents the
MðHÞ curves of UTe2 for H k a- and b-axes at 1.4K. For
the easiest magnetization a-axis at low fields, M increases
monotonically and tends to saturate with increasing field.
Note that a small anomaly is observed around 7T, as seen in
the differential susceptibility dM=dH. Remarkably, a huge
jump in M (!M # 0:6"B=f.u.) appears for H k b-axis at
"0Hm ¼ 34:9T, accompanied by a clear but rather small
hysteresis loop. It should be noted that !M decreases slightly
after several thermal and field cycles, without any changes in
Hm and the slope of MðHÞ. This may be caused
by the strong field angle dependence or the damage due to
magnetostriction. The data shown in Fig. 3 between 4.2 and
17K, which are used for the derivation of γ, are obtained in
the same run. Figure 3(c) clearly shows the hysteresis in

dM=dH. These results indicate that the MMT in UTe2 is of
the first order. A nonzero intercept of a linear extrapolation
of MðT;H ! 0Þ from H > Hm suggests that a finite ordered
moment exists in the field-induced phase, as if there is a
switch from the PM phase to FM phase at Hm. Furthermore,
the remaining large slope of M ðdM=dHÞ # 0:01 "B=T above
Hm is a mark of the surviving heavy quasiparticles in the
polarized FM phase. Clearly, the b-axis becomes the easy-
magnetization axis above Hm. As for URhGe, the magneto-
crystalline effect changes drastically with the field. Interest-
ingly, the value of M at which the MMT occurs for H k b is
close to that showing an anomaly for H k a-axis, namely
M # 0:5"B=f.u. It is quite common in heavy fermion
systems that for a critical value of M, Fermi surface
instabilities associated with the enhancement of the magnetic
fluctuations occur.7,15)

Fig. 2. (Color online) Magnetization curves of UTe2 at 1.4K for (a)
H k a-axis and (b) H k b-axis. The differential susceptibility dM=dH is also
shown for H k a-axis.

Fig. 3. (Color online) (a) MðHÞ curves at various temperatures for H k b-
axis in UTe2. (b) Temperature dependence of magnetization at various
constant fields from 1 to 44T with 1T step for the field up-sweep data. Near
the CEP between 34.6 and 34.9 T,MðT;HÞ curves are shown with the step of
0.1 T. Field dependence of dM=dH in UTe2 for H k b-axis at (c) low and (d)
high temperatures. For clarity, the data are shifted vertically by (c) 8 and (d)
0.2"B=T=f.u. The solid and broken arrows in (c) indicate the Hm for up- and
down-sweep measurements. The solid lines superimposed on several data in
(d) are the magnified dM=dH curves, which are smoothed for clarity.
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We studied the magnetization of the recently discovered heavy fermion superconductor UTe2 up to 56T in pulsed-
magnetic fields. A first-order metamagnetic transition was clearly observed at Hm = 34.9 T, when a magnetic field H was
applied along the orthorhombic hard-magnetization b-axis. The transition has a critical end point at ∼11K and 34.7 T,
where the first order transition terminates and changes into a crossover regime. Using the thermodynamic Maxwell
relation, we evaluated the field dependence of the Sommerfeld coefficient of specific heat, which is directly related to the
superconducting pairing. From the analysis, we found a significant enhancement of the effective mass centered at Hm,
which is reminiscent of the field-reentrant superconductivity of the ferromagnet URhGe in transverse fields. We discuss
the origin of their field-robust superconductivity.

Heavy fermion superconductivity (SC) is one of the most
interesting topics in strongly correlated electron systems
(SCES). In particular, the discovery of the coexistence of
ferromagnetism (FM) and spin triplet SC in UGe2 has opened
a new chapter.1) The appearance of new materials such as
URhGe2) and UCoGe3) with low Curie temperature (TCurie)
demonstrates the key role of Ising interaction and hints at an
elegant way to obtain field-reentrant SC or its reinforcement
by lowering TCurie in the transverse field scan with respect to
the initial perpendicular FM sublattice magnetization.4–7)

Recently, SC was discovered in paramagnetic (PM) UTe2,
with a relatively high superconducting transition temperature,
Tsc ¼ 1:6K.8,9) SC is believed to be of an unconventional
spin-triplet type, since Hc2 significantly exceeds the Pauli
limit. In contrast to the previous spin-triplet FM super-
conductors, the ground state of UTe2 is PM, at least down to
Tsc, and is most probably located near an FM instability.8)

UTe2 crystallizes in a body-centered orthorhombic structure
(space group: Immm) [see the inset of Fig. 1(a)]. The nearest-
neighbor (NN) U atoms in UTe2 align along the c-axis with
the shortest U–U distance dUU ¼ 3:78Å.10) A similarity with
the previous FMSC is the field robust SC phase for H k b-
axis, which is perpendicular to the easy magnetization a-axis
at low fields. The SC phase still exists even at 20 T,8)

although the temperature dependence of Hc2 appears to be
sample dependent.9) It is expected that magnetic fluctuations
will drastically develop at high fields, being coupled with the
Fermi surface instabilities, when the magnetic polarization
reaches a sufficiently high critical value.

A key observation in UTe2 for H k b-axis is a maximum of
the magnetic susceptibility χ at Tmax

! " 35K.8,10) In metallic
SCES, many compounds show metamagnetic behavior at
Hm, which has a similar energy scale to their Tmax

! .11,12) It is
also interesting to mention the expected magnetic anisotropy
from the point of view of the crystal structure. In many U
compounds, the magnetic moments are aligned along a
direction perpendicular to the axis connecting the NN U
atoms in the magnetic ordered state.13) The NN U atoms of
URhGe and UCoGe, for example, make a zigzag-chain along
the a-axis, resulting in an FM ground state with the easiest
magnetization c-axis.7) On applying transverse magnetic
fields (H k b-axis), reentrant SC and field-reinforced SC

occur in URhGe4) and in UCoGe,5) repsectively. The
enhancement of the FM fluctuations in the bc-plane is
considered to have an important role.7) For UTe2, magnetic
fluctuations are expected to develop in the ab-plane at high
fields.

Here, we performed magnetization (M) measurements in
UTe2 for H k a- and b-axes in pulsed-magnetic fields of up to
56T and found a first order metamagnetic transition (MMT)
accompanied by a huge jump of M (!M " 0:6"B=f.u.) for
H k b-axis at "0Hm " 34:9T. We also observed a small
anomaly in the MðHÞ curve for H k a-axis near 6.5 T. The
MMT seems to occur when M for H k b reaches that for
"0H " 6:5T along the a-axis. We discuss the H-dependence
of the Sommerfeld coefficient in the specific heat (γ) derived

Fig. 1. (Color online) (a) Temperature dependence of M=H at 1T for
H k a-, b-, c-axes. The inset in (a) shows the crystal structure of UTe2. The
MðTÞ curves at different fields for H k a and b are shown in (b) and (c),
respectively. The arrows indicate the maximum of MðTÞ.
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In order to obtain the T evolution of the MMT, we
measured the MðHÞ curves at different temperatures, as
shown in Fig. 3(a). !M becomes smaller with increasing T.
Interestingly, the value of Hm is almost T-independent, in
stark contrast to the typical itinerant metamagnets located
near the FM critical point.16) Figure 3(b) presents the MðTÞ
curves at various constant fields replotted from the results in
Fig. 3(a). The low-fieldMðT Þ with a broad maximum at Tmax

!
changes into a rapidly increasingMðT Þ on cooling above Hm.
There exists a critical end point (CEP) around 11K and
34.7 T with a sign change of theMðTÞ slope. The signature of
the CEP is further confirmed by dM=dH in Figs. 3(c) and
3(d), which will be discussed later. The field-switch from
PM to FM for H k b-axis resembles that observed in FM
compounds such as UGe2, with the detection of FM wings
in the (T; P;H) phase diagram.16–18) The significant dif-
ferences here are as follows: i) the PM–FM line, HmðTÞ, is
weakly temperature-dependent in UTe2; ii) the phenomena
occur for a transverse field with respect to the initial easy-
magnetization axis in UTe2, contrary to the case in UGe2
where the FM wing structure is observed for the longitudinal
field scan.17,18)

From the M measurements shown in Figs. 2(b) and 3, the
magnetic phase diagram in UTe2 for H k b-axis is summa-
rized in Fig. 4(a). At 1.4K, the H-induced MMT takes place
at "0Hm ¼ 34:9T for the H-up sweep measurements. With
increasing temperature, !H decreases and is suppressed to
zero at the CEP (11K and 34.7 T). Above the CEP, the
crossover-like broad maximum in dM=dH appears at Hm,
and Hm decreases with increasing temperature. The anomaly
in dM=dH becomes indiscernible above 30K. Note that
the extrapolation to the higher temperature seems to be
connected to Tmax

! at low fields. These results agree with
the scaling of Hm and Tmax

! .11) Therefore, the MMT and Tmax
!

are dominated by the same single energy scale. We also note
that the phase diagram is consistent with the results obtained
with regard to the magnetoresistance.19)

In order to clarify the evolution of the electronic states
through the MMT, we analyzed the MðTÞ data [Fig. 1(b) for
H k a and Fig. 3(b) for H k b] using a thermodynamic
Maxwell relation following the previously successful reports,
such as those for the heavy fermion metamagnet CeRu2-
Si220,21) and the reentrant FMSC URhGe.15) The relation
between M and the entropy Sis obtained from the Maxwell
relation: ð@S=@HÞT ¼ ð@M=@T ÞH. At low temperature, S ¼ #T
in UTe2.8,9) From these relations, we can directly obtain the H
dependence of γ as follows: ð@#=@HÞT ¼ ð@2M=@T2ÞH. Using
the MðTÞ data at various fields and assuming that MðTÞ
varies according to T2 at low T on the basis of the Fermi
liquid state, we evaluated γ as a function of H. Figure 4(b)
shows theMðHÞ curves at 4.2 and 0K. The latter was derived
by extrapolation to 0K, assuming MðT;HÞ ¼ Mð0; HÞ þ
$T2, where β is a coefficient of the T2-dependence of M. As
expected, M below (above) Hm is smaller (larger) at lower T,
indicating the reliability of the assumption of T2-dependence.
As shown in Fig. 4(c), d#=dH for H k a- and b-axes is
evaluated using d#=dH ¼ 2$. In both H-directions, a peak
structure is observed at 6 and 34.8 T for H k a and b,
respectively. The former is in agreement with the dM=dH
anomaly [see Fig. 2(a)]. Remarkably, for the b-axis, a very
sharp singularity with a drastic sign change is observed at

Hm. The change in sign of d#=dH takes place within an
analyzed H-step of 0.1 T, reflecting a sharp M jump at Hm.
The #ðHÞ derived by integrating d#=dH is shown in Fig. 4(d).
The reported value of # ¼ 118mJmol−1K−2 is used for
#ð0Þ.9) As the MMT at Hm is of the first order, the
discontinuity in #ðHÞ can exist at Hm. The choice of a
converging value at Hm coming from a low field (H < Hm) or
high field (H > Hm) scan is in agreement with the singularity
in the field dependence of the coefficient of the T2-term of
resistivity AðHÞ,19) which often scales #2 in heavy fermion
compounds. #ðHÞ for H k a depends weakly on H and shows
a small minimum at 6 T, which are in agreement with AðHÞ.9)

Fig. 4. (Color online) (a) Magnetic phase diagram of UTe2 for H k b-axis.
The inset magnifies near the critical end point CEP. The upward (downward)
triangles, diamonds, circles and squares correspond to the Hm for up-sweep
(down-sweep), Hm above CEP, Hc2

9) and Tmax
! , respectively. The dotted line

is a guide to the eye. (b) MðHÞ curves of UTe2 for H k b-axis for T ¼ 4:2K
(solid line). The T ! 0 curve (symbol and line) is obtained from an
extrapolation assuming the relationMðTÞ ¼ M0 þ $T 2 based on Fermi liquid
behavior. Field dependence of (c) d#=dH and (d) γ for H k a- and b-axes
derived from the thermodynamic Maxwell relation. Arrow in (c) indicates a
peak in d#=dH for H k a-axis.
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