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Magnetic properties of the half-metallic Heusler alloys Co,VAl and Co,VGa under pressure
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Magnetization measurements have been carried out at high pressure up to 12.1 kbar for Co,VAI and
Co,VGa with a miniature high-pressure clamp cell. The magnetic moment measured at 5 K is independent of
pressure for Co,VGa. This is an experimental observation that gives clear evidence that Co,VGa possesses
half-metallic electronic structure. On the other hand, a sizable pressure dependence of the magnetic moment is
observed for Co, VALl and it is attributed to the precipitation of the bec particles in the matrix L2, phase. The
Curie temperature decreases with increasing pressure for Co,VGa, reflecting characteristics typical for usual
itinerant electron systems. The negative pressure dependence of the Curie temperature found in Co,VGa
contrasts fairly with that of other Heusler alloys containing Mn atoms.
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I. INTRODUCTION

Full Heusler alloys are usually defined as ternary interme-
tallic ordered alloys formed at a stoichiometric composition
X,YZ with the cubic L2, structure, where X is any element
which belongs to the end of the 3d, 4d, or 5d series, Y is a
transition-metal element, while Z is an sp element. The Heu-
sler alloys have been attracting growing interests because of
their potential use as half-metallic ferromagnets (HMFs),'!
ferromagnetic shape memory alloys,” and magnetocaloric
materials.’ Particularly, the HMFs with the L2, structure are
expected to be promising materials for device applications in
spintronics, for example, tunneling magnetoresistance de-
vices.

Mn-based Heusler alloys X,MnZ show a variety of mag-
netic properties. The pressure effect on the Curie temperature
Tc of the ferromagnetic Heusler alloys was studied inten-
sively for Ni,MnZ (Z=Ga, In, Sn, and Sb), Au,MnAl,
Cu,MnAl, and Rh,MnZ (Z=Sn and Sb),*'* in which Mn
atom has the localized moment of about 4 ug. For all of the
ferromagnetic Heusler alloys X,MnZ mentioned above, T¢
increases linearly with increasing pressure below about 10
kbar. On the basis of the experimental results, the depen-
dence of the exchange interactions on the interatomic dis-
tance was discussed qualitatively for a number of the ferro-
magnetic Heusler alloys X,MnZ.*3 Recently, Sasioglu et
al.'' studied theoretically the pressure dependence of T in
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the ferromagnetic Ni,MnSn by a first-principles density-
functional calculation. The calculated pressure dependence
of T¢ in the broad pressure interval is in good agreement
with the experimental results.?

On the other hand, there has been only a little amount of
information about the magnetovolume effect on the Heusler
alloys Co,YZ with a high spin polarization. Recently, several
authors calculated the electronic structures of Co,VAI and
Co,VGa.'*!'7 According to the theoretical results, both Heu-
sler alloys Co,VAI and Co,VGa are the HMFs with 100%
spin polarization.'>-1¢ The total magnetic moment should be
independent of pressure for HMFs unless 100% spin polar-
ization is degraded by broadening of valence and/or conduc-
tion bands with increasing pressure. However, it has not been
confirmed experimentally by magnetic measurements under
high pressure so far. In this paper, the magnetic properties of
Co,VAI and Co,VGa under pressure are examined experi-
mentally and theoretically to gain deeper insight into the
electronic structure of these materials.

II. EXPERIMENTAL

The polycrystalline alloys Co, VAl and Co,VGa were pre-
pared by levitation melting of appropriate quantities of the
constituent elements of high purity in an argon atmosphere.
The reaction products of Co,VAIl and Co,VGa were sealed
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in the evacuated silica tube, annealed at 1200 °C and
1100 °C for 3 days, respectively, and then quenched into
water. To achieve high-crystalline perfection, the reaction
products of Co,VAl and Co,VGa were subsequently an-
nealed at 600 °C for 7 days and finally quenched into water.
The phase identification and characterization of the samples
were carried out by x-ray powder diffraction measurements
using Cu K« radiation. To relieve internal strains in the pow-
der samples, the samples were heated at 600 °C for 2 h.

The thin-film specimens for transmission electron micro-
scopic (TEM) observation were prepared by double jet elec-
tropolishing with a solution composed of 8% perchloric acid,
72% acetic acid, 12% ethanol, and 8% ethylene glycol at
room temperature. Conventional and high-resolution TEM
(HRTEM) observations were carried out by JEM-2000EXII
and JEM-2100, respectively, at an acceleration voltage of
200 kV.

The T at high pressure was determined by an ac trans-
former method. The primary and secondary coils were
wound on the sample rod with about 1 mm in diameter. An
ac current of a constant amplitude flowed in the primary coil
and the second voltage, which is directly proportional to ini-
tial permeability u, was recorded as a function of tempera-
ture at various pressures. The amplitude and the frequency of
the ac magnetic field to the sample are about 7 Oe and 1
kHz, respectively. Hydrostatic pressure was applied to a
sample in a Teflon pressure sample cell filled with a liquid
pressure-transmitting medium (Fluorinert) by using a piston-
cylinder-type device. In this Teflon cell, a sample was placed
in a cylindrical cell made of BN with high thermal conduc-
tivity. The temperature was measured with a chromel-alumel
thermocouple, kept in contact with the sample. The applied
pressure was calibrated by using the Hg solid-liquid transi-
tion temperature. The T at ambient pressure was determined
by the ac transformer method as well as the case of the
permeability measurements under pressure though we used
the different permeability measurement apparatus.

The magnetization measurements at high pressure up to
12.1 kbar were performed using a superconducting quantum
interference device magnetometer and a piston-cylinder-type
pressure cell made by CuBe alloy. The applied pressure was
estimated from the superconducting critical temperature us-
ing a tin manometer. The sample and the tin manometer were
compressed in a Teflon capsule filled with a liquid pressure-
transmitting medium (Daphne 7373). The magnetization
M. arising from the pressure cell with the Teflon capsule,
the pressure-transmitting medium, and tin manometer was
estimated from the difference between the magnetization at 5
K with and without the pressure cell. All the magnetization
data were corrected by subtracting M.

III. RESULTS AND DISCUSSION
A. Crystal structure and microstructure

The structural refinement of Co,VAI and Co,VGa were
performed by the x-ray powder diffraction data using the
standard Rietveld technique. Figures 1(a) and 1(b) show the
experimental and calculated x-ray powder diffraction pat-
terns for Co,VGa, respectively. The pattern of Fig. 1(b) was
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FIG. 1. The x-ray powder diffraction patterns obtained for
Co,VGa; (a) experimental and (b) calculated data.

calculated as the L2, structure with a space group Fm3m in
which A (0, 0, 0) and C (1/2, 1/2, 1/2) sites are occupied by
Co atoms, and B (1/4, 1/4, 1/4) and D (3/4, 3/4, 3/4) sites
occupied by V and Ga atoms, respectively. As seen in Figs.
1(a) and 1(b), the Co,VGa specimen seems to have a single-
phase structure based on the bee structure. Although a faint
(111);5; reflection typifying the L2, bcc-ordered structure
can be detected, no quantitative analysis on the degree on
order of the L2, structure is possible for the experimental
result because of the low intensity of the ordered reflections.
Very recently, Umetsu et al.'® have investigated the atomic
configuration of the Co,VGa alloy powder annealed at 873 K
by using neutron diffraction and confirmed that the Co,VGa
alloy possesses a single-phase structure with an almost per-
fect L2, structure. The lattice parameter of Co,VGa was
found to be 5.7920 A, which is in good accordance with the
value reported earlier.!”

Figures 2(a) and 2(b) show the experimental and calcu-
lated x-ray powder diffraction patterns for Co,VAl, respec-
tively. The pattern of Fig. 2(b) was calculated as the L2,
structure. As seen in Fig. 2(a), the faint superlattice reflec-
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FIG. 2. The x-ray powder diffraction patterns obtained for
Co,VAl; (a) experimental and (b) calculated data.
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FIG. 3. SADP and TEM BF and DF images under two-beam
conditions near [110] axis for Co,VAI; (a) SADP, (b) BF g=004,
(c) DF g=004, (d) DF g=002, and (e¢) DF g=111.

tions (111),,, and (200),,, are detected and the Co,VAl
specimen also seems to have a single-phase structure with
the ordered L2; whose lattice parameter was evaluated as
being 5.7798 A. However, the relative intensity of the
(111);5; to the (200),,, in the experimental pattern [Fig.
2(a)] is too small in comparison to that in the calculated
pattern [Fig. 2(b)]. For such a discrepancy between the ex-
perimental and the calculated patterns, there are two possible
explanations, i.e., due to decrease in the degree on order of
the L2, structure and due to phase separation between the
L2, phase and another bcc phase. The previous case corre-
sponds to the condition that an atomic interchange occurs
between V and Al sites, which has already been pointed out
by Ziebeck and Webster'® and Shreder ef al.>° The latter case
is expected by precipitation of the A2 or B2 phase with the
same bcc structure as the L2; matrix phase and the similar
behavior has been reported in Co,CrAl alloy.2! In order to
decide the origin of the discrepancy between the experimen-
tal and calculated patterns, TEM observations were carried
out.

Figures 3(a)-3(e) show the selected area electron diffrac-

tion pattern (SADP) near [110],,; axis and the bright-field
(BF) and dark-field (DF) images taken under two-beam con-
ditions from the Co,VAI specimen, where (b) and (c) are the
BF and DF images from g=004, and (d) and (e) are the DF
images from g=002 and g=111, respectively. Including both
the (002),,; and (111),,; spots, the SADP exhibits a typical
pattern of the Heusler L2, structure, which is consistent with
the result by the x-ray diffraction (XRD) examination. The
matrix phase shows bright contrast in all the DF images,
which means that the matrix has the L2, structure. As shown
in the BF image of Fig. 3(b), however, two types of particles,
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FIG. 4. HRTEM lattice image and corresponding SADP in [001 ]
axis for Co, VAL, (a) lattice image and (b) SADP, where (c) and (d)
are FFT power spectra taken from regions C and D in (a), respec-
tively, and (e) is RFFT image of (a) constructed from {200};,; su-
perlattice spots indicated with four white arrows in (d). The hatched
regions in (e) correspond to the holes of thin film in (a).

i.e., large particles with dark contrast of around 20 nm like
coffee beans and very small spherical particles with gray
contrast of several nanometer are observed. The larger par-
ticles in the DF images from both g=002 and g=111 exhibit
a dark contrast similar to those in the BF image from g
=004 while showing a bright contrast in the DF image of
g=004. These mean that the larger particle has a disordered
bee structure. On the other hand, although apparently de-
tected in the DF image from g=111, the dark contrasts cor-
responding to the smaller particles are not clear in that from
g=002. From these results, the smaller particles are consid-
ered to possess the disordered bcc structure or a B2-type
structure. Figures 4(a) and 4(b) show the lattice image and its
corresponding SADP in [001];,; axis taken from the Co,VAl
specimen, respectively. Whereas the lattice fringes basically
continue in the observed whole area, inhomogeneous dark
contrasts with size of several nanometer are observed and in
the edge region of the thin foil, some holes are detected as
shown in Fig. 4(a). Although the origin of the formation of
holes is not clear, this behavior suggests that some chemical
inhomogeneity exists in the specimen at least. From the lat-
tice image, two kinds of fast Fourier transformation (FFT)
power spectra can be obtained as shown in Figs. 4(c) and
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FIG. 5. Magnetization curve measured at 5 K for Co,VGa. The
inset shows the temperature dependence of the magnetization M at
0.1 kOe for the ZFC and the FC processes.

4(d), which were taken from the areas C and D in Fig. 4(a),
respectively. Here, the pattern from the area D includes the
{200},,, spots while those are absent from the pattern of the
area C. Furthermore, the reverse FFT (RFFT) image con-
structed from the superlattice {200};,; spots shows an inho-
mogeneous structure with size of several nanometer as
shown in Fig. 4(e). These results mean that the fine dark
particles observed in Fig. 3(b) have the disordered bcc struc-
ture which is the same as the larger particles in Fig. 3(b). The
reason why these two different types of the bcc particles
exist in this specimen is not clear, but the smaller ones seem
to be formed during cooling after the final annealing at least,
because of their extremely small particle size. It is very dif-
ficult to individually determine the chemical compositions of
the precipitate and matrix phases. As mentioned above, the
precipitation of the disordered bcc phase in the ordered bcc
matrix has already been reported in the Co,CrAl alloy, where
the Cr-rich bce particles precipitate in the CoAl-rich B2 ma-
trix phase.?’"??> From analogy with the Co,CrAl alloy, it is
deduced that the precipitation particles have a V-rich compo-
sition and that the composition of the matrix L2, phase de-
viates from the stoichiometric one to the CoAl-rich direction.
This compositional deviation of the matrix L2; phase may
bring about the discrepancy between the experimental and
calculated patterns in the XRD.

B. Magnetic properties

Figure 5 shows the magnetization curve measured at 5 K
for Co,VGa at ambient pressure. As seen in Fig. 5, the mag-
netization curve is characteristic for ferromagnets. The mag-
netization M at 5 K is saturated in the magnetic field at about
10 kQOe, indicating that the magnetocrystalline anisotropy en-
ergy of Co,VGa is small. The spontaneous magnetization
was determined by the linear extrapolation to H/M =0 of the
M? versus H/M curve. The magnetic moment was deduced
from the value of the spontaneous magnetization at 5 K. The
results are 2.04 wpg/f.u. and 1.86 ug/f.u. for Co,VGa and
Co, VAL respectively. These values are in good agreement
with those reported earlier.”>>* Note that half-metallic full
Heusler alloys follow a Slater-Pauling behavior,!? i.e., the
total spin magnetic moment per formula unit, M, in ug
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FIG. 6. Pressure shift of the Curie temperature 7 observed for
Co,VGa. Solid line in the figure is a guide for the eyes. The inset
shows the initial permeability u as a function of temperature at
ambient pressure for Co,VGa.

scales with the total number of valence electrons, Z;, follow-
ing the rule: M=Z,—24. Namely, the Slater-Pauling behavior
predicts that the M, should be 2.0 ug for both Co,VAI and
Co,VGa. The magnetic moment of Co,VGa observed in this
study is in good agreement with the result expected from the
Slater-Pauling behavior. On the other hand, the magnetic mo-
ment of Co,VAI is somewhat smaller than 2.0 ug, owing to
the precipitation of the bec particles in the matrix L2, phase
as mentioned above. The temperature dependence of M at
0.1 kOe for Co,VGa is shown in the inset in Fig. 5. We find
the considerable thermomagnetic irreversibility on the M
versus T curves for the zero-field-cooling (ZFC) and field-
cooling (FC) processes. It may be attributed to the pinning of
domain walls.

The inset in Fig. 6 shows the initial permeability u versus
T curve for Co,VGa at ambient pressure. The value of u
decreases rapidly just below T with increasing temperature
and takes a nearly constant value above 7. The T was
defined as the cross point of the linear extrapolation lines
from higher and lower temperature ranges on the u versus 7'
curve, as shown in the figure. The 7 of Co,VGa is 357.3 K,
which is in good agreement with those reported earlier.!®-??
Similar u versus T curves for Co,VGa were observed at
various pressures. As shown in Fig. 6, the pressure change in
Tc, ATe, for Co,VGa decreases linearly with increasing
pressure. The value of d7/dp for Co,VGa is estimated to be
—0.78 K/kbar. The negative pressure dependence of T
found in Co,VGa contrasts fairly with that of other Heusler
alloys containing Mn atoms,*!* in which T increases lin-
early with increasing pressure. The 7T observed at ambient
pressure for Co,VAl is 342.7 K, which is somewhat higher
than those reported earlier.!?20-23

Figures 7(a) and 7(b) show the magnetization curves of
Co,VGa and Co,VAl, respectively, measured in magnetic
fields up to 70 kOe at 5 K under two different pressures. It is
seen that the two curves obtained under different pressure are
perfectly overlapped in the Co,VGa, although being appar-
ently different in the Co,VAIl The magnetic moments per
formula unit, w,, under various pressures are estimated by
using the values of the spontaneous magnetization measured
at 5 K. As seen in the inset of Fig. 7(a), the magnetic mo-
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FIG. 7. Magnetization curves measured at 5 K for (a) Co,VGa
(3.2 and 11.9 kbar) and (b) Co,VAI (0 and 12.1 kbar). The insets in
the figures show the pressure dependence of the magnetic moment
per formula unit w,. Solid lines in the insets are a guide for the eyes.

ment of Co,VGa is almost independent of pressure. The
value of high field susceptibility, x;,, at each pressure is neg-
ligibly small. On the other hand, as shown in Fig. 7(b), the
us for Co,VAI decreases linearly with increasing pressure.
The inset in Fig. 7(b) shows the pressure dependence of u, at
5 K for Co, VAL The pressure derivative of u is estimated to
be —2.2X 107 ug/f.u. kbar. It should be noted that the
value of pressure derivative of u, for Co,VAl is comparable
with that (=—1.8X 1073 ug/f.u. kbar) at 5 K for Co,ZrAl,
which is a typical itinerant electron ferromagnet.?

C. Theoretical results

We investigated the pressure effect on the electronic and
magnetic properties of Co,VAI and Co,VGa theoretically on
the basis of first-principles density-functional calculations by
using the projector augmented wave method’®?’ imple-
mented in Vienna ab initio simulation package (VASP).2%%°
We adopt the generalized gradient approximation for
exchange-correlation potentials. First, we calculated the total
energy of each material in the ordered L2, structure as a
function of the lattice constant. The results for Co,VAIl and
Co,VGa are shown in Figs. 8(a) and 8(b), respectively. The
lattice constant and the bulk modulus in the equilibrium con-
dition thus determined are listed in Table I. Both materials
possess similar elastic properties with each other as expected
from their isostructural and isoelectronic relationship.
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Figures 9(a) and 9(b) show the total, Co, and V magnetic
moments calculated for Co,VAI and Co,VGa, respectively,
as a function of the lattice constant. The total magnetic mo-
ment per formula unit at the equilibrium is about 2.0 ug,
which is predicted by the Slater-Pauling rule,'? for both ma-
terials and is almost independent of the lattice constant in the
region between 5.6 and 6.2 A. The result is a direct conse-
quence of half-metallic electronic structure of these materi-
als, i.e., the total magnetic moment remains the same unless
the minority-spin energy gap is filled by broadened valence
and/or conduction bands. It is noted that the Co and V mag-
netic moments show the opposite dependence on the lattice
constant with each other. While the Co magnetic moment
decreases, the V moment increases with decreasing the lat-

TABLE I. The lattice constant, a,, and the bulk modulus, By, at
ambient pressure calculated for Co,VAIl and Co,VGa. The experi-
mental data measured in this work are listed in parentheses for
comparison.

ao By
Material (A) (kbar)
Co,VAl 5.756 (5.7798) 1930
Co,VGa 5.766 (5.7920) 1980
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FIG. 9. Total (top panel), Co
(middle), and V (bottom) mag-
netic moments calculated as a
function of the lattice constant in
the ordered L2; structure for (a)

Co, VAl and (b) Co,VGa.
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tice constant at around the equilibrium for both materials.
The compensation behavior of the pressure dependence of
the magnetic moment at each constituent atomic sites has
been observed also in other half-metallic Heusler alloys,
Co,MnZ (Z=Si, Ge, and Sn).>° In these materials, however,
the Co (Mn) magnetic moment increases (decreases) with
decreasing the lattice constant contrary to the behavior in
Co, VAl and Co,VGa.

With use of the equation of state for each material, we
evaluate the derivative of the magnetic moment with respect
to pressure. The theoretical result is consistent with the neg-
ligible pressure dependence observed experimentally in
Co,VGa whereas it is inconsistent with the experimental ob-
servation in Co,VAl. The discrepancy between the theoreti-
cal and experimental results is apparently attributed to the
phase separation between the ordered L2 and disordered bcc
phases found only in the Co,VAI sample. The deviation of
stoichiometric composition in the matrix L2; phase for
Co, VAl sample leads to the degradation of half-metallicity.
In particular, the antisite Co defects in half-metallic Hesuler
alloys give rise to additional electronic states at the Fermi
level in the minority-spin energy gap, as confirmed by first-
principles calculations for Co,MnSi, Co,MnGe, Co,CrAl,
and so on.3¥?

IV. CONCLUSION

We have carried out the magnetization measurements at
high pressure up to 12.1 kbar for Co,VAI and Co,VGa with

a miniature high-pressure clamp cell. We found that the mag-
netic moment measured at 5 K is independent of pressure for
Co,VGa. This is an experimental observation that gives clear
evidence that Co,VGa possesses half-metallic electronic
structure. On the other hand, we observed the sizable pres-
sure dependence of the magnetic moment, i.e., du,/dp=
-2.2% 107 ug/f.u. kbar, for Co,VAI contrary to the ab-
sence of pressure dependence expected generally for HMFs.
The discrepancy between the theoretical and experimental
results is apparently attributed to the phase separation be-
tween the ordered L2, and disordered bce phases found only
in the Co,VAI sample. The derivative of the Curie tempera-
ture with respect to pressure is —0.78 K/kbar for Co,VGa,
reflecting characteristics typical for usual itinerant electron
systems. The negative pressure dependence of the Curie tem-
perature found in Co,VGa contrasts fairly with that of other
Heusler alloys containing Mn atoms.*~10
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