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The antiferromagnetic semi-Heusler compound CuMnSb has been investigated under high pressure by electrical
resistivity and angle dispersive synchrotron x-ray diffraction measurements to 53 and 36 GPa, respectively. The
Néel temperature at ~50 K is found to initially increase rapidly with pressure, reaching 83 K at 7 GPa. However,
near 8 GPa at ambient temperature a sluggish first-order structural transition begins from a semimetallic cubic
phase to a likely semimetallic tetragonal phase; thermal cycling to 355°C at 9.6 GPa serves to complete the
transition. In the tetragonal phase no sign of magnetic ordering is visible in the resistivity R(7 ) over the measured
temperature range 4—295 K. This suggests that magnetic ordering may have shifted to temperatures well above am-
bient. Indeed, density functional calculations find the magnetic ground state in the tetragonal phase to be antiferro-
magnetic. Following decompression to 1 bar at ambient temperature, the high-pressure tetragonal phase is retained.
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I. INTRODUCTION

Heusler compounds form an intensively studied class of
magnetic materials exhibiting novel physical properties due to
strong spin polarization of charge carriers at the Fermi level,
high Curie temperatures and martensite structural transitions,
with possible application to spintronics and magnetic shape-
memory devices [1]. Although alarge number of ferromagnetic
(FM) half-metals have been discovered in the cubic-structured
full and semi-Heusler class, antiferromagnetism is quite rare
in this family.

NiMnSb and PtMnSb are examples of half-metallic ferro-
magnets with Curie temperatures well above room temperature
[2,3], reaching values over 700 K [4]. These semi-Heusler
compounds crystallize in the cubic Cl,-type semi-Heusler
structure (space group F43m) consisting of three filled and one
vacant interpenetrating fcc sublattices. CuMnSb is isostruc-
tural to NiMnSb and PtMnSb and is so far known to be the only
example of an antiferromagnetic (AFM) Mn-based member
among the semi-Heusler compounds based on 3d transition
metals [5]. Below the Néel temperature, Ty ~ 50 K, CuMnSb
develops commensurate magnetic order in which FM planes
of ordered Mn moments along the (111) direction couple
antiferromagnetically [6]. Recent transport, magnetization,
and neutron scattering results on phase-pure single crystals
of CuMnSb reveal a second anomaly at 34 K that results
from a canting of the commensurate AFM structure without
net magnetic moment [7]. Despite the structural similarities
to half-metallic semi-Heusler compounds, density functional
studies by Jeong et al. [8] suggest that CuMnSb is a self-doped
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compensated semimetal and not a half-metal. The AFM phase
in CuMnSb is particularly interesting due to its large ordered
Mn moments, hallmarks of both local moment—itinerant mag-
netism, and the stability of magnetic order to high magnetic
fields [9-11].

The physical properties of semi-Heusler compounds are
found to be very sensitive to disorder and various structural
defects due to empty sites that arise during the sample synthesis
[12]. In fact, a detailed model calculation by Méca et al. [13]
shows that the experimentally observed AFM 111 phase in
CuMnSb is not the magnetic ground state but is stabilized
by defects such as Mn antisites on the Cu sublattice, Mn
interstitials, and possibly Cu-Mn intermixing. The vacant
sublattice in the crystal structure makes this system susceptible
to external perturbations such as pressure or doping. Both
of these parameters influence the Fermi surface and the
hybridization between different orbitals, thereby affecting all
physical properties.

Several doping-dependent studies have been performed on
CuMnSb to reveal the role played by the nonmagnetic 3d-
and sp-electron atoms on the magnetic properties. Substitution
of Cu by Ni (Pt) leads to a linear decrease (increase) of
the lattice constant whereby strong ferromagnetism is estab-
lished for very small doping concentrations [14—-16]. Also,
detailed first-principle calculations on Co/Ni-doped CuMnSb
and CuMnZ (Z = In, Sn, Sb, Te) reveal that the magnetic
exchange interactions in these compounds can be described in
terms of competition between the ferromagnetic Ruderman-
Kittel-Kasuya-Yosida (RKKY) -type exchange and antiferro-
magnetic superexchange, depending on the relative positions
of the unoccupied minority Mn 3d states and the Fermi level
[17-19]. It would be interesting to study how pressure can
tune these parameters in a relatively well-defined manner and
thereby influence the unusual AFM state in CuMnSb.
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There exist several theoretical studies on Heusler com-
pounds that explore the pressure dependence of the magnetic
properties [20,21]. Recent theoretical work on IrMnSb predicts
a half-metallic transition under pressure due to a shift of the
Fermi level in the minority-spin energy gap [22]. Several
experimental studies on the variation of the Curie temperature
under pressure for Ni-Mn-based systems have been reported
[4,23-27]. Apart from these, there are very few high-pressure
studies on the semi-Heusler systems, especially with regard to
the changes in the crystal structure or transport properties.

The relatively low magnetic ordering temperature in
CuMnSb is believed to be due to the presence of frustration
in the magnetic interaction that arises since the cubic structure
is unfavorable for robust antiferromagnetism [28]. However,
in low-symmetry structures, a large enhancement of Ty is
predicted theoretically in CuMnP and observed experimentally
in bulk (orthorhombic) as well as thin films (tetragonal) of
CuMnAs [28,29]. The tetragonal structure of CuMnAs has
recently attracted considerable experimental and theoretical
attention as a favorable candidate for applications in AFM
spintronics [29,30] due to its high Néel temperature. Lowering
symmetry from cubic to tetragonal/orthorhombic is believed
to enhance the magnetocrystalline anisotropy that relieves the
frustration in the nearest-neighbor magnetic coupling. This can
result in values of Ty far above room temperature.

CuMnSb would appear to be the ideal case to study whether
pressure can generate the necessary structural distortions
to relieve the magnetic frustration by lowering the crystal
symmetry. With this motivation we have studied the transport
and structural properties of CuMnSb under pressure. The cubic
C1,, structure is found to be stable up to ~7 GPa with pressure
favoring AFM ordering in this phase stability region, as evi-
denced from the enhanced Néel temperature. The temperature
dependence of resistance shows dramatic changes above 7 GPa
presumably at least in part due to disorder-induced localization
associated with a sluggish first-order structural transition to a
lower symmetry structure (CuMnAs-like tetragonal phase). In
this high-pressure phase no evidence for magnetic ordering is
observed in the present resistivity measurements below 300 K,
suggesting that the ordering temperature may have shifted to
temperatures well above ambient.

II. EXPERIMENTAL DETAILS

For the present study, tiny phase-pure samples of CuMnSb
were prepared from ingots float-zoned in an ultrahigh vacuum
compatible image furnace [31-33]. Polycrystalline samples
from the beginning of the growth process were selected, i.e.,
before grain selection has taken place. For details on the crystal
growth process and the metallurgical characterization, we refer
to Ref. [7].

High pressures were generated in a diamond anvil cell
(DAC) made of CuBe alloy [34] by two opposing diamond
anvils (1/6 carat, type Ia) with 0.5-mm-diameter culets. The
rhenium gasket (6—7 mm diameter, 250 um thick) was prein-
dented to 75 um and a 260-pum-diameter hole electrospark
drilled through the center. The center section of the preindented
gasket surface was filled with a 4:1 cubic-boron-nitride (cBN)-
epoxy mixture to insulate the gasket and serve as nonhydro-
static pressure medium. Four thin (4-pum-thick) Pt strips made

FIG. 1. Image of CuMnSb polycrystalline sample in center rest-
ing on four flat (4 wm) Pt leads on insulated Re gasket. Ruby spheres
are located at 4 and 10 o’clock from the sample and serve as in situ
manometers.

electrical contact to the sample (approximate dimensions 50 x
50 x 10 um?) (see Fig. 1). Four-point dc electrical resistance
measurements with 1 mA excitation current (Keithley 220
current source) were carried out and sample voltages measured
by a Keithley 182 nanovoltmeter. Temperature was determined
by a calibrated Cernox resistor positioned just above one of
the diamond anvils. Several small ruby spheres were placed
near the sample to serve as internal manometers [35] over the
measured temperature range 4-295 K. In a separate experiment
the pressure gradient across a 500 um culet was measured to
allow a small correction of ruby pressure to sample pressure.
For example, the ruby pressure of 8.8 GPa was corrected to
9.3 GPa at the sample. A He-gas-driven membrane allowed
changes in pressure at cryogenic temperatures provided by a
custom-built Oxford flow cryostat. Further details of the pres-
sure techniques used for the electrical resistivity measurements
were published earlier [36,37].

High-pressure x-ray diffraction (XRD) measurements at
and above room temperature were carried out at the 16-BM-D
beamline of the Advanced Photon Source at the Argonne Na-
tional Laboratory employing a 30 keV monochromatic x-ray
beam (A = 0.4133 A). A membrane-driven symmetric DAC
with cBN seats was used to allow large angle (2-6) access. XRD
measurements were performed using 350 um culet diamond
anvils and a rhenium gasket with a 175 um hole filled with
CuMnSb powder and neon as pressure transmitting medium.
In the room-temperature XRD measurement, pressures were
measured in situ by the ruby fluorescence method [35]. In a
subsequent experiment the temperature range was extended to
355 °C by resistively heating the DAC; a separate piece of gold
(~30 um) was loaded in the gasket hole next to the sample as
a pressure marker [38]. Clean spectra from the sample could
be collected free of Au peaks. Angle dispersive diffraction
patterns were collected using an area detector (Mar345) with an
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exposure time of 60—180 s. Two-dimensional x-ray diffraction
images were integrated using FIT2Dsoftware [39] and refined
with the EXPGUI/GSAS software to extract structural parame-
ters [40].

III. RESULTS
A. Resistance measurements

Figure 2 shows the high-pressure resistance data R(T ) up to
53 GPa over the temperature range 4-300 K. For pressures to
6.7 GPa, R(T) exhibits a weakly sublinear temperature depen-
dence upon cooling followed by a pronounced drop or knee that
indicates the onset of magnetic ordering, as found in previous
resistivity, magnetic susceptibility, and specific heat studies on
CuMnSb at ambient pressure [7,10,41]. The resistivity knee
arises from the sudden decrease in the spin-disorder scattering
when magnetic order sets in. In the present measurements the
knee in R(T') is broadened by the pressure gradient across
the sample arising from the nonhydrostatic pressure. In this
pressure range R (T ) shows metallic or semimetallic behavior,
the latter indicated by the density functional calculations of
Joeng et al. [8]. Above 6.7 GPa the knee in R(T') suddenly
disappears, R(T) showing instead a small negative slope over
the entire temperature range that becomes mildly positive at
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FIG. 2. Four-point resistance of CuMnSb vs temperature at var-
ious pressures. Order of measurement is bottom to top. Resistance
values apply for measurement at 0.9 GPa; all other data are shifted
vertically for clarity by values in m€2 given in parentheses. Insets at
the bottom show the temperature dependence of resistance at 0.9 and
6.7 GPa described by power law R(T) = R, + AT".

higher pressures. As pressure is released, a shallow resistivity
minimum appears. The sudden change in the temperature-
dependent resistance R(7) near 8 GPa signals a possible
first-order structural phase transition.

Since the R(T) data in Fig. 2 have been shifted vertically
to avoid extensive crossing, the actual measured values of the
resistance at both 295 and 4 K, plus their ratio, are plotted as a
function of pressure in Figs. 3(a), 3(b) and 3(c), respectively.
The disappearance of the resistivity knee in Fig. 2 near 8§ GPa
is accompanied by a peak in R(295 K), a sharp rise in R(4 K),
and a sharp fall in their ratio. The steady climb in R(7") upon
releasing pressure seen in Fig. 3(a) arises from strong plastic
deformation of the sample as the pressure cell expands.

As seen in the left inset to Fig. 2, the resistance at 0.9 GPa
for temperatures up to ~20 K can be described by the simple
power law, R(T) = R, + AT" with n >~ 1.8, in agreement
with that reported at ambient pressure [10]. With increasing
pressure n increases to 1.9, 1.9, 2.0, and 2.0 at pressures
1.7, 2.8, 5.7, and 6.7 GPa, respectively. A value of n greater
than 2 would point to spin-wave scattering contributions [10].
That R(T) follows a simple quadratic temperature (n = 2)
dependence under pressure is consistent with Fermi-liquid
behavior where electron-electron scattering dominates (see
right inset to Fig. 2).

The magnetic ordering temperature Ty was determined
from the derivative dR/dT and is defined as the temperature
where dR/dT has fallen halfway down from its maximum
value to the plateau at higher temperatures. An example for
this is shown in the inset to Fig. 3(d). As seen in Fig. 3(d), Tn
increases strongly with pressure, in agreement with the results
from Ref. [10] to 0.5 GPa. Such a stabilization of magnetic
order under high pressure has been observed in other Heusler
and semi-Heusler compounds [4,23,25-27].

B. X-ray diffraction

To explore whether a structural transition is responsible for
the sudden change in R(T) near 8 GPa seen in Fig. 2, high-
pressure powder x-ray diffraction experiments were carried
out. Under ambient conditions CuMnSb crystallizes in the cu-
bic C'1;, semi-Heusler structure (space group F43m) with Cu at
(0,0,0), Mn at (1/4,1/4,1/4), and Sb at (3/4,3/4, 3/4) and
z = 4, where z is number of formula units per unit cell. Angle
dispersive x-ray diffraction measurements on polycrystalline
samples were performed in two separate runs.

In the first experiment pressure was increased at room
temperature to 36 GPa as shown in the Fig. 4. The initial cubic
phase, identified by sharp Bragg peaks, was found to be stable
to ~7 GPa beyond which new peaks emerged in the diffraction
pattern indicating a structural transition to a lower symmetry
phase. At 7.5 GPa diffraction peaks from both phases coexist.
This indicates the first-order nature of the structural transition.
Above this pressure peaks from the cubic phase vanish com-
pletely and only the high-pressure phase remains. However,
the peaks from the high-pressure phase are seen to be very
broad. After pressure release the structure transformed back
to the cubic phase. The significant peak broadening suggests
that kinetic barriers at room temperature might prevent the
completion of the transition to the high-pressure phase and
hinder the unambiguous determination of its structure.
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FIG. 5. X-ray diffraction patterns at representative high-
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FIG. 4. X-ray diffraction patterns at various high pressures in run
bottom to top. RT stands for “room temperature.”

1 at room temperature. “R” indicates released pressure.
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FIG. 6. Le Bail profile fitting of diffraction data at two different pressures, 2.6 and 15.6 GPa, from run 2 (top, cubic phase; bottom, tetragonal
phase). Fitted spectra (red solid line), difference plot (blue solid line), and Bragg peak positions (tick marks) are shown. Right panel shows

transformation from cubic to tetragonal structure.

As thermal energy is known to play a vital role in over-
coming kinetic barriers, a second experiment was performed
at high pressure and high temperature. Figure 5 shows the
diffraction spectra at various P-T conditions. First, the pressure
was increased at room temperature to 9.6 GPa, i.e., above the
structural transition pressure. The high-pressure phase with
broad peaks was observed again. Then at this pressure the tem-
perature was raised to 355 °C. As the temperature increased,
the pressure decreased from 9.6 GPa at room temperature to
7.9 GPa at 355 °C. After heat treating the high-pressure phase
to temperatures as high as 355 °C for 30 min the diffraction
pattern becomes appreciably sharper indicating the completion
of the structural transition. This temperature is lower than the
order-disorder transition temperature ~480°C reported for
CuMnSb [2]. As the temperature was brought back to ambient,
no spectral changes were observed during the cooling process.

After the heat treatment the peaks become better resolved
with the clear appearance of weak low angle peaks near 260 =
4°, indicating longer unit cell dimensions. Pressure was then
increased at room temperature to 31 GPa as shown in Fig. 5.
The high-pressure phase is found to be stable up to 31 GPa and
was retained on pressure release. The high-pressure phase can
be indexed as the superstructure (cell tripling in ab plane) of
Cu, Sb-type tetragonal structure with space group P4/nmm
(129) and z = 18 [42]. The cubic to tetragonal transition in
CuMnSb is found to be of the reconstructive type of first-order

structural phase transition, as P4/nmm is not a direct subgroup
of F43m.

Due to the substantial texture in the XRD data, Rietveld
refinement cannot be performed and we are unable to determine
the type and concentration of dominant defects present in the
sample. The structural parameters were extracted from Le Bail
refinement. Figure 6 shows a typical Le Bail profile fitting
for the low-pressure cubic phase and high-pressure tetragonal
phase. The right panel illustrates the structure transformation
mechanism from cubic to tetragonal. In the ambient pressure
cubic phase, Mn and Sb atoms form a regular cube shown as
dotted lines with a Cu atom at its center. In the high-pressure
phase, the central layer of Cu atoms moves to the adjacent Cu
planes. The arrow indicates the movement of Cu atoms from
the middle layer to the top and bottom layers. The Mn-Sb cube
gets distorted with a zigzag arrangement of Mn and Sb atoms.

The pressure dependence of the lattice parameters a., ¢,
V2a,13, as well as the ¢ /a ratio and equation of state are plotted
in Fig. 7. The relevant crystallographic data for the cubic and
tetragonal phases of CuMnSb are given in Table I. The V (P)
data were fitted with the third-order Birch-Murnaghan equation
of state [43]. The fit yields for the cubic phase the bulk modulus
B, = 58.2 £ 1.7 GPa and its derivative at zero pressure B, =
9.6. This value of the bulk modulus is somewhat lower than that
calculated (78 GPa) for CuMnSb’s cubic phase [44]. For the
tetragonal phase the bulk modulus is B, = 138.5 + 3.2 GPa
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with its derivative B, = 4 (fixed). The first-order transition is
associated with a volume discontinuity of ~ 10% near 8 GPa.

C. Density functional theory

Density functional theory (DFT) calculations on CuMnSb
were carried out with the projector augmented wave method,

TABLE 1. Crystallographic data for the cubic phase and the
high-pressure tetragonal phase of CuMnSb obtained from Le Bail
refinement.

P(GPa) 2.6 GPa 15.6 GPa

Space Group F43m P4/nmm
a=b(h) 6.028(1) 11.369(4)

c(A) 6.028(1) 6.138(3)

\Y% (10%3) 219.09(2) 792.4(1)

Z 4 18

B (GPa) 582+1.7 138.5+£3.2

B’ 9.6 4 (fix)

Atomic parameters

Cul 4a (0,0,0) 2a (0.75,0.25,0)
Mnl 4c¢ (0.25,0.25,0.25)  2¢(0.25,0.25,0.7275)
Sbl 4d (0.75,0.75,0.75)  2¢ (0.25,0.25,0.2971)
Cu2 8g (0.4166,0.5833,0)
Mn2 8i (0.25,0.5833,0.7275)
Sb2 8i (0.25,0.5833,0.2971)
Cu3 8i (0.25,0.4166,1)
Mn3 8 (0.5833,0.5833,0.7275)
Sb3 8 (0.5833,0.5833,0.2971)
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FIG. 8. Results of DFT calculations for CuMnSb in both cubic
and tetragonal phases as a function of pressure. (a) Relative energies
of FM and AFM phases. (b) Magnetic moment of Mn vs pressure.

as implemented in the VASP package [45,46] within the local
density approximation. For Cu 4s and 3d, for Mn 3 p, 4s, and
3d, and for Sb 5s and 5p states were included as valence
states. A plane-wave basis set with a cutoff energy of 400 eV
is used. The first Brillouin zone integration was carried out
with an 12 x 12 x 12 I'-centered Monkhorst-Pack mesh. For
the ambient phase the AFM structure consists of alternating
(111) planes of Mn atoms with aligned spins, and for the
high-pressure phase the AFM structure consists of alternating
(001) planes of Mn atoms with aligned spins, as reported for
CuMnAs [29].

Magnetic ordering is energetically favored over param-
agnetism by approximately 1.6 eV (0.5 eV) in the cubic
(tetragonal) structure. The calculated relative energies of the
AFM and FM states as a function of pressure for both the
cubic and tetragonal phases of CuMnSb are shown in Fig. 8(a).
AFM order lies lowest in energy with the energy separation
particularly large in the tetragonal phase. AFM order would
thus be anticipated in the tetragonal phase. In Fig. 8(b) the
calculated magnetic moment is seen to drop by ~15%.

IV. DISCUSSION

The pressure dependence of the Néel temperature of the
cubic semimetallic compound CuMnSb was determined by
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resistivity measurements to 7 GPa. Ty increases rapidly with
pressure from ~50-83 K at 7 GPa. This is consistent with
the interaction curve defined by Kanomata et al. [4] where
the magnetic transition temperatures of a series of Heusler
compounds are found to increase with decreasing nearest-
neighbor Mn-Mn interatomic distance. A theoretical analysis
by Sasioglu er al. [20] is able to account for this behavior
in terms of the competition between two opposing trends, the
stronger effect of the increasing carrier hopping compared with
the effect of decreasing atomic moments.

The present DFT calculations on CuMnSb as a function
of pressure agree with those of Jeong et al. [8] at ambient
pressure and correctly account for the retention of AFM
order throughout the cubic phase. This good agreement lends
support to the DFT prediction that AFM order is retained in
the tetragonal phase, particularly since its energy separation
to ferromagnetism is significantly greater than in the cubic
phase. The lowering of symmetry by the cubic-tetragonal phase
transition near 8 GPa should remove magnetic frustration and
thus possibly enable the magnetic ordering temperature in
tetragonal CuMnSb to take on values well above ambient
temperature, as are normally found for semi-Heusler and
full Heusler compounds. The present results are consistent
with this scenario since in the tetragonal phase no sign of
the characteristic knee in R(7T") from magnetic ordering is
observed in our subambient temperature range. However, we
cannot exclude the possibility that Ty has dropped below the
measured temperature range to 4 K. High-pressure neutron
diffraction experiments are recommended to clarify the exact
nature of the magnetic ordering and the temperature at which it
occurs.

At first glance it might seem puzzling that the tetragonal
phase is retained upon release of pressure in the resistivity
measurements but not in the x-ray diffraction studies, both
carried out at ambient temperature. The different pressure
media used offer a likely explanation. In run 1 of the
x-ray diffraction experiments the hydrostatic pressure medium
neon was used. The broad diffraction lines above 8 GPa give
evidence that the reconstructive cubic-to-tetragonal phase tran-
sition is not complete, likely due to kinetic barriers, leaving the
high-pressure phase in a metastable state. Upon releasing the
pressure it was thus relatively easy for the sample to revert back
to the cubic phase. In the resistivity measurements, however,
where nonhydrostatic cBN loaded epoxy served as pressure
medium, substantial plastic deformation of the sample occurs
as pressure is applied, leading to the buildup of several types
of lattice defects and additional kinetic barriers unrelated to
those naturally occurring in the course of the cubic-tetragonal
phase transition. These additional kinetic barriers are likely
responsible for the retention of the high-pressure tetragonal
phase on release of pressure.

In contrast, in run 2 of the high-pressure x-ray diffraction
experiment, the tetragonal phase is retained after pressure is
released. In this experiment with neon pressure medium, the
sample was first brought to the tetragonal phase at 9.5 GPa
and then heated up to temperatures as high as 355 °C, whereby
the diffraction peaks sharpened up dramatically, indicating the
completion of the cubic-to-tetragonal phase transition. The
elevated temperatures served to allow the sample to overcome
the kinetic barriers so that the high-pressure tetragonal phase
became thermodynamically stable. That the sample remained
in the tetragonal phase upon release of pressure at room
temperature indicates that the kinetic barriers had become too
large in the stable tetragonal phase to allow the transition back
to the cubic phase. The tetragonal phase was thus retained.

To summarize, we report magnetic and structural phase
transitions of the AFM semi-Heusler compound CuMnSb as a
function of pressure. The Néel temperature rises rapidly from
the unusually low value ~50-83 K at 7 GPa. Near 8 GPa a
first-order structural transition to a tetragonal phase occurs
with no sign in the temperature-dependent resistivity of a
magnetic transition at subambient temperatures. It is likely
that this transition to a lower symmetry tetragonal structure
serves to remove the magnetic frustration responsible for the
low value of the Néel temperature, potentially allowing it to
shift to temperatures well above ambient. DFT calculations
support this conclusion, revealing the dominance of the AFM
phase in the high pressure tetragonal structure of CuMnSb.
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