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研究成果の概要（和文）：研究代表者が担当する理論と，滞在先のフランスグループが担当する実験が，密接に
協働することにより，以下の成果を上げた．（１）全ての物質で初めてとなる，磁場による１００％バレー分極
をBiで達成した．（２）磁気抵抗の新しい公式を導き，これを様々な物質（Bi, Sb, SrTiO3）に適用した．Sbに
おいて，磁気抵抗の最高記録（10,000,000%）を達成した．BiやSrTiO3の磁気抵抗の長年の謎の一部を解明する
ことができた．
パリで開催された科学と芸術に関する展覧会に成果を出展し，好評を得た．滞在中に国際ワークショップを主催
し，国際ネットワークの構築を進めた．

研究成果の概要（英文）：By collaborating between theory (JPN) and experiment (FRA), we obtained the 
following results. (1) 100% valley polarization by magnetic field was achieved in Bi for the first 
time. (2) A new formula of magnetoresistance was derived and applied to various materials (Bi, Sb, 
SrTiO3). The largest magnetoresistance (10,000,000%) was achieved in Sb. The longstanding problem on
 magnetoresistance of Bi and SrTiO3 was solved partly.
The results were presented in the exhibition on science and art, held in Paris. During my stay, I 
organized an international workshop and promoted the construction of an international research 
network.

研究分野：物性理論

キーワード： 磁気抵抗　バレー分極　Bi　Sb　SrTiO3　量子振動　量子極限

  １版
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令和

研究成果の学術的意義や社会的意義
電子が持つ電荷やスピンに次ぐ，新しい自由度としてバレーの自由度を制御する研究（バレートロニクス）が最
近注目を集めている．本研究で達成した100%バレー分極は，バレートロニクスにおいて新しい方向性を示した．
強磁性薄膜を用いた磁気抵抗は，すでにハードディスクなどで実用化されている．（発見者はノーベル賞を受
賞）これとは別に，最近，半金属を用いた非常に大きな磁気抵抗が関心を集めている．本研究で得た実用的な磁
気抵抗の理論は，今後磁気抵抗の実験を解析する上で，重要な役割を担いうる．
純粋に科学的研究で得られた成果の芸術性が評価されたことは，アウトリーチ活動の新たな方向性を示してい
る．
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The two additional assumptions required to attain perfect
fits bring new insight to the apparent diversity of semimetallic
magnetoresistance. Imperfect compensation caused by 1 part
per million (ppm) of uncontrolled doping is barely noticeable
when there is one hole and one electron per 104 atoms, that
is when carrier density is in the range of 1019 cm−3. But
the same amount of uncontrolled doping has a much stronger
signature when the carrier density is two orders of magnitude
lower. This explains why the high-field magnetoresistance
is close to quadratic in Sb and WTe2 but almost linear in
Bi. The field-induced reduction in mobility can be caused
by a disorder invisible to long-wavelength electrons at zero
field and becomes relevant in the presence of magnetic field.
Electrons with a long wavelength are not efficiently scattered
by neutral or charged defects of atomic size. However, with in-
creasing magnetic field, a subset of spatially-extended defects
smaller than the Fermi wavelength become relevant as scat-
tering centers, because they can interact with electrons with
small momentum along the magnetic field [26]. This provides
a simple but nonuniversal foundation for the field-induced
decrease in mobility leading to the ubiquitous nonquadratic
magnetoresistance.

II. RESULTS

Figure 1(a) presents the reported magnetoresistance of
numerous semimetals at B = 9 T and T = 2 K extracted
from Refs. [7,8,11,12,18,19,21,22,27–33] (see Ref. [34] for
details). The amplitude of field-induced enhancement in resis-
tivity is plotted as a function of zero-field mobility, extracted
from resistivity and carrier density: µ0 = 1

ρ0(n+p)e . Here, e is
the charge of the electron, n and p are the electron and hole
densities, and ρ0 the zero-field resistivity at T = 2 K. One
can see that across more than three orders of magnitude, the
MR of semimetals (topological or not) roughly scales with
their zero-field mobility. The higher the mobility, the larger
the magnetoresistance. However, one can also see that sys-
tematically !ρ

ρ0
is lower than 81⟨µ2

0⟩, which is what is expected
for 9 T if the mobility was the same unique number relevant
to the two [zero-field conductivity, σ = e(nµe + pµh), and
finite-field magnetoresistance].

Even the most ideally simple semimetal requires more
complexity. Such a system would have a single electronlike
and a single holelike Fermi surface. The two pockets are
isotropic with scalar mobilities of µe and µh. The semiclassic
magnetoresistance of such a system would be !ρ

ρ0
= ⟨µ2

m⟩B2,
where µm = √

µeµh. Note that the zero-field average mobil-
ity is µ0 = nµe+pµh

(n+p) . The two average mobilities are identical
only when n = p and µe = µh. However, µ0 and µm remain
of the same order of magnitude.

As seen in Fig. 1(a), despite the discovery of numerous
new compounds, the three elemental semimetals (Bi, Sb, and
As) are still those showing the largest magnetoresistance at
9 T. Figure 1(b) compares the field dependence of magne-
toresistance in bismuth, WTe2, and antimony at T = 2 K and
B ! 56 T. One can see that it is close to B2 in Sb and WTe2 but
presents a lower exponent (B1.5) and a tendency to saturation
in bismuth. As a consequence, antimony surpasses bismuth
above ≈25 T. Note that the amplitude of magnetoresistance in
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FIG. 1. (a) Magnetoresistance of various semimetals at B = 9 T
and T = 2 K as a function of the mobility µ0 = 1

ρ0 (n+p)e where e

is the charge of the electron, n and p are the electron and hole
density, and ρ0 the zero field resistivity at 2 K. µ0 is expressed
in Tesla−1 = 104 cm2 V−1 s−1. The points are extracted from the
references [7,8,11,12,18,19,21,22,27–33] (see Ref. [34] for details).
(b) Magnetoresistance of elemental semimetals antimony (j//trigonal
and B//bisectrix), bismuth (j//bisectrix and B//trigonal) and WTe2

(j//a axis and B//c axis) at T = 2 K. RRR (residual resistivity ratio)
is equal to ρ(T =300 K)

ρ(2 K) .

a given metal is not fixed and depends on the cleanness as we
will discuss below.

A more elaborate picture requires one to consider the
tensorial nature of mobility. We attempted to achieve this by
studying the angle dependence of ρii in Sb when the magnetic
field rotates in the plane perpendicular to the i axis. Here, (i =
1,2,3) refer to the binary, bisectrix, and trigonal crystal axes.
The three planes of rotations are P1 = (trigonal, bisectrix),
P2 = (trigonal, binary), and P3 = (binary, bisectrix), as in the
case of bismuth [25].

The Fermi surface of Sb has been intensively studied by
quantum oscillations [17,23] and cyclotron resonance [35].
These studies have found that the density of electron and hole
pockets is equal to n = p = 5.5 × 1019 cm−3, within a preci-
sion of 1% [23]. In these studies, the Fermi surface was taken
to be three equivalent electron pockets and six equivalent hole
pockets. The electron pockets are quasiellipsoids centered at
the L points of the Brillouin zone and reminiscent of the case
of bismuth. The hole pockets consist of two groups of three
pockets slightly off the T points of the Brillouin zone and
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