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Epitaxial growth and transport properties of a metallic altermagnet CrSb on a GaAs (001) substrate
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A newly identified class of magnetic materials called altermagnets has attracted much attention due to the
practical properties of spin-splitting bands akin to ferromagnets and small compensated magnetization akin
to antiferromagnets. These features make them promising candidates for applications in spintronics devices.
Among candidate materials, CrSb is promising because of its high ordering temperature (~705 K) and large spin-
splitting energy; however, it is predicted that tuning the Néel vector requires additional symmetry breaking or a
change in the easy magnetization axis. While applying epitaxial strain can modulate the symmetry, the selection
of substrates with closely matched lattice constants for heteroepitaxial growth is limited for altermagnets, which
generally have low crystal symmetry. Therefore, exploring the heteroepitaxial growth of altermagnet thin films
on well-established but dissimilar crystal systems is valuable. (001)-oriented III-V semiconductors, which share
group-V elements with the overgrown CrSb, offer an ideal platform because they are expected to have material
compatibility with stable interfaces, as well as tunability of the buffer layer’s band gap and lattice constant
by varying the atomic composition of their group-III and group-V atoms. In this study, we have achieved the
molecular beam epitaxial growth of a single-crystalline CrSb (110) thin film on a GaAs (001) substrate by
inserting thin FeSb (110) / AlAs (001) buffer layers. The in-plane epitaxial relationship is found to be CrSb
[110] || GaAs [110] and CrSb [001] || GaAs [110], and epitaxial strain is also confirmed. We also characterized
the magnetotransport properties of the grown CrSb thin film. Although the obtained conductivity tensors are
mainly explained by a two-carrier model, and not by an anomalous Hall effect, this model reveals the presence

of high-mobility electron and hole carriers.

DOI: 10.1103/xjrx-wbv6

I. INTRODUCTION

Antiferromagnets have long been considered intriguing but
impractical due to the difficulty in detecting and manipulat-
ing their magnetic ordering. However, recent advances have
demonstrated techniques for manipulating and detecting Néel
vectors in several antiferromagnets [1-4]. These materials
exhibit high-speed (terahertz order) spin dynamics [3-6] and
compensated magnetization, both of which are expected to be
useful for device applications. Recently, it has been shown
that a new type of nonrelativistic spin splitting appears in
some collinear antiferromagnets with a broken time-reversal
(T) symmetry as well as broken PT and (T symmetries,
where P and t are a space inversion operation and a lat-
tice translation operation, respectively [7-9]. These symmetry
breakings are only achieved by the presence of asymmet-
ric nonmagnetic elements and lead to spin-split bands akin
to ferromagnets. Such materials are named ‘“altermagnets”
and are characterized by spin splitting in momentum space,
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which gives rise to strong anomalous responses such as the
spontaneous anomalous Hall effect (AHE) [7,10-12], spin-
polarized current generation [13—18], and giant magnetoresis-
tance and tunneling magnetoresistance [19,20]. These charac-
teristics, combined with the advantages of antiferromagnets,
show the potential for realizing innovative spintronics devices.

Among candidate materials, metallic RuO, [15-17,20,21]
and semiconducting MnTe [11,12,22-25] have been ac-
tively studied. However, the anticipated magnetic ordering
of RuO, has recently been questioned [26-28]. Meanwhile,
for MnTe, spontaneous AHE and manipulation of its sign
have been reported [11,12]. CrSb is also theoretically pre-
dicted to be a promising altermagnetic metal with a very
large spin splitting, and the validity of the theoretical calcu-
lations has been confirmed by angle-resolved photoemission
spectroscopy (ARPES) in several reports [29-32]. CrSb is
an A-type antiferromagnet with a NiAs-type crystal structure
(the lattice constants: a = 0.4103nm, ¢ = 0.5463 nm [33])
like MnTe, and the antiparallel spin configuration along the
c-axis is confirmed by neutron diffraction measurements [34].
The crystal structure, including the spin directions, is shown
in Fig. 1(a). One can see that the state after the PT or (T
operation does not overlap with the original state due to the
presence of the nonmagnetic Sb atoms. It is also worth noting
that the magnetic ordering temperature is very high, ~705 K
[34], and that the presence of Weyl points is predicted from
band-structure calculations [32,35].
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FIG. 1. (a) Crystal structure and magnetic configuration of CrSb drawn by VESTA [67]. The red arrows indicate the magnetic moments of
Cr atoms. (b) Schematic crystal structures and epitaxial growth relationship of the CrSb film and the GaAs substrate. (c) Sample structures and
RHEED patterns of the CrSb film after the growth (after post-growth annealing). (d) STEM lattice image of the sample taken along the GaAs
[110] direction. Right figures are crystal structures of CrSb and GaAs (AlAs) projected along the GaAs [110] axis. Red and green vertical lines
are lattice spacings near the CrSb/III-V interface. (e) XRD spectrum of the sample. The uplift near the peaks of GaAs(002) and AlAs(002) at

260 = 25 — 30° is the fringe of the AlAs layer.

However, the detection and control of the Néel vector in
altermagnets remains challenging. In altermagnets, the Néel
vectors and the magnetic moment of each magnetic atom are
aligned parallel to the easy axis of magnetization. For the
easy axis, two directions of the Néel vector can be considered,
with opposite spin arrangements, corresponding to each other
by T operation. The manipulation and detection of the Néel
vector between these two states is critical for applications
of altermagnets. In detecting Néel vectors, the AHE is an
important phenomenon observed in some altermagnets. It has
been recognized that there are multiple mechanisms to ac-
count for the AHE; in particular, an intrinsic origin related to
the Berry curvature of occupied electronic bands, which does
not necessarily require macroscopic magnetization, has been
used to understand the appearance of the AHE in antiferro-
magnets with broken 7 symmetry [10—12,36]. Unfortunately,
not all altermagnets can show the AHE, and in some cases,
its appearance is fundamentally prohibited by the magnetic
crystal symmetry [10]. The AHE can be represented by the
anomalous Hall vector h, where the Hall current jyy,, is given
by h x E, with E representing the electric field. As it plays
a similar role to a magnetic field, h is a T-odd axial vector.
For example, if the crystal has mirror planes, the sign of h
components horizontal to the mirror planes is reversed by the
mirror operation, so & must be perpendicular to the mirror
plane. Thus, whether a crystal can have nonzero £ or not de-
pends on its crystal and spin symmetries. In fact, CrSb, which
has an easy magnetization axis in the [001] direction (c-axis),
cannot have the AHE in any direction due to the presence of

three glide planes (M - t;,, where M is a mirror operation
and t;;; is a half-unit cell translation) and three magnetic
mirror planes (M - T') orthogonal to them [see Figs. 1(a) and
2(a)]. No T-odd axial vector in any direction satisfies all these
magnetic mirror and glide symmetries [37—40]. This contrasts
with MnTe, which has an easy magnetization axis in the [110]
direction [11,12]. Very recently, Zhou et al. [37] demonstrated
the sign reversal of the AHE in CrSb by breaking some
of these symmetries by applying epitaxial strain. Control-
ling the easy magnetization axis, for example, by appropriate
doping, is another option. Although magnetic anisotropy is
also changed by strain, axial strain parallel to the g-axis in
the crystal is reported to be insufficient to change the easy
axis [41].

It is also known that some antiferromagnets possess
spontaneous spin canting magnetization (also called weak
ferromagnetism), caused by the Dzyaloshinskii-Moriya inter-
action (DMI). If this weak ferromagnetism is coupled with the
spin alignment of altermagnets, it is possible to manipulate
the Néel vectors of the altermagnets by an external mag-
netic field. It should be noted, however, that the conditions
under which weak ferromagnetism appears are not yet fully
understood. In the formulated DMI (Hl{)JM =D;; - [S; x S,
where §; and §; are neighboring spins), weak ferromagnetism
does not appear in centrosymmetric crystals. Nevertheless,
weak ferromagnetism has been reported in some centrosym-
metric antiferromagnets, for example, in MnTe. Several
papers discussed its origins, including higher-order effects
in DMI [42,43]. In almost the same cases where anomalous
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FIG. 2. (a) Schematic crystal structure of CrSb projected along the [001] and [110] axes, and symmetry planes of unstrained and strained
CrSb (side views of the CrSb(110) film). Magnetic moments are shown by red dots (®), indicating outward direction in the left and center
panels, and red arrows (in the right panel). The symmetry planes are indicated by solid cyan, magenta, and yellow lines. M represents the
mirror reflection operation. t,,, denotes the half-a-unit-cell translational operation along the CrSb [001]. T is the time-reversal operation. The
symmetry planes broken by the strain (¢) applied along the [110] direction are represented by the four dashed lines. M - T operation reverses
the direction of a T-odd axial vector orthogonal to the mirror plane, and M - ¢, , operation reverses the direction of a 7-odd axial vector parallel
to the glide plane, and so a 7-odd axial vector cannot have a nonzero value in any direction in unstrained CrSb [38]. The symmetry change of
the strained CrSb allows the appearance of nonzero T-odd vectors, such as anomalous Hall vector and weak ferromagnetic moment, parallel
to the CrSb[110] direction (orange double-headed arrows in the center and right figures). (b) Scalar-relativistic calculation of the spin-splitting
band structure of CrSb. The spin-up band (red) and the spin-down band (blue) are plotted with transparency of 0.5, so the purple lines in the
high-symmetry paths indicate spin degeneracy. The high symmetry positions in the first Brillouin zone (BZ) are I' (0, 0, 0), Y (1/2, —1/2,

0), Cy (0.6683, —0.3317, 0), A (0, 0, 1/2), T (1/2, —1/2, 1/2), E (0.6683, -0.3317, 0) and T* ( —1/2, 1/2, 0) in scaled reciprocal cell vectors,

respectively. (c) Spin-resolved Fermi surfaces in k-space. (d) Calculated anomalous Hall conductivity o

transport in altermagnets is nonzero, the magnetic point group
is compatible with weak ferromagnetism [43]. This can be
understood from the fact that the weak ferromagnetic moment
is also a T-odd axial vector as well as k. In fact, unlike MnTe,
no weak ferromagnetism has been observed in bulk CrSb
[38—40]; therefore, the symmetry breaking by strain, as in the
case of inducing a nonzero AHE, is essential to control the
Néel vector of CrSb. In the presence of these AHE and weak
ferromagnetism, the Néel vector with weak ferromagnetism is
reversed between the two directions parallel to the CrSb [001]
easy axis by sweeping an external magnetic field || /. The
reversal of the Néel vector is observed by the anomalous Hall
resistance in a conventional Hall measurement [11,12,37] [see
also Supplemental Material (SM) Fig. S7 [60] for illustration].

For this reason, symmetry change by applying epitax-
ial strain is important when developing the heteroepitaxial
growth of altermagnetic CrSb thin films for practical devices.
(001)-oriented ITI-V semiconductors are an ideal platform be-
cause they have good material compatibility (sharing group-V
atoms), excellent tunability of the band gap and the lattice
constants by changing their atomic compositions [44], as well

AHE

e vs. Fermi energy Ep.

as easy integration with semiconductor devices. Single-crystal
growth of CrSb (001) on a GaAs (111)A substrate [45] and
CrSb (110) on a GaAs (110) substrate [29] has already been
reported, and the latter one can induce epitaxial strain which
breaks the symmetries to enable the reversal of the Néel vec-
tor. However, there are significant advantages to growing CrSb
on a GaAs (001) substrate: easy control of the lattice constants
with graded buffer layers [46,47], epitaxial lift-off techniques
[48,49], and good compatibility and easy integration with
II-V semiconductor electronics [50]. From the viewpoint of
epitaxial growth of dissimilar materials, we refer to previous
works reporting that MnAs, a transition metal pnictide with
a NiAs crystal structure similar to CrSb, has been epitaxially
grown on GaAs (001) substrates [51,52]. It has been shown
that the growth direction of the MnAs crystal is significantly
influenced by the first one or a few monolayers formed on the
semiconductor surface. Single-crystal MnAs (110) has been
grown on GaAs by chemically modulating the GaAs surface
with an As flux: The epitaxial relationship was found to be
MnAs (110)|| GaAs (001) and || MnAs [001] || GaAs [110]. In
this study, we demonstrate the epitaxial growth of a CrSb thin
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film on GaAs (001) with the same epitaxial relationship by
engineering buffer layers. The grown CrSb thin film is found
to be single crystalline with atomically smooth and abrupt
interfaces, and there is an axial compressive strain along the
CrSb [110] direction. Since a detailed study of the transport
properties in a single-crystalline CrSb thin film has been lack-
ing, we also investigate the magnetotransport properties of the
epitaxial CrSb thin film grown on a GaAs (001) substrate.

II. METHODS
A. Sample preparation and characterization

We grew CrSb thin films via molecular beam epitaxy
(MBE), where Ga, Al, Cr, and Fe fluxes were supplied from
Knudsen effusion cells, and As and Sb fluxes were supplied
from valved cracking cells. During growth, the cracking tem-
peratures of the As and Sb cells were set at 600 °C and 900 °C,
respectively, providing Ass and Sby fluxes. The crystal struc-
ture of CrSb, the epitaxial relationship with GaAs (001),
and the sample structure are shown in Figs. 1(a)-1(c). After
removing the surface native oxide at 580 °C, a 50-nm-thick
GaAs buffer layer was first grown on a semi-insulating GaAs
(001) substrate at 550 °C to obtain an atomically smooth sur-
face. Next, a 5-nm-thick AlAs layer was grown on the GaAs
buffer layer with the same substrate temperature. Then, one
monolayer (ML)-thick FeSb was grown on the AlAs layer
at 270 °C. After that, a 5-nm-thick CrSb layer was grown at
270 °C, followed by the growth of a 25-nm-thick CrSb layer
at 340 °C, resulting in a total CrSb thickness of 30 nm. We
used this two-step growth procedure; at the initial stage of the
growth, we grew a very thin 5-nm-thick CrSb layer at a lower
temperature of 270 °C to obtain a smooth surface, preventing
island growth, then another 25-nm-thick CrSb layer at higher
growth temperature 340 °C to improve the surface smoothness
and film quality. We did not observe any interface between the
CrSb layers grown at two different temperatures, indicating
that uniform CrSb is obtained (see SM Fig. S2 [60]). We
found that insertion of 1 ML FeSb effectively stabilizes the
(110) growth plane of CrSb. During the growth of CrSb (or
FeSb), the atomic flux of Sb was adjusted to be 1:1 with Cr
(or Fe). After the MBE growth, the samples were annealed in
situ at 400 °C for 15 minutes to improve the crystal quality.
During the growth, the surface conditions were monitored
by reflection high-energy electron diffraction (RHEED). The
crystal structures of the samples were characterized by x-ray
diffraction (XRD) with a Cu Ko (A = 0.1542 nm) radia-
tion source. Reciprocal space mappings (RSM) around the
(120) and the (334) peaks of CrSb were used to estimate the
lattice constants. We also characterized the sample by high-
resolution lattice images using scanning transmission electron
microscopy (STEM). Magnetization and transport properties
were measured by a superconducting quantum interference
device (SQUID) and physical property measurement system
(PPMS), respectively.

B. Calculation details

We used first-principles calculations based on density-
functional theory (DFT) to study the band structure and
transport properties of CrSb. We used the Quantum Espresso

code [53-55] and GGA+U (we used U =0.25eV fol-
lowing a previous calculation that reproduced experimental
lattice constants and magnetic moments [33,41,55]), and the
projector-augmented wave potentials (PAW). The calculations
were carried out using the lattice constants estimated in our
experiment, with only the Sb atoms in the crystal subject to
structural optimization. For the band structure calculation, the
electron wave function was expanded in plane waves up to a
cutoff energy of 60 Ry (816 eV), and a 9 x 9 x 9 k-point
grid was used for the Brillouin-zone integration. By using
maximally localized Wannier functions [56,57], we have con-
structed an effective tight-binding Hamiltonian to calculate
the Fermi surface and the anomalous Hall conductivity (AHC)
tensor. Integration of the Berry curvature was carried out
within a 512 x 512 x 512 k-point grid with the Wannier
Berri code [58]. For mean absolute error (MAE) calculations,
a k-point grid of 16 x 16 x 16 was used for the accuracy,
and the force theorem method [59] was used for calculating
the total energy difference by changing the Néel vector di-
rection. The norm-conserved (NC) potentials with a higher
cutoff energy of 100 Ry (136 eV) were used for the MAE
calculations instead of the PAW potentials due to the software
compatibility.

III. RESULTS AND DISCUSSION

A. MBE growth and structural characterizations

The target growth orientation of the CrSb thin film is shown
in Fig. 1(b). Against our expectations, we were not able to
obtain a single-crystalline CrSb (110) thin film when we tried
to grow CrSb directly on a GaAs (001) or on a GaSb (001)
substrate, regardless of the surface modulation with an As
(or Sb) flux. However, when CrSb was grown on an AlAs
buffer layer on a GaAs (001) substrate, a (110)-oriented CrSb
thin film was grown, and CrSb(#40) peaks were observed.
Nevertheless, additional peaks corresponding to (111) and
(112) were also detected in the XRD spectra, as shown in
SM Fig. S1 [60]. To overcome this problem, we inserted a
1-ML-thick FeSb layer beneath the CrSb layer. FeSb has the
same NiAs-type crystal structure and lattice constants (a =
0.4066 nm, ¢ = 0.5133nm [61]), which are close to those
of CrSb. By incorporating this FeSb layer, we successfully
achieved the growth of a single-crystalline CrSb (110) thin
film. This final sample structure is (from top to bottom) CrSb
(30 nm) / FeSb (1 ML) / AlAs (5 nm) / GaAs(001) substrate,
as illustrated in Fig. 1(c). We also confirmed that 1-ML-thick
AlAs and 1-ML-thick FeSb layers are necessary for stabiliz-
ing the targeting single-crystal growth of CrSb (110). This
finding is consistent with the previous studies showing that
the crystal orientation of a metallic thin film grown on a
structurally dissimilar semiconductor substrate critically de-
pends on the first few MLs of growth. Growing FeSb or
other NiAs-type materials as a template with a thickness of
one or a few MLs may be generally applicable for growing
CrSb / III-V semiconductor heterostructures with desired ori-
entations. The schematic sample structure and the RHEED
patterns after the growth are shown in Fig. 1(c). Figure 1(d)
shows a high-resolution STEM lattice image of the grown
sample, indicating the epitaxial relationship of CrSb (110)]|
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GaAs (001), CrSb [001]|| GaAs[110], and CrSb [110] || GaAs
[110], as intended. The XRD result in Fig. 1(e) shows only
diffraction peaks of CrSb (740) and the GaAs (001) substrate.
The sharp peaks of CrSb (110) further support the single
crystallinity of the grown CrSb film. Figure 1(d) shows a clear
lattice image of CrSb expected from the NiAs-type crystal
structure. Interestingly, despite the large lattice mismatch be-
tween the c-axis of CrSb [0.5463 nm [34], see vertical red
lines in Fig. 1(d)] and the alv/2 of AlAs/GaAs [0.3997 nm,
see green vertical lines in Fig. 1(d)], an atomically abrupt and
flat interface was obtained; this means that seven layers of the
GaAs (110) plane correspond to five layers of the CrSb (001)
plane. The lattice constants of CrSb obtained from the RSM
measurement are 2d;;yp = 0.4036 nm, d;j;, = 0.3530 nm, and
door = 0.5634 nm, where d,9, dig, and dyo; are the lattice
spacings in the direction of the Miller indices shown in the
subscript. This indicates that the CrSb crystal is mainly com-
pressed along the [110] direction and elongated in the [001]
direction compared to the bulk lattice constants (a = 2d;19 =
0.4103 nm and ¢ = dgo; = 0.5463 nm [34]).

Figure 2(a) shows schematic crystal structures of the CrSb
film projected along the [001] direction (side views, left panel:
unstrained, center panel: strained) and along the [110] direc-
tion (side view, right panel: strained), where symmetry planes
of CrSb are shown by cyan, magenta, and yellow lines. Red
dots and arrows denote the magnetic moments of Cr atoms.
The strain applied along the [110] direction breaks some of
the magnetic mirror planes and the glide planes as represented
by the four dashed lines (cyan and magenta), as shown in the
center figure of Fig. 2(a). Since a mirror operation (M) and
a glide mirror operation (M - t{,,) reverse T-odd axial vectors
parallel to them, the symmetry breaking allows the appearance
of nonzero T-odd axial vectors, such as anomalous Hall vector
and weak ferromagnetic moment parallel to the CrSb [110]
direction (see the orange double-headed arrows). We define
the strain ¢ in this paper as

YOO 1) x 100 (%). (1)

Here, ¢ is defined as the rate of change in d;;p compared to
the length calculated from the height (dj,() assuming a regular
hexagon (see SM Fig. S6(b) [60]). This is because the size of
the hexagonal plane is also affected by the strain in the [001]
direction. In our definition, ¢ is estimated to be —1.0% for our
CrSb film.

B. Band structure calculation

We performed theoretical calculations to examine the in-
fluence of the strain on the electronic state and the magnitude
of the AHC. The crystal is no longer hexagonal and can
be regarded as base-centered orthorhombic. Band structure
calculations were carried out along the corresponding com-
mon high-symmetry paths of the original hexagonal crystal
and the additional T-I'-T” path, as shown in Fig. 2(b). The
high-symmetry points are labeled in Fig. 2(c). The spin-up
and spin-down bands in the high-symmetry path are almost or
completely degenerated [see purple curves in Fig. 2(b)], while
a spin-polarized band splitting is clearly observed between

50 5K
==300 K
H| 2[T10]

Moment (emu/cc)
(=)
T

HoH (T)

FIG. 3. Magnetic field dependence of the magnetization of the
CrSb film measured at 5 K and 300 K. Since the diamagnetism of
the GaAs substrate was much larger than the magnetization of the
CrSb film, we subtracted the magnetization of the GaAs substrate
measured after the removal of the CrSb film by HCl etching from the
raw magnetization value and obtained the results of Fig. 3 (see also
SM Fig. S5 for the detailed procedure [60,68]).

the I' point and the T (T") point [see red and blue curves
in Fig. 2(b)]. Figure 2(c) shows the Fermi surfaces for holes
and electrons in the k-space. In comparison with a previous
study [39] and calculations shown in SM Fig. S4 [60], which
were obtained using bulk lattice parameters, the band structure
is not significantly changed, but the electron Fermi surface
expands and forms honeycomb-shaped structures, as shown
in Fig. 2(c). The calculated AHC as a function of the Fermi
energy (Er) is shown in Fig. 2(d). The AHC value (a)f}CHE) is
estimated to be about 20 S/cm around Er = 0. Note that we
use a notation where x corresponds to the [001] axis, y to the
[110] axis, and z to the [110] axis of CrSb.

C. Magnetic properties

We also calculated the magnetic anisotropy energy of
CrSb using the obtained lattice parameters in our thin film
and those of the bulk, as listed in Table I. The change in
magnetic anisotropy with strain is small, and the easy mag-
netization axis of the thin film is not expected to change from
the [001] direction in our calculation. Magnetization (M—H)
curves were measured as shown in Fig. 3. The diamagnetic
contribution of the substrate was subtracted from the raw data
(see SM Fig. S5 [60] for the procedure and raw data before
the subtraction). We found a tiny ferromagnetic component
of ~10 emu/cc (= 4.3 x 1072 ug /Cr atom), but this is much
larger than the values reported for weak ferromagnetism in
MnTe (~5 x107 ug/Mn atom) [12]. It is very difficult to
determine whether this is weak ferromagnetism or not, since
CrSb has a high Néel temperature over 700 K. But, at least this
value 4.3 x 1072 ug/Cr atom in our sample is much smaller
than the magnetization that would be expected if CrSb had
ferromagnetic spin ordering (= 2.7 pg/Cr atom [35]), and
thus this possibility is ruled out. No response corresponding
to this ferromagnetic component has been observed in the
subsequent magnetotransport measurement, suggesting that
we may have observed magnetization of local areas which
does not contribute to the transport properties. Instead of weak
ferromagnetism, surface magnetization may be a possible ori-
gin, as reported in Cr,O3 [62], for example.

074410-5



SEIJI AOTA AND MASAAKI TANAKA

PHYSICAL REVIEW MATERIALS 9, 074410 (2025)

TABLE I. Magnetic anisotropy energy of the CrSb with the lattice constants measured by XRD and the bulk crystal [34]. E}19, Ej9, and
Ey: indicate the total energy with the Néel vector parallel to the direction of each Miller index. The positive values indicate that the easy

magnetization axis is in the [001] direction.

Measured lattice constants

Bulk lattice constants

E110 — Egor (meV/unit cell)
E719 — Egor (meV/unit cell)

+0.891
+0.840

+1.053
+1.053

D. Magnetotransport properties

We measured the temperature dependence of the longi-
tudinal resistivity p,, of the grown CrSb film, as shown in
Fig. 4(a). The residual resistivity ratio (RRR = p3p0x/05K)
is 4.30. Although the RRR is smaller than that reported in
bulk CrSb (~7 in [39] and 8.94 in [40]), it is higher than
the RRR around 1 reported by Zhou et al. [37], and our film
shows high conductivity and temperature dependence similar
to that of bulk CrSb. The magnetoresistance (MR) and the Hall
resistivity p,, were also measured at various temperatures
ranging from 5 K to 300 K. The positive MR reached 1.4%
at 5 K and 7 T, as shown in Fig. 4(b). The slope of p, is
changed from positive at room temperature to negative at low
temperature, as shown in Fig. 4(c), indicating the coexistence
of holes and electrons. Figure 4(d) shows the AHE component
obtained by subtracting the ordinary Hall effect (OHE) con-
tribution calculated using the carrier density and mobility by
the multicarrier analysis (as described below). The expected
AHE vector is perpendicular to the sample, but no hysteresis
of the Hall resistivity was observed. To further investigate the
origin of the Hall resistivity characteristics, we carried out
multiple carrier fittings [38-40] to the p,, and p,, data. The

longitudinal conductivity o,, and Hall conductivity oy, are
x —Pyx :
expressed by o, = pxx{;pﬂz anfi Oyx : m, respectively.
Note that we assumed isotropic resistivity (0. = pyy) and
Onsager’s relations (py,(B) = —py(B)), which is not strictly
true for 7-breaking CrSb when the contributions to conductiv-

ity from the opposite Néel vectors are not equal. This model
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incorporates multiple types of carriers, characterized by car-

rier densities and mobilities, using the following equations:
niep;

3 @)

1 (o)’

spmiepi” poH

U P (uoH )

on(H) =%

ayx(H) =3 (3)

where n; and u; represent the carrier concentration and mo-
bility, respectively, and s, takes —1 for electron-type carriers
and +1 for hole-type carriers.

Figures 5(a) and 5(b) show the two-carrier fitting result for
the conductivities oy, and oy, respectively, measured at 5 K
and 300 K. At 300 K, a slight deviation in o, in the low-field
region was observed, but at other temperatures, both o,, and
oy, can be well fitted using the two-carrier (electron and hole)
model. The carrier density and mobility obtained from the
two-carrier fittings for all temperatures are shown in Figs. 5(c)
and 5(d). Although high mobility carriers above 10° cm?/Vs
[38—40] reported in bulk CrSb have not been observed, our
CrSb thin film also shows semimetallic properties with both
types of carriers, an electron mobility of 1.8 x 10?> cm?/Vs
and a hole mobility of 1.6 x 10% ¢cm?/Vs, and carrier densities
4.5 ~ 6 x 10% /cm?® which are lower than those of typical
metals. The small nonlinearity of the Hall resistivity compared
with that of bulk CrSb [38—40] is considered to be due to the
lower mobilities.

As can be seen from the analysis of the transport character-
istics, the Hall resistivity can be explained by the two-carrier

FIG. 4. (a) Temperature dependence of the zero-field longitudinal resistivity p.,. (b),(c) Magnetic field dependence of the magnetoresis-

tance (MR) ratio and Hall resistivity p,, measured at various temperatures when a magnetic field was applied perpendicular to the film plane
(110H||2) and the current is along the CrSb[001] axis (I || x). (d) The AHE component is obtained by subtracting the OHE contribution, which
was calculated using the carrier density and mobility obtained via a two-carrier model fit, from the original Hall resistivity. For visibility, the
origin of the vertical axis is shifted for each dataset.
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FIG. 5. (a),(b) Magnetic field dependences of the longitudinal
conductivity o,, and the Hall conductivity oy, at 5 K and 300 K.
The black solid lines are fitting curves based on the two-carrier
model. (¢),(d) Temperature dependence of the carrier density and the
mobility extracted from the fitting of the conductivities. The error
bars represent the standard deviation of each data point. The error
bar of the data point at 300 K is not plotted due to the too large
standard deviation.

model, and it is inferred that the spontaneous AHE is not
observed. The AHC values obtained from the theoretical cal-
culation [see Fig. 2(d)] are sufficiently large to be detected
within the measurement accuracy of this work. A possible
reason for the absence of spontaneous AHE in our sample is
that the reversal of the Néel vector has not been successful.
Kluczyk et al. [12] proposed a model for the reversal of the
Néel vector in MnTe, considering the incorporation of ex-
change field, anisotropic field, and DMI-like field, and argued
that when the DMI-like field is too small in comparison with
the exchange field, the spin cannot be flipped similarly to the
case of a fully compensated antiferromagnet. In the case of
CrSb, we expect that strain induces the DMI-like field, but
it is unknown how much strain is required. The difference
between our CrSb thin film and the sample corresponding to
“Configuration II” of the recent study by Zhou et al. [37] is
that the strain is opposite [-1.0% in our sample, +1.0% in
Ref. [37], using the same definition of Eq. (1)]. It is difficult
to understand how this difference affected the results, because
the mechanism of the DMI-like field (weak ferromagnetism)
is not yet clear. Further control of the strain by engineering
the III-V semiconductor buffer layers, utilizing the advantage
of the MBE growth on a GaAs (001) substrate, is necessary
in our future work. The crystallinity is also an important
factor. Although the magnetic configuration is different, some
T-broken noncollinear antiferromagnets are known to show
AHE, and it has been reported that the presence or absence
of AHE strongly depends on the annealing temperature [63].

We have grown another sample and then annealed it at a
higher temperature of 550 °C while supplying an Sb flux of
1.0 x 10~ Pa to prevent re-evaporation of Sb atoms, but no
spontaneous AHE was observed as shown in SM Fig. S6. It is
difficult to further increase the annealing temperature because
a higher annealing temperature would decrease the strain and
lead to the appearance of a secondary phase (FeAs [64,65]
and CrAs [66] or their mixed crystals are possible secondary
phase candidates; see SM Fig. S6(a) for the XRD data), but
there is still room for adjustment of the substrate temperature
and Sb flux during the growth of CrSb, and selection of the
III-V semiconductor buffer layer.

IV. CONCLUSIONS

We have successfully grown a single-crystalline CrSb
(110) thin film on a GaAs (001) substrate, revealing its high
crystal quality, atomically smooth and abrupt interface, and
compressive strain of ¢ = —1.0% in the CrSb [110] direction.
The longitudinal and Hall conductivities obtained in the mag-
netotransport measurements are explained by a two-carrier
model, but a spontaneous AHE expected from the theoretical
calculation with the obtained lattice constants was not ob-
served. Further increase of strain may be required to achieve
a reversal of the Néel vector. The magnetic-field dependence
of the Hall resistivity and the transition from p-type at room
temperature to n-type at low temperature are explained by
the competing contributions of holes and electrons. The ob-
tained carrier concentrations and mobilities suggest that the
grown CrSb film behaves like a semimetal with a maximum
mobility of 1.8 x 10> cm?/Vs. These results are consistent
with previous studies of bulk CrSb and support that our CrSb
thin film has the same altermagnetic ordering. Our study of
a new growth method will contribute to further strain control
for realizing useful functionalities and device applications of
CrSb / III-V heterostructures.
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