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We have investigated the evolution of the structural ordering and the crystal structure of polycrystalline
Co,MnGa Heusler alloy (HA) films and the structural effect on their magnetic properties. It is shown that the
chemical and the structural ordering can be changed by the postannealing temperatures from an amorphous to
more ordered structures typical for the HA. The magnetic properties of the films also depend strongly on the
postannealing temperature. The as-deposited amorphous Co,MnGa films show a weak ferromagnetic behavior
due to the presence of a small amount of relatively highly magnetized regions in the nonmagnetic alloy matrix.
Low-temperature (up to 513 K) annealing of the amorphous films results in the formation of a mixture of
Co,MnGa and metastable e-Mn3;Ga and/or Mn;Co; phases and causes a substantial increase in both magnetic
moment and resistivity. Annealing at higher temperatures (up to 753 K) leads to a structural order of A2/B2
type. The amorphous —A2 (B2) structural transformation in Co,MnGa films induces an increase of about 30%
in the alloy resistivity, qualitative changes in the shape of magneto-optical spectra, and an increase in the
magnetic moment per f.u. up to (2—2.5)up. These results are discussed in terms of the band structure of the
alloy. The best Co,MnGa films, deposited on heated (753 K) substrates, exhibit the B2 (or L2;) structure and

nearly the bulk value of magnetization of 3.5ug.
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I. INTRODUCTION

Some full Heusler alloys (HAs) are ferromagnets and
show 100% of spin polarization P due to a band gap for the
minority-spin electrons at the Fermi level (Ey), which makes
HA films attractive for applications in spintronics.'= In par-
ticular, Co-based HAs have a high Curie temperature and a
high magnetic moment*> and might be used in spin-
polarized current devices. However, the experimental values
for P of Co-based HA films are smaller® than the theoretical
perfect spin polarization, owing to the site or the atomic
disorder. Therefore, much effort has been made to maximize
P by improving the structural order of the HA films (see, for
example, Ref. 7).

The effect of structural disorder on the electronic structure
of HA is still a challenging problem. Especially, Orgassa et
al. have shown that any kind of site disorder in NiMnSb HA
results in decreases in the minority-spin energy band gap and
P being nearly equal to zero at about 12% of the disorder.®
Miura ef al.® have shown that the Co« Cr disorder (i.e., the
Cr atoms at the Co sites and vice versa) in Co,CrAl HA
significantly reduces the total magnetic moment and the spin
polarization at Er owing to the appearance of an intense peak
of the Co 3d states, while the Cr« Al disorder gives practi-
cally no effect to the spin polarization. On the other hand,
Co,TiZ (Z=Al,Ga,Si,Ge,Sn,Sb) HA behaves in a different
way: the Ti« Z type of disorder affects the electronic struc-
ture near the Fermi level.!” Picozzi et al.'' have shown that
the Mn atoms at the Co sites in Co,MnSi HA result even in
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an increase of the energy gap for the minority-spin subbands.
It is also worth noting that the magnetic moment of Co,FeAl
has been found to be unaffected by the structural ordering.'?

The effect of chemical disorder in HA is even more pro-
nounced and has been also extensively investigated. It has
been shown that a significant chemical disorder in amor-
phous Cu,MnZ (Z=Al,In,Sn) HA films leads to a spin-glass
behavior.!> On the other hand, it was found that amorphous
Ni,MnZ (Z=In,Ga,Ge) (Refs. 14-16) and Cu,MnAl (Ref.
17) HA films exhibit features of a Pauli paramagnet down to
the liquid helium temperatures. Nakajima et al.'® have ob-
served a very small magnetic moment (lower than 0.001ug)
in Co,MnSi amorphous films and explained this in terms of
the antiparallel coupling of the Co and the Mn amorphous
subnetworks.

Co,MnZ (Z=Sn,Si,Ge) HA films have been extensively
investigated'®!8-2 and the results showed that the magnetic
properties of these films depend strongly on the deposition
and the postannealing temperatures and that the magnetiza-
tion is usually lower than in the bulk. Co,MnGa films have
received less attention. Recent investigation on the magnetic
and the electrical properties of Co,MnGa HA films has given
a saturation magnetization of 3.5uz/f.u. [~700 G (Ref. 26)]
or less,”’ a remarkable strain-induced anisotropy,”® and a
relatively low spin polarization of ~50%.?% According to the
calculations of the electronic structure,? the Fermi level of
Co,MnGa is placed at the density-of-states (DOS) minimum
of the minority states so that this alloy is at the verge of
half-metallic behavior. In this paper, we show the structural
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TABLE 1. Structural and magnetic properties for Co,MnGa films prepared on glass and mica substrates at various substrate (7,) and
annealing (T,) temperatures. H.=coercive field, AH=FMR resonance line width, and M =saturation magnetization.

H, AH
Lattice Coherence M
Temperature parameter length glass Glass Mica Glass Mica
Sample (K) (nm) Structure (nm) (G) (Oe) (Oe) (Oe) (Oe)
Bulk 0.576 L2, 55.0 750
1 T,=293 0.590 Amorphous 24 25 ~50 ~50 900 1500
2 513 0.581 Multiphase 232 245 164 382 800 900
3 598 0.579 A2 21.3 430 287 390 850 1300
4 728 0.579 A2 or B2 17.8 410 196 383 860 1250
5 723 0.583 A2 or B2 10.0 140
6 T,=1753 0.580 B2 or L2, 10.0 700 60 240 270

evolution of Co,MnGa HA films when the amorphous films
are annealed up to 750 K and the influence of structural and
chemical disorder on their magnetic properties.

II. EXPERIMENTAL PROCEDURE

Bulk Co,MnGa HA was prepared by melting Co, Mn, and
Ga 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 Tig 50Zr 5o alloy getter. To pro-
mote the volume homogeneity, the ingot was remelted five
times. Weight loss after melting was not observed. The x-ray
fluorescence analysis revealed an alloy composition of
Cop.494Mny »490Gay 557, 1.€., close to Co,MnGa. The alloy was
then crushed to powders with a mean particle size of
80—100 um. Co,MnGa alloy films of 10X 30 mm? in size
and about 100 nm in thickness with different degrees of the
structural order were prepared by flash evaporation onto
glass, mica, and NaCl substrates simultaneously in a vacuum
better than 2 X 1075 Pa.

To obtain the Co,MnGa films with the maximum possible
disorder, we deposited them onto substrates cooled by liquid
nitrogen. The as-deposited Co,MnGa films were then subse-
quently annealed in series at 293 [i.e., at room temperature
(RT)], 513, 598, 723, and 728 K, respectively, for 1 h in the
high vacuum conditions. Additionally, some Co,MnGa films
were deposited onto substrates at 753 K. The structural char-
acterization was carried out by using ©-20 x-ray diffraction
(XRD) with Cu K« radiation and field emission scanning
electron microscopy (SEM) for the films deposited onto
glass substrates, and by selective-area microdiffraction of
transmission electron microscopy (TEM) for the films depos-
ited and separated from the NaCl substrates. Selected
samples were also investigated using the synchrotron radia-
tion at Pohang Light Source (PLS). The various structural
states of the Co,MnGa alloy films annealed independently at
293, 513, 598, 728, and 723 K are referred to as 1, 2, 3, 4,
and 5, respectively (see Table I). The structural properties of
Co,MnGa films after various stages of annealing are summa-
rized in Table 1.

The magnetic properties were investigated at RT by
studying the angular dependencies of out-of-plane ferromag-
netic resonance (FMR) at 9.3 GHz, as well as by measuring
the magnetic hysteresis loops using a vibrating sample mag-
netometer (VSM). The effective magnetization (M) and the
g factor of ~2.0-2.05 were determined as parameters for
fitting the experimental out-of-plane angular dependence of
the resonance magnetic field, based on the Kittel relation.
Additionally, the magneto-optical (MO) transverse Kerr ef-
fect (TKE) &, of the Co,MnGa films was investigated at RT
by the dynamical method using p-plane polarized light at an
angle of incidence of 66° and in the spectral range of
360—1100 nm (3.40-1.05 eV). The electrical resistivity of
the amorphous films were measured in situ in the tempera-
ture range from 150 to 800 K by employing the standard
four-probe technique. Furthermore, the results of resistivity
measurements were checked using the FMR and the magne-
tization measurements in the temperature range from
300 to 600 K.

III. EXPERIMENTAL RESULTS

The bulk Co,MnGa HA sample, which was used for the
film deposition, had the L2, structure with the lattice param-
eter a=0.5764 nm and T-=700 K, close to those reported
by Webster:* a=0.577 nm, T~ 694 K. Figure 1 shows the
experimental XRD spectra for bulk and film 6 samples ob-
tained at PLS, together with a simulated one of an ideally
ordered Co,MnGa alloy with the Ilattice parameter a
=0.5764 nm and the L2, structure.

Vapor quenching deposition onto the cooled substrates
leads to amorphous Co,MnGa films, as evidenced by XRD
and TEM (see Fig. 2). The amorphous Co,MnGa films
clearly exhibit a weak ferromagnetic [or superparamagnetic
(SPM)] behavior at RT (Fig. 3), since the small remanence
magnetization (~20 G) and the coercivity of ~50 Oe are
comparable with the experimental noise.

The in-plane FMR spectrum of the amorphous Co,MnGa
film (Fig. 4) is broad with AH=0.9-1.5 kOe. Both large
linewidth and low resonance field H.;=2 kOe indicate a
rather inhomogeneous magnetic (and hence chemical) struc-
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FIG. 1. Experimental XRD patterns of the Co,MnGa samples
(bulk and film 6), together with the simulated one for an ideally L2,
ordered alloy. Arrows show the positions of the superstructure dif-
fraction lines (SSL).

ture of the amorphous Co,MnGa films. Very small MO re-
sponse (data 1 in Fig. 5) in a wide range of the photon energy
corresponds well to the weak ferromagnetic or SPM behav-
ior. Interestingly, the magnetic behavior in the amorphous
Co,MnGa films at RT is different than in the amorphous
Co,MnSi films—they have been found to be paramagnetic at
RT with a spin-glass behavior below 44 K.2!-30
Low-temperature annealing at 513 K leads to crystalliza-
tion (we will refer this annealing step to the 1 — 2 transfor-
mation), but as shown in Fig. 2, XRD pattern 2 consists,
besides the main reflections characteristic of the A2 structure
of Heusler alloys, of some additional peaks related to other
phase(s) denoted by asterisks. A closer inspection of the
TEM diffraction pattern of the film annealed at 438 K (Fig.
6) indicates that the transformation 1— 2 results in decom-
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FIG. 2. (Color online) XRD diffraction patterns of the Co,MaGa
films deposited onto glass substrates at 150 K and then annealed in
series at (1) 293, (2) 513, (3) 598, and (4) 728 K. Inset shows the
TEM diffraction pattern of film 1, verifying its amorphous structure.
The bars show the main diffraction peaks. Asterisk denote the peaks
related to other phases (see text).
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FIG. 3. In-plane room temperature magnetic hysteresis loops of
the amorphous Co,MaGa films deposited onto a mica substrate and
annealed in series at (1) 293, (2) 513, (3) 598, and (4) 728 K. Inset
shows the hysteresis loop of the film deposited at 7,=753 K.

position of the amorphous phase into the mixed Co,MnGa
and e-Mn;Ga (and/or Mn;Co5) phases. To have a better in-
sight into the crystallization process of the amorphous
Co,MnGa films, we performed supplemental measurements
of the electrical resistivity p, FMR, and magnetization as a
function of temperature in the range of 300-600 K (800 K
for p). Figure 7(a) shows clearly that at ~430 K, the electri-
cal resistivity experiences a substantial jumplike increase and
then at ~520 K, it decreases in a similar way but attains
values by about 30% higher than those in the amorphous
state. The resonance field H, measured with the magnetic
field applied perpendicular to the film plane also experiences
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FIG. 4. FMR spectra of the amorphous Co,MaGa films depos-
ited onto a glass substrate and annealed in series at (1) 293, (2) 513,
(3) 598, and (4) 728 K and deposited onto a glass substrate heated
up to (6) 753 K. The spectra were taken with an in-plane applied
field.
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FIG. 5. TKE spectra of the amorphous Co,MaGa films depos-
ited onto a glass substrate and annealed at different temperatures:
(1) 293, (2) 513, (3) 598, and (4) 728 K. The TKE spectrum of the
Co,MaGa film deposited onto a substrate heated up to 753 K is
labeled with (6).

substantial changes in the same temperature range [Fig.
7(b)]. As shown in Fig. 7(c), the saturation magnetization
M, does not change until about 500 K and then begins to
increase to a value of 250 G in a range of 500-600 K. It is
reasonable to conclude that crystallization of the amorphous
films with nominal Co,MnGa composition, occurring below
~520 K, leads to a strongly inhomogeneous polycrystalline
structure. These results also suggest that both FMR and re-
sistivity measurements are sensitive tools for tracing the
chemical disorder in thin magnetic films. On the other hand,
the 1—2 transformation leads to an enhancement of the
magnetic characteristics of the Co,MnGa films: the RT val-
ues of M increase up to 500 G, M, =250 G, and the lat-
tice parameter substantially decreases (see Table I and Fig.
8). Fine polycrystalline microstructure and chemical inhomo-
geneities bring about, however, a high coercivity of 160 Oe
(or even 400 Oe for the films on mica substrate), a large
FMR linewidth of 800-900 Oe, and a small MO response
(see Figs. 3-5 and 8 and Table I). To conclude, annealing of
the amorphous Co,MnGa films at 7,<520 K results in a
mixed structure composed of fine polycrystalline A2 struc-
ture and e-Mn;Ga (and/or Mn;Co-) phases.

The next step of annealing of Co,MnGa HA films at
598 K (i.e., 2—3 transformation) results in substantial
changes in the shape of the TKE spectrum, as well as in an

!’f :uT
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or or
Mn,Co,  Mn,Co,

FIG. 6. TEM diffraction patterns of a Co,MaGa film deposited
at 7,=438 K.
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FIG. 7. Changes of (a) the electrical resistivity p/pas.depos> (b)
the FMR resonance field H', and (c) the saturation magnetization
M, in the course of heating and cooling back to RT of amorphous
Co,MaGa film.

increase of the value of the MO response J, (see data 3 in
Fig. 5). Simultaneously, the resistivity p remains ~30%
higher than that of the amorphous films [see Fig. 7(a)]. The
2—3 transformation is also accompanied by a twofold in-
crease in M, to ~400 G = M, which nicely corresponds to
the changes in M, in the course of heating up to 600 K [see
Fig. 7(c)]. It would suggest that the film annealed at 598 K is
already magnetically homogeneous. Our XRD data presented
in Fig. 2, with exclusively fundamental lines visible, do not
allow us to make a reliable conclusion on the superstructural
order of the Co,MnGa in state 3. The TEM diffraction pat-
terns of the film in state 3 shown in the upper panel of Fig. 9
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300 400 500 600 700
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FIG. 8. Effect of annealing temperature on the effective (open
symbols) and saturation (solid symbols) magnetizations determined
from the FMR and the VSM measurements, respectively, for the
Co,MaGa HA films deposited onto mica (triangles) and glass
(circles) substrates. Stars show lattice constants for the as-deposited
and annealed Co,MaGa films (right scale). Arrow indicates the lat-
tice constant for bulk sample. The lattice constant for state 1 should
be considered as the nearest interatomic distance.

024430-4



EVOLUTION OF THE MAGNETIC PROPERTIES OF...

444
440

(N

FIG. 9. Indexed electron diffraction patterns of the amorphous
Co,MaGa film (film 3) after annealing at 598 K (upper panel) and
of the Co,MaGa film deposited at T,=753 K (bottom panel).

also indicate its fine polycrystalline microstructure with the
fundamental reflections typical of the A2 structure. There-
fore, our Co,MnGa films in state 3 after annealing at 598 K
possess at least the A2 HA structure with no traces of sec-
ondary phase(s). However, their electrical resistivity is al-
ways higher than that of the amorphous films. We should
stress here that this unusual result (rechecked several times)
is in clear contradiction to that for Co,MnSi films, where
crystallization of amorphous films caused a prominent drop
in the alloy resistivity.>°

The final step of annealing of the crystalline Co,MnGa
HA film samples at 728 K (i.e., 3—4 transition) practically
does not change the TKE spectrum, M, M ¢, and resistivity
of the Co,MnGa films (see Figs. 3-5 and 8). Therefore, the
structure of our films in state 4 and their structural ordering
do not differ much from that of state 3. However, a closer
inspection of our better quality XRD data [Fig. 11(b)] of film
5 annealed at 723 K shows that besides the principal lines,
there are also some traces of the superstructure lines (200),
(420), and even (333), together with the visible (221) reflec-
tion, suggesting the presence of the B2 structure. Therefore,
the films obtained on annealing at ~700 K (films 4 and 5)
seem to be composed of mixed A2 and B2 structures. More-
over, the TEM diffraction (upper panel of Fig. 9) shows that
the films obtained by postannealing of the amorphous ones
are polycrystalline with the grain size of 20 nm with no or a
very weak texture. The films obtained on the substrates
heated up to ~700 K have much bigger grains of ~100 nm
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and are better ordered. The bottom panel of Fig. 9 shows the
TEM diffraction patterns of film 6 deposited onto a
NaCl(100) substrate at 753 K. Such films are partially epi-
taxial with the clearly visible (200) and (400) reflections be-
sides the principal reflections. This suggests that such films
possess the B2 or the L2, structure, resulting in their high
magnetization of ~700 G (Table I), low coercivity (see inset
in Fig. 3), and low FMR linewidth (Fig. 4). On the contrary,
the annealed films in state 4 have significantly lower magne-
tization (~400 G), somehow lower than M.y due to prob-
ably their polycrystalline microstructure and a significant in-
fluence of grain boundaries.

IV. DISCUSSION OF THE MAIN RESULTS

The formation of some residual magnetization in the
amorphous Co,MnGa films can be explained similarly to the
case of the disordered CoAl and FeAl alloys. Equiatomic
CoAl and FeAl alloys with B2 order are paramagnetic down
to liquid helium temperatures.’! However, in the disordered
state, they are ferromagnetic at RT. The appearance of the
ferromagnetic ordering in the disordered state of these alloys
is thought to be due to the Co-rich (or Fe-rich) clusters in a
nonmagnetic matrix.>>3 We argue that the ferromagnetically
ordered regions in the amorphous Co,MnGa films also have
the same origin, i.e., are related to the formation of Co-rich
clusters with different numbers of Co atoms as the nearest
neighbors in the nonmagnetic matrix. The appearance of Co-
rich ferromagnetic clusters in the nonmagnetic matrix results
in weakly ferromagnetic (or SPM) behavior at RT of the
amorphous alloy.

A weak ferromagnetic behavior of the amorphous
Co,MnGa films is also confirmed by their weak MO re-
sponse, as can be seen in Fig. 5. The shape of the TKE
spectrum of the amorphous film shows some resemblance to
that of Co films with strongly reduced TKE values.** Addi-
tionally, in the amorphous phase, there is a considerable
(more than ten times) difference between the effective mag-
netization M (evaluated from the FMR measurements) and
magnetization saturation M, (obtained with VSM) of the
amorphous films (see Fig. 6). In inhomogeneous magnetic
films, M, represents the average volume magnetization,
while M is rather related to a configurational anisotropy of
the Co-rich clusters* and may be as high as the maximal
magnetization of the cluster if it has a disk shape. Therefore,
a factor of 0.10 may be roughly regarded as a volume frac-
tion of the ferromagnetic phase (i.e., Co-rich clusters) in a
nonmagnetic ~ matrix.  According to the recent
density-functional® studies of the electronic structures and
exchange interaction parameters in Co,MnX (X=Ga,Ge, Si),
in the ordered Co,MnGa with L2, structure, the Co atoms
have a significant spin moment of ~0.7up and the value of
the local Mn spin moment is ~3 up. Additionally, the Co-Mn
interactions, though limited to the first neighbors, have been
found to play an important role in the Co,MnX HAs, making
the magnetic short-range order effects operative even in the
disordered structures.

Indeed, the SPM contribution to the total magnetization
can be described by the Langevin law
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FIG. 10. Experimental (symbols) and simulated (lines) magne-
tization hysteresis loops for the Co,MaGa films in states 1 (circles)
and 3 (triangles).

MSPM = MSPML (), (1)
where

L(a) = coth(a) — 1/a. (2)
M3PM is the saturation magnetization of the SPM phase and

a=uH/kgT.>® u is the magnetic moment of the Co-rich clus-
ters, given by u=MS°7D?/6, where wD3/6 is the volume of
the clusters, assuming spheres with diameter D, and Mfa(t’
=32.6 A m?/kg (or 290 emu/cm?) is the effective magneti-
zation of the clusters estimated from the FMR measure-
ments. It is seen in Fig. 10 that the experimental magnetiza-
tion hysteresis loop for the amorphous film (state 1) can be
reasonably fitted using Eq. (1) with D=2.1 nm, i.e., with a
magnetic cluster diameter of a few unit cells.

The XRD powder pattern for the ordered L2, structure
yields, in addition to the fundamental reflections, also two
types of superstructure diffraction lines. For the fundamental
diffraction lines, £, k, [ are all even and satisfy the condition
h+k+I1=4n. The superstructure reflections of the first type
satisfy the condition h+k+[=2n+1, i.e., h, k, [ are all odd
[for example, the (111) reflection] and their intensities rela-
tive to the fundamental reflections reflect the presence of
Y« Z type of disorder. The superstructure diffraction lines of
the second type satisfy the condition h+k+[=2n [for ex-
ample, the (200) reflection] and their intensities relative to
the fundamental reflections describe the X<« Y(Z) type of
disorder.* Thus, a B2 structure will appear for the case of
Y Z type of disorder and A2 one for X« Y(Z) type of
disorder. In practice, it is very difficult to elucidate the or-
dering state of a ternary alloy only by XRD, since the scat-
tering factors of 3d metals, Mn and Co, are practically the
same (see, for example, Fig. 1). Therefore, an indirect infor-
mation (for example, the structural dependencies of some
physical properties) should be additionally employed to un-
derstand the actual type of structural order. Our x-ray mea-
surements of polycrystalline films obtained by annealing at
T,=600 K yielded only fundamental reflections (Fig. 2).
This implies an A2 structure order. However, the results ob-
tained with a better quality equipment (i.e., synchrotron ra-
diation at PLS) showed that the films grown on a cold sub-
strate and annealed at ~700 K had a mixed A2/B2 structure,
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FIG. 11. X-ray diffraction patterns of the Co,MaGa films: (a)
deposited at 7,=753 K, (b) amorphous film annealed at T,
=723 K for 1 h. The bars show the calculated intensities for B2 [in
(a)] and A2 [in (b)] structures. The indices denoted with asterisks
are not well reproduced by the model.

whereas those grown on a heated substrate at 753 K showed
a B2/L2, mixed structure [Fig. 11(a)]. Besides the XRD and
the TEM results, our magnetic measurements showed a sub-
stantial increase in the magnetization in the range 600<T,
=700 K with no substantial changes for 7,,>700 K. On the
other hand, M ,,=400-500 G is still lower than that for the
bulk Co,MnGa with L2, structure (700 G=3.5uz/f.u.)

Unlike the case of amorphous films, the polycrystalline
Co,MnGa films (states 2—4) show the full ferromagnetic be-
havior. According to an equation suggested by Stearns and
Cheng,’” the ferromagnetic contribution to the total magne-
tization is

2M™M H+H ™
)Y L p—— arctan{ < tan( =71 |- (3)
T H 2M

c

In this expression, Mf M is the saturation magnetization, H,
the coercive field, and M, the remanent magnetization. It
seen (see Fig. 10) that the experimental M(H) curve for the
Co,MnGa alloy film in, for example, state 3 is reasonably
fitted using Eq. (3) and the experimental values of M,, M*™,
and H,. with a negligible superparamagnetic contribution.
This means that the polycrystalline Co,MnGa alloy films are
magnetically homogeneous.

On the other hand, our annealed films are polycrystalline
with a grain size of 20 nm, and hence the grain boundaries
seem to be an important factor for the magnetic properties. It
has, for example, a strong influence on both the very broad
FMR lines (AH=900-1500 Oe) and the high values of H,
of 200—400 Oe. The best films with a mixed B2/L2; struc-
ture obtained on the heated substrates have AH=200 Oe,
H_.=~60 QOe, and the highest magnetization of 700 G. To con-
clude, annealing of our amorphous films leads to polycrys-
talline films with A2/B2 structure with relatively small
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grains and substantially lower magnetization than the bulk
Co,MnGa with L2, structure. The coherence length (Table
I), estimated from the full width at half height of the most
intensive (220) XRD reflection, experiences a decrease with
the annealing temperature. This fact might be related to the
preparation method (flash evaporation) rather than other fac-
tors such as film stress or phase segregation.

The main interest in our Co,MnGa is their electronic band
structure and the resulting transport properties. A good
method to compare Co,MnGa films with the recent results of
theoretical band structure calculations is by measuring MO
Kerr spectra over a wide range of photon energy. Although
the Kerr spectrum does not provide a direct comparison of
the electron band structure because of the absence of wave
vector information, it is sensitive to small changes in the
band structure. Therefore, if the theoretically calculated MO
spectra share the same features as the experimental ones, we
expect that the films share a similar band structure as that
applied for the calculations. Figure 5 shows the MO spectra
(data 3 and 4) obtained from the postannealed films 3 and 4.
It is well known that optical and magneto-optical spec-
troscopies are rather sensitive for studying the electron en-
ergy structure of metals and alloys.?® It is clearly seen that
the TKE spectra for films 3 and 4 distinctly differ from those
of films 1 and 2. At the same time, the shape and magnitude
of the TKE spectrum for the B,/L2; ordered film 6 much
resemble those for films 3 and 4 with the only difference
being that the increase in crystallinity of samples 3, 4, and 6
causes some consistent blueshift of the minimum (see Fig.
5). Furthermore, the off-diagonal components of the dielec-
tric function for B,/L2; ordered Co,MnGa (determined from
the experimental optical and MO data for sample 6) nicely
agree with the results of first-principles calculations®® (not
shown). The detailed discussion of the effect of atomic dis-
ordering on the electronic structure of Co,MnGa studied us-
ing optical and MO spectroscopy is the subject of a separate
paper. However, it can be stated here that the resemblance
between the shapes of the TKE spectra (and the off-diagonal
components of the dielectric function) for the Co,MnGa al-
loy films (samples 3, 4, and 6) and of the calculated spectrum
for the L2, ordered alloy confirms their electronic (and hence
atomic) structures.

We now attempt to interpret the influence of structure on
the resistivity of Co,MnGa alloy films. There are two strik-
ing anomalies in the effect of heat treatment on the resistivity
of amorphous Co,MnGa alloy films. These are (i) a clear
jumplike anomaly in p vs T in the range of 420-520 K due
to a phase separation [Fig. 8(a)] and, possibly, a strong elec-
tron spin-flip scattering on the SPM clusters and (ii) a no-
ticeable (about 30%) increase in resistivity for the crystalline
state, obtained by thermal cycling from 300 to 800 K and
back to 300 K, in comparison with that of the as-deposited
amorphous one. The typical values of the resistivity for the
as-deposited amorphous Co,MnGa films are
160—-210 w() cm at RT. In the crystalline state, the resistivity
is even larger. The estimated mean free path for as-deposited
Co,MnGa films does not exceed 1 nm and is comparable to
the dimension of the magnetic clusters, giving rise to the
spin-flip mechanism scattering. After annealing the amor-
phous Co,MnGa films at 7,=600 K, their magnetic struc-
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FIG. 12. [(a) and (b)] TEM and [(c) and (d)] SEM patterns for
the Co,MaGa films in [(a) and (c)] state 2 and [(b) and (d)] state 3,
respectively.

ture becomes homogeneous and ferromagnetic. Therefore,
the spin-flip contribution disappears.

At the same time, the mean free path of free carriers in the
crystalline state is noticeably smaller than the mean grain
size. Indeed, the TEM and SEM observations (see Fig. 12),
as well as the estimation of coherent scattering length for
x-ray diffraction (see Table I), showed nearly the same grain
size in states 2 and 3. Therefore, we argue that the main
origin of the enhanced p in the crystalline state with respect
to the amorphous one is not related to the scattering at grain
boundaries and may be due to another reason.

The resistivity described within the simple relaxation time
7 approximation in a nearly free electron model (see, for
example, Ref. 40),

‘ 1
p= = @)

B ezmeﬁc - 627'1)2 N(EF) ’

where m" and n.y are, respectively, the effective mass and
the effective density of conduction electrons per unit volume
and v and N(Eg) are the velocity and the DOS at the Fermi
energy, has been shown*! to depend on the long-range order
(LRO) which affects both the scattering of the conduction
electrons (i.e., 7) and the electron band structure [N(Ey)] or
negr. In the original Rossiter model,*! the effect of LRO on
both the electron scattering and the number of conduction
electrons n g has been treated within the Bragg-Williams ap-
proximation, i.e., to describe the influence of a transition
from an ordered to a disordered state in some binary alloys—
CuzAu and Fe;Al—on a temperature dependence of p. In our
films, however, we deal with the opposite situation, i.e., with
the transformation from the disordered to the ordered state.
In most cases, such a transformation gives rise to an irrevers-
ible decrease in the resistivity with ordering, mainly due to
an increase in 7. However, since 7 has no reason to decrease
with increasing order, the resultant increase in resistivity
might be caused only by a decrease in n. s or N(Eg). The
electronic structure of the Co,MnGa compound has been cal-
culated many times.!=32%42-44 This compound actually is not
pure half-metallic, however, P is pretty high because of the
gap for minority bands and the Fermi level position intersect-
ing only the tail of the occupied minority bands (see Fig. 2 in
Ref. 3). The change in alloy symmetry from L2,— B2
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— A2 type of order implies the disappearance of the Bril-
louin boundaries and gaps in the corresponding directions of
the reciprocal space and an increase in N(Ep).

V. CONCLUSIONS

The evolution of the structural ordering and the crystal
structure of polycrystalline Co,MnGa HA films were studied,
and the effects on the magnetic properties were also eluci-
dated. Postannealing leads to changes in the chemical and
the structural ordering from an amorphous to more ordered
structures typical for the HA. The magnetic properties are
also varied correspondingly. A weak ferromagnetism is ob-
served in as-deposited amorphous Co,MnGa films, resulting
from a small quantity of relatively highly magnetized regions
in the nonmagnetic alloy matrix. Low-temperature (up to
513 K) annealing results in a structural mixture of Co,MnGa
and metastable e-Mn;Ga and/or Mn;Co, phases, accompa-
nied by significant growth of both magnetic moment and

PHYSICAL REVIEW B 76, 024430 (2007)

resistivity. The A2/B2-type structure is formed according to
annealing at higher temperatures (up to 753 K), inducing an
increase of about 30% in the alloy resistivity, modifications
in the shape of magneto-optical spectrum, and an enhance-
ment of the magnetic moment per f.u. up to 2—2.5up. The
anomalously increased resistivity was interpreted with the
evolving energy band structure upon the structural ordering.
The Co,MnGa films, deposited on heated (753 K) substrates,
is in the B2 (or L2,) structure with a magnetization close to
the bulk value.
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