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Molecular beam epitaxy of the half-Heusler antiferromagnet CuMnSb
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We report the growth of CuMnSb thin films by molecular beam epitaxy on InAs (001) substrates. The CuMnSb
layers are compressively strained (0.6 %) due to lattice mismatch. The thin films have a w full width at half-
maximum of 7.7 arcsec according to high resolution x-ray diffraction, and a root-mean-square roughness of
0.14 nm as determined by atomic force microscopy. Magnetic and electrical properties are found to be consistent
with reported values from bulk samples. We find a Néel temperature of 62 K, a Curie-Weiss temperature of
—65 K, and an effective moment of 5.9 i /f.u. Transport measurements confirm the antiferromagnetic transition

and show a residual resistivity at 4 K of 35 ©€2 cm.
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I. INTRODUCTION

Current trends in antiferromagnetic spintronics [1] are
driving a demand for high-quality materials in order to re-
liably study the phenomenology in this material class. In
particular, thin film specimens with a high degree of crys-
talline order and a low defect density are needed to access
the fundamental mechanisms in transport experiments. A
promising antiferromagnetic model system is the half-Heusler
compound CuMnSb. Although bulk samples of CuMnSb
prepared by various melting techniques have been studied
extensively over the past 50 years, the single-crystal thin
films required for detailed transport experiments and device
applications have yet to be realized. The same is true for fab-
ricating sharp and well-defined interfaces to other materials.
Both requirements are addressed by the growth of CuMnSb
thin films by molecular beam epitaxy (MBE). This approach
additionally offers the possibility of combining CuMnSb with
its ferromagnetic counterpart, the half-metallic NiMnSb, in
epitaxial heterostructures.

Studying MBE grown CuMnSb can also help to obtain a
better understanding of the material itself and to clarify certain
discrepancies among material parameters found in the litera-
ture. Since the first investigation of CuMnSb by Endo et al. in
1968, a large range of material parameters have been collected
by various research groups. For the Néel temperature Ty,
the Curie-Weiss temperature ®cw and the effective moment
values ranging between 50 and 62 K, —250 and —120K, and
3.9 ug/f.u. and 6.3 g /f.u., respectively, have been reported
[2-7]. Recent calculations by Mdca et al. suggest that the
magnetic ground state of CuMnSb is determined by defects in
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the crystal [8]. This may explain the distribution in published
values for the material parameters.

The Néel temperature of CuMnSb is accessible using
standard helium cryostats. This allows investigations of the
magnetic phase transition, and comparative measurements
above and below Ty can be used to unequivocally identify
which observations can be attributed to the nature of the
magnetic state.

CuMnSb crystallizes in the C1,, half-Heusler crystal struc-
ture, which can be described as four interpenetrating fcc
sublattices translated by % along the long diagonal of the
unit cell. One of the sublattices is unoccupied, in contrast
to full-Heusler materials where all sublattices are occupied.
More details on the crystal structure and a general overview
on Heusler materials can be found in [9].

In this paper, we report on the epitaxial growth of CuMnSb
on InAs (001), and we present the results of structural and
magnetic characterization, as well as basic transport findings.

II. RESULTS AND DISCUSSION

A. Epitaxial growth of CuMnSb thin films

CuMnSb films are grown on undoped InAs (001) substrates
and buffers and are subsequently capped by a 5 nm Ru layer,
by using dc sputter deposition, to protect the antiferromag-
netic layer from the environment. The epitaxial growth, as
well as the deposition of the cap layer, are performed in an
ultrahigh-vacuum (UHV) cluster system comprised of indi-
vidual growth chambers connected through a UHV transfer
system.

The epiready InAs substrate is first overgrown with an
InAs buffer layer following the method given in [10] using
an As:In flux ratio of 15:1 and a substrate growth temperature

©2020 American Physical Society
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FIG. 1. Evolution of the RHEED reconstructions during growth
of CuMnSb along [110] and [110] crystal directions. Before
CuMnSb growth, an InAs 2 x 4 reconstruction is observed [(a),(d)].
This transforms to a blurry 2 x 2 reconstruction at the growth start
of CuMnSb [(b),(e)]. With CuMnSb growth, the 2 x 2 reconstruction
becomes sharper and more intense [(c),(f)]. Specular spot oscillations
(g) with a period of half a unit cell confirm layer-by-layer growth.

of 490°C. The As is supplied by a valved cracker cell, and the
In is supplied by a dual filament effusion cell.

The sample is then transferred to the CuMnSb growth
chamber and heated up to a growth temperature of 250 °C. To
stabilize material fluxes, the cell shutters are opened 5 min
before the growth is initiated by opening the main shutter.
Single-filament effusion cells are used as sources for Mn and
Sb. Cu flux is provided by a dual-filament effusion cell. The
purities of the source materials are 6N for Cu and Sb and SN§
for Mn.

Growth of the CuMnSb is monitored by reflection high-
energy electron diffraction (RHEED). Figure 1 shows the
RHEED patterns at different stages of the growth. Prior to
growth start, the InAs buffer surface shows a typical 2 x 4
reconstruction, with clearly visible Kikuchi lines [Figs. 1(a)
and 1(d)] indicating a high degree of both bulk and surface
ordering. Within 2 min of the CuMnSb growth start (approx.
1 unit cell), the 2 x 4 reconstruction transforms to a blurry
2 x 2 pattern [Figs. 1(b) and 1(e)]. We attribute this to the
formation process of the InAs/CuMnSb interface. With in-
creasing CuMnSb thickness, the 2 x 2 image sharpens and
gains intensity [Figs. 1(c) and 1(f)]. The points of enhanced
intensity originate from a crossing of the Kikuchi lines with
the elastic diffraction streaks [11]. The surface reconstructions
observed by RHEED do not change during typical growth

TABLE 1. Optimized growth parameters resulting in the narrow-
est FWHM of the rocking curve and the lowest root-mean-square
surface roughness. The beam equivalent pressures (BEP) are mea-
sured using a Bayard-Alpert-type ionization gauge.

Material T(°C) BEP (mbar)
Cu Tip: 1180/Base: 996 5.5 %1079
Mn 815 8.7x 1079
Sb 424.8 4.1x10°8

times (90 min for 40-nm-thick films). This indicates a two-
dimensional (2D) growth mode of the CuMnSb layer.

Layer-by-layer growth is confirmed by the observation of
specular spot oscillations. In Fig. 1(g) we show an example of
the specular spot intensity evolution after growth start. The
drop of intensity at growth start is again attributed to the
formation of the InAs/CuMnSb interface. Combining these
data with the layer thickness measured by x-ray diffraction,
one oscillation period (1 ML) can be related to the growth
of half a unit cell of CuMnSb. The frequency of the os-
cillations yields a growth rate of (0.025 £ 0.002) ML/s or
(0.41 4 0.03) atoms/nm?s. This corresponds to an atomic
flux of (0.14 4 0.01) atoms/nm? s for Cu and Mn. Note that
reevaporation can be neglected for a substrate temperature of
250°C. For Sb, reevaporation is possible and thus the atomic
flux is likely slightly larger.

CuMnSb samples have been grown with a variety of
fluxes and flux ratios of the elemental species. We find that
the growth of CuMnSb is as sensitive to material fluxes as
was found previously for the related (ferromagnetic) material
NiMnSb [12]. Consequently, the cell temperatures must be
precisely stabilized [typically to variations well below 1°C,
corresponding to changes in beam equivalent pressure (BEP)
of the order of 1 x 10719 mbar].

We find that small changes of the material fluxes impact the
layer properties significantly. For Cu and Mn, BEP variations
of the order of 1 x 10~!” mbar already led to modifications of
the magnetic properties of CuMnSb. BEP deviations of more
than 2 x 107! mbar significantly reduce the crystal quality
as indicated by the presence of 3D transmission spots in the
RHEED pattern during growth. In Sec. II B we show that for
Sb, BEP variations of the order of 2 x 10~ mbar disturb the
layer-by-layer growth, and dots form on the surface of the
film.

The growth parameters listed in Table I reproducibly pro-
duce the lowest FWHM of the rocking curve measured by
high-resolution x-ray diffraction and root-mean-square rough-
ness determined by atomic force microscopy. Samples grown
with these parameters are found to be stoichiometric from
energy-dispersive x-ray spectroscopy within the <3 % exper-
imental error. All results in this paper (except for the transport
measurements) are for samples grown with these parameters.

Samples dedicated for resistivity measurements are grown
with an additional nonconducting ZnTe (a = 6.10 A) layer
on the InAs layer to avoid parallel conductivity through the
InAs buffer and substrate. ZnTe growth is performed in the
Te-rich regime using a Zn:Te flux ratio of 1:2 at a substrate
temperature of 330°C.
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FIG. 2. High-resolution x-ray diffraction scans of the CuMnSb
thin film. (a) w — 26 diffractogram of the symmetric (002) diffraction
peak (blue dots) together with a full dynamical simulation (orange
line). (b) Rocking curve of the (002) CuMnSb peak (blue dots)
with the fitted Voigt profile (orange line). (c) Reciprocal space map
of the asymmetric (224) diftraction peak. The relaxation triangle for
the CuMnSb layer is also shown (red lines). The pseudomorphic
CuMnSb layer shows no signs of relaxation.

After MBE growth, all samples are capped by a 5 nm
Ru layer to protect the CuMnSb from the environment. To
do so, the samples are transferred to the sputtering chamber
without breaking the UHV. The cap layer is deposited us-
ing dc-magnetron sputtering at room temperature. We use a
5 x 1073 mbar Ar pressure and a deposition rate of 5 nm/min.

B. Structural characterization of CuMnSb thin films

High-resolution x-ray diffraction (HRXRD) measurements
have been performed using a triple-axis diffractometer.
Multiple, well-defined thickness fringes in the w — 26 diffrac-
togram [Fig. 2(a)] of the symmetric (002) peak indicate a
uniform layer thickness and a high crystalline order of the
40-nm-thick CuMnSb layer. A full dynamical simulation [13]
yields the lattice parameters. The horizontal lattice parameter
is found to be alljuMnSb = ampas = 6.059 A, and the vertical
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FIG. 3. Atomic force microscopy measurements of the Ru
capped CuMnSb sample (a) and an InAs buffer (b). The surface of
Ru on CuMnSb shows atomic steps in the [010] crystal direction
and a root-mean-square roughness of 0.14 nm. A decreased Sb flux
of 3.9 x 10~® mbar leads to a formation of dots on the CuMnSb
surface (c). Dots with a higher density are formed at the surface for
an increased Sb flux of 4.3 x 10~% mbar (d). The height of the steps
is consistent with half a unit cell (InAs or CuMnSb), as can be seen
in the line scan (e) taken through two of the steps seen in (a).

lattice parameter is found to be aéuMnSb = 6.136 A. With the
lattice parameter of relaxed CuMnSb, arcellﬁ‘{,}fl‘éb =6.095 A 171,
this corresponds to a compressive strain of 0.6%. Further
evidence of the quality of the crystal is the 7.7 arcsec. FWHM
of the rocking curve on the (002) peak [Fig. 2(b)].

The pseudomorphic character of the CuMnSb layer is con-
firmed by a reciprocal space map of the (224) diffraction peak
[Fig. 2(c)]. The peaks corresponding to InAs and CuMnSb are
aligned along the [00L] direction with no hint of broadening
of the CuMnSb peak along the indicated relaxation triangle
(red lines).

The surface of the CuMnSb layers is investigated by atomic
force microscopy (AFM) [Fig. 3(a)]. Since the Ru cap layer is
deposited by sputtering it is assumed to be conformal, such
that the morphology of the capped surface is a fair represen-
tation of the surface of the CuMnSb film. The figure shows a
root-mean-square surface roughness of 0.14 nm over an area
of 1 x 1 um?. Atomic steps with a height of half a unit cell
are observed in the [010] crystal direction. Steps can also be
seen on the buffer layer [Fig. 3(b)], with a lower density and
no clear directionality. The line scan in Fig. 3(e) shows the
height of the steps on the CuMnSb surface. We attribute the
formation of the steps to a small miscut (£0.1° according
to the specifications of the wafer manufacturer) of the InAs
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FIG. 4. Projections of the CuMnSb and InAs crystal along the
[1TO] direction are superimposed on the STEM images [(a) and (b)].
For this orientation, only atoms of the same species are aligned along
the line of sight. The color assignment is as follows: Sb, dark green;
Cu, red; Mn, blue; In, magenta; As, light green; Ru, gray. The Ru is
found to grow ordered on the CuMnSb (a). The interface between
InAs and CuMnSb (b) shows a clean transition between the two
materials. Both layers show a high degree of order and match the
overlayed crystal. A model of the CuMnSb unit cell is depicted in
(c). Larger area scans can be found in the Supplemental Material
[19].

substrate. This assignment is consistent with the spacing of
the steps.

The quality of the CuMnSb film, as judged from the ob-
served surface morphology, is significantly reduced for Sb
flux deviations on the order of 2 x 10~ mbar BEP. Fig-
ure 3(c) shows the surface of a CuMnSb film grown with
a too low Sb flux (3.9 x 1078 mbar BEP). Randomly dis-
tributed large dots (height up to 3 nm) with an areal density
of ~1 wm~2 are observed. Too high Sb flux (4.3 x 10~8 mbar
BEP) leads to the formation of small dots with a high density
of ~20 pm=2.

A lamella with surface normal along the [110] crystal
direction has been prepared in a focused ion beam system
for imaging in STEM. Imaging is done using a high-angle
annular dark-field (HAADF) detector, and with a 300 kV
acceleration voltage. We find a single crystalline ordering in
the epitaxial layers and a partial crystalline ordering of the
Ru cap in the HAADF-STEM images [Figs. 4(a) and 4(b)] of
the Ru/CuMnSb and CuMnSb/InAs interfaces. The mapping
of the overlayed CuMnSb C1,, crystal structure has been con-
firmed by a simulation of HAADF images [14]. The spacing
of the Ru lattice planes is about 2 A, indicating a hexagonal
crystalline phase with the c-axis parallel to the interface.

The interface between InAs and CuMnSb is shown in
Fig. 4(b). The arsenic atoms at the InAs surface are built into
the first monolayer of CuMnSb in the position of the Sb atoms.
Larger area scans of the layerstack are shown in Fig. S3 in the
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FIG. 5. (a) Temperature dependence of the susceptibility dur-
ing cooldown at 1 T. The cusp at 62 K marks the transition from
paramagnetic to antiferromagnetic behavior (7y). (b) Temperature-
dependent inverse susceptibility during cooldown at 1 T. The lines
indicate the Curie-Weiss behavior in the two temperature regimes
with linear behavior of the inverse susceptibility. (c) Temperature
dependence of resistivity of the CuMnSb thin film during warmup
in zero field. The transition from antiferromagnetic to paramagnetic
phase (7y) is clearly indicated by a kink at 62 K. The inset shows raw
data of the sample without substraction of the comparison signal.

Supplemental Material [19]. No defects or stacking faults are
observed.

C. Magnetic measurements

Magnetic characterization is performed in a commercial
superconducting quantum interference device (SQUID) mag-
netometer using a recently designed sample holder [15,16]
to resolve and quantify the small magnetic flux of the thin
antiferromagnetic CuMnSb layer by in sifu compensation of
the dominant diamagnetic contribution of InAs.

The temperature dependence of the susceptibility x(7)
along the [110] crystal direction is determined in a bias field
of 1 T. Figure 5(a) shows the x(7) of our CuMnSb film
during cooldown. The cusp at 62 K marks the phase transition
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from paramagnetism to antiferromagnetism. The correspond-
ing temperature is identified as the Néel temperature Ty,
which is in the range of previously reported values for bulk
samples (50 — 62 K) [2,4-7].

The inverse susceptibility in Fig. 5(b) shows two linear
regions. Each can be fitted to a Curie-Weiss behavior. Accord-
ing to band-structure calculations, CuMnSb carries a magnetic
moment of 4 ug/f.u. [17], which results in an effective para-
magnetic moment of 4.9 ug/f.u. The fit in the temperature
range above 230 K yields an effective moment of 5.9 ug/f.u.
and a Curie-Weiss temperature of —65 K. This is remarkably
different from the Curie-Weiss temperature reported for bulk
material. A ratio of —®cw /Ty & 3 is typically found in bulk
samples [7], and it has been interpreted as an indication of
geometric frustration [18]. In our layers, the ratio is close to 1.
We associate this with the epitaxial-strain-induced symmetry
lowering that reduces geometric frustration in the magnetic
structure of the CuMnSb film. The line fit performed in the
temperature range of 110 — 170 K yields an effective moment
of e = 4.3 ug/f.u., which is closer to the value expected
from theory [17]. The effective moments found in both tem-
perature regimes are within the range of reported values
3.9-6.3 ug/f.u.) [4-7].

The magnetic measurements confirm the antiferromagnetic
character of the CuMnSb thin films. Extensive SQUID mag-
netometer studies are ongoing in order to establish a more
complete picture of the rich magnetic phase diagram of this
material.

D. Transport measurements

Since the InAs buffer and substrate are not sufficiently
insulating to allow for proper transport measurements, ad-
ditional samples with a 38-nm-thick ZnTe (a = 6.10 10\)
layer inserted between the InAs and the CuMnSb are grown.
HRXRD measurements confirm that this additional layer does
not significantly impact the crystalline layer quality (see the
Supplemental Material [19]).

Such a sample, with a 30-nm-thick CuMnSb layer,
capped with Ru, is patterned into rectangular stripes (250 x
1900 um?) using standard optical lithography and physical
etching. Measurements are carried out using a four-point
geometry, dc current, and a standard helium bath cryostat
with a variable temperature insert. The contacts for voltage
measurement are 500 um apart. A reference sample without
any CuMnSb layer was also studied in order to determine
the conductance of the 5 nm Ru cap. The resistance of the

CuMnSb/Ru stack versus temperature is shown as an inset
in Fig. 5(c). This resistance is converted to a resistivity after
subtracting the parallel conductance from the Ru cap (see the
Supplemental Material [19] for details), and is shown in the
main panel of Fig. 5(c).

The temperature-dependent resistivity shows a clear kink at
~62 K, which we associate with suppression of spin disorder
scattering [20] at the onset of antiferromagnetic ordering. This
value for the Néel temperature is consistent with the ordering
temperature found in the magnetic studies. The residual resis-
tivity of the sample at 4 K of 35 u€2 cm is below the lowest
values reported to date for macroscopic single crystals [7].

III. CONCLUSION

We report on the growth of CuMnSb thin films by molecu-
lar beam epitaxy. Crystal quality is confirmed by structural
investigations, and magnetic measurements find the Néel
temperature around 62 K. Two regimes with Curie-Weiss be-
havior are found at temperatures above Ty. The magnitudes of
Tx and pgr established here are in agreement with the values
reported for bulk samples. A noteworthy distinction, however,
is the Curie-Weiss temperature, which is a factor of 3 smaller
than that of bulk samples. The main differences from bulk
samples are the crystal quality and the epitaxially induced
strain.

We have also shown that lateral transport experiments can
be made possible by introducing a nonconducting ZnTe layer.
This allows applications in antiferromagnetic spintronics for
CuMnSb and CuMnSb/NiMnSb heterostructures.
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