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Recently, theorists have predicted many materials with a low magnetic moment and large
spin-polarization for spintronic applications. These compounds are predicted to form in the inverse
Heusler structure; however, many of these compounds have been found to phase segregate. In this
study, ordered Cr,CoGa thin films were synthesized without phase segregation using molecular
beam epitaxy. The present as-grown films exhibit a low magnetic moment from antiferromagneti-
cally coupled Cr and Co atoms as measured with superconducting quantum interface device
magnetometry and soft X-ray magnetic circular dichroism. Electrical measurements demonstrated a
thermally-activated semiconductor-like resistivity component with an activation energy of 87 meV.
These results confirm spin gapless semiconducting behavior, which makes these thin films well posi-
tioned for future devices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966634]

Spin gapless semiconductors (SGS) have been predicted
to merge the properties of gapless semiconductors and half-
metallic magnets, which would be beneficial in various mag-
netoelectronic applications."? The schematic of the density of
states (DOS) is seen in Fig. 1(a), where the spin up (orange)
band is the majority state and the spin down (green) band is
the minority state, and the Fermi energy (Ef) is placed so that
the majority band acts as a gapless semiconductor.* There
has been experimental and theoretical research on SGS mate-
rials that are either ferromagnetic or ferrimagnetic with a large
overall magnetic moment.”™” However, for high density spin-
tronic technologies, a low magnetic moment is preferable in
order to minimize interactions while maintaining spin polari-
zation as in the case of Mn,Ru,Ga.'” Binary V3Al with a
Heusler structure has been synthesized in bulk and has been
shown to be a traditional G-type Néel antiferromagnet with
two identical compensating vanadium moments, and there-
fore, does not have the ability to be spin polarized due to its
symmetrical density of states.' "'

Cr,CoGa has been predicted to be an inverse Heusler half-
metallic compound with low net moment equal to 0.09 up per
formula unit (f.u.), but large Curie temperature between 1300
and 1600 K.”'*™" The inverse Heusler (XA) phase has a space
group F43m, which varies slightly from the full Heusler (2,)
phase with space group Fm3m, seen in Fig. 1(b).?° The differ-
ence between the two structures leads to an obvious change in
the body diagonal along the (111) direction, indicated by a
bold line in Fig. 1(b). The L2, structure has an atomic configu-
ration of X-Y-X-Z along the (111) diagonal, whereas the XA
structure has X-X-Y-Z.>’ The activation energy for the forma-
tion of Cr,CoGa in the XA lattice is lower than the L2, struc-
ture; however, the activation energy is still positive (40.08 eV/
f.u. and 4-0.7 eV/f.u., respectively), indicating that phase segre-
gation will occur for equilibrium conditions."*'® Cr,CoGa
with phase segregates was previously synthesized by Feng
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et al. using molecular beam epitaxy (MBE) at 450°C."*?! In
the present study, singular phase inverse Heusler Cr,CoGa
thin films were achieved via MBE growth without phase seg-
regates present in the unannealed sample. The nonequilib-
rium growth technique of MBE is able to lower the energy of
formation of the Cr,CoGa, which prevents the phase from
segregating.'” The resulting film was highly ordered and pos-
sessed a low magnetic moment and large Curie temperature
(T¢). The measurements indicate that the low moment ferri-
magnetic state of single phase Cr,CoGa persists well above
room temperature making it attractive for applications.

X-ray diffraction (XRD) was used to investigate the crys-
tallographic phases using Cu-Ko radiation. The magnetic prop-
erties were measured using a superconducting quantum
interface device (SQUID) magnetometer in fields up to 5T and
between 2 and 400 K. In addition, the atomic moments were
measured using X-ray magnetic circular dichroism (XMCD) at
beamline U4B at the National Synchrotron Light Source
(NSLS). The XMCD measurements were taken at 70% circular
polarization using total electron yield mode with an applied
field of 1.5T at 10 and 300 K. Element specific resolution was
achieved by tuning the energy to the Cr (565-600¢eV) and Co
(760-820eV) L, 5 edges. Electrical measurements in the range
T =2-300K and o H=35T were made using a modified trans-
port probe designed for use in the SQUID magnetometer.?
Films of Cr,CoGa (=52nm) were grown on GaAs (001) sub-
strates in an ultra-high-vacuum MBE apparatus using separate
Knudsen effusion cells. The surface oxide of the GaAs sub-
strates was removed.® Reflection high energy electron diffrac-
tion (RHEED) patterns indicate ordering and alignment of the
surface atoms. Stoichiometry was confirmed with energy dis-
persive spectroscopy. The thin films were further annealed
post-deposit to 325°C (a325) and 400 °C (a400) for 30 min in
ultra-high vacuum ~10~"Pa to investigate the effects of ther-
mal processing.

Published by AIP Publishing.
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FIG. 1. Illustrations of (a) the SGS density of states showing the majority and minority bands and (b) the inverse Heusler XA F43m lattice of Cr,CoGa.

The XRD diffractograms of Cr,CoGa are seen in Fig. 2,
where the as-grown sample (a300) shows (002), (004), and
(420) peaks that are consistent with the inverse Heusler lattice
marked with purple lines. The left inset of Fig. 2 shows the
RHEED pattern of the as-grown sample after growth, which
shows partial epitaxial alignment on the (001) plane, indicating
ordered polycrystallinity causing unique texturing of the sam-
ple.® This strong texturing can account for lack of an observ-
able (220) peak, which is normally the largest. The calculated
lattice constants from these XRD peaks indicates a tetragonal
distortion with @=5.63+ 0.11 A and ¢=5.88 = 0.15A. The
a325 XRD pattern suggests that phase segregation occurred
with the emergence of new peaks, and the phase segregation
becomes more apparent with the a400 sample. According to
the diffractograms, the phase segregation from the Cr,CoGa
lattice increases as the annealing temperature increases. These
phase segregates agree with previous results seen in Cr,CoGa
thin films and can be indexed to the Cr;Ga+Co-+Cr+GaCo
phase segregates with the lower reaction energy (—0.38eV/
f.u.) than that of Cr,CoGa.'>?!

The magnetization (i) was measured as a function of
magnetic field and is shown in Fig. 3(a). As a function of
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FIG. 2. X-ray diffractograms for as-grown and annealed samples of
Cr,CoGa films. Peaks are observed for the (002), (004), and (420) diffrac-
tions for the as-grown sample (a300). The left inset shows the RHEED pat-
tern for the as-grown (a300) sample. The right inset shows the (004) peak
near the GaAs substrate peak for the a300 sample plotted on a linear scale,
which is at 63.11°. As the structure is annealed, more peaks appear in the
diffractograms.
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annealing, the magnitude of the saturation moment per for-
mula unit (f.u.) first increases slightly from pu=0.5 ug/f.u.
for annealing at 325 °C, then decreases to u=0.2 ug/f.u. for
annealing at 400 °C. The decrease in moment is attributed to
a decrease in Cr,CoGa fraction from phase segregation as
indicated in the XRD. These hysteresis loops also indicate a
magnetic anisotropy as seen by the small difference in the
approach to saturation for fields applied parallel and perpen-
dicular relative to the film surface. At low fields, the moment
approaches saturation more quickly for the perpendicular
orientation due to shape anisotropy. This anisotropy is
expected and is a sign of texturing. The magnetization was
also measured as a function of temperature, x(T), and field
direction. Figure 3(c) displays u(T) between 5 and 400K for
the three samples at 1,0 H =0.09 T, showing that the material
has a large Curie temperature, T greater than 400 K. The
w(T) data was fit to the mean field model
w(T) = u,(1 —%)7, where 7 is a fitting parameter on the
order of y ~ % Table I lists the results of the fits, where T¢
monotonically decreases from 750 to 440K for increasing
annealing temperature. Interestingly, for fields applied per-
pendicular to the film the w(T) data show the differences for
field cooling (FC) and zero-field cooling (ZFC), where the
ZFC data shows maxima in the 100-200K range. This
behavior can be attributed to nanoscale magnetic domain
structure. The perpendicular magnetization data indicates
that the thin films have some superparamagnetic behavior,
with a blocking temperature of Ty~ 150 K.

The total atomic moments of Cr and Co were measured
through analysis of the X-ray absorption spectroscopy (XAS)
taken at the L3 and L, edges with circularly polarized X-
rays.”>?* In Fig. 3, the XAS measurements of the Cr (d
upper) and Co (e upper) L; and L, edges are plotted as a
function of energy. There are noticeable changes in the Cr
XAS spectra as a function of annealing. The as-grown sample
(a300) has a valence occupancy of Cr*'", obtained by con-
sidering previous modeling of the Cr d-orbitals.””> The
valence then increases to Cr>*" when annealed to 325 °C,
and finally to Cr*”’" when annealed to 400 °C. Therefore, the
Cr occupancies are changing as a function of annealing, indi-
cating that there is phase segregation occurring at the higher
annealing temperatures. The Co L-edges have a relatively
constant valence Co” " and orbital configuration of (3d%) as a
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FIG. 3. The M(H) loops of Cr,CoGa thin films annealed at 300—400 °C measured in both the (a) parallel and (b) perpendicular field orientations relative to the
film surface in Bohr magnetons per formula unit (y/f.u.) at room temperature T =300 K. (c) The M(T) curves for Cr,CoGa thin films for three annealing tem-
peratures when the magnetic field is applied parallel to the films. The Curie transition temperatures are clearly above 400 K. The inset shows the zero-field
cooled (ZFC) and field cooled (FC) measurements when the field was applied perpendicular to the a300 sample. All M(T) measurements were taken at
1oH=0.09T. The XAS and XMCD measurements for (d) Cr and (e) Co atoms in Cr,CoGa as a function of annealing. (f) The extracted magnetic moments
from the XAS and XMCD curves for both the Cr(red) and Co(blue) atoms as a function of annealing.

function of annealing.”® XMCD measurements were taken
using opposite circular polarization and using positively and
negatively applied fields in order to obtain XMCD spectra for
the Cr (d lower) and Co edges (e lower), seen in Fig. 3. The
Cr signal was quite low due to the antiferromagnetically cou-
pled Cr atoms, and there was a branching ratio of L/
L, =1.53.7"% The extracted magnetic moments are plotted
in Fig. 3(f), where the Co atomic moment increases by a fac-
tor of 7 between the temperatures 300 and 325 °C, further
indicating phase segregates formed from the Heusler lattice
after annealing at 325 °C. The increasing magnetic moment
supports the possible XRD phase segregations with an
increasing Co phase concentration.'>'® Table I lists the mag-
netic moments measured using SQUID magnetometry and
the XMCD-extracted Cr and Co magnetic moments as a func-
tion of annealing. The SQUID magnetic moments are quite
low, between 0.21 and 0.46 pp/f.u., while the magnetic

TABLE I. The magnetometry results of Cr,CoGa as a function of annealing.
Results from SQUID magnetometer measurements show low values of the
magnetic moments. However, the XMCD results for the individual Co mag-
netic moment are quite large in comparison.

Tannear (°C) Ms (up/f.u.) Cr (up) Co (up) Tc (K)
300 0.46 —0.18 0.47 750
325 0.57 —0.29 1.5 640
400 0.21 -0 22 440
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moment of the Co atoms is quite large in comparison. These
differences increase for increasing annealing temperatures.
The difference in the moments resides primarily in the
increasing moment on the Co atoms. These phase decomposi-
tions would have a large Co moment; however, the magnetic
moment of the Cr would remain low due to its antiferromag-
netic properties, which supports the low XMCD magnetic
moment of Cr. Due to the structural disorder in the thin film,
the magnetic moment is larger than the predicted 0.09 up/f.u.
and has increased to 0.46 pp/f.u.'’

The electrical properties of a Cr,CoGa film were mea-
sured as a function of temperature. The room temperature
resistivity was found to be p3gp~ 90 uQ cm. Figure 4 shows
that the temperature-dependent resistivity is metallic-like, but
is composed of temperature-independent and temperature-
dependent contributions p = po+ p(T). The temperature
dependent contribution p(T) is seen to be linear with T only
over an intermediate range 50-200 K, where the carrier con-
centration is constant and mobility is affected by phonon scat-
tering. It becomes sublinear above 200K, due to an increase
in the number of carriers. For this semiconductor-like activa-
tion of carriers where p(T) can be fit to

1
—(T) = 0.(T) = nwep,,(T) + no(T)ep,,
p.\l\’
where 1/p,,(T) = ¢T 4+ 1/p,(T =0), cT is due to carrier-
phonon scattering, and n,, is the number of metallic carriers
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FIG. 4. Electrical transport of a 52 nm thick Cr,CoGa film grown at 300 °C,
showing resistivity p as a function of temperature from T =2 to 300 K. The
solid red curve fits the data using a thermal activation energy of 87 meV.
(Inset) Magnetic field dependence of the Hall conductivity at T=10K
displaying the anomalous Hall effect with a saturation conductivity
0y =50S/cm.

that remains constant. The fit assumed /11,,;,(T):,ua.6 The
number of thermally activated carriers in the second term
varies as n,(T)=exp(-A/T) with activation temperature A.
The activation energy of the carriers was found to be
87 meV, which is on the same order as SGS Mn2C0A16’3O
and Ti,MnAL>' The anomalous Hall effect (AHE) behavior
shown in the inset of Fig. 4 reflects the measured magnetiza-
tion seen in Fig. 3(b). The AHE conductivity was found to
be g, =50S/cm, a small value consistent with other SGS
materials and arises from intrinsic Berry phase curva-
ture.>%3%3 The as-grown Cr,CoGa exhibits SGS behavior
indicated by the small AHE coefficient and the small activa-
tion energy characteristic of a low energy band gap.30’32’33

The magnetic properties of MBE-grown Cr,CoGa thin
films were investigated as a function of annealing. RHEED
monitoring (see Fig. 2 left inset) indicated that the Cr,CoGa
grew partially oriented relative to the GaAs substrate. The
structural properties of the lattice showed a slight tetragonal-
ization of the lattice parameters in the as-grown sample.
When the sample was annealed above 300°C, peaks that
were unrelated to the Heusler structure appeared in the dif-
fractogram indicating phase segregation. Magnetic measure-
ments indicated that the as-grown lattice has a low total
magnetic moment (0.5 yup/f.u.); however, the magnetic
moment varied as the phase becomes segregated. The XAS
spectra further supported the phase segregation of the lattice,
since the valence states of the Cr changes visibly as a func-
tion of annealing. Nevertheless, the as-grown samples did
exhibit the Heusler structure and revealed a low magnetic
moment with antiferromagnetically coupled Cr and Co
atoms. The as-grown sample exhibited SGS electrical prop-
erties that could be utilized in future devices.
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