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The atomic order and its effect on the electronic structure is a key issue in the application of half-metallic
Heusler alloys as spin-polarized electron sources. In this study, we investigated the atomic ordering and
electronic structures of Co,Fe(GeysGags) (CFGG) Heusler alloy thin films at various annealing temperatures
using anomalous x-ray diffraction (AXRD) and hard x-ray photoelectron spectroscopy (HAXPES). AXRD
measurements clearly showed that the Co-Fe disorder is large in the as-deposited state, which is reduced
to almost zero by annealing at 7,, = 500°C for 30 min. The reduction of the Co-Fe disorder explains the
observed increase in the spin polarization of currents estimated by ordinary and anisotropic magnetoresistance
measurements. The photoelectron spectra of the valence band in CFGG thin films with different 7,,, agree well
with the first-principles calculations that considers the atomic disorder. We also found that the characteristic
peaks appearing in the valence band HAXPES spectra shifted to higher binding energies, compared to the
calculated density of states for stoichiometric L2,-ordered CFGG. This indicates that the Fermi level is shifted
and located in the vicinity of the conduction band edge in the present CFGG thin film due to electron doping
by a mildly Co-rich chemical composition. Our first-principles calculations of partial density of state of sp
electron predicted that the high spin-polarization is obtainable in a wider energy region near Fermi level in the
L2,-ordered structure than the B2 structure, which explains the enhancement of spin-polarization by promoting

L2,-ordering in the present CFGG film.

DOL: 10.1103/PhysRevMaterials.4.114406

I. INTRODUCTION

Half-metals are one of the most promising materials for
spintronics applications because they exhibit high spin polar-
izations (P) of the conduction electrons. This is due to the
absence of density of states (DOS) in only one (up or down)
spin channel at the Fermi level (Ef). Co-based full-Heusler
alloys, such as Co,MnSi (CMS) and Co,Fe(GaysGegs)
(CFGQG), are promising half-metallic materials for practi-
cal applications because of their high Curie temperatures
[1,2]. Significantly high magnetoresistance (MR) effects
have been widely observed in various spintronic devices,
such as magnetic tunnel junctions (MTJs) [3-5], current-
perpendicular-to-plane giant magnetoresistive (CPP-GMR)
[6-11], and nonlocal spin-valve devices [12,13], using vari-
ous Co-based full-Heusler alloys, indicating a high P. High
spin-polarization over 90% was experimentally detected using
spin-resolved photoemission spectroscopy [14,15]. However,
fundamental understanding of the relationship between the
atomic order and the electronic structure (i.e., the influence
of atomic order on the spin polarization) is still lacking.
To realize high P for Co-based full-Heusler alloys at room
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temperature (RT) for practical applications, the correlation
between the degree of order and the spin polarization of Co-
based Heuser alloys must be established experimentally.

The Full-Heusler alloy has an atomic formula given by
X,YZ, with an L2;-ordered structure and a space group
Fm3m. However, in the full-Heusler film grown by the sput-
tering process, there are partial disorders such as the Y-Z
disordering X, (Y, Z) and X-Y disordering (X5, Y )Z, which are
called the B2 and DO; structures, respectively. In the Co-
based full-Heusler alloys, Co atoms are located at X sites,
and hence they are described as Co,YZ. It was theoretically
predicted that the half-metallic electronic structure in Heusler
alloys is sensitive to these atomic disorders or antisite lat-
tice defects. Picozzi et al. theoretically studied the effect of
atomic disorders on the electronic band structure of CMS by
ab initio calculations, and found that the Coy, antisite (Co
atom occupying the Mn site) can destroy the half-metallic
gap due to the formation of an in-gap state [16]. Moreover,
they also predicted that the B2 disorder (disorder between Mn
and Si) does not degrade the half-metallic electronic structure.
Theoretically, the B2 structure is sufficient to obtain the half-
metallic electronic structure, which is commonly applicable
to Co,Y Z Heuser alloys. This is because the half-metallic gap
forms by the electronic bands originating from Co in Co,YZ
[2,17,18]. However, Li et al. reported the enhancement of the
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MR ratio in the CPP-GMR device with a CFGG/Ag/CFGG
structure by improving the degree of the L2;-order from the
B2 structure, upon increasing the annealing temperature from
500 to 600 °C in the experiment [9]. Sakuraba et al. also found
an increase in the MR ratio in CMS/Ag/CMS, while promot-
ing L2-ordering [7]. Therefore, there is a clear disagreement
between previous theoretical predictions and experimental re-
sults in terms of the relationship between the atomic order and
spin polarization.

To understand the discrepancy between theoretical pre-
dictions and experimental results, the effects of the atomic
ordering on the electronic structure should be investigated.
Therefore, it is necessary to clarify how the Co antisite or
disorder between Co and Fe/Mn (D05 disorder) affects the
half-metallic electronic structure experimentally. Standard x-
ray diffraction (XRD) using a laboratory x-ray source, such
as Cuk,, cannot distinguish the differences in the atomic
locations of Co, Mn, and Fe owing to their close atomic
scattering factors, and no quantitative analysis of Co antisite
and DO0; disorder for various annealing temperatures has been
performed. Using nuclear magnetic resonance spectroscopy,
Rodan et al. investigated the amount of Coy, antisite in the
CMS thin films annealed at different temperatures. However,
they did not correlate the result with the spin polarization
of the film [19]. Raphael ef al. investigated antisite disorder
in Co,MnSi arc-melted bulk sample using neutron diffrac-
tion technique and found a 10-14% Co-Mn DO0; disorder
[20]. However, neutron diffraction technique is not suitable
to measure a Heusler thin film with a nanometer range thick-
ness used for the electrode of MTJs and GMR devices. In
addition, no prior work has investigated how the electronic
structure of the Heusler alloy changes with atomic ordering
and/or disordering. Although hard x-ray photoelectron spec-
troscopy (HAXPES) is a powerful tool to directly observe
the electronic band structure in the bulk region, thus far, it
has been used to measure samples with highly ordered atomic
structures [21,22].

In this study, we investigated the effect of the atomic or-
dering on the electronic structure in the CFGG thin films that
yielded the highest MR ratio in previous studies on the CPP-
GMR [9,10]. We grew a CFGG epitaxial thin film at RT and
performed post-annealing, and thier atomic order is strictly
evaluated using the AXRD method through synchrotron x-
rays to extract the degree of Co-Fe disorders. Furthermore,
we carried out HAXPES measurements to clarify the changes
of the valence band structure in the bulk region of CFGG thin
films with the degree of atomic order. Based on experimental
results and theoretical calculations of the DOS, we discuss
the correlation between the atomic order and the electronic
structure and clarify the origin of the enhancement of P by
promoting L2, ordering.

II. EXPERIMENTAL AND CALCULATION METHODS

CFGG thin films with the thickness of 50 nm were
deposited on a MgO (001) single crystal substrate at ambi-
ent temperature by an ultrahigh vacuum (UHV) magnetron
sputtering system (base pressure <3 x 1077 Pa) to obtain
a (001)-oriented epitaxial film. First, the surface of MgO
substrate was cleaned by flushing process at 600 °C and then

the CFGG film was deposited from Co; gsFep g0Gag 45Geo 63
alloy target at RT. Then, the CFGG film was annealed at
annealing temperature T, for 30 min without breaking vac-
uum in the UHV chamber. We changed the heating rates
to reach T,, to avoid an overshooting of the temperature;
~14 °C/min from RT to T} (= 0.8T4,), ~3 °C/min from T;
to T (= 0.95T,,) and then ~1°C/min from 7> to T,,. Af-
ter naturally cooling down to RT, the film was capped with
MgO (1 nm)/Al (1.5 nm) to prevent surface oxidation. The
chemical composition of the CFGG thin film was determined
as Coy.g6Fe.00Gap 46Ge 49, using x-ray fluorescence analysis
with standard samples whose compositions were premeasured
by inductively coupled plasma mass spectrometry. This com-
position of the CFGG thin film can be regarded as nearly
stoichiometric, but slightly Co-rich and Ga-poor with respect
to the stoichiometry of Co,Fe(GeysGags). We prepared a
total of five CFGG films; as-deposited and four CFGG films
annealed at different T,, of 300, 400, 500, and 600 °C. The
crystal structure and atomic order in the CFGG thin film
were characterized using laboratory-based XRD method with
CuK, radiation at room temperature. The intensities of the 111
and 002 superlattice peaks, reflecting the L2, and B2 order
in stoichiometric L2;-CFGG, respectively, are expressed as
follows

It o | fre — (0.5fGa + 0.5fce)I%, (1

Too2 o 12 fco — (fre + 0.5 fa + 0.5fce )|, (2)

where fco, fres fGa, and fge are the atomic scattering factors
for Co, Fe, Ga, and Ge sites, respectively. However, the site
disorder between Co and Fe cannot be detected by laboratory-
based XRD as fco & fre for the CukK, x-ray. Therefore,
to evaluate the degree of Co-Fe ordering, AXRD measure-
ments were carried out using synchrotron x-rays with varying
energies around the Co K-absorption edge (7.709 keV) at
BL13XU in SPring-8 [24,25]. The enlargement of real and
imaginary parts of the anomalous dispersion term in fc, en-
large at the x-ray energy of the Co K-absorption edge results
in fco # fre, and thereby the Co-Fe disorder level can be
evaluated by measuring I;;; or Iy [23,26-28]. As the 111
superlattice peak does not appear if a CFGG thin film has no
L2;-order (atomic order between Fe and Ga/Ge), measuring
the 111 peak is ineffective for investigating the 7,, depen-
dence of Co-Fe ordering by AXRD from the as-deposited
state. Instead, we measured the x-ray energy dependence of
Ino, because we observed a clear 002 peak even in the as-
deposited film. The intensity of the 002 peak with the Co-Fe
disorder level x is expressed by the following equation:

x
Ty o ’2(1 - §>ch + X fre

2
— (xfeco+ (I =X)fre +0.5fGa +0.5fce)| . (3)

We simulated I, and the fundamental 004 peak intensity
loo4 for various values of x and then compared the simu-
lated Iypn/Ioos With the experimental results to evaluate x in
the CFGG film. Note that, to evaluate x strictly, we con-
sidered a slight off-stoichiometry into the simulation and
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TABLE I. The models numbered as I, 11, I, IV, and V indicate the site occupation of each Co, Fe, Ga and Ge for L2, B2, B2 with Co-Fe
disorder, D03 and A2 structures in stoichiometric Co,FeGay 5Gey s, respectively. The model VI is the site occupation in ideal L2,-ordered
case of the present CFGG film having an off-stoichiometry. Note that here we considered the composition of Co, gsFe; 0gGag46Geg 49 instead
of observed composition of the film Co; o6Fe).90Gag46Gep49 to simplify the structure model slightly. The model VII is the site occupancy
with considering Co-Ga disorder that we obtained by laboratory XRD. The model VIII is the structure with Co-Fe disordered level x that we
considered to simulate x dependence of Iyy,/lpos shown in Fig. 3(a).

X -site Y -site Z -site
(0,0,0) + (1/2,1/2,1/2) (1/4,1/4,1/4) (3/4,3/4,3/4)
Model No. Structure Co Fe Ga Ge Co Fe Ga Ge Co Fe Ga Ge
1 (L2)) Co,Fe(Gaj5Gegs5) 2 0 0 0 0 1 0O 0 0 0 1/21)2
I (B2) Co,Fe(Gaj5Geg5) 2 0 0 0 0 1/2 1/41/4 0 1/21/4 1/4
11l (B2 with 4/3 2/3 0 0 1/3 1/6 1/41/41/31/61/4 1/4
Co-Fe (Co1.33Feg.67)(Cog.67Fe0.33GagsGeo s)
disorder)
1V (DO05) (CoyFe)(Gaj5sGeg5) 4/3 2/3 0 0 2/3 1/3 0 0 0 0 1/21)2
V (A2 (Co,FeGag5Geg 5) 1 1/2 1/41/4 1/2 1/4 1/81/81/21/41/8 1/8
VI (L2 *) Co,Fe(Cog05Gag 46Geg.49) 2 0 0 0 0 1 0 0 0.05 0 0460.49
vil (L21 * with (C01A95Ga()‘05)FG(C00‘1G30‘41GCO‘49) 1.95 0 005 0 0 1 0 0 01 0 041049
Co-Ga
disorder)
VIII (AXRD 1.95(1 —x/2)1.95(x/2)0.05 0 1.95(x/2)1 —1.95(x/2) 0 0 0.1 0 0.410.49
analysis)

multiplied a correction factor C* = Cyg0/Cagp to the experi-
mentally measured Iy, /loos, Where C represents a correction
factor, including the Lorentz factor, polarization factor, self-
absorption, and footprint corrections for each diffraction. The
site occupations of each elements in the stochiometric CFGG
with L2, B2, D05, and A2 structure and in the current CFGG
film we considered for the analysis of Co-Fe disorder are
summarized in Table 1. The T,, dependence of the degree
of orders Sg, and Sy;; were evaluated using the following
equations:

s _ [/
SB2 T/ psim /psim’ )
002 /1604
v _ [mnmn
SL21 —y\/ psim /psim’ &)
/I
where I;’,':;(“m) is the observed (simulated) hkl peak intensity,

XS denotes an x-ray source of the measurements, and for
CuK, in laboratory XRD (XS = lab) or synchrotron x-ray
(XS = SR). I,f;c’ln for XS = lab was calculated by VESTA. [29]
HAXPES was performed at the hard x-ray beamline
(BLO9XU) in SPring-8 [30]. The excitation x-ray energy was
fixed at 8.0 keV, and the photoelectrons were detected by a
hemispherical analyzer (Scienta Omicron R4000). The pass
energy was set to 200 eV, and the total energy resolution
was approximately 260 meV. Linearly polarized light in the
horizontal (p) and vertical (s) directions were used to excite
photoelectrons. All measurements were performed at 300 K.
To evaluate the variation of P with respect to T;,, we mea-
sured the anisotropic MR (AMR) and ordinary MR (OMR)
effects in the CFGG thin films. Kokado et al. developed a
theoretical model of AMR, and predicted that half-metallic
materials must exhibit negative AMR ratio [31], which was
experimentally proven for various Co-based Heusler films

[27,32-34]. In addition, Bombor et al. reported that since
the electron-magnon scattering process is prohibited in half-
metallic materials because of the absence of one spin channel,
Co,FeSi shows a positive OMR ratio at a temperature 7 below
A/kg, instead of negative OMR in general ferromagnetic ma-
terials [35]. Here, A is the energy splitting from Ef to the con-
duction band edge of the half-metallic gap, and kg is the Boltz-
mann constant. Therefore, measuring AMR and OMR can be
an approach to investigate the spin polarization of electric
currents qualitatively, that is adequate for only half-metallic
Heusler alloys limitedly. Hence, both the AMR and OMR ef-
fects were measured by passing an electric current of 1 mA to
the in-plane (110) direction of the CFGG thin film. The AMR
was measured by rotating the direction of the 0.3 T magnetic
field applied within the film plane. The OMR effect was mea-
sured at RT and 10 K, by sweeping the magnetic field from 0
t0 9.0 T applied to the perpendicular direction of the film.

To understand the disordering effects on electronic struc-
tures of Co,Fe(GaysGegs), we carried out first-principles
calculations on the basis of the density-functional theory,
using the Korringa-Kohn-Rostoker (KKR) method [36,37]
implemented into the HUTSEPOT code [38]. The atomic-sphere
approximation was used to determine the Kohn-Sham po-
tential, and atomic disorders were described by the coherent
potential approximation [39]. Both the core and valence
electrons were treated within the scalar-relativistic approxi-
mation, and the scattering matrices in the KKR formalism are
expanded by a basis of spherical harmonics with the maxi-
mum value of the orbital angular momentum /y,,x = 3. In the
calculations, we adopted the local-spin density approximation
of Perdew-Wang [40] for the exchange-correlation energy, and
used a 20 x 20 x 20 k-point mesh for the full Brillouin zone.
The self-interaction-correction [41] was applied locally on the
majority-spin Fe-t,, orbital to reproduce the magnetization of
CFGG in experiments [42].
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FIG. 1. 6-20 XRD patterns for the CFGG thin film annealed at different temperature by setting the scattering vector to the (a) out-of-plane
(x = 0°) direction and (b) [111] (x = 54.7°) direction. The peak marked with * arises from the diffractions from the MgO substrate. (c) S'B"‘;’

and S5 evaluated from Egs. (4) and (5) as a function of T;,.

II1. RESULTS

Figure 1(a) shows the out-of-plane 8-260 XRD pattern for
the CFGG films annealed at different temperatures. Only 002
and 004 peaks were observed in the out-of-plane geometry,
indicating the (001)-oriented epitaxial growth of the CFGG
films. It is clearly found that the position of peaks shift toward
lower angle with increasing 7,,, indicating an enlargement of
lattice constant to out-of-plane direction. This tendency can
be explained by a release of in-plane tensile stress in CFGG
film caused by the lattice mismatch with MgO substrate. The
figure also shows a clear 002 superlattice peak in the entire
range of Ty,, even in the as-deposited state. Figure 1(b) shows
the 0-260 XRD pattern measured along the [111] direction of
the CFGG film. No 111 superlattice peak is detected in the
as-deposited state and the samples annealed below 400 °C,
but it becomes visible in the samples annealed above 500 °C,
indicating that a detectable level of L2 order appears above
500 °C. Figure 1(c) shows the T,, dependence of the degree
of orders Sg7 and S} . Interestingly, S is as high as ~0.9,
even in the as-deposited state, and almost constant against
Ton. This may lead to a misunderstanding that a high degree
of ideal B2-order shown in the model II of Table I exists
even in the as-deposited CFGG film. However, as indicated by
Eq. (2), Ipo> does not reflect the disordering between Co and
Fe because fc, ~ fr.; thus, the estimated large Sg‘%’ indicates
only a high percentage of site occupancy of Ga and Ge atoms
in the Y/Z site. Namely, we cannot distinguish the structure
having an atomic order in between the models I and /Il in

Table I from the result of lab XRD. We also evaluated S}
using the extended Webster model proposed by Takamura
et al. because S};‘%’ is smaller than 1 [43]. Sk‘zbl is zero from the

as-deposited state to T, = 400 C and then increases up to 0.5
from 500 to 600 °C. Therefore, the degree of the L2;-order is
not perfect even at T, = 600°C in this CFGG film.

Figures 2(a) and 2(b) show the perpendicular magnetic
field dependence of the electric resistivity p (OMR effect)
in CFGG thin films measured at 10 and 300 K, respectively.
The rapid variation of p from O to about 1.5 T arises from
the signal from the AMR, because the magnetization direction
changes from in-plane to perpendicular directions to the film
plane in this magnetic field region. Thus, the OMR ratio is
defined as Ap(= p — po)/po wWith py = p(1.5T). Although
the positive OMR ratio was not observed in the entire range
of T,, even at 10 K in the present CFGG thin films, the
slope of Ap/pp as a function of the magnetic field at 10 K
clearly reduces with increasing 7, from the as-deposited state
to 600 °C. Based on the arguments in Ref. [35], this result
suggests that the suppression of electron-magnon scattering
becomes stronger with T,,, due to the improvement of the
half-metallicity. The negative OMR ratio becomes larger at
300 K than that at 10 K, but the tendency with respect to T,
is similar to that at 10 K, as summarized in Fig. 2(c).

Figure 2(d) shows the T, dependence of the AMR ratio in
CFGG thin films at 300 and 10 K. The negative AMR ratio,
which has been considered as a necessary (not sufficient) con-
dition of half-metals, was observed over the entire T, range,
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FIG. 2. Perpendicular magnetic field dependence of the OMR ratio in different annealed CFGG thin films measured at (a) 300 K and (b)
10 K. (¢) T,, dependence of the OMR ratio in the magnetic field of 9.0 T measured at 300 and 10 K. (d) 7., dependence of the AMR ratio in
CFGG thin films measured at 300 and 10 K. The inset shows the ¢ dependences of AMR ratio in the as-deposited and 600 °C annealed CFGG

thin films measured at 10 K.

but its magnitude increased monotonically with 7,,. Previous
studies also found that the magnitude of negative AMR ratio
has a positive correlation with the spin polarization of conduc-
tion electrons from comparative studies between the AMR and
MR ratio in CPP-GMR devices [27,32,34]. Therefore, both
OMR and AMR signify that the spin polarization gradually
enhances with increasing 7,,, which cannot be explained by
the 7,, dependence of Sz, and S;»; shown in Fig. 1(c), as the
high B2 order guarantees a theoretically high P.

Figures 3(a) and 3(b) show the simulated and experimental
results of the x-ray energy dependence of Iy, /Ipos in CFGG,
respectively. The simulation was performed for the different
Co-Fe disorder level x based on the model VIII in Table I,
in which we considered the Co-Ga/Ge disorder elucidated by
lab-XRD. Note that, because of smaller formation energy of
Co-Ga disorder than that of Co-Ge disorder (see Supplemental
Material [47]), here we considered only Co-Ga disordering as
the analysis model. The x-ray energy used was varied from

(a) LN LN LB R AL AL LA BLELELELE B R
0.12 Co-Fe disordered level - 0.12F
—x=0.0 -
0.10F — x=0.1 4 & 0.10
—x=02 %
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£ 0.06 = 0.06
0.04 g 0.04
Z
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~
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FIG. 3. (a) Simulated x-ray energy dependence of Iyp2/Ioos in CFGG from Eq. (3) by including Co-Fe-disordered level x = 0.0-0.5. In this
simulation, we considered the chemical composition and small Co and Ga disordering (shown in model VIII in Table I) in the CFGG thin film.
(b) Experimental x-ray energy dependence of lyp/lpo4 in CFGG thin films annealed at different 7,, (as-deposition and 300-600 °C). (c) Sg’;
and the Co-Fe-disordered level x in the CFGG thin film as a function of 7, estimated by the comparison between the experimental and the
simulated Iy, /Ipo4 intensity at the Co K-absorption edge.
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FIG. 4. (a) Valence band HAXPES spectra for the CFGG thin films with different 7,, (upper part) and simulated photoelectron spectra
for Co-Fe-disordered (x = 0.33) and Co-Fe-ordered (x = 0) B2, and L2,-ordered stoichiometric CFGG using the KKR method (bottom part).
(b) Calculated majority and minority spin-resolved total DOSs of Co-Fe-disordered (x = 0.33) and Co-Fe-ordered B2, and L2; CFGG. (c)
Expanded valence band HAXPES spectra near Er and (d) expanded calculated spin-resolved DOS near Ef.

7.5 to 7.9 keV according to the Co K-absorption edge energy.
The simulation results show that the intensity ratio of Iygz /Ioos
at the Co K-absorption edge increases with decreasing x.
Interestingly, although SE‘;’ measured using a CukK,, source is
nearly constant from the as-deposited state to 7,, = 600 °C
[Fig. 1(c)], we clearly detected an enhancement of Iyy, /loo4
at the Co K-edge from the as-deposited state to T, = 500°C,
indicating that the Co-Fe ordering gradually promotes with
increasing T, up to 500 °C. By comparing I /lpos at the Co
K-edge between the experiment and the simulation, S35 and
the degree of Co-Fe-disordered level x is estimated to be 0.66
and 0.46 in the as-deposited state, respectively. Therefore,
this analysis indicates that as-deposited CFGG thin film has
a nearly random Co-Fe disorder. With increasing T, Syx
(x) gradually increases (decreases) to nearly 1 (0) at 500 °C,
indicating that a nearly perfect Co-Fe order is formed at
500 °C. We also found that x does not change from 500 to
600 °C. Therefore, the variation of atomic ordering in the
CFGGQ thin film with T;, is elucidated by the systematic XRD
and AXRD analysis as follows: as-deposited CFGG thin film
has an almost random Co-Fe disorder with the Ga and Ge
atoms on the Y/Z sites. With increasing T, up to 500 °C,
Co and Fe orders to B2; thus, Co and Fe tend to occupy X
and Y/Z sites respectively. From 500 °C, Fe and Ga/Ge order
to the L2 structure with partial B2 disorder at 600 °C. This
behavior can be well explained by the calculated activation
energy for exchanging the void and each atoms [44]. Namely,
the Fe atom easily migrate to the void forming in the Co site
because of low potential barrier, whereas Ga and Ge atoms

cannot because of the energetic instability to occupy the Co
site. That is a reason for only Co-Fe atomic order promotes by
low temperature annealing. Therefore, the Ga and Ge atoms
need to migrate to the void in the Fe site to form L2;-ordered
structure, whose potential barrier is much higher than that for
Fe migration to the void in the Co site. Therefore, a high T3,
over 500 °C is required to obtain L2;-ordering in the CFGG
film.

The upper part of Fig. 4(a) shows the integration of valence
band photoelectron spectra measured by HAXPES with p- and
s-polarized light for the CFGG thin films with different 7,,.
The spectra were normalized by the intensity of Co 2p3,, core
level spectra. We can see several characteristic peaks in the
spectra, denoted by A-E, and these peaks become prominent
with atomic ordering by annealing. The photoelectron spectra
for B2-CFGG with Co-Fe disorder (x = 0.33, nearly corre-
sponding to the case of the as-deposited CFGG film) and the
Co-Fe-ordered B2 and L2;-ordered CFGG calculated by the
KKR method are shown in the bottom part of Fig. 4(a). The
photoionization cross section [45,46] for constituent elements
and lifetime broadening of electrons and secondary electrons
are considered in the calculation. The calculated spectrum for
the B2 structure with Co-Fe disorder shows no characteristic
sharp peak, which is similar to the spectra for the as-deposited
sample, except for the tiny peak appearing around B. In the
case of an ideal B2 structure, only one specific peak is pre-
dicted to appear around S, which also agrees with peak B,
which gradually becomes prominent with increasing T, to
500 °C. Thus, the enlargement of peak B is explained by the
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improvement of the Co-Fe order from the as-deposited state
to Ty = 500°C detected by AXRD. The peaks denoted as
o, ¥, 8, and ¢ in the simulated spectrum for the L2;-ordered
CFGG match the peaks of A, C, D, and E observed only above
T.n = 500 °C. Therefore, the observed valence band HAXPES
spectra were well reproduced by the calculation, considering
the experimentally observed atomic order.

Figure 4(c) shows the valence band HAXPES spectra just
below Er. Interestingly, the photoelectron intensity largely
reduces with increasing T, from 300 to 400 °C. Figure 4(b)
shows the calculated spin-resolved total DOS of Co-Fe-
disordered (x = 0.33) B2, Co-Fe-ordered B2, and L2; CFGG.
The majority- and minority-spin DOSs are shown in the upper
and lower panels, respectively. Noticeably, the half-metallic
gap in the minority-spin channel is destroyed by the Co-Fe
disorder and perfectly preserved in Co-Fe-ordered B2 and
L2;. Note that we use the expression of “half-metal” for
ferromagnets having highly spin-polarized electronic struc-
tures around Eg. Strictly speaking, there is a tiny DOS in the
half-metallic gap of CFGG even in the ordered L2 struc-
ture, leading to a spin polarization of less than 100%. As
can be observed in the expanded spin-resolved DOS near Er
[Fig. 4(d)], the majority-spin DOS shows almost no change,
while the minority-spin DOS at Er decreases substantially
from the Co-Fe-disordered to B2-ordered structure. There-
fore, the reduction of the photoemission intensity just below
Er implies the formation of a half-metallic gap by improv-
ing the Co-Fe order. In addition, we found that all peak
structures, A—E, in the HAXPES spectra slightly shifted to
a higher binding energy than the peaks a-¢ calculated for the
L2;-ordered stoichiometric CFGG. These peak shifts might
be caused by the effect of electron doping due to a slight
enrichment of the valence electron number (N, ) by Co-rich
and Ga-poor composition in the present CFGG thin films. N,
for the stoichiometric CFGG is 29.5, but 29.8 for the CFGG
film. The shift levels of each peak near Ef are estimated to be
approximately 150 meV for a-A, 310 meV for §-B.

IV. DISCUSSION

Based on the experimental and ab initio calculation re-
sults, we discuss how the atomic order influences the valence
band structure near Er and spin polarization of the CFGG
thin films with varying T,,. Previous studies on the CPP-
GMR with the CFGG electrodes reported that the resistance
change area product (ARA) monotonically increases with T,
from 1.6m$ um? in the as-deposited state to 11.3 mS2 pm?
for T,, = 600°C, suggesting an enhancement of the spin
polarization of currents [9]. The present measurements of
AMR and OMR also indicate that the spin polarization of
currents in CFGG thin films monotonically increases from the
as-deposited state to 600 °C, which is consistent with the re-
sult in CPP-GMR. Meanwhile, general laboratory-based XRD
measurements show a nearly constant degree of B2 order from
the as-deposited state to T, = 600 °C, and an improvement
of the L2y-order from T,, = 500-600 °C. Therefore, based
on the theoretical prediction that the B2 order is sufficient
to obtain high P in Co-based Heusler alloys, there is a clear
disagreement between experimentally observed spin polariza-
tion of currents and the atomic order estimated by the general
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FIG. 5. Calculated energy dependence of (a) spin polarization in
the partial DOS of sp conduction electrons in B2- and L2;-ordered
CFGG and (b) the difference of Py, between that in B2 and L2,
(AP,p). The energy region highlighted in gray shows the expected
position of Ef in present CFGG films from the HAXPES spectra.

laboratory-based XRD method. Our AXRD measurements
using synchrotron x-rays clarified the reason for this disagree-
ment. A plenty of Co-Fe disorder in CFGG destroying the
half-metallic gap exists in the as-deposited CFGG thin film,
and gradually reduces with increasing T,,, and vanishes at
500 °C. As a clear half-metallic gap is expected to form with
the Co-Fe-ordered B2, the monotonic increase of the spin
polarization with 7, to 500 °C is attributable to the reduction
of the Co-Fe-disordered level x. However, because x does not
change above 500 °C, the improvement of the spin polariza-
tion from 500 to 600 °C is not explained by the presence of
the Co-Fe disorder. As only the degree of the L2;-order (Sf‘zb1 )
increases above 500 °C, there must be a positive effect on
the spin polarization by promoting L2, ordering. As electrons
belonging to the s and p bands predominantly contribute to the
electric conduction because of their large Fermi velocities, we
calculated the energy dependence of the spin polarization in
the partial DOS of sp electronic bands (Pip) in B2- and L2;-
ordered CFGG, as shown in Fig. 5(a). As shown in Fig. 4(b),
a clear half-metallic gap appears in calculated spin-resolved
DOS for both B2 and L2; structures; thus, P, exhibits a
similar energy dependence, reflecting a half-metallic gap. A
very large Py, of over 90% is obtained at Er in both structures.
However, we noticed that the energy range for high Py, is
different between L2; and B2; much wider in the L2, -ordered
structure (~650 meV) than that in the B2 structure (~300
meV), although the size of the half-metallic gap of the total
DOS is almost comparable [Fig. 4(d)]. To show a change in
Py, from B2 to L2; more clearly, Fig. 5(b) shows the differ-
ence in Py, between that in B2 and L2 (APF,,). It was found
that the energy range where we can obtain a comparable
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Py, between B2 and L2, is very narrow (|[E—Ep| < 0.1eV).
In the energy range exceeding this narrow region around
the Eg, L2 structure is predicted to have a higher P, by
approximately 10 to 30% than B2 structure. Therefore, this
calculation indicates that the L2, ordered structure is prefer-
able to obtain a stability of high P with respect to the change
in the position of Er and thermal fluctuation at finite temper-
ature. As mentioned above, based on the HAXPES spectra
[Figs. 4(a) and 4(c)], the Eg in the present CFGG films
shifts towards higher energy by 150-310 meV due to electron
doping caused by Co-rich, Ga-poor composition. As the cal-
culation of P, in Fig. 5 was performed for ideal stoichiometric
CFGQ, this electron doping is expected to push the position of
Er up to the vicinity of the conduction band edge of the half-
metallic gap in the present CFGG thin films [the highlighted
region in Figs. 5(a) and 5(b)]. The absence of a positive OMR
ratio in our CFGG thin films (shown in Fig. 2) also supports
very small energy splitting A or overlapping of Ep with the
conduction band edge. Thus, it is inferred that the enlarge-
ment of P from B2 to L2, is more remarkable in the present
CFGQ thin film, because the enlargement of P from B2 to L2,
becomes larger when the position of Ep is closer to that of
the half-metallic gap edges. To corroborate this argument, we
prepared another epitaxial CFGG film having nearly stochio-
metric but slightly Co-poor, Ga-rich composition (Ny = 29.2)
for comparison. A positive OMR ratio was clearly observed
at low temperatures in this CFGG film annealed at 600 °C
[47], suggesting that the Ef is located below the Eg of the
present Co-rich Ga-poor CFGG film, as expected from the
Ny. Therefore, an improvement in the spin polarization of the
CFGQ thin film annealed at 500 °C to that annealed at 600 °C
is explained by the expansion of the band gap for the minority
sp electrons by ordering from the B2 to the L2; structure.

V. CONCLUSION

In this study, we investigated the atomic order in
Co,Fe(Gep 5Gag 5) Heusler alloy thin film annealed at differ-
ent temperatures by AXRD and its effect on the half-metallic
electronic structure by HAXPES. We prepared a series of

CFGG films annealed at different temperature 7,, (from 300
to 600°C) for 30 min. Although the standard XRD using
a Cu-K, source detected a clear 002 superlattice peak for
the B2-order in the as-deposited CFGG, AXRD indicated
the presence of substantial Co-Fe disorder, which causes the
low spin polarization in the as-deposited film even in the B2
structure. With increasing T, the Co-Fe disorder decreases
until 500 °C, which contributes to the monotonic increase
of spin polarization against T,,, as confirmed by AMR and
OMR measurements. The valence band structures measured
by HAXPES agree well with those simulated using ab initio
calculations for CFGG with a disordered structure. The va-
lence band HAXPES spectra just below Er show a signature
indicating the formation of a half-metallic gap by Co-Fe or-
dering. The positions of characteristic peaks in the valence
band HAXPES spectra shift to higher energy direction, com-
pared to the simulated ones for the L2 -ordered stoichiometric
CFGQG, suggesting that Ef in the present CFGG thin film is
located at the vicinity of the conduction band edge. Our first-
principles calculation found that an energy region exhibiting
high spin polarization of conductive sp electrons is enlarged
by ordering the B2 structure to the L2, structure, although a
half-metallic gap forms in both structures. Therefore, the im-
provement of the L2;-order is the reason for the enhancement
of spin polarization from 7,, = 500 and 600 °C. This study
explains the excellent MR properties reported for CPP-GMR
devices with L2;-ordered CFGG electrodes, which provides
insights for further improvement of the performance of vari-
ous spintronic devices using half-metallic Heusler alloys.
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