
PHYSICAL REVIEW MATERIALS 6, 054602 (2022)
Editors’ Suggestion
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Two-dimensional magnetic materials have recently attracted great interest due to their unique functions as the
electric field control of a magnetic phase and the anomalous spin Hall effect. For such remarkable functions, a
spin-orbit coupling (SOC) serves as an essential ingredient. Here we report a giant positive magnetoresistance in
a layered magnetic semiconductor AgCrSe2, which is a manifestation of the subtle combination of the SOC and
Zeeman-type spin splitting. When the carrier concentration, n, approaches the critical value of 2.5 × 1018 cm–3,
a sizable positive magnetoresistance of ∼400% emerges upon the application of magnetic fields normal to the
conducting layers. Based on the magneto-Seebeck effect and the first-principles calculations, the unconventional
magnetoresistance is ascribable to the enhancement of effective carrier mass in the SOC-induced J = 3/2 state,
which is tuned to the Fermi level through the Zeeman splitting enhanced by the p-d coupling. This study
demonstrates an aspect of the SOC-derived magnetotransport in two-dimensional magnetic semiconductors,
paving the way to spintronic functions.

DOI: 10.1103/PhysRevMaterials.6.054602

I. INTRODUCTION

Magnetic semiconductors are a key class of materials in
the field of spintronics because of their potential for spin
and charge manipulation. The combination of magnetism and
spin-orbit coupling (SOC) yields versatile properties for logic
functionalities and information storage capabilities [1–5].
In particular, two-dimensional systems, including van der
Waals magnets such as the transition-metal chalcogenides and
halides [6–13], are being actively investigated for novel mag-
netism and spintronic applications owing to their advantage of
creating thin films and heterostructures by exfoliation [11,12].

One of the promising two-dimensional magnetic semi-
conductors for the novel functions is AgCrSe2 with layered
structure [14–16]. Depending on the slight off-stoichiometry
of the samples, the electric conductivity changes largely from
semiconducting to metallic [17,18]. It is known to show
a helimagnetic transition at 45 K [19]. Here, we report a
type of giant positive magnetoresistance in a two-dimensional
magnetic semiconductor AgCrSe2 with a finely tuned car-
rier density. Considering the first-principles calculations in
addition to the observation of the carrier-dependent magne-
toresistance and magneto-Seebeck effect, the mechanism of
the giant magnetoresistance is discussed in terms of the sub-
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tle combination of the SOC and the magnetically enhanced
Zeeman splitting.

AgCrSe2 has a layered polar structure lacking inversion
symmetry (space group: R3m) at room temperature. As shown
in Fig. 1(a), the edge-shared CrSe6 octahedra form layered
triangular lattices with accommodating Ag+ ions at one of
the energetically degenerate tetrahedral sites (α- and β sites)
[14,16], giving rise to the polarity along the c axis. It has been
reported that the Ag+ ions are distributed randomly in the α-
and β sites above 450–475 K, where the system undergoes an
order-to-disorder transition to be a centrosymmetric structure
with R3m [15]. The edge-shared CrSe6 octahedral layers are
weakly coupled by Ag+ ions across the van der Waals gap
[16].

II. METHODS

A. Material synthesis and characterization

Single crystals of AgCrSe2 were grown by the chemical
vapor transport method using CrCl3 as a transport agent [17].
A mixture of Ag powder (99.9% purity), chromium pow-
der (99.9% purity), and selenium powder (99.9% purity) in
a stoichiometric ratio of 1:1:2 was sealed in an evacuated
silica tube. The ampoule was placed in a three-zone furnace
with a typical temperature gradient from 830 to 800 °C. After
1 to 2 wk, the sample was cooled down to room temper-
ature. The typical dimensions of the crystals are 5 × 5 ×
0.05 mm3. Single-crystal x-ray diffraction data were collected

2475-9953/2022/6(5)/054602(6) 054602-1 ©2022 American Physical Society

https://orcid.org/0000-0001-7721-5163
https://orcid.org/0000-0002-7464-8681
https://orcid.org/0000-0003-1408-4922
https://orcid.org/0000-0002-1401-9381
https://orcid.org/0000-0003-2901-8602
https://orcid.org/0000-0001-5725-072X
https://orcid.org/0000-0003-1696-2514
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.054602&domain=pdf&date_stamp=2022-05-27
https://doi.org/10.1103/PhysRevMaterials.6.054602


HIDEFUMI TAKAHASHI et al. PHYSICAL REVIEW MATERIALS 6, 054602 (2022)

b

c

(a) (b)

(c) (d)

#1

#2

#3

 

7mm

P

R3m (polar)

Ag( )
Ag( )

Se
Cr

b
a

100

101

102

104

105

106

107

108

m(
)

mc

3002001000
T (K)

Γ Z L Γ F Z

En
er

gy
 (e

V)

0.10

0.08

0.06

0.04

0.02

0.00
 

)lo
m/u

me(
3002001000

T (K)

H//c

H
c

H = 1 T

ZFC

FC

Z

L

Γ

F
k1

k2

k3r1 r2

0

1

2

-1

-2

a

#2

FIG. 1. (a) Crystal structure and Brillouin zone. Crystal structure
is shown by the hexagonal cell (conventional cell). Brillouin zone
is based on the rhombohedral cell (primitive cell). (b) Temperature
dependence of magnetic susceptibility for No. 2 under out-of-plane
magnetic field (H = 1 T). The overall behavior is almost the same
among the three samples (No. 1, No. 2, and No. 3). (c) Electronic
structure for the induced ferromagnetic state with spin-orbit cou-
pling. Magnetic moments are parallel to c axis. (d) Temperature
dependence of electrical resistivity for three types of AgCrSe2 crys-
tals, denoted by No. 1, No. 2, and No. 3. Inset shows a typical single
crystal.

using a Rigaku XtaLAB mini II diffractometer with graphite
monochromated Mo Kα radiation.

B. Transport measurements

Electrical resistivity and Seebeck coefficient under mag-
netic fields were measured using a Physical Property
Measurement System (Quantum Design, Inc.). The Seebeck
coefficient was measured by the steady-state method. The
magnetization and resistivity up to 45 T were measured by
the nondestructive pulsed magnet with a pulse duration of
36 ms at the International MegaGauss Science Laboratory in
the Institute for Solid State Physics, University of Tokyo.

C. Density-functional theory calculations

The relativistic and nonrelativistic bulk electronic struc-
ture calculations of AgCrSe2 were performed within the
density-functional theory using the Perdew-Burke-Ernzerhof
exchange-correlation functional as implemented in the QUAN-
TUM ESPRESSO code [20–23]. The projector augmented-wave
method has been used to account for the treatment of core
electrons [23]. To properly treat the strong onsite Coulomb
interaction of Cr-3d states, an effective Hubbard-like potential
term Ueff was added. The value of Ueff was fixed at 3 eV for

Cr-3d orbitals and zero for all other orbitals. The cutoff energy
for plane waves forming the basis set was set to 60 eV. The
lattice parameters and atomic position were taken from the
experiment. The corresponding Brillouin zone was sampled
using an 8 × 8 × 8 k mesh. To stabilize each ferromagnetic
(FM) configuration, the initial magnetic moment of Cr was
set to 3 μB and aligned along the c axis.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the temperature dependence of the mag-
netic susceptibility under a magnetic field (H) of 1 T parallel
to the c axis. An antiferromagnetic (helimagnetic) transition
can be found at 45 K as reported previously [24]. The hys-
teresis between the field-cooling and the zero-field-cooling
processes below 45 K implies the spin canting due to the polar
lattice distortion. We calculated the electronic band structure
for the induced ferromagnetic state with spins aligned along
the c axis with the presence of SOC as shown in Fig. 1(c). The
valence bands with parabolic dispersion are seen around the
� point with small energy gaps (direct ∼0.7 eV and indirect
∼0.1 eV). As shown in Fig. 1(d), the temperature dependence
of in-plane resistivity varies widely from insulating to metal-
lic, depending on the samples. This presumably reflects the
small energy gap and the presence of naturally introduced
defects at the Ag site, which yields hole-type carriers as
confirmed by the positive sign both in the Hall resistivity
(see Fig. S1 in Supplemental Material [25]) and the Seebeck
coefficient (see Figs. 4 and S2 in Supplemental Material [25]).
For transport measurements in this work, we selected three
types of single crystals, No. 1, No. 2, and No. 3, with different
carrier concentration [18].

Figures 2(a)–2(c) show the magnetoresistance MR
[�ρ(H )/ρ(0) =[ρ(H ) − ρ(0)]/ρ(0)] for the three samples
under H//c. Interestingly, the magnetic field dependences
of MR are distinct for each sample. The samples No. 1
and No. 3 show negative MR at low temperatures, reflect-
ing the suppression of the spin scattering as typically found
in a spin-polarized ferromagnetic state. It should be noted
that a significant positive MR as large as 50% at 2 K and
7 T can be found for No. 2 below 100 K. To get insight
into the origin of the remarkable MR in No. 2, we plot
the carrier-concentration n dependence of the MR at 9 T,
as shown in Fig. 2(d). n for each sample at selected tem-
peratures was estimated as n = 1/eRH (n for No. 1, No.
2, and No. 3 at 2 K were estimated to be 1 × 1016 cm–3,
4 × 1018 cm–3, and 7 × 1020 cm–3, respectively). Here, RH

was evaluated from the Hall resistivity measurements (for de-
tails, see Fig. S1 in Supplemental Material [25]). Surprisingly,
the carrier-concentration dependence exhibits a kind of the
scaling behavior denoted by the gray line, and has a sharp
peak around n = 2.5 × 1018 cm–3, suggesting the existence of
critical carrier concentration for the significant positive MR.
One of the possible origins of positive MR is the Lorentz
force [MR = �ρ(H )/ρ(0) ∼ (μH )2, where μ denotes carrier
mobility] typically observed in high-mobility semiconductors
and semimetals [26,27]. However, this is unlikely to be the
case for the present system, since μ (=1/ρne; e is elementary
charge) is as low as ∼20 cm2/V s (No. 2). To observe positive
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FIG. 2. Magnetoresistance in three types of AgCrSe2 crystals:
No. 1 (a), No. 2 (b), and No. 3 (c). (d) Carrier-concentration de-
pendence of magnetoresistance at selected temperatures in various
crystals.

MR as large as ∼50% at 9 T, μ should be on the order
of 1000 cm2/V s.

In order to identify the role of the magnetism in the positive
MR, we measured the magnetization and MR for No. 2 at
high H up to 45 T at several temperatures with the field
configurations H//c [Figs. 3(a) and 3(b)] and H⊥c [Figs.
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FIG. 4. Temperature dependence of magneto-Seebeck effect
(H//c) in two types of AgCrSe2 crystals: (a) No. 2, (b) No. 3.
Magnetic field dependence of Seebeck effect for (c) No. 2 and (d)
No. 3. Magnetic field dependence of S/ρT (S: Seebeck coefficient,
ρ: electrical resistivity, T : temperature) for (e) No. 2 and (f) No. 3.

3(c) and 3(d)]. It is worth noting that under H//c, the MR
reaches a quite large value higher than 400%, and has a peak at
25 T, where the magnetic moment is saturated (HIF). Anal-
ogous behavior is also observed under H⊥c, while the
maximum MR is relatively small (∼200%). Note that the
kinklike behavior around 3 T in the magnetization and MR
curves can be associated with the spin-flop transition (HSF),
reflecting the planar spin anisotropy. These results strongly
suggest the strong coupling between the localized moments
and itinerant electrons.

Next, we measured magneto-Seebeck effect, which is sen-
sitive to the change in the electronic state near the Fermi level,
for the samples No. 2 and No. 3 under H//c (the resistivity of
No. 1 is too high to measure Seebeck coefficient). Figs 4(a)
and 4(b) show the temperature dependence of Seebeck coef-
ficient S at H = 0 and 9 T. While the Seebeck coefficient of
both samples decreases with decreasing the temperature, sim-
ilar to the heavily doped (degenerate) semiconductors, only
No. 2 underwent a substantial enhancement of S under the
application of magnetic fields. Figures 4(c) and 4(d) depict the
magnetic field dependence of the magneto-Seebeck [MS =
S(H ) − S(0)] effect, which remarkably increases by the ap-
plication of magnetic fields only for No. 2 with positive MR,
implying that the same origin plays an important role on the
significant positive MR and MS. Such a large enhancement
of MS is not common in conventional metals or semiconduc-
tors [28], and the application of external magnetic fields on
magnetic materials tends to reduce S through the suppression
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of the magnetic entropy [29,30]. Thus, the significant positive
MS in AgCrSe2 is unusual and it is reasonable to consider the
spin-driven band modification or reconstruction as its origin
[31].

Based on the Mott formula typically used for metallic
systems, the Seebeck coefficient is described as

S = (
π2k2

BT m∗/3eh̄2
)
(3π2n)−2/3, (1)

where m∗ is an effective carrier mass. According to this
formula, the positive MS can be associated with the varia-
tion of n or m∗ as a function of H . On the other hand, the
electrical resistivity considering the Drude model is given by
ρ = 1/(neμ) = m∗/(ne2τ ), where τ is the carrier scattering
time. Here, we assume that n is constant upon the change
in H , as supported by the linear Hall resistivity ρyx as a
function of H (see Fig. S1 in Supplemental Material [25]).
Thus, the H dependence of S/ρT presumably depends only
on τ . For instance, as shown in Fig. 4(f), the S/ρT increases
as a function of H at low temperatures, which implies that
the negative MR for No. 3 is caused by the H-induced in-
crease of τ , reflecting the suppression of the spin scattering.
On the other hand, S/ρT for No. 2 is almost constant as
shown in Fig. 4(e), indicating that τ is independent of H , i.e.,
the magnetoresistance and magneto-Seebeck effect normal-
ized by the zero-field values show almost the same magnetic
field dependence at selected temperatures, as shown in
Fig. S3 (Supplemental Material [25]). Therefore, given the
Drude model, it is reasonable to presume that the significant
positive MR as well as magneto-Seebeck (MS) observed for
No. 2 is not attributable to the change in τ but to the increase
in m∗ by the application of H .

As the probable model of the H-induced band modifi-
cation, we consider a spin-orbit coupled Zeeman-type spin
splitting for the paramagnetic (PM) and ferromagnetic (FM)
phases [32–34]. Figure 5(a) shows the calculated band struc-
ture of the PM phase, where the 3d orbitals of Cr are excluded

to reflect the experimental fact that they open an energy gap
and become localized orbitals [35]. Note that we adopt the
PM phase suitable for the calculation as the zero-field phase
instead of the antiferromagnetic phase. This is because the
band structure around the � point is expected to dominate the
charge transport and be immune to the band folding upon the
antiferromagnetic transition. Consistent with the expectations,
there is no apparent anomaly in the electrical resistivity and
the Seebeck coefficient at the magnetic transition temperature
as shown in Fig. 1(d) and Fig. S2. The valence band structure
of AgCrSe2 is mainly composed of the p-like Se bands with
spin- and orbital angular momentums, S = 1/2 and L = 1, re-
spectively. For the PM phase with SOC, the valence bands are
characterized by the total angular momentum J = 3/2, where
the outer (solid lines) and inner (broken lines) bands are Jz =
±3/2 and Jz = ±1/2, respectively. The similar bands char-
acterized by J have been discussed in typical semiconductors
such as GaAs [36,37]. Here, the Jz = ±3/2 bands and the Jz =
±1/2 bands are termed a heavy hole (HH) with a heavy effec-
tive mass and a light hole (LH) with a light effective mass,
respectively. Next, we show the band structure of the FM
phase with SOC in Fig. 5(b). The spin-split parabolic valence
bands at the � point are composed of Sz = ±1/2 and Lz =
±1, which are split through the p-d exchange coupling. Here,
the bands with spins parallel to the localized Cr spins (Sz =
+1/2 bands) are plotted in red curves, and the bands with an-
tiparallel spins (Sz = −1/2 bands) are plotted in blue curves.

To discuss the mechanism of the giant positive MR, we
show the schematic models for the band structure around the
� point for the PM and FM states with SOC [see Figs. 5(c)
and 5(d)]. In the PM state, the HH and LH bands are al-
most degenerate (the energy splitting between them is about
0.01 eV), and the effective mass of the holes near the Fermi
level is averaged over. On the other hand, in the FM state, the
degeneracy of HH and LH is lifted, resulting in the predomi-
nance of heavy-mass holes in HH, the effective mass of which
is expected to be heavier than the average value in the PM
state [see Fig. 5(c) and 5(d)]. This situation corresponds to the
case of No. 2 showing the enhancement of resistivity under
magnetic fields. Namely, when the Fermi level EF lies near the
band edge as in the case of No. 2 (estimation of EF is discussed
in Sec. S4 of Supplemental Material [25]), the transport prop-
erties are strongly influenced by this band modification caused
by the combination of the SOC and the p-d coupling. The
importance of the SOC for this type of positive MR can be
confirmed by the band structures for the FM state without
SOC shown in Figs. S4 and S5 (Supplemental Material [25]).
The Sz = +1/2 and Sz = −1/2 bands near the Fermi level
emerging through the Zeeman splitting in the FM phase are
expected to have similar dispersions as the spin-degenerated
bands in the PM phase, because their orbital character remains
intact upon the Zeeman splitting [see Figs. S5(b) and S5(c)].
Therefore, the effective carrier mass is expected to be almost
unchanged on the course of the field-induced transition from
the PM phase to the FM phase. This explanation is consistent
with the presence of the critical carrier concentration n for the
MR, and applicable also to the positive MR under in-plane
magnetic fields (H//ab); the observed anisotropy of MR can
be associated with the different field effect on the spin splitting
of the HH bands (see Fig. S6 in Supplemental Material [25]).
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IV. CONCLUSION

In conclusion, we have observed giant positive MR in
the layered magnetic semiconductor AgCrSe2 through the
fine-tuning of the carrier concentration. The magneto-Seebeck
effect and band calculations revealed that the MR effect can
be ascribed to the significant enhancement of the effective
carrier mass upon the spin splitting caused by the unique
combination of the SOC and the p-d coupling. This work
demonstrates the importance of the SOC and the high car-
rier tunability in addition to the spin-charge coupling for the

exploration of spintronic functions in magnetic two-
dimensional materials.
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