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Large magnetoresistance of a compensated metal Cu,Sb correlated with its Fermi surface topology
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We report electrical transport properties and electronic structure of a nonmagnetic metal Cu,Sb single crystal.

Cu,Sb was found to be a compensated metal with high carrier density ~10?> cm

—3 and high carrier mobility

> 103 cm?/Vs for both electron and hole carriers. The current-in-plane magnetoresistance at 2 K and 9 T was
730%, while the current-perpendicular-to-plane magnetoresistance at 2 K and 9 T was 2700% without the
saturation. Angle-resolved photoemission spectroscopy throughout the three-dimensional (3D) bulk Brillouin
zone signified a quasi-two-dimensional (2D) electron pocket axially centered along the M-A line and a 3D
hole pocket at the I" point, in accordance with the electron-hole compensated nature. The presence of quasi-2D
open Fermi surface, in line with the first-principles band-structure calculations, is likely responsible for the
observed nonsaturating current-in-plane magnetoresistance. The present result lays the foundation for realizing
large magnetoresistance via Fermiology engineering in compensated metals.

DOLI: 10.1103/PhysRevMaterials.5.105002

I. INTRODUCTION

Recently, large magnetoresistance (MR) was discovered
in nonmagnetic materials such as PdCoO,, WTe,, and LaSb
[1-3]. The large MR has been considered to originate from
nonsaturating behavior at high magnetic field, which is caused
by either open Fermi surface or electron-hole compensa-
tion, in addition to high carrier mobility [4-9]. The former
was proposed for current-perpendicular-to-plane (CPP) MR
of PdCoO, with open Fermi surface along the k, direction
[1,4], while the latter was proposed in various semimetallic
compounds such as WTe, and LaSb [10-13].

Cu,Sb is a layered compound composed of alternating
stacks of Cu square net and CuSb block layer [Fig. 1(a)], and
was reported to be a nonmagnetic metal exhibiting current-
in-plane (CIP) MR of around 1000% at 4 K and 9 T more
than 45 years ago [14-—18], attributed to the open Fermi
surface along the k, direction [18,19]. Although Cu,Sb was
suggested to be a compensated metal [18,19], the effect of
electron-hole compensation in Cu,Sb has been unclear since
the fundamental electrical properties such as the carrier polar-
ity, density, and mobility were not investigated. In addition, a
quasi-two-dimensional (2D) Fermi surface confirmed by the
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de Hass—van Alphen effect and the band calculation indicated
the presence of an open Fermi surface along the k, direction
[17,19,20], suggesting a possible large CPP-MR in Cu,Sb.

In this study, we synthesized Cu,Sb single crystal,
and evaluated the electrical transport properties and the
band structure by angle-resolved photoemission spectroscopy
(ARPES). Cu,Sb was found to be a compensated metal with
high electron and hole carrier density ~ 10*2 cm~3, represent-
ing that electron-hole compensation resulted in the observed
large CIP-MR. Furthermore, the CPP-MR of 2700% at 2 K
and 9 T was considerably larger than the CIP-MR of 730%
probably as a result of open Fermi surface along the k, di-
rection, which was directly confirmed by the bulk-sensitive
soft-x-ray (SX) ARPES measurements.

II. EXPERIMENTAL METHOD

Cu,Sb single crystals were grown by melt growth method
with Cu,Sb polycrystal as follows. The Cu,Sb polycrystal
was synthesized by sintering mixed powders of Cu (99.99%)
and Sb (99.99%) in an evacuated quartz tube at 500 °C for
48 h. The Cu,Sb single crystal was synthesized using the
Cu,Sb polycrystal powder as follows. The powder was heated
in an evacuated quartz tube to 500 °C with a rate of 50 °C/h,
then to 700 °C with a rate of 100 °C/h, kept at 700 °C for
48 h, cooled down to 500 °C with a rate of 2 °C/h, and
quenched to room temperature. The crystal structure was

©2021 American Physical Society
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FIG. 1. (a) Crystal structure of Cu,Sb. (b) XRD pattern of Cu,Sb
single crystal. Inset shows the photograph of Cu,Sb single crystal
cleaved along the ab plane.

evaluated by x-ray diffraction (XRD) with Cu K¢ radiation
(D8 DISCOVER, Bruker AXS). The crystal parameters were
determined by Rietveld analysis with RIETAN-FP [21] on
the powder XRD. The crystal structures were drawn with
the VESTA [22]. The chemical composition was evaluated
by scanning electron microscopy equipped with energy dis-
persive x-ray spectroscopy (SEM-EDX; S-4300, HITACHI).
The electrical transport properties were measured by physical
property measurement system (PPMS; Quantum Design) and
a cryostat equipped with dilution refrigerator (Kelvinox TLM,
Oxford). The magnetic properties were measured by magnetic
property measurement system (MPMS; Quantum Design).
The band structure was evaluated by ARPES. Vacuum ultra-
violet (VUV) ARPES measurements were performed with a
DA30 electron analyzer with microfocused synchrotron light
at BL-28 in the Photon Factory. We used circularly polarized
light of 60-80 eV. SX-ARPES measurements were performed
at BL-2 (MUSASHI) in Photon Factory with 250-500 eV
photons with horizontal linear polarization. The energy res-
olutions for VUV- and SX- ARPES measurements were set to
be 10-30 and 150 meV, respectively. Samples were cleaved
in situ along the ab plane in an ultrahigh vacuum of 1 x
107" Torr, and kept at T = 13 K or 40 K during the measure-
ments. Electronic band-structure calculations were carried
out by means of a first-principles density-functional-theory
approach by using the all-electron full-potential linearized-
augmented plane-wave (FLAPW) program package HILAPW
[23]. The self-consistent calculations were performed by us-
ing generalized gradient approximation exchange-correlation
potential [24] and the FLAPW basis set with the scalar-
relativistic scheme and the improved tetrahedron integration
method [25] up to 16 x 16 x 12 k-mesh points in the

Brillouin zone. The lattice parameters and atomic positions
were fixed at their experimental values. The spin-orbit cou-
pling was included in second variation. The calculated energy
dispersion was fitted with symmetrized star functions by a
spline method with 64 x 64 x 48 k -mesh points and used for
calculations of the Fermi surfaces. The Fermi surfaces were
drawn with the FERMISURFER program [26].

III. RESULTS AND DISCUSSION

Figure 1(b) shows the XRD pattern of Cu,Sb single crystal.
All peaks were attributed to the Cu,Sb 00/ diffractions. A
photograph of Cu,Sb single crystal with cleaved ab plane is
shown in the inset of Fig. 1(b). From Rietveld analysis on
the powder XRD at room temperature, the crystal structure
of Cu,Sb was confirmed to be tetragonal (P4/nmm) with the
lattice constants of @ = 4.001 A and ¢ = 6.103 A (Fig. S and
Table S1 in the Supplemental Material [27]), consistent with
the previous study (a = 4.001 A, ¢ = 6.104 A) [14]. From
the energy dispersive x-ray analysis (EDX) measurement, the
chemical composition of Cu:Sb was 2.0:1.0, indicating the
stoichiometric composition of Cu,Sb single crystal.

Figure 2(a) shows the temperature dependence of in-plane
resistivity along the a axis (pyy). The py, showed a metallic
conduction with the residual resistivity of 56 n2 cm below
10 K at 0 T, corresponding to the residual resistance ra-
tio [RRR: p,,(300 K)/ 0. (2 K)] of 135, comparable to the
previous study (RRR = 180) [18]. Here, no superconducting
transition was observed down to 22 mK [the inset of Fig. 2(a)],
contrary to a superconducting transition at 85 mK reported
previously [15]. At a magnetic field of 9 T along the ¢ axis,
the p,, significantly increased below ~60 K with a local
minimum at 24 K. Figure 2(b) shows CIP-MR, p,(H), at
various temperatures. The positive CIP-MR monotonically
increased with decreasing temperature down to 10 K and was
almost the same for 2-10 K. At 2 K and 9 T, the CIP-MR
was 730% [Apyx/pxx in the inset of Fig. 2(b)], similar to the
previous study (~ 1000%) [18]. The negative and temperature
independent magnetic susceptibility of Cu,Sb from 2 to 300 K
showed the absence of magnetic transition above 2 K (Fig.
S2 in the Supplemental Material [27]) as reported previously
[14-16], representing that the observed large MR was not
magnetic origin. An antiferromagnetic transition at 373 K
in the previous study [28] was probably caused by magnetic
impurities.

Figure 2(c) shows the magnetic field dependence of Hall
resistivity (p,x) at various temperatures. The p,, was eval-
uated by extracting the odd component of Hall resistance
(Fig. S3 in the Supplemental Material [27]) with respect
to magnetic field to remove the contribution of MR. The
nonlinear magnetic field dependence of p,, was apparent
below 30 K, indicating the presence of both electron and
hole carriers. By using two-carrier model with a pair of
electron and hole carriers [29], the carrier density and mo-
bility at each temperature were evaluated. The fitting of
Pyx(H) and p,(H) was performed above 30 K [Table S2(a)
and Fig. S4 in the Supplemental Material [27]], while the
fitting of only p,(H) was performed below 20 K [Table
S2(b) and Fig. S5 in the Supplemental Material [27]] due to
these better fittings attributed to the presence of the linear
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FIG. 2. (a) Temperature dependence of resistivity along the a axis (p,,) at 0 T (blue) and 9 T (red) for Cu,Sb. The magnetic field was
applied along the c axis. Inset shows a magnified view below 0.4 K. Magnetic field dependence of (b) oy, and (c) p,, at various temperatures.
Inset in (b) shows magnetic field dependence of magnetoresistance for p,, at 2 K. Temperature dependence of (d) carrier density and (e)
mobility of electron (blue) and hole (red) carriers for Cu,Sb. The fitting results were shown in Table S2, Figs. S4 and S5 in the Supplemental

Material [27].

magnetoresistance component (Fig. S4 in the Supplemental
Material [27]). As shown in Fig. 2(d), the high carrier den-
sity of electron and hole with the order of 10?> cm™ was
confirmed, indicating that the electron and hole carriers were
compensated. The hole carrier density showed the slight en-
hancement below 30 K, while the electron carrier density was
almost independent of temperature. The electron and hole
mobility increased with decreasing temperature, and reached
up to 3400 cm? V~! 57! and 2200 cm?® V~! s~!, respectively,
at 2 K [Fig. 2(e)]. Taking into account these results, the high
mobility mainly contributed to the large CIP-MR in addition
to a partial compensation of electron and hole carriers.
Figure 3(a) shows the temperature dependence of out-of-
plane resistivity along the c axis (p,;). At 0 T, the p,, was about
three times larger than the p,, with the similar temperature
dependence [Fig. 2(a)], reflecting the quasi-2D open Fermi
surface of Cu,Sb as discussed below (Fig. 4). At 9 T along
the a axis, the p,, was increased up to ~5 uQ cm at 2 K,
which was ten times higher than the p,, at 2 K. Figure 3(b)
shows the CIP-MR (Ap,,/px) and CPP-MR (Ap,./p.;) at

2 K under the magnetic field along the ¢ and a axis, respec-
tively. In contrast with the gradual increase in the CIP-MR,
the CPP-MR rapidly increased to be 2700% at 9 T without
saturation, indicating the presence of the open Fermi surface
along the k, direction [17,19,20]. The twofold and fourfold
symmetric angular dependences of CIP- and CPP-MR at 2 K,
respectively [Fig. S6 and Fig. 3(c)], reflected the tetragonal
crystal symmetry of Cu,Sb [14]. Several local minima in
the angular dependence of CIP- and CPP- MR reflected the
complicated Fermi surface topology of Cu,Sb [17,18]. The
CPP-MR was increased up to 4000% by applying a magnetic
field around the [110] direction [Fig. 3(c)] due to the quasi-2D
open Fermi surface of Cu,Sb axially centered along the M-A
line as discussed below (Figs. 4 and 5).

To examine a relationship between the electrical transport
properties and electronic structure, first-principles band-
structure calculations were carried out. As shown in Fig. 4(b),
the calculated band structure along the high-symmetry lines
in the bulk Brillouin zone [Fig. 4(a)] display several nearly
flat bands around Eg = 3-5 eV, consistent with the previous
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FIG. 3. (a) Temperature dependence of resistivity along the ¢
axis (p;;) at 0 T (blue) and 9 T (red) for Cu,Sb. The magnetic
field was applied along the a axis. (b) Magnetic field dependence of
magnetoresistance for p,, (blue) and p,, (red) at 2 K. The magnetic
field applied along the ¢ and a axis for p,, and p,,, respectively. (c)
Angular dependence of magnetoresistance at 2 K and 9 T for p,..
Magnetic field was rotated in the ab plane. The inset denotes the
measurement geometry.

literature [20]. According to the calculated partial density of
states (DOS) in Fig. 4(c), these bands are attributed to the
Cu 3d orbital and produce several sharp peaks in DOS. The
plot in Fig. 4(c) also signifies that the Cu 3d orbital largely
contributes to the total DOS. As seen from the calculated
Fermi-surface plots in Figs. 4(d) and 4(e), there exist six
types of bands (labeled here 1-6) that are responsible for the
formation of bulk Fermi surface, as suggested in the angular
dependence of CIP- and CPP- MR. Specifically, bands 1 and

2 form small 3D hole pockets centered at the R point, and
band 3 forms a large hole pocket with occupied electrons at
the A-M corner. Band 4 forms a quasi-2D cylindrical Fermi
surface axially centered along the M-A line together with the
small electron pocket at the Z point, and bands 5 and 6 form
small 3D electron pockets around the M point. Existence of
both electron and hole pockets in Cu,Sb is consistent with
our transport measurement that supports the coexistence of
both electron and hole carriers. By integrating DOS in the
occupied region, we have estimated the volume of Fermi
surface for bands 1-6 to be 1, 5, 30, 35, 0.2, and 0.1% of
3D Brillouin zone, respectively. Among these bands, band
3 was found to contribute dominantly to the total DOS and
calculated Hall coefficient, consistent with the experimental
Hall measurement which suggests superior hole carriers at
low temperature. Since the Hall coefficient is not only related
to the Femi-surface volume but also to the curvature of Fermi
surface and DOS at EF, this hole Fermi surface was found to
contribute largely to the Hall coefficient despite the fact that
the electron pocket from band 4 is 5% larger than this hole
pocket.

The vertical slice of calculated Fermi surface in the TMAZ
plane in Fig. 5(a) signifies several closed 3D pockets, i.e., a
large pocket at the I" point (band 3), a small pocket at the Z
point (band 4), and two small pockets at the M point (bands
5 and 6), together with a quasi-2D open Fermi surface axially
centered along the M-A line (band 4). To determine the 3D
bulk Fermi surface, ARPES measurements were performed at
the normal-emission setup with varying photon energy (hv)
in the SX region (300-375 eV). The ARPES-intensity map-
ping at Er in the ’'MAZ plane shown in Fig. 5(b) reveals
warped open Fermi surface whose periodicity well matches
that of the bulk Brillouin zone. As shown in the corresponding
momentum distribution curves (MDCs) at Ep in Fig. 5(c)
plotted as a function of in-plane wave vector parallel to the
I'M cut (k//), a few peaks originating from different Fermi
surfaces are clearly resolved. A peak marked by a triangle
which originates from band 4 apparently moves its k position
upon hv variation, demonstrating a finite k, dispersion and
thereby bulk origin of this Fermi surface. A careful look
at Fig. 5(c) also reveals weak peaks (vertical dashed lines)
whose k position is robust against Av variation. These bands
may be explained in terms of either the surface state or the
k, broadening effect occurring in the SX region (note that
the k. -broadening effect in the SX and VUV regions can
be understood in terms of the electron kinetic energy, the
inelastic electron mean-free path, and the angular resolution
of electron analyzer, as detailed in Supplemental Material note
S1) [30]. The quasi-2D nature of the pocket axially centered
along the M-A line is also confirmed by the ARPES-intensity
mapping at Ep plotted against in-plane wave vector (k, and
ky) in Fig. 5(d), where one can recognize a large pocket at
both k, = 0 and 7 planes (blue allows) which are smoothly
connected to each other upon variation of k, [Fig. 5(b)]. Over-
all agreement of the ARPES-intensity distribution and the
calculated band structure in Fig. 5(d) strongly suggests that
the band calculation is a good starting point to describe the
overall electronic structure of Cu,Sb. It should be emphasized
here that, although the existence of open Fermi surface was
suggested from the previous studies [17,18], the present study
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FIG. 4. (a) Bulk Brillouin zone of Cu,Sb. The k-point path (red lines) is taken from the AFLOW program [32]. (b) Calculated band structure
along the high symmetry lines in the bulk Brillouin zone. All the bands are doubly degenerate due to the space-inversion symmetry and
the time-reversal symmetry. (c) Plot of calculated partial and total density of states (DOS) as a function of Eg. (d) 3D plot of calculated
Fermi surfaces in the bulk Brillouin zone. (e) Fermi-surface plots for each band in separate panels where the occupied side of the surfaces is
illuminated. The Fermi surfaces were drawn by using FERMISURFER program [26].

that applies SX-ARPES on Cu,Sb unambiguously establishes
that such Fermi surface indeed exists; this enables us to con-
clude that the Fermi surface topology is correlated with the
observed nonsaturating large CPP-MR (Fig. 3). It is noted
that there exist some differences between the ARPES data in
Fig. 5(b) and the calculation in Fig. 5(a). For example, a large
3D pocket centered at the I' point and a small pocket at the
Z point predicted in the calculation are not clearly resolved in

the experiment, probably because of the intensity suppression
due to the photoelectron matrix-element and photoionization
cross-section effects as well as the insufficient resolution; this
point needs to be further investigated by the future studies
with higher accuracy.

To discuss the Fermiology in more detail, a VUV-ARPES
measurement was performed to determine energy band struc-
ture more accurately. Although VUV-ARPES is known to
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k; ~ 0 (bottom) and k, ~ 7 (top). Calculated Fermi surfaces are also overlaid. Blue arrows indicate the quasi-2D pocket from band 4. (e), (f)
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overlaid. (i) MDCs along the I'M cut at Eg = Ef, 0.4, and 0.8 eV measured with VUV photons of Av = 62 and 80 eV. (j) MDCs at Ef along
the I'X cut at different 4v’s in a VUV region (62-80 eV).
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suffer stronger k, broadening effect associated with the shorter
photoelectron mean-free path, it is also useful to determine
the band structure with much higher energy and k resolu-
tions. Figures 5(e) and 5(f) show plots of ARPES-determined
band dispersions measured along the high-symmetry cuts. The
same plots but calculated band structure for k, = 0 (solid
curves) and 7 (dashed curves) are superimposed and shown
in Figs. 5(g) and 5(h). One can immediately recognize sev-
eral sharp features in the ARPES intensity in Figs. 5(e) and
5(f), supportive of the long quasiparticle lifetime, consistent
with the high carrier mobility in Fig. 2(e). Although the
VUV data at hv = 62 and 80 eV was expected to reflect
information of k, = 0 and & planes, respectively, based on
the Vj value (10.0 eV) estimated from the periodicity of the
band dispersion in the SX data, the ARPES data at both
hv’s suffer a strong k, broadening effect. Specifically, when
the ARPES intensity at hv = 62 eV is overlaid with the cal-
culated band dispersion for both k, = 0 (solid curves) and
m (dashed curves) in Fig. 5(g), not all of the experimental
bands are attributed to the calculated bands at k, = 0, but
some of them show a better matching with the calculated
ones at k, = m (highlighted by green arrows). This is also
the case for hv = 80 eV shown in Fig. 5(h) (highlighted by
blue arrows), and thereby suggests that the k, broadening is so
strong at both Av = 62 and 80 eV that the broadening fully
covers the k;, = 0 and 7 plane. Then, the difference in the
ARPES intensity profiles between hv = 62 and 80 eV would
be largely associated with the variation of the photoelectron
matrix-element effect and photoionization cross section. The
strong k, broadening is also supported by our MDC analysis in
Fig. 5(i) where some peaks in the MDCs at representative Eg
slices stay at the same k position between hv = 62 and 80 eV.
Such hv invariance is also visualized by the 4v dependence of
MDC:s along the wave vector parallel to the I'X cut in Fig. 5(j).
It is noted that some bands crossing Er in Figs. 5(e) and 5(f)
look fairly sharp despite the significant k, broadening effect.
Although this is likely due to the dominant contribution from
the k, = 0 and = components among different k,’s to the total
spectral density of states associated with the presence of band-
singularity points (see also supplemental note S1) [31], some
of the MDC peaks in Figs. 5(i) and 5(j) may be still too sharp
to be fully explained with this picture. Also, spectral weight
where the projection of bulk bands exists may be very weak in
some (E, k) region. These observations suggest a contribution
from the 2D surface states with longer-lived quasiparticles at
the bulk-band edges.

When the strong &, broadening effect is taken into account,
one can find a direct correspondence between the experiment
and calculation in almost all the bands in Figs. 4(g) and 4(h).
For example, the calculation nicely reproduces the electron-
like band axially centered along the M-A line (band 4) which
crosses Ep at the midway between the Z and A points or I and
M cuts, being responsible for the aforementioned quasi-2D
electron pocket. In addition, the holelike band crossing Ep
around the I'" point forming the 3D hole pocket at I" (band
3) also shows a good matching between the experiment and
calculation. These electron- and holelike bands show steep
dispersion around Ef, contributing to the high carrier mobility
[Fig. 2(e)].

A careful look at Fig. 4(e) also reveals that the calcu-
lated small electron pockets (bands 5 and 6) at the M point,
bottomed at the binding energy of ~0.2 eV, has no counter-
part in the experiment. The absence of this electron pocket
was also confirmed by the SX-ARPES measurements down
to T =13 K (Fig. S7 in the Supplemental Material [27]),
and it is thereby an intrinsic nature of Cu,Sb, although the
reason is unclear at the moment. It cannot be at least ex-
plained in terms of the hole doping into the crystal, because
(i) the experimental and calculated band dispersions agree
fairly well in other bands, and (ii) electron-hole compensated
nature is supported from the electrical transport properties
and stoichiometric chemical composition of the single crystal.
Electron correlations may play a role in pushing the electron
pockets above Ef, although the weakly correlated nature of
Cu,Sb is suggested from the overall agreement of the band
structure between experiment and calculation. The actual role
of electron correlations needs to be examined by the further
studies.

In addition, the origin of a slight enhancement in hole car-
rier density below T = 40 K revealed in Fig. 2(d) is unclear
at the moment, because we found no discernible change in
the overall band structure between 7 = 13 and 40 K in the
ARPES data (Fig. S7 in the Supplemental Material [27]).
Also, the observed 3D vs 2D nature of hole and electron
pockets, respectively, may cause different scattering events
between electron and hole carriers, leading to unconventional
temperature dependence of carrier density and mobility at
low temperatures. Further investigations such as crystal struc-
tural analysis at low temperatures are necessary to clarify the
relationship between the electrical transport properties and
electronic structure at low temperatures.

IV. CONCLUSION

In summary, Cu,Sb was found to be a compensated
metal, in which the electron and hole carriers were the order
of 10*2 cm™ with high mobility of 3400 cm? V~! s~! and
2200 cm? V~! 57!, respectively, resulting in the large CIP-
MR. As aresult of the quasi-2D electronic structure of Cu,Sb,
the p,, was larger than the p,,. Intriguingly, the CPP-MR
showed nonsaturating behavior at high magnetic field, which
was four times larger than the CIP-MR. From the ARPES
measurement, the quasi-2D electron pocket axially centered
along the M-A line and the 3D hole pocket centered at the I'
point were directly revealed, in good agreement with these
electrical transport properties of Cu,Sb as a compensated
metal. These results indicate that the existence of an open
Fermi surface besides the electron-hole compensation is a key
to realize large magnetoresistance in Cu, Sb.
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