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Effect of disorder on various physical properties of Co,CrAl Heusler alloy films:
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We have investigated the effects of atomic disorder on the electronic structure and some physical properties
of Co,CrAl Heusler alloy (HA) films. Flash evaporation onto glass substrates at different temperatures (from
150 to 750 K) and postannealing at various temperatures were employed to manipulate the structural order in
Co,CrAl HA films. The L2;-ordered Co,CrAl HA films exhibit the magnetic, the transport, and the optical
properties close to those of the bulk ordered sample. Increase in the structural disorder (L2;— B2—A2
— amorphous state) causes the reduction in the saturation magnetization and the Curie temperature (7) down
to the paramagnetic state for amorphous films. The recrystallization of amorphous Co,CrAl HA films is
accompanied by an increase in resistivity by about 10%, which is interpreted to be related to the energy gap
formation at the Fermi level for the minority bands in the L2;/B2-ordered state of Co,CrAl HA. The energy-
band structures of L2,-ordered Co,CrAl HA have been calculated by using an all-electron full-potential
linearized-augmented-plane-wave method. The optical and the magneto-optical properties of L2;-ordered
Co,CrAl HA have been experimentally investigated and explained in terms of the band structures. It was
experimentally shown that the optical properties of crystalline L2; (or B2)-type ordered alloy at a temperature
much higher than 7+ do not significantly change. Structural disorder in Co,CrAl HA from the crystalline to the
amorphous state also does not radically alter the states responsible for the interband-absorption-peak formation.

DOI: 10.1103/PhysRevB.77.195104

I. INTRODUCTION

Some full Heusler alloys (HAs) of X,YZ formula (where
X and Y are 3d transition metals and Z is an s-p metal) are
ferromagnets and are expected to exhibit 100% spin polar-
ization (P) due to an energy-band gap for the minority-spin
electrons at the Fermi level (E F),1’3 i.e., the so-called half-
metallic property. In particular, Co-based HA have a high
[above room temperature (RT)] Curie temperature () and a
large magnetic moment.*> Therefore, HA films are thought
to be used as electrode materials for the spin-polarized cur-
rent injection in spintronic devices. However, most of the
HAs have not fully exhibited their unique character (i.e., the
complete spin polarization at E) when they are incorporated
into heterostructures constructed for the purposes of, for ex-
ample, efficient spin injection into a semiconductor. Factors,
which degrade their figure of merit, are atomic disorders,
off-stoichiometry, phase separation, as well as interfacial
mixing.>®

Indeed, it was theoretically pointed out that the atomic
disorder in full HA could reduce P.”~? In spite of a significant
amount of theoretical’!'> and experimental'3?3 researches,
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the effect of structural disorder on the electronic structures
and some physical properties of HA still looks controversial.

Miura et al.® showed that the Co« Cr disorder (i.e., the
appearance of Cr atoms at the Co sites and vice versa) in
Co,CrAl HA significantly reduces the total magnetic mo-
ment and the spin polarization at Er owing to an intense peak
of the Co 3d states, while the Cr« Al disorder gives practi-
cally no effect on the spin polarization. On the other hand,
Co,TiZ (Z=Al, Ga, Si, Ge, Sn, and Sb) HA behave in a
different way: the Ti< Z type of disorder remarkably de-
grades the half-metallicity of alloys.® Picozzi et al.” revealed
that the Mn atoms at the Co sites in Co,MnSi HA even result
in an increase in the energy gap for the minority-spin sub-
bands. The magnetic moment of Co,FeAl films was found to
be uninfluenced by the crystal structure.'?

Experimentally, it has been shown that a significant dis-
order in amorphous Cu,MnZ (Z=Al, In, and Sn) HA films
causes spin-glass behavior at low temperatures.!” On the
other hand, it was found that amorphous Ni,MnZ (Z=1In, Ga,
and Ge) (Refs. 18-20) and Cu,MnAl (Ref. 21) HA films
exhibit features of a Pauli paramagnet down to liquid helium
temperatures. At the same time, amorphous Co,MnGa HA
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TABLE I. Structural properties of investigated Co,CrAl films prepared at various deposition temperatures
(T,) and annealing temperatures (7). a stands for the lattice parameter, £ for the coherence length, and & for
the mean grain size The corresponding properties of bulk Co,CrAl alloy are shown for the comparison. The
saturation magnetization (M) measured at 5 K is also included.

T, T, a ¢ P M,
Film state (K) (K) (nm) Structure (nm) (nm) (emu/cm?)
Bulk 1373 0.5726 L2,/B2 51.0 311
1 150 293 0.5780 Amorphous 34 <2 0
2 150 538 0.5718 A2 35.2 ? 85
3 150 608 0.5721 B2 24.8 ~950
4 150 760 0.5703 L2,/B2 29.9 ~1200 482
5 708-753 0.5702 B2* 222 20-30 363

films are ferromagnetically ordered at RT owing to the for-
mation of Co-rich clusters.”> Nakajima et al.>> observed a
very small magnetic moment (lower than 0.001ug) in
Co,MnSi amorphous films and explained this in terms of
antiparallel coupling of the Co and the Mn amorphous sub-
networks.

Furthermore, the interfacial properties of half metals have
been investigated in detail by the first-principles
calculations.”?*?> It was found that the Co,CrAl compound
is the only one that preserves the nearly half-metallicity at
the surface, whereas in other compounds, the surface states
kill the spin polarization at E.*

Miura et al.® showed that the free-energy difference be-
tween the L2,- and the B2-type ordered unit cells for
Co,CrAl HA is one of the smallest among those for Co,YZ
HA (where Y=Ti, V, Cr, Fe, and Mn and Z=Al, Ga, Si, Ge,
and Sn).!" Therefore, Co,CrAl HA films can be easily pre-
pared with various degrees of order and seems to be a suit-
able model object for the study on the effect of structural
disorder on the electronic structure and the physical proper-
ties.

It is well known that the optical and the magneto-optical
(MO) properties of metals strongly depend on their elec-
tronic energy structures that are correlated with the atomic
and the magnetic ordering. The correct interpretation of the
experimental optical and/or MO properties of certain metals
should be based on the results of the first-principles calcula-
tions of its band structure and dielectric function (DF). To the
best of our knowledge, neither experimental nor theoretical
studies of the optical and the MO properties of the
L2-ordered Co,CrAl HA were not carried out as well as the
experimental investigation on the effect of atomic disorder
on the electronic structure and the physical properties of this
alloy.

In this paper, we have successfully fabricated Co,CrAl
HA films with various structural orders, and the effect of
atomic disorder on the electronic structure was experimen-
tally investigated by measuring the transport properties and
by using optical and MO spectroscopy. Additionally, the
energy-band structure and the DF of the L2;-ordered
Co,CrAl HA have been calculated to interpret the experi-
mental data. Furthermore, the magnetic properties were also
obtained and related to the peculiarities of the electronic
structure.

II. EXPERIMENTAL PROCEDURE AND THEORETICAL
CALCULATIONS

Bulk Co,CrAl HA was prepared by melting Co, Cr, and
Al pieces of 99.99% purity together in an arc furnace with a
water-cooled Cu hearth under an Ar atmosphere at a pressure
of 1.3 atm. The Ar gas in the furnace was additionally puri-
fied by multiple melting of Tij 50Zr 5o alloy getter. To pro-
mote the volume homogeneity, the ingot was remelted five
times and then annealed at 1373 K for 10 h in a vacuum.
Weight loss after melting and annealing was not observed.
The x-ray fluorescence analysis revealed an alloy composi-
tion of Coy s5;7Cr245Al 235 (hereafter, we refer to this as the
bulk Co,CrAl HA). Some physical properties of bulk
Co,CrAl alloy were investigated as reference data for study-
ing the corresponding Co,CrAl alloy films.

Co,CrAl alloy films of 10X 30 mm? in size and of about
100 nm in thickness with different degrees of structural order
were simultaneously prepared by flash evaporation onto
glass and NaCl substrates in a vacuum better than 2
X 107 Pa. Evaporation onto substrates at different tempera-
tures T, (293<T,<723 K) and various postannealing at
293<T,<770 K were performed to manipulate the struc-
tural order in Co,CrAl films. It was found that the composi-
tion of the investigated Co,CrAl films was practically the
same for all the samples and equal to Cog447Cr251Aly 246
(hereafter, we designate these Co,CrAl HA films).

To obtain the Co,CrAl films with the maximum possible
disorder, we deposited them onto substrates cooled by liquid
nitrogen (7,~ 150 K). These as-deposited Co,CrAl films
were then subsequently annealed in series at 293 (i.e., at RT),
538, 608, and 760 K for 1 h in a high-vacuum condition.
These structural states in Co,CrAl alloy films are referred to
as states 1-4 (see Table I). Additionally, some Co,CrAl films
were also deposited onto substrates at 708—753 K. This
structural state is called state 5.

The structural characterization of the samples was carried
out by ©-20 x-ray diffraction (XRD) with Cu K« and
Fe Ko radiation by field-emission scanning-electron micros-
copy for the films deposited onto glass substrates, and by
selective-area microdiffraction of transmission-electron mi-
croscopy (TEM) for the films deposited onto and separated
from NaCl substrates. The structural properties of Co,CrAl
films are summarized in Table I.
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The magnetic properties were investigated in a tempera-
ture range of 5=T7=350 K by using a superconducting
quantum interference device magnetometer for samples
cooled with and without external magnetic field [field-cooled
(FC) and zero-field-cooled (ZFC) modes, respectively]. The
temperature dependence of the out-of-plane ferromagnetic
resonance (FMR) at 9.3 GHz was also measured in the 80—
350 K temperature range. Additionally, the in-plane magnetic
field dependence of magnetization M(H) at RT was obtained
by using a vibrating-sample magnetometer.

To experimentally study the influence of atomic disorder
on the electronic structure of Co,CrAl alloy, the optical and
the MO [transverse Kerr effect (TKE; 8,)] properties of films
with different structural orders were measured. J, was mea-
sured at RT by the dynamical method using p-plane polar-
ized light at angles of incidence of 66° and 75° in a spectral
range of 240-1100 nm (5.10-1.05 eV). The optical proper-
ties [optical conductivity (OC); o=we,/4 and &, where &,
and g, are the real and the imaginary parts of the diagonal
components of DF) were obtained by using a spectroscopic
rotating-analyzer ellipsometer at 150, 293, and 643 K in a
spectral range of 265-2500 nm (4.7-0.5 eV) at a fixed inci-
dence angle of 73°. The experimental values of &, at two
angles of incidence, together with the determined values of
e, and &,, were used to calculate the off-diagonal compo-
nents of DF, employing an algorithm suggested by
Krinchik.?® Additionally, the tunnel current-voltage charac-
teristics of Co,CrAl films have been investigated to obtain
information on the density of states (DOS) near Ep. The
electrical resistivity of the amorphous films was measured in
situ in a temperature range from 150 to 750 K by employing
the standard four-probe technique.

The electronic structures and both diagonal and off-
diagonal components of OC tensor were calculated by using
the WIEN2K package?’ by utilizing an all-electron full-
potential linearized-augmented-plane-wave method.”® For
the exchange-correlation functional, the generalized-
gradient-approximation version of Perdew et al.*® was used.
The spin-orbit coupling was included. The muffin-tin radii
were determined in such a way that all the atomic spheres
were almost in contact and were the same for all the atoms.
We used RK,,x=8.0, resulting in about 300 augmented plane
waves as the basis functions. The detailed description of the
calculational procedures for DF can be found elsewhere.*

III. RESULTS AND DISCUSSION
A. Transport properties

The bulk Co,CrAl HA sample, which was used for the
film deposition, had the L2, (or at least B2) type of order
with the lattice parameter ¢=0.5727 nm (see Fig. 1), T,
~330 K, resistivity of 210 w{) cm at RT, and the negative
temperature coefficient of resistance (TCR) for 77-293 K
temperature range close to those reported in the literature:
a=0.5727-0.574 nm and T.~334 K.>3! Vapor-quenching
deposition onto substrates cooled by liquid nitrogen leads to
the formation of highly resistive (pj93 k=200 u{) cm)
amorphous state in Co,CrAl films as evidenced by XRD and
TEM results (see Fig. 2).
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FIG. 1. Experimental XRD diffraction pattern with Fe K« radia-
tion for the bulk Co,CrAl sample, together with the calculated one
for the ideal L2,-ordered alloy with a lattice parameter a
=0.5727 nm.

It is well known that recrystallization of amorphous metal
films mainly leads to a significant reduction in their
resistivity.*> However, unlike aforementioned regularity, an
annealing of amorphous Co,CrAl films causes at 590 K an
abrupt increase in alloy resistivity by about 10% (see Fig. 3).

According to TEM and XRD results, crystallization of the
amorphous Co,CrAl films takes place below the anomaly in
the p(T) curve. Visual inspection of all the XRD patterns for
the crystalline states 2-5 reveals only fundamental diffrac-
tion lines [among them, only the (220) diffraction line is
shown in Fig. 2], while the selected-area microdiffraction
TEM figures for states 3 and 5 as well as for state 4 present
clear evidence for B2 and L2, types of order in the Co,CrAl
HA films, respectively. Interestingly, the B2-type ordered
Co,CrAl HA films obtained in a different way (for instance,
states 3 and 5) have noticeably different mean grain sizes and
probably different degrees of B2-type order, 7 (see Fig. 2).
Therefore, in order to distinguish them, the structure of state

40 50 40 502(:)1?degrggs)40 50 40 50
FIG. 2. Experimental TEM and XRD diffraction patterns for
Co,CrAl films deposited onto substrate cooled by liquid nitrogen
and annealed at (a) 293, (b) 538, (c) 608, and (d) 728 K. All the
TEM figures were obtained at the same enlargement. Column (e)
shows the corresponding results for the Co,CrAl films deposited at

T,=708 K.
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FIG. 3. Changes in the electrical resistivity p(7) in the course of
sequential heating and cooling toward RT of amorphous Co,CrAl

film. Numbers indicate the step of annealing and hence various
structural states (also see Table I).

5 was marked as B2*. It can also be assumed that 7;> 7s.

Structural states 1-4 in the Co,CrAl films have been ob-
tained after various annealing processes of the amorphous
films. This is a kinetic process that leads to appearance and
growth of the nuclei of new phase (phase with a higher struc-
tural order, i.e., A2 phase in the amorphous matrix, B2 phase
in the A2 phase matrix, and so on). It is clear that, at a certain
stage of annealing, the film contains a mixture of phases—
parent and new phases. Therefore, the film structure shown
in Table I indicates the prevailing phase. The resistivity de-
scribed within the simple relaxation time 7 approximation in
a nearly free electron model can be expressed as

_dmy _my 3 v
P= 02 Me? ezviN(EF)’

where y=1/7 and Q=v4mne?/m* are relaxation and plasma
frequencies of free charge carriers, M, 7, m*, vy, and N(Ep)
are the effective concentration, the relaxation time, the mass
of free charge carriers, the Fermi velocity, and the DOS at
Ep., respectively.’? Therefore, the relaxation time 7 (or relax-
ation frequency 7y) and the effective number of conduction
electrons 91 [or N(Ep)] are the only factors that can affect the
alloy resistivity. Improvement of crystallinity of the Co,CrAl
films caused by their recrystallization should reduce scatter-
ing of free charge carriers, i.e., reduce 7y (and hence p). It is
seen that transition from state 2 to state 3 is accompanied by
very significant grain-size growth (see Fig. 2). However, be-
cause of a high value of the resistivity in the amorphous state
of Co,CrAl alloy, an estimated mean free path of free-charge
carriers does not exceed 1 nm. This means that a scattering at
the grain boundaries for crystalline states 3 and 4 does not
significantly contribute to the resulting resistivity. Thus, the
only factor that can lead to an increase in the resistivity is the
decrease in N(Ep). This conclusion agrees with the results
obtained by Miura et al:” Co«Cr type of disorder in
Co,CrAl alloy causes a disappearance of the energy gap for
the minority-spin subbands because of the formation of an
intense Co 3d peak at Ej.° At the same time, the partial DOS
at Ey of Co 3d and Cr 3d states for the majority bands insig-
nificantly reduces.’
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FIG. 4. Effect of temperature on the electrical resistivity p(T) of
L2;-ordered and amorphous Co,CrAl film on warming.

We tried to obtain experimental evidence of the suggested
scenario. It is well known that the optical properties of met-
als in the far infrared region are determined by free electrons
and can be described by the Drude formulas with y and () as
parameters: &£,=1-Q%/(0’=%?), we,=Q%y/(w’—7%?) and
g,=n>-k?, £,=2nk, where n and k are real and imaginary
parts of complex refractive index N=n—ik. Frequency de-
pendence of the normal reflectivity R(w)=[(n—1)>+k*]/[(n
+1)2+k*] in the framework of the Drude model can be easily
simulated for known values of ) and 7. Thus, possible effect
of changes in ) and 7y on reflectivity in the far infrared
region can be estimated. Assuming Q?=30X10% s72 and
y=1X10" s7! as starting input parameters for simulation
(reasonable values for most of the metals),? it was shown
that for these values of ) and 7, the reflectivity for
A>5 um spectral range practically does not depend on the
wavelength and is equal to 0.963. Two times decrease in ()°
(or equivalently in 91) leads to a decrease in R down to
0.947, while two times reduction in y must increase in R(w)
up to 0.981. Experimentally, it was shown that the reflectiv-
ity of crystalline Co,CrAl alloy films (state 4) in the
10—18 wm spectral range is smaller than that for amorphous
films by about 4% (not shown). Thus, the reflectivity mea-
surements support the explanation of the resistivity growth
based on the decrease in N(Ey).

It is seen that state 3 (see Fig. 2) has at least B2 type of
order, while state 2 exhibits only fundamental diffraction
lines for XRD and TEM patterns (i.e., has A2 type of order).
Thus, the energy gap formation at Ey induced by A2 — B2
(or L2,) structural transformation in Co,CrAl alloy is
thought to be the most probable origin of the observed resis-
tivity growth. In other words, aforementioned experiments
proved that the structural disorder of the B2 (or L2,) phase
down to A2 phase caused a resulting increase in DOS at E
due to the disappearance of the energy gap in the minority-
spin subbands.

Crystalline Co,CrAl alloy films have a negative TCR (see
Fig. 4) similar to that observed in the literature.>**5 Such a
behavior is typical for highly disordered metallic alloys
whose resistivity satisfies the so-called Mooij criterion.’® Ac-
cording to Mooij,?® a material should have the negative TCR
if its resistivity exceeds 150 w{) cm.’” Besides the high
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level of structural disorder, negative TCR can also be caused
by the charge-carrier localization.? Indeed, as predicted by
Mott and Davis,*? a deep gap or pseudogap in the vicinity of
Er results in localization of electrons with energy around Ej.
State 4 in Co,CrAl alloy films is characterized by the high
level of order and huge grain size (see Fig. 2) Therefore,
localization of charge carriers seems to be the most probable
origin of negative TCR. Indeed, the Fermi level intersects the
majority subbands with mainly Co 3d and Cr 3d states and
highly localized 3d electrons provide such transport proper-
ties of alloy. Furthermore, the utmost disordered film among
investigated Co,CrAl HA films (i.e., amorphous, state 1)
manifests a much lower value of negative TCR. This con-
firms the higher level of the charge-carrier localization in the
ordered crystalline state in comparison to that of the amor-
phous one.

B. Magnetic properties

The magnetic properties of Co,CrAl HA have been exten-
sively investigated.>'*!> Briefly, T of Co,CrAl is higher
than RT (T-=334 K) and the measured saturation magneti-
zation at low temperatures has been shown® to be smaller
than the theoretically predicted value of 3 up/f.u. The ex-
perimentally determined magnetic moment ranges from 1.5
to 3 up/fu. 33 and is mainly localized at the Cr
(~1.6pp) and the Co (~0.8up) atoms. These values are
close to our calculated results: the total calculated moment of
2.9999 wg/fu. (0.8009 ug/Co atom and 1.5315uz/Cr
atom). A reduced magnetization in Co,CrAl due to the
Co«+ Cr antisite disorder might be a measure of this type of
disorder.’

Although our magnetic measurements of the bulk
Co,CrAl also reveal a reduced value of magnetization of
311 emu/cm? as in Fig. 5(a), the low-field magnetic mea-
surements show that its magnetic properties are more com-
plex. The dependence of magnetization on temperature in the
ZFC mode at a fixed field of 100 Oe is shown in Fig. 5(b).
The magnetization increases with temperature from nearly
zero to the maximum at about 250 K and then decreases to
zero above T-=334 K. The FC magnetization rises along
the same curve (with decreasing temperature from T.) and
has an inflection at ~200 K and then levels off at low tem-
peratures. This particular behavior of the bulk Co,CrAl is
similar to that observed in spin glass. However, since our
bulk sample has a crystalline structure nominally with the
L2, order (Fig. 1), the low-field magnetization characteristics
are likely due to the presence of local structural disorder (for
example, Co«< Cr antisite disorder) that introduces a local
antiferromagnetic (AF) exchange.” In effect, local noncol-
linear spin structures can pin ferromagnetic domains in dif-
ferent configurations, which depend on whether the sample is
cooled through the FC or the ZFC sequence.'®

The results of FMR measurements generally agree with
the static magnetic measurements. No FMR signal was de-
tected for the amorphous Co,CrAl films (state 1), and a faint
FMR signal (~500 times smaller intensity than those from
the better ordered films) was observed for the films in state 2.
Figure 6 shows the temperature dependence of the FMR field
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FIG. 5. (a) Magnetic field and (b) temperature dependences of
magnetization for the bulk Co,CrAl sample.

H, (measured with a magnetic field perpendicular to the film
plane) and the peak-to-peak resonance linewidth AH. In the
perpendicular configuration, the resonance Kittel condition is
particulary simple for thin magnetic films: H,=w/7y
+47M ., where w=2mf is angular frequency, y is gyromag-
netic factor, and 47M . is effective magnetization. It is seen
that the resonance field of the films in state 3 and, particu-
larly, state 5 quasilinearly varies with 7 and the resonance
field attains at 7> T a value significantly higher than w/y
=3200 Oe. A similar behavior at 7> T is observed for the
film in state 4, which has the highest structural order. How-
ever, H,(T) of this film experiences an anomalous decrease at
temperatures below 200 K and shows a clear deviation from
the typical behavior (dashed curve) shown in Fig. 6(a). Such

8000 F gy i
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o
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1
—o— state 3 (B2) E
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600 | (b) |
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FIG. 6. Temperature dependences of (a) perpendicular reso-
nance magnetic field and (b) FMR line width for crystalline
Co,CrAl HA films in different structural states.

195104-5



KUDRYAVTSEV et al.

2 3 4 5

150

100

o (10"s™)

Energy (eV)

FIG. 7. Experimental (symbols) optical conductivity spectra of
Co,CrAl HA films taken below and above T, together with the
calculated ones (lines, right and top scales). The different energy
scales for experimental and calculated data are for a better compari-
son only in the spectral shape. Thin solid and dashed lines represent
the interband contributions to the resultant optical conductivity of
Co,CrAl (thick solid line) from the majority and the minority
bands, respectively.

a remarkable departure from the typical behavior was only
observed for the films in state 4 and, at somewhat lower
temperatures, for the films in state 5, i.e., the films with the
highest structural order, and seems to have some relationship
with the behavior of ZFC M(T). In the perpendicular con-
figuration, the internal magnetic field acting on the magneti-
zation is of w/y=3200 Oe for the X-band frequency of 9.08
GHz and for soft magnetic films is sufficient to saturate
them. However, for the best ordered Co,CrAl films, the field
of 3000 Oe is probably too low to fully saturate them at low
temperatures. This might indicate that at low temperatures,
the full magnetic order is not attained in Co,CrAl films ow-
ing to a strong pinning of the FM domains with local AF
regions. The anomalous growth of AH below ~200 K [Fig.
6(b)] confirms such a scenario. FMR linewidth is a good
measure of the magnetic inhomogeneities in thin films (par-
ticularly for the perpendicular configuration).® It is seen in
Fig. 6(b) that films in states 3 and 5 have AH~ 100 Oe for
200=T=270 K and that AH significantly increases at both
low and high temperatures. While the increase in AH in the
vicinity of 7 indicates the presence of spin fluctuations, the
increase in AH at low temperatures might be due to the in-
homogeneous magnetic structure. The behavior of AH of the
film in state 3 clearly shows the presence of spin fluctuations
in a very broad temperature region below 7.

C. Optical and magneto-optical properties

Figure 7 presents the experimental OC spectra of the crys-
talline (at least B2-type ordered) Co,CrAl alloy films (state
5) below and above T, together with the calculated one. In
the calculated OC spectrum, the Drude contribution was not
included. Comparing calculated and experimental (taken at
T=150 K) OC spectra, one can confirm a close resemblance
between them in spectral shape: both OC spectra show an
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FIG. 8. Minority band structure of Co,CrAl. Solid and dashed
arrows show the most significant contributions to peak A and shoul-
der B, respectively, in the OC spectra.

intense interband-absorption peak with some fine structure
(marked by A and B) and a shoulder on its high-energy side.
Some shift in peak position between experimental and calcu-
lated OC spectra is a typical phenomenon that originates
from the problem of correct estimation of the ground state
energy. Interestingly, the main contributions to the resulting
OC spectrum of Co,CrAl are formed by the electron excita-
tions in the minority bands (see Fig. 8).

The most intense contributions to peak A are the optical
transitions from the 11th and the 12th minority bands to the
13th and the 14th minority bands and to the 15th—17th mi-
nority bands for the shoulder B. Both features have the simi-
lar k-space characteristics: near the K-W-L plane. These op-
tical transitions are indicated in Fig. 9 by arrows. All the
initial states involved in these transitions mostly have the
Co 3d character with a small admixture of the Cr 3d and
other sp characters. The 15th—17th minority bands have a
considerable amount of Cr 3d character. Peak B has some
extra contributions: interband transitions from the 8th band
to the 11th and the 12th minority bands along the I'-A line.
Since all the bands involved in the aforementioned transi-
tions are mostly d character, the dipole transitions are not so
strong. However, both the initial and final bands are very flat
or parallel to each other. Therefore, we can conclude that the
joint-DOS effect is responsible for these transitions. There
exist rather close similarities between the Co,CrAl alloy and
Ni,MnIn alloy.'® In both cases, the Co or Ni atoms play a
major role in determining OC, while the Cr atom is more
important in the Co,CrAl alloy than the Mn atom in
Ni,Mnln alloy.
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FIG. 9. Effect of the structural disorder on the optical properties
of Co,CrAl HA films.

It is seen in Fig. 7 that the OC spectra for crystalline
Co,CrAl alloy films below (T=150 K=0.46T- and T
=293 K=0.90T,) and above T, (T=643 K=1.98T.) look
rather similar, which insignificantly differ from each other in
peak position and in smearing of the peculiarities. Redshift
of the OC spectra with increasing the temperature naturally
can be related to thermal lattice expansion effect.*

Surprisingly, nearly an invariance of the interband OC
spectra below and above T means that the local electronic
structure and/or at least the initial and final states responsible
for the peaks A and B formation at 7=~ 2T look similar to
those in a ferromagnetically ordered state. A similar conclu-
sion was previously made for another Heusler alloy.'® This
also corresponds in some sense to the results of our magnetic
measurements of crystalline Co,CrAl alloy films obtained by
using FMR spectroscopy.

The significant structural dependence of the optical
properties of some HA has been theoretically*' and
experimentally'®-2! demonstrated. Therefore, some influence
of atomic disorder on the optical properties of Co,CrAl alloy
can be expected. From the other point of view, an atomic
disorder from the crystalline L2,- or B2-type ordered state
down to an amorphous one also depresses the ferromagnetic
ordering in alloy at RT. This process should be accompanied
by the changes in the electronic structure of alloys. Figure 9
presents the optical properties of Co,CrAl alloy films in dif-
ferent structural states. The OC spectrum of mostly ordered
(among investigated) Co,CrAl alloy film exhibits an intense
interband OC absorbtion peak with fine structure and a
shoulder on its high-energy side. At the same time, &,(w) for
this sample increases in absolute value being negative with
decrease in photon energy from 5 down to 2 eV. However,
for <2 eV energy region, the &,(w) abruptly changes
photon-energy dependence due to inclusion of intense inter-
band absorption exhibiting the region of anomalous disper-
sion. Structural disorder from state 4 down to state 1 (or
L2,/B2— amorphous transformation) causes visible changes
in the optical properties of alloy: a magnitude of the OC in
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FIG. 10. Experimental (symbols) and calculated (line, right and
top scales) absorptive part &5(fiw) of the off-diagonal components
of the DF for Co,CrAl HA films in states 4 (solid circles) and 5
(open circles). The different energy scales for experimental and
calculated data are for a better comparison only in the spectral
shape.

general becomes larger probably because of increase in con-
tribution from the Drude term,2’ which is relative contribu-
tion from peak A’ to the resulting OC spectrum that looks
more significant; some redshifts of A’—C’ peaks are observed
among which peak C’ is shifted most of them. At the same
time, the structural disorder from state 4 down to state 1
causes significant changes in &,(w) spectra that can be inter-
preted as a decrease in interband excitations responsible for
peak A'.

We may assume that interband-absorption peaks A'-C’
and peaks A—C in the OC spectra of the disordered and
L2,/B2-ordered states, respectively, have similar origins,
since the half-metallicity of Co,CrAl alloy film is well pre-
served even at the interface.?* The increased disorder leads to
the redshift of those peaks, which can be attributed to the
increased lattice constant upon disordering.

The results of MO study are also in a good resemblance
with the magnetic data. The MO response for amorphous
state at RT is almost absent. The MO signals for crystalline
Co,CrAl alloy films with A2 and B2 types of order (states 2
and 3) are extremely weak (not shown) because of T’s for
these states are near or just below RT (see Fig. 6). At the
same time, TKE spectra for L2,- or B2*-ordered Co,CrAl
alloy films (states 4 and 5) can be easily observed at RT.
Using experimental values of 5p(w) measured at two angles
of incidence as well as corresponding optical constants, the
dispersive e{(w) and absorptive &,(w) parts of the off-
diagonal components of the DF for these Co,CrAl alloy
films have been determined. The dispersive parts demon-
strate featureless, nearly linear behavior with the photon en-
ergy. Figure 10 presents the experimental and calculated
e5(w) spectra for L2, and B2"-type ordered Co,CrAl alloy
films. Rather good correspondence in spectral shape between
the experimental and calculated &5(w) spectra can be pointed
out for L2, phase. Unlike the case of the optical properties,
L2, — B2* structural disorder effects significantly on the off-
diagonal components of the DF &}(w) spectra for the state 5
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is blueshifted by about 0.5 eV and somewhat smeared in
comparison with that of state 4 (see Fig. 10).

IV. CONCLUSIONS

We successfully fabricated Co,CrAl HA films with vari-
ous orders by employing the flash-evaporation technique and
investigated the transport, the magnetic, the optical, and the
MO properties. By considering various possible factors, the
energy gap formation at Ey in the L2,/B2-ordered state of
Co,CrAl HA is thought to be responsible for the resistivity
growth upon annealing of amorphous films. It was shown
that the L2-ordered Co,CrAl HA films are ferromagnetically
ordered with a T close to that of the bulk sample. The
increase in  structural disorder of L2;—B2—A2
— amorphous state causes the reduction in 7 down to the
paramagnetic state for amorphous films. The optical and the
MO properties of L2;-ordered Co,CrAl HA have been ex-
perimentally investigated and explained in terms of band
structure of the alloy. It was experimentally shown that the
optical properties and hence the electronic band structures of
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crystalline L2,-type ordered alloy much above T, (T
~2T) are insignificantly changed. This fact suggests that
the local electronic structures similar to those of ferromag-
netically ordered state are conserved at T=~2T.. The struc-
tural disorder in Co,CrAl HA from crystalline down to amor-
phous state does not radically change the electronic band
structure of alloy and/or, at least, the states responsible for
the interband peak absorption.
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