Vol. 118 (2010)

ACTA PHYSICA POLONICA A

No. 4

The Effect of Gd Impurities on the Physical Properties
of Half-Metallic Ferromagnet Co,MnSi

R. GRASIN, E. VINTELER, A. BEZERGHEANU, C. RUSU, R. PACURARIU, [.G. DEAC

AND R. TETEAN*
Faculty of Physics, Babes-Bolyai University, Kogalniceanu 1, RO-400084, Cluj Napoca, Romania

(Received January 26, 2010; in final form August 4, 2010)

In this paper we report our experimental and theoretical studies on the effect of Gd impurity on the physical
properties of the Heusler half-metallic ferromagnet CooMnSi. The analysis of the band structures of the doped
alloy shows that the half-metallic properties are completely conserved if Gd substitutes Mn atoms. This effect is
not determined by the spin—orbit interaction, but through the coupling between the R(4f) spin with the Mn(3d)
itinerant electron spins. We evaluate the strength of such a coupling by calculating, in an ab initio fashion, the
total energy of Co16GdMn7Sis compound for a parallel and antiparallel f—d coupling. The obtained magnetic

moments of Co or Mn sites are in good agreement with the experimental ones.

PACS numbers: 71.70.Ej, 71.55.Ak, 73.20.Hb

1. Introduction

The Heusler alloys containing Co and Mn are amongst
the most heavily studied half-metallic ferromagnets for
future applications in spintronics [1]. Ideal performance
device would be obtained by incorporating a ferromagnet
in which the conduction electrons are 100% spin polar-
ized.

Half-metallicity was predicted by de Groot [2], when
studying the band structure of half-Heusler NiMnSbh al-
loy. Later on Kubler et al. [3] recognized that minority
spin states in CooMnAl nearly vanish, so the way in in-
vestigating the full-Heusler alloys having CooMnZ (Z =
Al, Si, and Ge) was opened. These alloys crystallize in
a highly ordered L2; structure, which belong to Fm3m
space group. CosMnSi attracted particular interests be-
cause of its high Curie temperature 985 K and a gap
of 0.4 €V in the minority spin channel [4, 5]. Structural
and magnetic properties of CooMnSi alloy were reported.
A magnetic moment of 5.01 pp/f.u. was shown [6].

Sakuraba et al. [7] have fabricated magnetic tunnel
junctions (MTJ) consisting of highly ordered CosMnSi
epitaxial bottom electrode, Al-O tunnel barrier, and
CorsFeqs top electrode. A tunnelling magnetoresistance
ratio (TMR) of 159% at low temperatures and a value
of 70% at room temperature were determined. More
recently, MTJ structures consisting of CosMnSi/Al-
O/Co2MnSi were fabricated, having a TMR ratio of
570%, at 2 K, the largest one reported to date for an Al-O
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amorphous tunneling barrier [8]. These experiments re-
veal the half-metallic ferromagnetic (HMF) character of
CooMnSi with a minority-spin band gap and a high de-
crease of TMR ratio with temperature [9].

Several results on half-metallic or semi-Heusler com-
pounds showed that electronic correlations play a crucial
role in depolarization effects by introducing nonquasipar-
ticle (NQP) states just above the Fermi level [10-12].
Recently for the first time there has been shown the exis-
tence of NQP above the Fermi level in the minority spin
channel, in CoaMnSi based tunnel junctions [13]. The
existence of NQP states was proved by tunneling con-
ductance measurements. The NQP picture suggests that
it is necessary to pay attention to magnon excitations in
order to improve the CooMnSi based MTJ performances.
For this it is necessary to modify the magnon excita-
tions preserving in the same time the electronic proper-
ties (in principal the gap in the minority spin channel).
Attema et al. have proposed to increase the magnetic
anisotropy and thus the magnon gap by doping with rare-
-earth atoms in the half metallic material [14].

In this paper we analyse the effect of Gd substitution
at Mn sites on the physical properties of CooMnSi based
alloy. The Gd 4f electrons are not involved in chemical
bonding. Total energy calculation allows us to evaluate
the strength of the coupling between the 4f rare-earth
impurity spin and the 3d manganese conduction electron
spin.

2. Experimental details

The CooMn;_,Gd,Si compounds with z = 0, 0.01,
0.05 and 0.1 were prepared by arc melting of the con-
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stituent elements in a purified argon atmosphere. The
ingots were remelted several times in order to ensure a
good homogeneity. The samples were heat treated in
vacuum, at 950°C, for 5 days. The crystal structure
was checked by X-ray using a Bruker 8 XD diffractome-
ter. Magnetic measurements were performed with a 12 T
VSM magnetometer from Cryogenics in the temperature
range 4.2-700 K and maximum external fields up to 12 T.
The spontaneous magnetizations, Mg, were determined
from magnetization isotherms according to approach to
saturation law

M = Ms(1—b/H) + xoH .

We denoted by b the coeflicient of magnetic hardness and
X( is a Pauli-type contribution. A SPECS multifunc-
tional surface analysis system was used for X-ray pho-
toelectron spectroscopy in order to check if Gd atoms
occupied positions in the lattice sites or not.

Based on experimentally determined lattice con-
stants, we have computed the band structures of
CooMng g75Gdg.12551 and CooMnSi compounds using a
supercell eight times greater than unit cell. A d—f-type
model was used in the mean field approximation, in which
the Mn 3d and Gd 4f states were described by LSDA+U
method, whereas the 3d—4f interaction was treated as
perturbation. The mean-field Hamiltonian can be writ-
ten in the form

H =~ Hipa+v — Jza?dsij;ga

where the spin of the conduction electron at site R; is
denoted by ¢3¢ and Slf 45 represents the spin of the 4f
shell at the R;ys site. LSDA+U approach is based on
the local spin density approximation (LSDA) to density
functional theory (DFT) using exchange-correlation pa-
rameterization of von Barth and Hedin but is comple-
mented with Hubbard-U corrections treated in a mean
field approximation. Our calculations use a full-potential
linearized muffin-tin orbital (FP-LMTO) approach. This
method uses an optimized basis set consisting of muffin-
-tin orbitals with smoothed Hankel functions as envelope
functions [15]. The partially filled and strongly corre-
lated localized f orbitals were treated using the LSDA+U
method. In this method the Coulomb and exchange
energy in the Hartree—Fock approximation of a chosen
set of localized orbitals, here the 4f states, are added
to the usual local spin density functional and their or-
bital independent average is subtracted to avoid double
counting. The LSDA-+U method is a physically moti-
vated approach that attempts to incorporate the effects
of important orbital specific local Coulomb interactions
in strongly correlated electron systems while retaining
the simplicity of local density approximation (LDA) cal-
culations for real materials [16].

3. Results and discussions

The diffraction patterns for the samples with x = 0
and z = 0.01 are presented in Fig. 1. The X-ray anal-
ysis shows, in the limit of experimental errors, that the

compounds are single phase with BiF3-type structure for
the compounds with z = 0.00, 0.01 and 0.05. In the case
of the compound with x = 0.1 it was found that in ad-
dition to BiFs-type structure, small quantity of CoMnSi
phase is present. The alloys crystallize in a cubic struc-
ture having F'm3m space group. The lattice parameter
is a = 0.5654 nm and is very little affected by substitu-
tion, probably because of the small amount of Gd. In
the case of compound with x = 0.1 it was found that the
line widths of the X-ray patterns are somewhat larger
as compared with samples with less Gd, probably due
to a small deformation of the lattice as the gadolinium
content increases.
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Fig. 1. Diffraction patterns for the
COQMnSi and COQMno_gngo,()lSi.

compounds

The Gd 4f XPS spectra for the compound with x =
0.01 is presented in Fig. 2. In the same figure the pure
Gd spectra are shown. One can see that Gd spectra are
changed by alloying which allows us to consider that Gd
atoms occupy positions in the lattice and not interstitial.
Further investigations are necessary in order to find the
crystallographic position in which Gd enter.

The calculated densities of states (DOS), for
Co16MnyGdSig are presented in Fig. 3. In the case of
Co16Mn;GdSig the calculations were done considering
a ferromagnetic and respectively, antiferromagnetic cou-
pling of Gd (4f) and Mn (3d) spins. The half-metallic
state is stable in both cases with a band gap of 0.4 eV
magnitude. The analysis of the band structures of the
doped alloy shows that the half-metallic properties are
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Fig. 2. Gd 4f XPS spectra in CoaMng.g99Gdo.015i. The
XPS spectra of pure Gd are also shown.
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Fig. 3. Density of states for Co16Mn7GdSig compound
in the cases of antiferromagnetic and ferromagnetic
coupling.

completely conserved if gadolinium atoms substitute the
manganese ones. This effect is not determined by the
spin—orbit interaction, but through the coupling between
the Gd (4f) spin with the Mn (3d) itinerant electron
spins. We evaluate the strength of such a coupling by
calculating, in an ab initio fashion, the total energy of
Co16Mn7GdSig compound for a parallel and antiparal-
lel f—d coupling. Given the geometry of the cell, the
lanthanide substitution is realized in the fcc Mn sublat-
tice, so 12 pairs of Gd (4f)-Mn (3d) are formed. As
a consequence the f—d coupling constant was calculated
as the Frerro — Eantiferro €nergy corresponding to a pair
and has values of 54 K for U = 7 eV, J = 0.7 eV and

105 K for U = 3 eV, J = 0.7 €V. One can see that the
minimum energy is in the case of an antiparallel cou-
pling between Mn (3d) and Gd (4f) spins as it is ex-
pected for heavy rare-earths—3d transition metals com-
pounds [17]. We expect that at temperatures lower than
that calculated for the exchange coupling the gadolinium
substitution could affect the magnonic excitations leav-
ing the half-metallic gap unmodified. Table shows the
atomic magnetic moments for the pure compound data
obtained for the Gd-doped samples. A modification of
Co moment is shown, as result of doping effect. On the
other hand, a small negative moment was found on silicon
due to the hybridization effects. The calculated magnetic
moments are 5.00 ug/f.u. for CooMnSi and 5.35 pp/fu.
(F coupling), respectively 3.59 up/f.u. (AF coupling) for
CoaMnyg g75Gdg 12551 compound compound (U = 3 €V,
J =0.7¢eV).
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Fig. 4. Magnetizations isotherms at different temper-

atures.

The magnetization isotherms at different temperatures
are shown in Fig. 4. One can see that the samples
are saturated in external field of 3 T. From the mag-
netization isotherms at 4 K the spontaneous magneti-
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zations were determined. Considering that the mag-
netic moments per atom of Co, Mn, Gd and Si are
the same, like that obtained in the Co;6Mn;GdSig com-
pound, we have calculated the magnetic moments for
C02Mno,gng0401Si and COQMHO,95Gd0_05Si. Magnetic
moments values of 4.47 pp/f.u. (x = 0.01), respectively
4.06 pp/fu. (x = 0.05), were obtained for the data cal-

J
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culated with U = 7 €V and 4.74 pp/fu. (xz = 0.01) re-
spectively 4.35 pp/f.u. (z = 0.05), for the data calculated
with U = 3. There is good agreement between the calcu-
lated values in case of antiferomagnetic coupling and ex-
perimental values: 5.07 up/f.u. for x = 0.00, 4.75 pp/f.u.
(x = 0.01) and 4.53 pup/f.u. (r = 0.05). The best agree-
ment is for the values obtained from theoretical calcula-
tions with U = 3 €V.

TABLE

Calculated magnetic moments for Coi16MngSis and Co1s6Mn7GdSis compounds, respectively, in case of
ferromagnetic coupling (F) and antiferromagnetic coupling (AF) for different U J values.

U [eV], J [eV] 7,07 3,0.7

Coupling F AF F AF
Cos [us/atom)] 1 0.793 0.802 1.099 1.095
Coz |uB/atom] 1 0.793 0.802 0.808 0.787
Mn [uB/atom] 3.03 3.036 3.038 3.036 3.038
Gd [pB/atom] - 6.947 —7.125 6.837 —7.04
Si [pB/atom] —0.03 —0.064 —0.068 —0.064 —0.067
M [us/8fu.] 40.00 42.89 28.882 42.916 28.82311187
M/8 [us/f.u.] 5.00 5.36125 3.61025 5.3645 3.602888984
Eiot [eV] —8458.7589 —87887.4634 | —87887.4675 —87887.4971 —87887.5051
E¥erro — Eantiterro [K] 54.1190485 105.508336

4. Conclusions

We conclude that Gd has entered into the transition
metal sublattice in CooMnSi. The electronic structure
calculations suggest that the half-metallicity is preserved
when Gd substitute Mn sites. The best agreement with
experimental data was obtained for the calculated values
obtained by considering U = 3 eV. At temperatures lower
than that calculated for the exchange coupling (105 K
for U = 3 €V) the gadolinium substitution could affect
the magnonic excitations leaving the half-metallic gap
unmodified. Further investigations are necessary.
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