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High-resolution diffraction reveals magnetoelastic coupling and coherent phase
separation in tetragonal CuMnAs
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Tetragonal CuMnAs was the first antiferromagnet where reorientation of the Néel vector was reported to occur
by an inverse spin galvanic effect. A complicating factor in the formation of phase-pure tetragonal CuMnAs is
the formation of an orthorhombic phase with nearly the same stoichiometry. Pure-phase tetragonal CuMnAs
has been reported to require an excess of Cu to maintain a single phase in traditional solid state synthesis
reactions. Here we show that subtle differences in diffraction patterns signal pervasive inhomogeneity and
phase separation, even in Cu-rich Cu;;sMngg;As. From calorimetry and magnetometry measurements, we
identify two transitions corresponding to the Néel temperature (7y) and an antiferromagnet to weak ferromagnet
transition in Cuj;sMnggAs and CuMngoesAS 036. These transitions have clear crystallographic signatures,
directly observable in the lattice parameters upon in situ heating and cooling. The immiscibility and phase
separation could arise from a spinoidal decomposition that occurs at high temperatures, and the presence of
a ferromagnetic transition near room temperature warrants further investigation of its effect on the electrical

switching behavior.
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I. INTRODUCTION

In 2016, Wadley et al. [1] showed that it is possible to
switch Mn moments in tetragonal CuMnAs between [100]
and [010] using electrical currents. Metallic antiferromagnets,
such as CuMnAs and Mn,Au, are globally centrosymmetric
but locally noncentrosymmetric and the individual sublat-
tices are related to each other by an inversion center [1-3].
Since then, there has been a growing interest in studying
the magnetic ordering in metallic antiferromagnets [4—7] and
understanding how to read and manipulate their order parame-
ter [1,8—10]. Unlike spin transfer torque based switching [11],
the field-like torque from the inverse spin galvanic effect does
not require an adjacent ferromagnet (FM) polarizer. This pro-
vides opportunity to synthesize bulk stress-free samples that
do not require a substrate for the measurements. Large single
crystals are also required for studying magnetic anisotropy
using inelastic neutron scattering techniques [12]. However,
all attempts to grow bulk crystals of CuMnAs so far have
only resulted in um-sized grains [13]. This is in contrast to
compounds such as Fe;As, which has the same structure type
as CuMnAs and can be grown in cm-sized single crystals [12].

Complex structural and magnetic phase behavior is crucial
to understand in the Cu-Mn-As system: Subtle effects from
antiferromagnetic domains can be easily overwhelmed by
small ferromagnetic moments, and other magnetic orderings
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(MnjAs in particular) do not possess the same symmetry
as ideal CuMnAs. We show here that ferromagnetic mo-
ments are intrinsic in Mn-rich CuMnAs materials. Bulk
ternary compounds in the Cu-Mn-As system can be grown
using traditional solid-state synthesis routes [14—16]. How-
ever, when Cu, Mn, and As elemental powders are mixed in
stoichiometric proportions, the orthorhombic polymorph of
CuMnAs is stabilized [17-19]. Typically, substituting small
amounts of Mn with Cu helps in stabilizing the tetragonal
phase and the crossover from the orthorhombic to tetrago-
nal phase for Cu;,Mn;_,As lies somewhere between x =
0.06—0.11 [15]. Near-stoichiometric tetragonal CuMnAs can
also be synthesized by substituting Mn with As [15] and
electrical transport studies have been carried out on de-
vices prepared from bulk samples [13]. On the Mn-excess
side of Cu;4,Mn;_,As, the thermodynamically stable phase
changes from orthorhombic CuMnAs [14] to hexagonal
CupgoMnj 1gAs [16] to orthorhombic CuMnsAs, [14] and
eventually tetragonal Mn,As [20]. Cu is known to substitute
up to x = 0.1 in Mn,_,Cu,As [15]. The crossover to tetrag-
onal Mn;As is intriguing since it has the same structure type
as tetragonal CuMnAs. It may be possible, therefore, to also
synthesize phase pure tetragonal CuMnAs with Mn excess.
The effect of increasing Cu substitution results in a
decrease of the Néel temperature (7y) [15]. Separately,
an AFM-FM transition was observed by Uhlirova et al.
in near-stoichiometric samples around 315 K, which was
attributed to a possible MnAs impurity [15]. The first pa-
per on the discovery of CuMnAs also reports a Curie
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temperature (7;) at 300 K [21]. Surprisingly, the AFM-FM
transition has not been reported in any of the thin-film
electrical switching papers [1,10,22]. Confirmation of the
absence of a FM component in thin film transport studies
is not routine, so the possibility of coupling to a polar-
izable moment must be investigated, and we confirm this
AFM-FM transition with diffraction and calorimetry mea-
surements here. Despite the significance of bulk CuMnAs
in understanding spin orbit torques in AFM, most electrical
switching studies have only used epitaxially grown thin films.
While magnetometry and calorimetry measurements have
been carried out for the tetragonal phase on the Cu-excess
side of Cu;;Mn;_,As [15], high-resolution x-ray and neu-
tron diffraction measurements are warranted for studying the
phase stabilities and for understanding anomalies such as the
low-temperature ferromagnetic transition [15,21], unipolar
magnetic anisotropies, and low anisotropic magnetoresistance
values [13].

In this article, we synthesize Cu-Mn-As samples at three
different stoichiometries: Cu-rich Cu; ;3sMngg,As, Mn-rich
Cug.64Mn 36As, and a near-stoichiometric CuMng 9g4AS1 036-
The near-stoichiometric tetragonal CuMnggesAS] 036 com-
position has been reported and studied in previous papers
(Uhlirova et al. [13] and Volny et al. [15]), so we syn-
thesize and examine it here. Our Cu-excess Cu; jsMng g As
composition lies close to the boundary between the tetrago-
nal and orthorhombic structure [x = 1.11 in Uhlirova et al.]
[15]. Our Mn-excess composition CugesMn; 36As is inves-
tigated here because it is the first compound along the
Cu,Mn;_,As line that is Mn-rich and showed a pure tetrago-
nal structure, without traces of orthorhombic CuMnAs. Using
scanning transmission electron microscopy (STEM) imaging,
synchrotron x-ray diffraction (XRD), and neutron powder
diffraction (NPD) measurements, we examine complex phase
separation and sample inhomogeneity in the Cu-rich and
Mn-rich samples. Using calorimetry, superconducting quan-
tum interference device (SQUID) magnetometry, synchrotron
XRD and NPD measurements, we report strong magnetoe-
lastic transitions at around 300 K and 7y in the Cu-rich and
the near-stoichiometric samples. The coherent stripe order of
alternating domains with different Cu/Mn ratios implies that
they could be altered by thermal cycling and likely contribute
to anisotropic magnetoresistance measurements.

II. METHODS

All three samples, Cu-rich Cu;;3MnggyAs, Mn-rich
Cup.64Mn 36As, and near-stoichiometric CuMng 9g4AS| 036,
were synthesized using traditional solid state synthesis routes.
The elemental powders of Cu (99.9% metals basis), Mn
(99.98% metals basis), and As (99.9999% metals basis) were
mixed in 1.18:0.82:1 ratio for the Cu-rich sample, 0.64:1.36:1
ratio in the Mn-rich sample, and in 1:0.964:1.036 ratio for
the near-stoichiometric sample in an Ar-filled glovebox. The
mixed powders were vacuum sealed in quartz tubes and heated
to 873 K in 10 h. The samples were held at 873 K for 6 h
before heating to 1248 K at 1 K/min and held for 1 h. The Cu-
rich and Mn-rich samples were cooled to 1173 K at 1 K/min
and held for 1 h before furnace-cooling to room temperature.
The near-stoichiometric sample was cooled slowly to 1023 K

at 0.5 K/min and held for 1 h before cooling. Unlike the
Cu-rich sample, mixed powders of the near-stoichiometric
sample were transferred to an alumina crucible and the
crucible was vacuum sealed inside a quartz tube in accordance
with Uhlirova et al. [15]. The resulting ingots were black in
color and lightly stuck to the tube or crucible.

Variable-temperature synchrotron XRD measurements of
the Cu-rich sample were taken using a nitrogen blower at
beamline 11-BM of the Advanced Photon Source in Argonne
National Laboratory [23]. Powder XRD measurements for the
near-stoichiometric sample were performed in a Bruker D8
Advance in reflection geometry with a Cu source. Variable-
temperature neutron powder diffraction (NPD) measurements
for the Cu-rich and Mn-rich samples were carried out in
POWGEN beamline at Spallation Neutron Source in Oak
Ridge National Laboratory [24,25]. Additional NPD for the
Cu-rich sample were collected on the Wombat instrument at
the Australian Center for Neutron Scattering (ACNS) [26]. On
Wombat, data were collected in a top loading cryostat in a
vanadium can with copper heating blocks and a conduction
arm between them at the top and the bottom of the sample,
and an aluminium heat shield placed around both blocks
and the sample. The NPD measurements were carried out at
4.6167(31) A wavelength while cooling and at 2.41 A wave-
length while heating. Data for the near-stoichiometric sample
were collected on Echidna at ACNS [27] at 2.43872(8) A
in a vanadium can at 4 K, 400 K, and 520 K in the same
top-loading cryofurnace set-up as collected on Wombat. Ri-
etveld analyses of XRD were performed using GSAS-II
software [28]. The magnetic structure refinement of the NPD
data with help from K-SUBGROUPSMAG program [29] in the
Bilbao Crystallographic Server was carried out in GSAS-II
[28]. The instrumental parameters for the Echidna data were
obtained from the NIST SRM La!'B¢ 660b data and fixed
in those sample refinements. More information on the re-
finement approach to the XRD and NPD data is provided in
the Supplemental Material (SM) [30]. The starting structures
for CuMnAs and MnO refinements were taken from ICSD
#423230 and 9864, respectively. The space group for the
CuMnAs structure used in the refinements is P4 /nmm.

Field cooling (FC) and zero field cooling (ZFC) curves
with a field of 10 kOe for the samples were measured us-
ing a brass half-tube sample holder in a Quantum Design
MPMS3 vibrating sample magnetometer. Powders of the sam-
ples weighing less than 10 mg were transferred to Al pans and
differential scanning calorimetry (DSC) measurements were
taken using a heat-cool-heat cycle between 93 K and 673 K at
10 K/min in a TA Instruments DSC 2500.

Scanning transmission electron microscopy (STEM) im-
ages and energy dispersive X-ray spectroscopy (EDS) elemen-
tal maps were obtained at room temperature using a Thermo
Fisher Themis Z STEM operated at 300 kV with 25 mrad
convergence angle. Images were acquired with approximately
50 pA probe current and EDS data with approximately
500 pA. EDS spectra were acquired over 2048 x2048 probe
positions. EDS elemental maps were produced using the
Velox software and smoothed with a moving average filter
with a width of 41 pixels.

First-principles density functional theory (DFT) simula-
tions were performed using the Vienna Ab Initio Simulation
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Package (VASP) [31,32]. The Brillouin zone was sampled
using an 18x18x10 Monkhorst-Pack [33] k-point grid.
Kohn-Sham states were expanded into a plane wave basis
with a kinetic-energy cutoff of 600 eV. These parameters
allowed for converged calculations of the total energy within
0.6 meV per formula unit. The generalized-gradient approxi-
mation as parametrized by Perdew, Burke, and Ernzerhof [34]
(PBE) was used to describe the exchange and correlation
contribution to the DFT Hamiltonian, in combination with
an on-site Coulomb interaction, described using the DFT+U
approach of Dudarev et al. [35]. U values from the literature
are adopted, as discussed in detail in Sec. III B. We use a
noncollinear description of magnetism including the effect of
spin-orbit coupling [36]. Here we compare two cases: First,
we relax all atomic coordinates using the DFT ground-state
result for the magnetic structure, which shows the Pm’'mn
[#59.407 in the Belov-Neronova-Smirnova (BNS) notation]
magnetic space group with a magnetic moment on the Mn site
only. Next, to test if there is any tendency for local moments
on Cu, we impose a constrained magnetic structure with a
magnetic moment of 2.77 pp on the Mn site and 0.50 pp on
the Cu site and relax again all atomic positions.

III. RESULTS AND DISCUSSION

A. Phase separation and heterogeneity

Cu-rich Cu; ;sMng g As: Figure 1(a) shows the Rietveld fit
to the synchrotron XRD data taken at 298 K. For laboratory
x-ray diffraction data, the fit to tetragonal CuMnAs is satis-
factory, but our high resolution data in Fig. 1(a) reveals a poor
fit to the 001 peak, as visible in the inset. There is pervasive
peak splitting from room temperature to 450 K, as we will
discuss subsequently. X-rays cannot discriminate between Cu
and Mn occupancies in CuMnAs due to their close electron
counts. Neutrons, on the other hand, give distinct scattering
lengths for Cu and Mn (7.72 and —3.73 fm, respectively).
From fits to 500 K NPD measurements in Fig. 1(b), the peak
splitting is not apparent and the refined Cu:Mn stoichiometry
was obtained as 1.186(3):0.814(3), which matches the nomi-
nal synthesis stoichiometry. In the refinement, Cu was allowed
to partially occupy Mn sites and the total occupancy was
constrained to be 1 at the Mn site. When Mn was also allowed
to partially occupy Cu sites, the refinement yielded negligible
values for Mn occupancy. This proves that, on average, excess
Cu substitutes into Mn sites in Cu; 1gMng g As.

While there were subtle peak splittings in the synchrotron
XRD data shown in Fig. 1(a), a close look at the 003
XRD peaks upon heating shows more complex and pervasive
changes. The splitting of the 003 XRD peak into three peaks
is shown in Fig. 2, and as a contour plot versus temperature in
Fig. 3(a). We later show that the peak splitting occurs due to
chemical inhomogeneity and phase separation as evidenced
in the TEM images shown in Fig. 4. The peak splitting be-
havior is not resolvable in the POWGEN NPD measurements.
However, if an average c lattice parameter is estimated as
a peak fit to the 001 reflection for all measurements, con-
sistent trends appear from POWGEN neutron measurements
and 11-BM synchrotron measurements as shown in Fig. 3(b).
The discrepancy in the c¢ lattice parameters between the two
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FIG. 1. Rietveld fit to 298 K synchrotron XRD data of
Cuy 1sMng g>As is shown in (a) and the fit to 500 K POWGEN NPD
(above Ty, upon heating from 300 K) data is shown in (b). Asym-
metry in the low-Q peak inset (and the resulting poor fit) is evident
due to the phase transition more visible in temperature-dependent
measurements in Fig. 3. The material is single phase at 500 K.

measurements can be attributed to peak shift effects such as
sample displacement that is not taken into account during peak
fitting. Sequential peak fits to the 001 reflection of the Wombat
neutron data in Fig. S1 within the SM [30] shows a lack of
change in the slope of the c lattice parameter below 300 K.
Figure 3(c) shows the results of DSC measurements for
the Cu; 13Mng g, As sample. We observe two kinks at around
300 K and 420 K respectively. The transition at 420 K cor-
responds to the Ty of the sample. This is also confirmed
from studies by Uhlirova ef al. [15] where increasing the
Cu substitution at Mn sites decreases the Ty considerably
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FIG. 2. The 003 synchrotron XRD peak is shown at 335 K and
410 K for the same Cu; ;sMng g, As sample as the temperature map
in Fig. 3(a). At least three peaks are apparent at 410 K.
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FIG. 3. For the Cu-rich sample Cu; ;sMng g, As, the in-situ syn-
chrotron XRD measurements (collected on heating) have sufficient
resolution to observe splitting in the higher-order 003 peak, which is
shown in (a). (b) Shows the change in ¢ lattice parameter across tem-
perature as determined from a single-peak fit to the 001 reflections
in synchrotron XRD and POWGEN NPD measurements. The DSC
heating (inverted) and cooling curves are shown in (c) and the field
cooling and zero-field cooling curves are shown in (d). More than
two phases are present in the intermediate temperature range from
300 to 400 K.

from its maximum value of around 520 K. The transition at
300 K has a clear signature in magnetic susceptibility shown
in Fig. 3(d). There is an increase in the net moment below
300 K indicating a possible transition from an AFM to a weak
FM phase. As mentioned earlier, the ferromagnetic transition
has been reported in previous studies [15,21], although it
was tentatively attributed to the presence of a possible MnAs
impurity. This explanation is unlikely since we do not observe
any MnAs impurity in the synchrotron XRD data of the Cu-
rich sample as shown in Fig. 1(a), and the presence of a phase
transition in the majority CuMnAs phase is clear from in-situ
diffraction data and calorimetry in Figs. 3(a), 3(b), and 3(c).
Similar transitions are also observed in the DSC and SQUID
measurements of the near-stoichiometric sample, as we dis-
cuss subsequently. Such changes in lattice parameters around
Ty are not observed in Fe,As, which has the same structure
type as CuMnAs, as shown in Fig. S2 within the SM [30].

FIG. 4. For the Cu-rich Cu; ;sMngg,As sample, STEM micro-
graphs of a FIB liftout reveal a tweed-like pattern in ADF imaging.
The boxed area is shown in panels [(b)—(e)] for ADF, As, Cu, and
Mn EDS maps. Scale bars are 500 nm in (a) and 100 nm in [(b)—(e)].

Since diffraction measurements did not permit refine-
ment of Cu/Mn occupancies in both phases simultaneously,
a focused ion beam (FIB) cross-section of the Cu-rich
Cu;.1sMng g, As sample was examined via STEM. Figure 4(a)
shows the microstructure and STEM-EDS elemental mapping
of a polished surface in the Cu-rich sample. Aligned stripes
of two distinct phases are clearly present in the annular dark
field (ADF) STEM image. EDS Elemental mapping could
accurately measure the Cu content due to the background from
the Cu grid, but the Mn:As ratios in the two samples were
measured to be approximately 0.2 and 0.8 in the bright and
dark regions, respectively. This is likely an underestimation
since the nominal and neutron-refined Mn:As ratio is 0.82,
but it is clear that the chemical separation is pervasive. More
ADF-STEM images of the Cu-rich Cu; ;sMnggAs sample
are shown in Fig. S3 within the SM [30]. Figure S3(a) within
the SM [30] shows heterogeneity even outside the region
containing the tweed-like patterns shown in Fig. 4(a).

The interdependence of phase separation and magnetism
hint at strong coupling, reminiscent of martensitic shape
memory alloys. This type of phase separation of topologically
connected phases with subtle chemical phase separation has
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FIG. 5. Rietveld fit to the POWGEN NPD data of the Mn-rich
sample CugsMn; 36As at 500 K shows the presence of two closely-
related tetragonal CuMnAs phases. The inset shows the split 101
peak that indicates a clear phase separation. One of the phases
displays a Mn,As-like k = [00%] magnetic peak (as opposed to the
k = 0 magnetic structure of near-stoichiometric CuMnAs). The peak
at O = 1.9 A could not be assigned, and appeared irreversibly upon
initial heating.

also been observed in intermetallics and perovskite and spinel
oxides [37-39]. Ni and Khachaturyan presented a detailed
model showing how a pseudospinodal transformation from
a high-symmetry phase to lower-symmetry components can
result in tweed-like structures seen in metal alloys and oxide
ceramics [40]. The precise reason for this phase separation
is not known. The metallicity and lack of local moments
on Cu in CuMnAs argues against a Jahn-Teller-driven ef-
fect, further evidenced by the fact that the phase separation
seems to disappear upon cooling below 300 K [see Figs. 3(a)
and 3(b)]. Rather, the onset of magnetic ordering must drive
pervasive lattice distortion that merits further investigation
into magnetostrictive effects in Cu,Sb-type structures, includ-
ing CuMnAs.

Mn-rich CugeMnj 36As: Similar phase separation is ob-
served in the Mn-rich composition, even at 500 K as observed
by a clear splitting of the 101 peak in NPD data shown in
Fig. 5. At 300 K, NPD data in Fig. 6 do not show split
peaks and the material is apparently a single structural phase.
This phase separation behavior may mimic the appearance
of the Cu-rich composition, with the multiple-phase region
in the Mn-rich sample (with more magnetic moment) shifted
to higher temperatures than the Cu-rich compositions. Re-
gardless of the lack of splitting of structural peaks at room
temperature, the magnetic peak contributions in NPD patterns
cannot be fit with a single k vector: The presence of magnetic
peaks corresponding to both k = 0 and k = [00%] ordering at
300 K in Fig. 6 reveals the existence of both the established
tetragonal CuMnAs k = 0 magnetic structure (alternating
left/right moments along the c-axis) and an Mn,As-like k =
[00%] magnetic ordering. This apparent coexistence may ap-
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FIG. 6. Rietveld fit to the POWGEN NPD data of the Mn-rich
Cug64Mn 36As sample at 300 K. The inset figure shows that unlike at
500 K, the 101 peaks does not show splitting, so there is no evidence
for phase separation from structural peaks alone. However, magnetic
peaks are present for both the k = 0 (CuMnAs-like) and k = 00%
(Mn,As-like) magnetic ordering.

pear due to subtle variations in local Cu/Mn concentrations, as
has been seen before in two-dimensional magnetic materials
that are apparently structurally phase-pure [41].

Near-stoichiometric CuMny 964 AS1 036: In case of the near-
stoichiometric composition, good fits to room temperature
synchrotron XRD and 520 K NPD measurements were
obtained by fixing the Cu and Mn occupancies to be stoi-
chiometric, as seen in Fig. 7. While some anti-site mixing
of Cu and Mn is possible, there was no indication of peak
splitting in the 300 K and 520 K data. However, DSC and
magnetic susceptibility measurements in Fig. S4 within the
SM [30] show that two transitions indeed exist within this
temperature range, at 315 and 490 K. Therefore, even the near-
stoichiometric sample without Cu/Mn excess or mixing likely
shows the same phase separation over a similar temperature
range.

The Ty of the near-stoichiometric sample was observed to
be around 490 K and the AFM-FM transformation was con-
firmed at 315 K, which is consistent with the values reported
in Uhlirova et al. [15].

B. Magnetic structure confirmation and magnetoelastic effects

A structurally-forbidden 100 magnetic peak appears at
Q0 =1.65 A~! upon cooling Cu-rich Cu; ;3MnggAs and
near-stoichiometric CuMny 964 As; 036 below Ty. This peak is
most visible in the ECHIDNA NPD data at 4 K as shown
for near-stoichiometric CuMn g4 AS1 036 in Fig. S5 within the
SM [30] and POWGEN 300 K NPD data for Cu; 1sMng.g,As
in Fig. S6 within the SM [30]. This corresponds to the ex-
pected k = 0 magnetic ordering vector. With P4 /nmm as the
parent space group and a k = 0 propagation vector, there are
12 k-maximal space groups, of which 4 are in the orthorhom-
bic crystal system as shown in Table S1 within the SM [30].
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FIG. 7. Rietveld fits for the near-stoichiometric sample
CuMng g64As 036 to the room temperature XRD data in (a) roughly
fit the data, but some small amount of inhomogeneity is evident in
the 001 peak, magnified in the inset. This asymmetry is not evident
in the high-temperature 520 K Echidna NPD data in (b). In (b), the
peak at around Q = 1.65 A~! is a magnetic peak and the small peaks
at around Q = 2.25 A~! and 4.1 A~! (marked by *) are impurity
peaks of unknown origin.

None of the 8§ magnetic subgroups in the tetragonal crystal
system allow Mn moment components in the ab plane. Of the
4 k-maximal magnetic subgroups in the orthorhombic crystal
system, Mn moments are ordered ferromagnetically in two of
them. Of the remaining two models, a slightly better fit is ob-
tained for the model with a Pm’'mn (#59.407) magnetic space
group (MSG) shown in Fig. S5 within the SM [30], which is
also reported in a previous study of CuMnAs films [5,30]. The
refined magnetic moment on Mn is 3.73(3) 3.

The small uncompensated moment that arises in the
Cu-rich sample at around 300 K and at 315 K in the near-
stoichiometric sample requires further investigation. It is
clearly an intrinsic effect since it is accompanied by a change
in the lattice parameters [Fig. 3(b)]. The Rietveld fit to the
NPD data of the near-stoichiometric sample at 4 K using
Pm'mn MSG is shown in Fig. S5 within the SM [30]. The
fit is satisfactory and there is no significant improvement of fit
using any of the magnetic subgroups of Pm'mn. We assume
that the small moment arises from a canting of spins at a
weak-ferromagnetic transition, which cannot be resolved from
NPD measurements. Single-crystal susceptibility and neutron
diffraction measurements could be performed if the factors
affecting phase separation and crystal growth in CuMnAs can
be controlled.

We use density functional theory (DFT) to describe the
ground state lattice and magnetic structure of tetragonal CuM-
nAs. Previous studies typically use a Hubbard correction
within the DFT+U method [42,43] to investigate tetragonal
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FIG. 8. The lattice parameters across various compositions ob-
tained using NPD refinements to 7 = 300 and 500 K data. T =
300 K data for the Cu-excess and the near-stoichiometric sample are
taken from x-ray diffraction measurements. Compositions are nomi-
nal. Values for Mn,As are from Nuss et al. [47]. It is clear in (a) that
an opposing trend in composition versus a appears above and below
Ty, but this trend must be broken as x increases toward Mn,As, and
the CugMn;36As composition has separated into two phases. In
(b), the relative splittings in ¢ are less variable with temperature but
exhibit a maximum around the equiatomic CuMnAs composition.
The c/a ratios in ¢ are dominated by the trends in c. The dashed lines
are used as a guide for observing trends.

CuMnAs, using an on-site Coulomb term U and site exchange
term J. Here a simplified approach is used with an effective
on-site Coulomb interaction U.y = U — J for which values
of 1.7 eV [44], 1.92 eV [45], 3.0 eV [46], and 4.1 eV [4] were
reported. Here we wish to examine how the magnetic ordering
and moment magnitude affects the lattice, and whether there
is any tendency for local moments on Cu atoms, for different
values of Ue.

With increasing U, the ratio of the lattice parameters
c/a decreases from 1.742 to 1.605. The room-temperature
experimental ¢/a ratios for the three compositions in our study
span a much narrower range between 1.665 and 1.700. The
calculated magnetic moment on Mn sites increases with Uy,
increasing from 3.412 pup to 4.462 up [see Fig. 9(a)]. Taking
the value of c/a for the near-stoichiometric CuMng 964 AS1.036
sample to prescribe U would correspond to a calculated Mn
magnetic moment of 4.0 w;, which is in rough agreement with
the refined value of 3.73(3) up at 4 K.

The U.g-dependence of ¢/a and Mn magnetic moment
in Fig. 9(a) show opposing trends, indicating that increased
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FIG. 9. (a) The lattice parameter ratio (c/a, black circles) and the
magnitude of the magnetic moment at Mn atom (Myy,, red squares),
and (b) the energy difference between the ground state and the
constrained magnetic structure with a magnetic moment at Cu atom
(AE, black diamond) as a function of the effective on-site Coulomb
interaction U value in DFT calculations. The lines through the
points are guides to the eye.

Mn magnetic moments (or increasing exchange interactions
between these sites, as embodied in U ) within the ab planes
may lead to a flattening of the cell, as ¢ decreases and a
increases. Magnetic interactions also must contribute to the
lattice parameters observed across the compositions series,
where the room-temperature in-plane a decreases with in-
creasing Mn content across the entire compositional range,
seen in Fig. 8. However, the ¢ axis parameters at room
temperature exhibit a maximum around the equiatomic CuM-
nAs composition. Deviating from this stoichiometry leads
to regions where strong Mn exchange interactions are un-
satisfied (Cu-rich) or interact with additional Mn in the
nearest-neighbor plane (Mn-rich). The pervasive phase sep-
arations in these systems may be driven by nanometer-scale
domains where the local magnetic ordering leads to k =0
or k= 00%—type ordering (as an example), which each have
distinct magnetostrictive distortions to differing c/a ratios
around 7y. Controlling the formation of these domains and
their sizes will require investigation of high-temperature pro-
cessing, where the solidus behavior and tendency to form
orthorhombic CuMnAs is still unknown. The strong composi-
tional dependence of the stripes in Fig. 4 further indicate that
Cu and Mn species may be mobile at the Néel temperature
and weak ferromagnetic transition temperatures in CuMnAs.

Finally, DFT simulations of the ground-state magnetic
structure of tetragonal CuMnAs do not show significant
magnetic moments on Cu atoms, regardless of the on-site
Coulomb interaction values studied here. In addition, our
simulations show that the magnetic structure with nonneg-
ligible Cu magnetic moments in the constrained magnetic
configurations is energetically unfavorable, regardless of the
U, values studied here [see Fig. 9(b)]. We also found that,
in the ground-state structure, the magnetization density is
centrally distributed near Mn atoms and there is no popu-
lation of magnetization density near Cu atoms (see Fig. S7
within the SM [30]). Based on Bader charge analysis [48],
the charge on Cu atoms is close to neutral (40.1), which
is far from the 3d° Cu?*t state observed in cuprates [49],
and CuMnAs only hosts local moments on Mn. Lastly, we
have implemented a total energy comparison among different
types of magnetic structures from DFT simulations. The re-
fined collinear antiferromagnetic structure has the lowest total
energy among three antiferromagnetic structures and one fer-
romagnetic structure, confirming the agreement between the
experiment and DFT for the ground-state magnetic configura-
tion (see Fig. S8 within the SM [30]). A remaining question is
whether magnetic ordering drives the phase separation or vice
versa. Computational insight on this point may be challenging
since the lattice response to compositional change is much
stronger than the response to crossing 7y (Fig. 8), yet phase
separation into multiple compositions is pervasive in the Cu-
Mn-As system.

IV. CONCLUSIONS

The complex interplay between local stoichiometry, com-
peting magnetically-ordered states, and magnetoelastically-
driven phase separation must be considered when analyzing
the results of any magnetic domain-related spintronic ap-
plication in CuMnAs, whether in the bulk or in thin
films, where substrate strain adds a further consideration.
Pervasive phase separation is observed in three sam-
ples, Cu-rich Cu; ;sMng g As, Mn-rich CuyesMn; 36As, and
CuMn 964 AS1 036, Which is near stoichiometric. Diffraction,
magnetometry, and calorimetry measurements all point to the
presence of two intrinsic magnetic transitions corresponding
to Ty and an AFM to weak ferromagnetic transition. Lattice
constants extracted from synchrotron XRD and NPD data
indicate a coupling between the structural and magnetic or-
der. A clear trend can be drawn in the predicted c/a ratio
as affected by U.g, which implies that the phase separation
likely arises from disordered regions of Cu or Mn clustering
that are rearranged at the magnetic ordering temperatures. A
clear understanding of the high-temperature behavior of these
phases will aid the synthesis of single-crystal or single-phase
materials, and the full picture of the phase equilibria across
the Cu/Mn ratios and immiscibility behavior. Any time there
is a study on the Néel order spin orbit torque with tetrago-
nal Cu-Mn-As, we have to consider the effect of a Mn,As
based magnetic ordering as well. In some cases, such as in
Cug 64Mn 36As, this phase is magnetic. The weak FM transi-
tion in these materials could provide an opportunity to image
magnetic domains.
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