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Structural-transition-induced quasi-two-dimensional Fermi surface in FeSe
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We report detailed study of angular-dependent magnetoresistance (AMR) with tilting angle 6 from ¢ axis
ranging from 0° to 360° on a high-quality FeSe single crystal. A pronounced AMR with twofold symmetry is
observed, which is caused by the quasi-two-dimensional (quasi-2D) Fermi surface. The pronounced AMR is
observed only in the orthorhombic phase, indicating that the quasi-2D Fermi surface is induced by the structural
transition. Details about the influence of the multiband effect to the AMR are also discussed. Besides, the angular
response of a possible Dirac-cone-like band structure is investigated by analyzing the detailed magnetoresistance
at different 6. The obtained characteristic field (B*) can be also roughly scaled in the 2D approximation, which
indicates that the Dirac-cone-like state is also 2D in nature.
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I. INTRODUCTION

FeSe has the simplest crystal structure in iron-based
superconductors (IBSs), composing of only Fe-Se layers,
and shows superconductivity at ~ 9 K with no need for
further doping [1]. It undergoes only the transition from
tetragonal to orthorhombic structure at 7, ~ 87 K without
long-range magnetic order at any temperatures [2], which
is different from the iron pnictides, where the structural
transition usually precedes or coincides with antiferromagnetic
(AFM) order [3]. Such a unique feature makes FeSe an ideal
material to study the nematic order, which is often referred
to as the origin of structural transition and is believed to
be related directly to the high-temperature superconductivity
[3-5], without the influence of magnetic order. A splitting of
the Fe 3d,. and 3d,. orbitals at the M point of the Brillouin
zone is indeed observed by angle-resolved photoemission
spectroscopy (ARPES) measurements, and the band splitting
is found as large as 50 meV at low temperatures and can persist
up to ~ 110 K above T;, which indicates that the electronic
nematicity is caused by the ferro-orbital ordering [6,7]. It is
also supported by NMR measurements that spin fluctuations
only exist below T, which is against the spin-driven nematicity
[8,9].

Besides the simplest structure and the structural transition
without magnetic order, which are preferable for probing the
mechanism of superconductivity, FeSe attracts much attention
also because it provides a promising way to search for
superconductors with higher 7. Although the initial 7, in
FeSe is below 10 K [1], it can be easily increased to 37 K
under pressure [10] and over 40 K by intercalating spacer
layers [11,12]. Recently, the monolayer of FeSe grown on
SrTiO; is reported to show a sign of superconductivity over
100 K [13]. On the other hand, the Fermi energy Ef of
FeSe is found to be extremely small and comparable to the
superconducting energy gap A, indicating that FeSe is in the
crossover region from Bardeen-Cooper-Schrieffer (BCS) to
Bose-Einstein-condensation (BEC), which may manifest some
unexpected effects [14].
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To probe those intriguing properties of FeSe, the under-
standing of its band structure is crucial. ARPES measurements
report one small hole pocket at the center (I" point) and one or
two electron pockets at the corner (M point) of the Brillouin
zone at low temperatures, which is quite different from band
structure calculations [6,15—-18]. Such aresult s also supported
by the quantum oscillation measurements [19], the mobility
spectrum analysis [20], and the three-carrier model fitting to
the transport data [21], although the temperature evolution
of the band structure, especially the shrinking and splitting
of the electron pocket at M point, is still under debate [17].
More importantly, the ARPES and quantum oscillation results
suggest that the electron and hole bands of FeSe at low
temperatures may be quasi-2D, which is different from the
quasi-3D band structure observed in other IBSs [16,19].

In this report, a pronounced angular-dependent magne-
toresistance (AMR) with twofold symmetry is found at low
temperatures in FeSe, which proves the quasi-2D nature
of the band structure. Temperature evolution of the AMR
suggests that the quasi-2D Fermi surface (FS) is induced by
the structural transition. Besides, the possible existence of
Dirac-cone-like band structure is investigated by measuring
the angular dependence of the linear MR, which manifested
that the Dirac-cone-like band in FeSe is almost 2D in nature.

II. EXPERIMENT

High-quality FeSe single crystals were grown by the vapor
transport method [22]. The obtained crystals show high-
quality with sharp superconducting transition width AT, <
0.5 K from susceptibility measurements, and large residual
resistivity ratio [RRR = p (300 K)/p (10 K)] ~ 33 as reported
in our previous publications [23,24]. Transport measurements
were performed by using the six-lead method with a physical
property measurement system (PPMS, Quantum Design). In
order to decrease the contact resistance, we sputtered gold on
the contact pads just after the cleavage, then gold wires were
attached on the pads with silver paste, producing contacts
with ultralow resistance (<100 ©€2). Details about the AMR
measurements were shown as a sketch in the inset of Fig. 1(a).
The crystal was mounted on a rotating stage so that the angle
0 between the ¢ axis of the crystal and magnetic field can be
continuously changed from 0° to 360°. The excitation current
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(I) flowing in the ab plane was kept always perpendicular to
the field. Since the AMR was measured with 6 tilting from the
c axis, the twin boundaries in the ab plane affect little.

III. RESULTS AND DISCUSSION

Angular-dependent magnetoresistance for FeSe measured
under different magnetic fields at 12 K is shown in Fig. 1(a).
Obviously, the MR of FeSe exhibits a significant angular
dependence. It reaches the maximum values when the field
is parallel to the ¢ axis (6 = 0° and 180°), and gradually
decreases with tilting angle 6 reaching the minimum values
when the field is perpendicular to the ¢ axis (f = 90° and
270°), which follows the shape of |cosf| curve. Such behavior
can be seen more clearly in the polar plot as shown in Fig. 1(b)
that the angular oscillations of MR manifest obvious twofold
symmetry, and the anisotropy of MR becomes stronger with
increasing the applied magnetic field.

The response of the charge carriers to the applied field, like
the magnitude of MR is determined by the component of their
mobility in the plane perpendicular to the magnetic field. For
materials holding only isotropic three-dimensional (3D) FSs,
there should be no obvious angular dependence of MR since
the mobility is isotropic. For materials with anisotropic 3D
FSs, the AMR reflects the magnitude of the anisotropy, and
the FSs topology, which is more complex and has no unified
symmetry. For example, the AMR of Bi shows /3 periodicity
of the angular oscillations when the current is applied along the
trigonal axis because of the three anisotropic electron bands
separated by 27/3 with each other in the binary-bisectrix plane
[25]. On the other hand, for the (quasi-)2D FS, the AMR should
only respond to the magnetic field component perpendicular
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FIG. 1. (a) Angular dependent in-plane resistivity p of FeSe
measured at 12 K under O, 1, 3, 6, 7, 9 T. The inset shows the
configuration of the measurement. (b) Polar plot of the AMR data in
(a). (c) The inset is the field-dependent MR measured at 12 K with 6
= 0°, 15°, 30°, 45°, 60°, 75°, and 90°. Main panel is the 2D scaling
of the MR by poHcos6.
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to the 2D plane [26]. When the applied field is perpendicular
to the 2D plane, the charge carriers move in the 2D plane. In
this configuration, the Fermi velocity of those charge carriers
and the Lorentz force they feel are maximum, which give
rise to the largest value of MR. With tilting the direction of
the field to the 2D plane, the value of MR will be gradually
decreased because the field component perpendicular to the
2D plane is reduced. Thus, the AMR shows twofold symmetry
and is proportional to the component of B|cosf| [26]. Such
behavior is indeed observed in some quasi-2D systems such
as the Sr,RuOy [27], a-(BEDT-TTF),I;3 [28], Sr(Ca)MnBi,
[29,30], LaAgBi, [31], and the surface state of topological
insulators [32,33]. Obviously, the AMR results of FeSe shown
in Figs. 1(a) and 1(b) obey the behavior of quasi-2D system,
indicating the two-dimensional Fermi surface is dominating
the transport properties at low temperatures.

To get more direct and quantitative evidence for the quasi-
2D AMR, we also measured the magnetic-field-dependent MR
from —9 T to 9 T with fixed angles 6 = 0°, 15°, 30°, 45°, 60°,
75°, 90° at 12 K. As shown in the inset of Fig. 1(c), MR [=
(p(H) — p(0))/p(0)] for FeSe reaches a large value over 200%
at 12 K under 9 T when 6 = 0°, which is similar to previous
reports [20,21]. And the magnitude of MR decreases gradually
with increasing 6. As we already explained above and was
proved previously in other quasi-2D materials [32,34], the
AMR originated from quasi-2D FS should be only proportional
to the perpendicular component of field. In this case, the
MR measured under different angles can be simply scaled by
Bcos. To test this assumption, we replotted the data of MR
versus (4o H cosf in the main panel of Fig. 1(c). Itis obvious that
the MR can be well scaled onto a unique curve, which strongly
proves the dominance of the quasi-2D FSs at low temperatures
in FeSe. This finding is also supported by the recent quantum
oscillation, and the ARPES results that the observed FSs of
FeSe are quite different from the band structure calculation,
consisting of only quasi-2D hole- and electron-type tiny
cylinders along k, direction [16,19]. Actually, the multiband
nature of FeSe containing both electron- and hole-type pockets
complicates the understanding of the AMR results. About this
point, we will discuss it in more detail later.

In order to get more comprehensive understanding of the
quasi-2D FSs in FeSe, we also measured the temperature
evolution of the AMR. Typical results of the AMR at
temperatures ranging from 12 to 100 K are shown in Fig. 2(a),
and the corresponding polar plot is shown in Fig. 2(b). The
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FIG. 2. (a) Angular dependent in-plane resistivity p of FeSe
measured under 9 T at temperatures from 12 ~ 100 K. (b) The
polar plot of the AMR data in (a).
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FIG. 3. (a) Temperature dependence of the differences of resis-
tivities measured in & = 0° and 90° for FeSe and FeSe 3¢S 14 under
9 T. The inset shows the temperature dependence of the zero-field
resistivity and Hall coefficients. (b) and (c) are the 2D scaling of the
AMR at 60 K and 100 K by pg Hcos6. (d) Angular dependent in-plane
resistivity p of FeSeg g6S¢.14 measured under 9 T at temperatures from
12 to 100 K.

AMR keeps twofold symmetry at low temperatures, and the
angular oscillations are gradually smeared out with increasing
temperature. When the temperature is increased over 80 K, the
oscillation becomes almost negligible.

To observe the temperature evolution of the AMR more
clearly, we calculate the differences of the resistivities (Ap)
measured at 9 T in 6 = 0° and 90°, and depict in the main panel
of Fig. 3(a). The Ap manifests the magnitude of AMR, i.e., the
two dimensionality of FS. For comparison, we also show the
temperature dependence of resistivity and Hall coefficient in
the inset. Details about the transport properties can be found in
our previous report [24]. An obvious kink-like behavior related
to the structural transition (breaking the tetragonal C, lattice
symmetry down to orthorhombic C, symmetry) is observed at
the temperature of ~ 86 K similar to the previous report [14],
and is also marked by the arrow in the main panel of Fig. 3.
Above the structure transition temperature 7y, Ap is close
to zero. By contrast, the value of Ap increases steeply with
decreasing temperature below Ty; i.e., the two dimensionality
becomes more dominant. On the other hand, the 2D scaling of
MR with different 6 is satisfied at any temperature below 7.
Two typical scaling results of data at 12 and 60 K are shown
in Figs. 1(c) and 3(b), respectively. However, such scaling
becomes invalid at temperature above Ty, like 100 K, as shown
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in the Fig. 3(c), which manifests that the FSs of FeSe above
T is no more quasi-2D.

The S-doping has been found to suppress the structure
transition temperature of FeSe without large modification on
the electronic or superconducting properties [35], which gives
us a good opportunity to testify the relation between the
quasi-2D FS and the structure transition. Hence, the AMR
measurements were also performed on the FeSe g6S¢. 14 single
crystal with 7y ~ 49 K. More information about this crystal
can be seen in our previous report [24]. The twofold symmetric
AMR is also observed in FeSe( g6S0.14 at low temperatures as
shown in Fig. 3(d). The temperature dependence of the Ap is
plotted in Fig. 3(a). Similar to FeSe, Ap of FeSe( 6S¢.14 also
manifests an obvious increase when the temperature is reduced
just below 7. Above T, Ap keeps a small value close to zero.
All the above results indicate that the emergence of quasi-2D
FS is induced by the structural transition. A dramatic splitting
of the Fe 3d,, and 3d,, orbitals was found beginning at the
temperatures above 7T, which is thought as the main driving
force of the structural transition [6,7,9]. Meanwhile, the Fermi
surfaces were elongated during the splitting as observed by the
ARPES results [16]. Thus, the quasi-2D FSs in FeSe may come
from the band reconstruction induced by the orbital-ordering.
Such explanation is also supported by the effect of S doping.
As shown in Fig. 3(a), although the Ap of FeSe g6S¢.14 shows
similar behavior as FeSe, its absolute value at low temperatures
is reduced to less than 25% of that for FeSe, which indicates
that the quasi-2D nature of FSs becomes weaker after S
doping. Such aresultis consistent with the ARPES observation
that S doping reduces the Fermi surface anisotropy and
suppresses the orbital ordering [36]. It should be noted that a
possible temperature-induced Lifshitz transition is suggested
in FeSe _, S, (x = 0.055) at a temperature higher than 7; by
recent ARPES measurements [37].

Another possible mechanism is the Pomeranchuk instabil-
ity, which will spontaneously deform the FS along a specific
direction, is also proposed as the origin of the nematic
transition in FeSe based on the recent electronic Raman
scattering measurements [38]. The nematic state, spontaneous
symmetry breaking from C4 to C, symmetry, is one of the
key issues of the IBSs since it may be directly related to
the mechanism of high 7, superconductivity. However, its
origin is still under debate. In iron-pnictides, most results
support that the nematic state have the magnetic origin from
the electron’s spin [3]. On the contrary, the magnetism may
not be the main driving force for the nematic phase in FeSe
since long-range antiferromagnetic order does not exist at any
temperatures, and the magnetic fluctuations are only observed
below T [6,7,9]. It has most likely the orbital origin based
on the recent experimental results [8,16]. Actually, a nematic
quantum critical point (QCP) has recently been observed in
FeSe;_,S,; system when the structural transition is totally
suppressed by S doping, while the nematic fluctuations are
found to be strongly enhanced [39]. Furthermore, 7, shows a
maximum deep inside the nematic ordered phase rather than
near the QCP. Thus, the value of T, is not simply related
to the nematic order or its fluctuations, suggesting that the
AFM fluctuations may also contribute to the enhancement
of T. in FeSe;_,S; system. Our AMR results show that
not only the rotational symmetry but also the Fermi surface
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topology is drastically altered by the orbital order, which
may be another clue to probe the origin of the nematic
state.

Now, we discuss the influence of multiband nature to the
AMR in FeSe. As is well known, the FeSe contains at least one
hole-type and one or two electron-type bands at temperatures
below T [16]. Thus, the AMR reflects the joint contributions
from all the different bands. As already shown in Fig. 1(c),
the AMR at 12 K can be well scaled by the 2D scaling, which
means that all the bands at that temperature should be with the
quasi-2D structure; otherwise, the scaling will be violated by
the contribution with either the isotropic or the anisotropic 3D
structures. On the other hand, the Hall effect results shown in
the inset of Fig. 3 manifests that the electron-type bands are
dominant at 12 K. In this case, if only one electron pocket exists
at that temperature, the electron pocket should be quasi-2D.
If two electron bands exist and are comparable in size, both
bands should be quasi-2D in nature. However, recent ARPES
results show that the d,; band in the nematic state shifts up
around the M, point, while the d,, band shifts downwards
around the M, point and opens a hybridization gap with the
dy, band, which enlarges the electron pocket at the M, point
and largely compresses that at M, point [17]. Thus, the scaling
of AMR at 12 K can only confirm the quasi-2D structure of
the electron pocket at M, point. To understand the structure of
other bands, we also check the 2D scaling of MR at different
temperatures. Shown in Fig. 3(b) is the scaling results at 60 K,
where the contributions from electron- and hole-type bands are
almost equal since the Hall coefficient is close to zero. As we
mentioned before, the AMR data at 60 K can be also well scaled
similar to the case of 12 K, which means that the hole-type band
is also quasi-2D below Tj. Since the orbital-ordering-triggered
band reconstruction starts at around 7, the sizes of the pockets
at M, and M, points are comparable at temperatures close
to Ty, as can be seen in Fig. 2(c) of Ref. [17]. Thus, the
possible electron bands at M, point is also quasi-2D in nature.
Our observation of the quasi-2D structure for all the different
bands of FeSe below T is consistent with the recent ARPES
and quantum oscillation results [16,19].
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One more intriguing feature of FeSe is the possible
existence of Dirac-cone-like band dispersion with ultrahigh
mobility, which is supported by the ARPES [17], mobility
spectrum analysis [20], three-carrier model fitting [21], and
the recent band structure calculations [40]. For the material
with Dirac-cone state, the gap between the zeroth and first
Landau levels A is described as Aj; = Fvpa/2ehB [41],
leading to a much larger Laudau level (LL) splitting compared
with the conventional band structure where A;; = ehB/m*.
Consequently, the quantum limit where all the carriers occupy
only the lowest LL [41,42] can be achieved in the low field
region. In such a case, the MR of the material with Dirac-cone
state usually increases linearly with magnetic field as already
observed in graphene [43], topological insulators [44], surface
state of W(110) [45], and some layered compounds with
two-dimensional Fermi surface (like STMnBi,) [29,46]. Such
a linear MR component has also been observed in FeSe and
found to be triggered by the structural transition [24], which
supports the existence of Dirac-cone-like band dispersion.

To know the angular resolution of the possible Dirac-
cone-like band structure, we measured the field-dependent
MR at different temperatures and 6. Figures 4(a)— 4(e) show
the MR result of FeSe at temperatures ranging from 12 K
to 90 K with 8 = 0°, 30°, 45°, 60°, and 75°, respectively.
Obviously, the MR at temperatures higher than 7; shows a
relatively small value, < 1%, while it increases dramatically at
temperatures below T, and reaches a large value, for example
over 200% at 12 K under 9 T when 6 = 0°. The large value
of MR at low temperatures is similar to previous reports
[20,21]. More interestingly, the MR below T tends to increase
with magnetic field in a more linear fashion at high fields,
which can be seen more clearly in the first-order derivative
d(MR)/dB as shown in Figs. 4(f)—4(j). As marked by the
solid lines in Fig. 4(f), d(M R)/d B linearly increases with
magnetic field at small fields, which indicates a classic B>
dependence of MR. On the other hand, above a characteristic
field B*, d(M R)/d B suddenly saturates to a much reduced
slope. As already explained in our previous publication [24],
d(MR)/dB of FeSe shows a reduced slope above B* rather
than a field-independent plateau due to the multiband structure
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containing normal band with mobility comparable to the Dirac
fermions. Actually, such behavior of the reduced slope in MR
is also observed before in other compounds like Sr(Ca)MnBi,
[29,30] and Ba(Sr)Fe,As, [47,48]. To accurately estimate the
values of B*, we fitted the magnetic field dependent MR data
by the Eq. (1) of Ref. [24]. The value of B* can be obtained as
the crossing point of the fitting curves for the low field (uoH <
0.5 T) and high field (xoH > 4 T) MR regions.

The temperature dependence of B* at different 6 for FeSe
is shown in the inset of Fig. 5. (Some data at high temperatures
with large 6 is not included because the two-slope behavior
becomes obscured.) Obviously, B* gradually increases with
increasing of 6, which means that the required magnetic field
to split the LL becomes larger when the direction of the field
tilts away from k. To see the relation between the B* and 6
more clearly, we replot the data as B*cos(6) versus temperature
in the main panel of Fig. 5. The B* with different 6 tends to
be scaled into one curve within the extent of deviation. Such
a deviation may come from the influence of the in-plane MR
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(6 = 90°), which is almost negligible in the 2D scaling of
AMR because its magnitude is much smaller than that at 6 =
0° as can be seen in the inset of Fig. 1(c). However, it disturbs
the determination of B*, especially in the situation of large 6,
where the value of MR is relatively smaller.

As proposed by the ARPES and band structure calculation
results, the Dirac-cone-like band may come from the band
shift, which is caused by ferro-orbital ordering. In detail, the
d,; band in the nematic state shifts downwards around the
M, point and opens a hybridization gap with the d,, band,
which enlarges the electron pocket at the M, point, while
the d,, band shifts up around the M, point and deforms the
electron pocket at M, point into two Dirac-cone-like pockets
[17,40]. Combining the ARPES measurements, band structure
calculations, and our observations here, the possible Dirac-
cone bands at M, point may function in two dimensions, i.e., in
the ab plane. Since the linear MR is only an indirect evidence of
the Dirac-cone state, more direct experiments such as ARPES,
especially along k, direction, is required to clarify this issue.

IV. CONCLUSIONS

In summary, we investigated the AMR on high-quality FeSe
single crystal with angle 6 tilting from 0° to 360° with ¢ axis.
A pronounced AMR with twofold symmetry was observed at
low temperatures and was proved to be originated from the
quasi-2D FSs because of the successful 2D scaling of the MR
by poHcosf. Such a pronounced AMR is observed only in
the orthorhombic phase, indicating that the quasi-2D FSs in
FeSe are induced by the structural transition. Furthermore,
the successful 2D scaling of AMR at all temperatures below
T, suggests that both the hole and electron type bands are
quasi-2D in nature below T;. Besides, a linear contribution of
the field dependent MR is observed at different 6. The obtained
characteristic field, B* can be also roughly scaled by the 2D
scaling, which indicates that the possible Dirac-cone state is
also 2D in nature.

ACKNOWLEDGMENT

Y.S. gratefully appreciates the support from Japan Society
for the Promotion of Science.

[1] E. C. Hsu, J. Y. Luo, K. W. Yeh, T. K. Chen, T. W. Huang,
P. M. Wu, Y. C. Lee, Y.-L. Huang, Y.-Y. Chu, D. C. Yan,
and M. K. Wu, Proc. Natl. Acad. Sci. USA 105, 14262
(2008).

[2] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao, Y. Zhu,
V. Ksenofontov, F. Casper, C. Felser, and R. J. Cava, Phys. Rev.
Lett. 103, 057002 (2009).

[3] R. M. Fernandes, A. V. Chubukov, and J. Schmalian, Nat. Phys.
10, 97 (2014).

[4] J.-H. Chu, H.-H. Kuo, J. G. Analytis, and I. R. Fisher, Science
337,710 (2012).

[5] E. Fradkin, S. A. Kivelson, M. J. Lawler, J. P. Eisenstein, and
A. P. Mackenzie, Annu. Rev. Condens. Matter Phys. 1, 153
(2010).

[6] K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, Y. Tanabe, T.
Urata, K. Tanigaki, and T. Takahashi, Phys. Rev. Lett. 113,
237001 (2014).

[7] T. Shimojima, Y. Suzuki, T. Sonobe, A. Nakamura, M. Sakano,
J. Omachi, K. Yoshioka, M. Kuwata-Gonokami, K. Ono, H.
Kumigashira, A. E. Bohmer, F. Hardy, T. Wolf, C. Meingast,
H. v. Lohneysen, H. Ikeda, and K. Ishizaka, Phys. Rev. B 90,
121111 (2014).

[8] S. H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, J.
van den Brink, and B. Bichner, Nat. Mater. 14, 210
(2015).

[9] A. E. Bohmer, T. Arai, F. Hardy, T. Hattori, T. Iye, T. Wolf, H.
v. Lohneysen, K. Ishida, and C. Meingast, Phys. Rev. Lett. 114,
027001 (2015).

134505-5


http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1103/PhysRevLett.103.057002
http://dx.doi.org/10.1103/PhysRevLett.103.057002
http://dx.doi.org/10.1103/PhysRevLett.103.057002
http://dx.doi.org/10.1103/PhysRevLett.103.057002
http://dx.doi.org/10.1038/nphys2877
http://dx.doi.org/10.1038/nphys2877
http://dx.doi.org/10.1038/nphys2877
http://dx.doi.org/10.1038/nphys2877
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103925
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103925
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103925
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103925
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevB.90.121111
http://dx.doi.org/10.1103/PhysRevB.90.121111
http://dx.doi.org/10.1103/PhysRevB.90.121111
http://dx.doi.org/10.1103/PhysRevB.90.121111
http://dx.doi.org/10.1038/nmat4138
http://dx.doi.org/10.1038/nmat4138
http://dx.doi.org/10.1038/nmat4138
http://dx.doi.org/10.1038/nmat4138
http://dx.doi.org/10.1103/PhysRevLett.114.027001
http://dx.doi.org/10.1103/PhysRevLett.114.027001
http://dx.doi.org/10.1103/PhysRevLett.114.027001
http://dx.doi.org/10.1103/PhysRevLett.114.027001

SUN, YAMADA, PYON, AND TAMEGAI

[10] S. Medvedev, T. M. McQueen, I. A. Troyan, T. Palasyuk, M. L.
Eremets, R. J. Cava, S. Naghavi, F. Casper, V. Ksenofontov, G.
Wortmann, and C. Felser, Nat. Mater. 8, 630 (2009).

[11] M. Burrard-Lucas, D. G. Free, S. J. Sedlmaier, J. D. Wright,
S. J. Cassidy, Y. Hara, A. J. Corkett, T. Lancaster, P. J. Baker,
S.J. Blundell, and S. J. Clarke, Nat. Mater. 12, 15 (2013).

[12] L. Sun, X.-J. Chen, J. Guo, P. Gao, Q. Z. Huang, H. Wang, M.
Fang, X. Chen, G. Chen, Q. Wu, C. Zhang, D. Gu, X. Dong, L.
Wang, K. Yang, A. Li, X. Dai, H.-k. Mao, and Z. Zhao, Nature
483, 67 (2012).

[13] J. E. Ge, Z. L. Liu, C. Liu, C. L. Gao, D. Qian, Q. K. Xue, Y.
Liu, and J. F. Jia, Nat. Mater. 14, 285 (2015).

[14] S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T. Ya-
mashita, Y. Shimoyama, Y. Mizukami, R. Endo, H. Ikeda, K.
Aoyama, T. Terashima, S. Uji, T. Wolf, H. von Lohneysen, T.
Shibauchi, and Y. Matsuda, Proc. Natl. Acad. Sci. USA 111,
16309 (2014).

[15] J. Maletz, V. B. Zabolotnyy, D. V. Evtushinsky, S. Thirupathaiah,
A. U. B. Wolter, L. Harnagea, A. N. Yaresko, A. N. Vasiliev,
D. A. Chareev, A. E. Bohmer, F. Hardy, T. Wolf, C. Meingast,
E. D. L. Rienks, B. Biichner, and S. V. Borisenko, Phys. Rev. B
89, 220506 (2014).

[16] M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R. Davies,
A. McCollam, A. Narayanan, S. F. Blake, Y. L. Chen, S.
Ghannadzadeh, A. J. Schofield, M. Hoesch, C. Meingast, T.
Wolf, and A. I. Coldea, Phys. Rev. B 91, 155106 (2015).

[17] Y. Zhang, M. Yi, Z. K. Liu, W. Li, J. J. Lee, R. G. Moore, M.
Hashimoto, N. Masamichi, H. Eisaki, S. K. Mo, Z. Hussain,
T. P. Devereaux, Z. X. Shen, and D. H. Lu, arXiv:1503.01556
(2015).

[18] Y. Suzuki, T. Shimojima, T. Sonobe, A. Nakamura, M. Sakano,
H. Tsuji, J. Omachi, K. Yoshioka, M. Kuwata-Gonokami,
T. Watashige, R. Kobayashi, S. Kasahara, T. Shibauchi, Y.
Matsuda, Y. Yamakawa, H. Kontani, and K. Ishizaka, Phys.
Rev. B 92, 205117 (2015).

[19] T. Terashima, N. Kikugawa, A. Kiswandhi, E.-S. Choi, J. S.
Brooks, S. Kasahara, T. Watashige, H. Ikeda, T. Shibauchi, Y.
Matsuda, T. Wolf, A. E. Bohmer, F. Hardy, C. Meingast, H. v.
Lohneysen, M.-T. Suzuki, R. Arita, and S. Uji, Phys. Rev. B 90,
144517 (2014).

[20] K. K. Huynh, Y. Tanabe, T. Urata, H. Oguro, S. Heguri, K.
Watanabe, and K. Tanigaki, Phys. Rev. B 90, 144516 (2014).

[21] M. D. Watson, T. Yamashita, S. Kasahara, W. Knafo, M.
Nardone, J. Béard, F. Hardy, A. McCollam, A. Narayanan, S. F.
Blake, T. Wolf, A. A. Haghighirad, C. Meingast, A. J. Schofield,
H. v. Lohneysen, Y. Matsuda, A. 1. Coldea, and T. Shibauchi,
Phys. Rev. Lett. 115, 027006 (2015).

[22] A. E. Bohmer, F. Hardy, F. Eilers, D. Ernst, P. Adelmann, P.
Schweiss, T. Wolf, and C. Meingast, Phys. Rev. B 87, 180505
(2013).

[23] Y. Sun, S. Pyon, T. Tamegai, R. Kobayashi, T. Watashige, S.
Kasahara, Y. Matsuda, and T. Shibauchi, Phys. Rev. B 92,
144509 (2015).

[24] Y. Sun, S. Pyon, and T. Tamegai, Phys. Rev. B 93, 104502
(2016).

[25] Z. Zhu, A. Collaudin, B. Fauqué, W. Kang, and K. Behnia, Nat.
Phys. 8, 89 (2012).

PHYSICAL REVIEW B 94, 134505 (2016)

[26] P. D. Grigoriev, Phys. Rev. B 81, 205122 (2010).

[27] E. Ohmichi, H. Adachi, Y. Mori, Y. Maeno, T. Ishiguro, and
T. Oguchi, Phys. Rev. B 59, 7263 (1999).

[28] E. Ohmichi, H. Ito, T. Ishiguro, T. Komatsu, and G. Saito, J.
Phys. Soc. Jpn. 66, 310 (1997).

[29] K. Wang, D. Graf, H. Lei, S. W. Tozer, and C. Petrovic, Phys.
Rev. B 84, 220401 (2011).

[30] K. Wang, D. Graf, L. Wang, H. Lei, S. W. Tozer, and C. Petrovic,
Phys. Rev. B 85, 041101 (2012).

[31] K. Wang, D. Graf, and C. Petrovic, Phys. Rev. B 87, 235101
(2013).

[32] J. G. Analytis, R. D. McDonald, S. C. Riggs, J.-H. Chu,
G. S. Boebinger, and I. R. Fisher, Nat. Phys. 6, 960
(2010).

[33] D.-X. Qu, Y. S. Hor, J. Xiong, R. J. Cava, and N. P. Ong, Science
329, 821 (2010).

[34] L. Fang, C. C. Stoumpos, Y. Jia, A. Glatz, D. Y. Chung, H. Claus,
U. Welp, W.-K. Kwok, and M. G. Kanatzidis, Phys. Rev. B 90,
020504 (2014).

[35] M. Abdel-Hafiez, Y.-Y. Zhang, Z.-Y. Cao, C.-G. Duan, G.
Karapetrov, V. M. Pudalov, V. A. Vlasenko, A. V. Sadakov,
D. A. Knyazev, T. A. Romanova, D. A. Chareeyv, O. S. Volkova,
A. N. Vasiliev, and X.-J. Chen, Phys. Rev. B 91, 165109 (2015).

[36] M. D. Watson, T. K. Kim, A. A. Haghighirad, S. F. Blake, N. R.
Davies, M. Hoesch, T. Wolf, and A. I. Coldea, Phys. Rev. B 92,
121108 (2015).

[37] M. Abdel-Hafiez, Y. J. Pu, J. Brisbois, R. Peng, D. L. Feng,
D. A. Chareev, A. V. Silhanek, C. Krellner, A. N. Vasiliev, and
X.-J. Chen, Phys. Rev. B 93, 224508 (2016).

[38] P. Massat, D. Farina, I. Paul, S. Karlsson, P. Strobel, P.
Toulemonde, M.-A. Méasson, M. Cazayous, A. Sacuto, S.
Kasahara, T. Shibauchi, Y. Matsuda, and Y. Gallais, Proc. Natl.
Acad. Sci. (USA) 113, 9177 (2016).

[39] S. Hosoi, K. Matsuura, K. Ishida, H. Wang, Y. Mizukami, T.
Watashige, S. Kasahara, Y. Matsuda, and T. Shibauchi, Proc.
Natl. Acad. Sci. USA 113, 8139 (2016).

[40] S. Onari, Y. Yamakawa, and H. Kontani, Phys. Rev. Lett. 116,
227001 (2016).

[41] A. A. Abrikosov, Phys. Rev. B 58, 2788 (1998).

[42] A. A. Abrikosov, Europhys. Lett. 49, 789 (2000).

[43] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. L.
Katsnelson, 1. V. Grigorieva, S. V. Dubonos, and A. A. Firsov,
Nature 438, 197 (2005).

[44] A. A. Taskin, Z. Ren, S. Sasaki, K. Segawa, and Y. Ando, Phys.
Rev. Lett. 107, 016801 (2011).

[45] K. Miyamoto, H. Wortelen, H. Mirhosseini, T. Okuda, A.
Kimura, H. Iwasawa, K. Shimada, J. Henk, and M. Donath,
Phys. Rev. B 93, 161403 (2016).

[46] J. Park, G. Lee, F. Wolff-Fabris, Y. Y. Koh, M. J. Eom, Y. K.
Kim, M. A. Farhan, Y. J. Jo, C. Kim, J. H. Shim, and J. S. Kim,
Phys. Rev. Lett. 107, 126402 (2011).

[47] H. H. Kuo, J. H. Chu, S. C. Riggs, L. Yu, P. L. McMahon, K.
De Greve, Y. Yamamoto, J. G. Analytis, and I. R. Fisher, Phys.
Rev. B 84, 054540 (2011).

[48] S. V. Chong, G. V. M. Williams, J. Kennedy, F. Fang, J.
L. Tallon, and K. Kadowaki, Europhys. Lett. 104, 17002
(2013).

134505-6


http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nmat3464
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1038/nmat4153
http://dx.doi.org/10.1073/pnas.1413477111
http://dx.doi.org/10.1073/pnas.1413477111
http://dx.doi.org/10.1073/pnas.1413477111
http://dx.doi.org/10.1073/pnas.1413477111
http://dx.doi.org/10.1103/PhysRevB.89.220506
http://dx.doi.org/10.1103/PhysRevB.89.220506
http://dx.doi.org/10.1103/PhysRevB.89.220506
http://dx.doi.org/10.1103/PhysRevB.89.220506
http://dx.doi.org/10.1103/PhysRevB.91.155106
http://dx.doi.org/10.1103/PhysRevB.91.155106
http://dx.doi.org/10.1103/PhysRevB.91.155106
http://dx.doi.org/10.1103/PhysRevB.91.155106
http://arxiv.org/abs/arXiv:1503.01556
http://dx.doi.org/10.1103/PhysRevB.92.205117
http://dx.doi.org/10.1103/PhysRevB.92.205117
http://dx.doi.org/10.1103/PhysRevB.92.205117
http://dx.doi.org/10.1103/PhysRevB.92.205117
http://dx.doi.org/10.1103/PhysRevB.90.144517
http://dx.doi.org/10.1103/PhysRevB.90.144517
http://dx.doi.org/10.1103/PhysRevB.90.144517
http://dx.doi.org/10.1103/PhysRevB.90.144517
http://dx.doi.org/10.1103/PhysRevB.90.144516
http://dx.doi.org/10.1103/PhysRevB.90.144516
http://dx.doi.org/10.1103/PhysRevB.90.144516
http://dx.doi.org/10.1103/PhysRevB.90.144516
http://dx.doi.org/10.1103/PhysRevLett.115.027006
http://dx.doi.org/10.1103/PhysRevLett.115.027006
http://dx.doi.org/10.1103/PhysRevLett.115.027006
http://dx.doi.org/10.1103/PhysRevLett.115.027006
http://dx.doi.org/10.1103/PhysRevB.87.180505
http://dx.doi.org/10.1103/PhysRevB.87.180505
http://dx.doi.org/10.1103/PhysRevB.87.180505
http://dx.doi.org/10.1103/PhysRevB.87.180505
http://dx.doi.org/10.1103/PhysRevB.92.144509
http://dx.doi.org/10.1103/PhysRevB.92.144509
http://dx.doi.org/10.1103/PhysRevB.92.144509
http://dx.doi.org/10.1103/PhysRevB.92.144509
http://dx.doi.org/10.1103/PhysRevB.93.104502
http://dx.doi.org/10.1103/PhysRevB.93.104502
http://dx.doi.org/10.1103/PhysRevB.93.104502
http://dx.doi.org/10.1103/PhysRevB.93.104502
http://dx.doi.org/10.1038/nphys2111
http://dx.doi.org/10.1038/nphys2111
http://dx.doi.org/10.1038/nphys2111
http://dx.doi.org/10.1038/nphys2111
http://dx.doi.org/10.1103/PhysRevB.81.205122
http://dx.doi.org/10.1103/PhysRevB.81.205122
http://dx.doi.org/10.1103/PhysRevB.81.205122
http://dx.doi.org/10.1103/PhysRevB.81.205122
http://dx.doi.org/10.1103/PhysRevB.59.7263
http://dx.doi.org/10.1103/PhysRevB.59.7263
http://dx.doi.org/10.1103/PhysRevB.59.7263
http://dx.doi.org/10.1103/PhysRevB.59.7263
http://dx.doi.org/10.1143/JPSJ.66.310
http://dx.doi.org/10.1143/JPSJ.66.310
http://dx.doi.org/10.1143/JPSJ.66.310
http://dx.doi.org/10.1143/JPSJ.66.310
http://dx.doi.org/10.1103/PhysRevB.84.220401
http://dx.doi.org/10.1103/PhysRevB.84.220401
http://dx.doi.org/10.1103/PhysRevB.84.220401
http://dx.doi.org/10.1103/PhysRevB.84.220401
http://dx.doi.org/10.1103/PhysRevB.85.041101
http://dx.doi.org/10.1103/PhysRevB.85.041101
http://dx.doi.org/10.1103/PhysRevB.85.041101
http://dx.doi.org/10.1103/PhysRevB.85.041101
http://dx.doi.org/10.1103/PhysRevB.87.235101
http://dx.doi.org/10.1103/PhysRevB.87.235101
http://dx.doi.org/10.1103/PhysRevB.87.235101
http://dx.doi.org/10.1103/PhysRevB.87.235101
http://dx.doi.org/10.1038/nphys1861
http://dx.doi.org/10.1038/nphys1861
http://dx.doi.org/10.1038/nphys1861
http://dx.doi.org/10.1038/nphys1861
http://dx.doi.org/10.1126/science.1189792
http://dx.doi.org/10.1126/science.1189792
http://dx.doi.org/10.1126/science.1189792
http://dx.doi.org/10.1126/science.1189792
http://dx.doi.org/10.1103/PhysRevB.90.020504
http://dx.doi.org/10.1103/PhysRevB.90.020504
http://dx.doi.org/10.1103/PhysRevB.90.020504
http://dx.doi.org/10.1103/PhysRevB.90.020504
http://dx.doi.org/10.1103/PhysRevB.91.165109
http://dx.doi.org/10.1103/PhysRevB.91.165109
http://dx.doi.org/10.1103/PhysRevB.91.165109
http://dx.doi.org/10.1103/PhysRevB.91.165109
http://dx.doi.org/10.1103/PhysRevB.92.121108
http://dx.doi.org/10.1103/PhysRevB.92.121108
http://dx.doi.org/10.1103/PhysRevB.92.121108
http://dx.doi.org/10.1103/PhysRevB.92.121108
http://dx.doi.org/10.1103/PhysRevB.93.224508
http://dx.doi.org/10.1103/PhysRevB.93.224508
http://dx.doi.org/10.1103/PhysRevB.93.224508
http://dx.doi.org/10.1103/PhysRevB.93.224508
http://dx.doi.org/10.1073/pnas.1606562113
http://dx.doi.org/10.1073/pnas.1606562113
http://dx.doi.org/10.1073/pnas.1606562113
http://dx.doi.org/10.1073/pnas.1606562113
http://dx.doi.org/10.1073/pnas.1605806113
http://dx.doi.org/10.1073/pnas.1605806113
http://dx.doi.org/10.1073/pnas.1605806113
http://dx.doi.org/10.1073/pnas.1605806113
http://dx.doi.org/10.1103/PhysRevLett.116.227001
http://dx.doi.org/10.1103/PhysRevLett.116.227001
http://dx.doi.org/10.1103/PhysRevLett.116.227001
http://dx.doi.org/10.1103/PhysRevLett.116.227001
http://dx.doi.org/10.1103/PhysRevB.58.2788
http://dx.doi.org/10.1103/PhysRevB.58.2788
http://dx.doi.org/10.1103/PhysRevB.58.2788
http://dx.doi.org/10.1103/PhysRevB.58.2788
http://dx.doi.org/10.1209/epl/i2000-00220-2
http://dx.doi.org/10.1209/epl/i2000-00220-2
http://dx.doi.org/10.1209/epl/i2000-00220-2
http://dx.doi.org/10.1209/epl/i2000-00220-2
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1103/PhysRevLett.107.016801
http://dx.doi.org/10.1103/PhysRevLett.107.016801
http://dx.doi.org/10.1103/PhysRevLett.107.016801
http://dx.doi.org/10.1103/PhysRevLett.107.016801
http://dx.doi.org/10.1103/PhysRevB.93.161403
http://dx.doi.org/10.1103/PhysRevB.93.161403
http://dx.doi.org/10.1103/PhysRevB.93.161403
http://dx.doi.org/10.1103/PhysRevB.93.161403
http://dx.doi.org/10.1103/PhysRevLett.107.126402
http://dx.doi.org/10.1103/PhysRevLett.107.126402
http://dx.doi.org/10.1103/PhysRevLett.107.126402
http://dx.doi.org/10.1103/PhysRevLett.107.126402
http://dx.doi.org/10.1103/PhysRevB.84.054540
http://dx.doi.org/10.1103/PhysRevB.84.054540
http://dx.doi.org/10.1103/PhysRevB.84.054540
http://dx.doi.org/10.1103/PhysRevB.84.054540
http://dx.doi.org/10.1209/0295-5075/104/17002
http://dx.doi.org/10.1209/0295-5075/104/17002
http://dx.doi.org/10.1209/0295-5075/104/17002
http://dx.doi.org/10.1209/0295-5075/104/17002



