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The structural, electronic, and magnetic properties ofNGOX (X=Si, Ge, Sn Heusler compounds have
been determined by means of all-electron full-potential linearized augmented plangRia#RW) calcula-
tions. We focus on the effects on the electronic and magnetic properties inducédl saybstitution of theX
atom, (ii) applied pressure, andi) the use of the local spin density approximatitu$DA) vs the generalized
gradient approximatiofGGA) in density functional theory. A comparison between LSDA and GGA for the
exchange-correlation functional shows that GGA is essential for an accurate description of the equilibrium
volumes and of the electronic and magnetic properties of these systems. We find that both the energy gap and
the spin gap increase as tKeatomic number decreases. As a result of the semicondugtietallic character
found in the minority(majority) spin band structure, the Si and Ge based alloys are predicted to be half-
metallic. In contrast, COMnSn is found to be a “nearly half-metallic” compound, since the minority valence
band maximum crosses the Fermi level. The calculated total magnetizatiopgfi§in excellent agreement
with recent experiments. By including a fully self-consistent treatment of spin-orbit coupling, the GGA calcu-
lated orbital moments are shown to be very srtelout 0.008wg for Mn and about 0.0+ for Co), showing
that the quenching of the orbital magnetic moment is nearly complete. The calculated hyperfine fields, both at
zero and elevated pressure, are compared with available experimental data, and show general agreement,
except for Mn. Finally, the calculated Mnp2exchange splittings, found to be in good agreement with
experiment, are proportional to the Mn magnetic moments, suggesting a localized nature of ferromagnetism in
these Heusler compounds.

DOI: 10.1103/PhysRevB.66.094421 PACS nuni§er75.50.Cc, 71.20.Be

. INTRODUCTION Co,MnSi and CgMnGe films and found, by performing
SQUID magnetometry and point contact Andreev reflection
The crucial issue of spin-injection from a ferromagnetmeasurements, a saturation magnetization of 5,01
into a semiconductor is attracting growing intere$tgue to <b5.15ug and a spin-polarization of about 50%-60%, sug-
its importance for the realization and performance of practigesting either that the films are not HMF or that the full spin
cal devices in the emerging field of spintronfctin particu-  polarization is limited by antisite defects. Within this same
lar, most magnetoelectronic devices rely on an imbalance ifesearch field, Ambroset al}? deposited CsMnGe films on
the number of majority and minority spin carriers, with the 3 GaAs substrate by molecular beam epitaxy; their measure-
ideal material exhibitng a complete (100%) spin- ments revealed the perfect crystallinity of the Heusler films

polarization at the Fermi Surfac{ée., a half-metallic ferro- up to a 350 A film thickness and a |arge magnetization a|ong
magnet(HMF)].> Within this framework, the Heusler inter- with a small magnetic anisotropy.

metallic a.”oys, some of which have been predicted from From the theoretical point of view, pioneering first-
first-principles calculations to be haIf-metaIﬁf:Z represent a princip|es calculations were performed for bulk
promising set of compounds. Co,MnSn 212 Co,MnGe 2 and, more recently, for GWMnSi

Mn is a special element in this class of materials, sincqRef. 13,14 at the experimental equilibrium lattice constants
almost all the known HMRexcept for CrQ and a few oth-  using the local spin density approximatiéhSDA).*® It is
ers are Mn based compounds. Cobalt, when used as the firgtell-known!® however, that this approximation systemati-
atom in CgMnX-like compoundgwhereX is a type Ill or  cally predicts underestimated lattice constants compared to
type IV elemeny, was found to give tremendous stability to experiments for @ elements and, as a by-product, smaller
the ferromagnetic alignment, resulting in measured Curienagnetic moments. For example, it was shbmhat the
temperatures of 985 K, 905 K, and 829 K in [&nSi, LSDA error in the equilibrium volume of Mn pnictides
Co,MnGe, and CeMnSn (see Refs. 9, 10, and references (MnAs and MnSh—as large as 20%—can be completely

therein, respectively. recovered using the generalized gradient approximation
Motivated by these issues, there has recently been réGGA).*®
newed experimental interest in the SnX (X=Si, Ge In this work, we present a comprehensive investigation of

Heusler alloys. Raphaebt al’* have successfully grown the equilibrium structural, electronic and magnetic properties
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TABLE |. Equilibrium structural properties within LSDA, GGA and experiméwhere availablg The
lattice constant and the bulk modulu8 are in a.u. and in GPa, respectively.

Co,MnSi CoMnGe CeMnSn
LSDA GGA expt LSDA GGA expt LSDA GGA expt
a 10.42 10.65 10.68 10.61 10.84 10.85 11.04 11.27 11.3% 11.3¢
B 264 226 e 241 188 e 270 187 cee
*Reference 25.
bReference 26.
of Co,MnX (X=Si, Ge, Sp, focusing on the effect of the lll. ZERO PRESSURE PROPERTIES

group 1V atom, of the applied pressure and on the differences
between LSDA and GGA treatments. In Sec. Il, we report o ]
some details about the crystal structure and some computa- 1h€ equilibrium lattice constant and bulk modulus were
tional technicalities; we concentrate in Sec. IIl A on the equi-calculated using both LSDA and GGA, the results are com-
librium lattice constant and bulk modulus; in Sec. Il B, we Pared with available experimental d%&éG"_‘ Table |. Total
discuss the electronic properties in terms of band structure@N€rgies as a function of pressure were interpolated accord-
and density of states; in Sec. Ill C we focus on the Mn 2 N9 to the semiempirical Murnaghan equation of stte,
exchange splittings, hyperfine fieltfsand magnetic mo-

ments; in Sec. IV, we analyze the dependence on pressure of

the relevant electronic and magnetic properties; finally, we p— E
draw conclusions in Sec. V. B

A. Structural properties

Beq
a

3By
- 1}, @

Il. THE HEUSLER CRYSTAL STRUCTURE . P N .
AND COMPUTATIONAL DETAILS whereBy is the bulk modulusBy, is its derivative with re-

spect to pressur@e the equilibrium lattice constant, arad

Many of the Heusler alloys have a cubic {3tructure the lattice constant at pressuPe
(space groug=m3m), which can be thought of as a simple A comparison between the equilibrium lattice constants
cubic lattice for Co atoms, with the Mn and X atoms ar- predicted using LSDA and GGA for the exchange and corre-
ranged at alternate body centered positions. lation functional shows that GGA is essential to accurately

The calculations were performed within the framework ofreproduce the equilibrium structural properties of these Heu-
density-functional theory, using the highly accurate all-sler alloys. In fact, LSDA underestimates the equilibrium
electron full-potential linearized augmented plane wavevolume by about 7% with respect to experiment, whereas the
(FLAPW) (Ref. 20 method. The core levels are treated fully GGA error is at most 1%, following the general tendency
relativistically, whereas the valence electrons are calculatefbund for the 31 elements; due to its functional form, GGA
semi-relativistically, i.e., without spin-orbit coupling. In or- gives larger lattice constants and this results in a better agree-
der to calculate orbital magnetic moments in the equilibriumment with experiment compared to LSOAAs expected,
structures, we also performed calculations including a fullythe lattice constant increases as we increasexttaomic
self-consistent treatment with the spin—orbit interaction in-number(by 1.8% when substituting Ge for Si and by 3.7%
cluded. The exchange—correlation potential is treated withimpon substituting Sn for GeAs for the lattice matching with
(i) the local spin density approximatioch SDA) using the  respect to standard semiconductors to be used in spintronic
von Barth—Hedin parametrizatiﬁﬁwand (i) the generalized devices, as is well-known GbInSi seems the most promis-
gradient approximatio{GGA) according to the Perdew— ing material. In fact, its lattice mismatch with GaAs and
Becke—Ehrenzhof parametrizatibhit was pointed odt'**  AlGaAs (used, for example, as quantum wells and side lay-
and found® that LSDA has a tendency to reduce the chargeers, respectively, in the first spin-light emitting did8eis
asphericity, while GGA, including nonlocal contributions, <0.4%; however, this is not the only parameter that deter-
can enhance such effects, also resulting in a more accuraggines a successful spin-injection, which is also crucially
description of the energy bands; it is therefore particularlycontrolled by band line-ups and transport properties across
important to use GGA in these compounds, employing a fullthe Heusler/semiconductor interface.
potential band structure method. We see from Table | that the GGA bulk moduli are also

The muffin tin spheres were chosenRigi=R\1=Ry$  systematically smaller than LSDA, as already observed for
=2.1au.,Ry;=2.0au., andRj;=2.3 a.u., and the ex- the 3d ferromagnetic meta&’ Since we are not aware of any
pansion in spherical harmonics in these regions was peexperimental data, we follow an approach similar to Ref. 30:
formed up tol<8; in the interstitial part, a cutoff for the to estimate the interatomic distances as a function of pressure
wave functionsk,,,=3.8 a.u-! was used. The Brillouin in Co,MnSn, Gavriliuk et al*® used the isothermal com-
zone sampling was performed according to the Monkhorst-pressibility of NbMnSn, assuming Co and Ni not to differ
Pack schem&® using 60k points [shell (10,10,10] in the  too much. We obtain the compressibilityfrom the standard
irreducible wedge of the zone. equation of state for solids,
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V— Veq ) (a) Majority - Co2MnSi (b) Minority - Co2MnSi
v =—a-P+B-P- 2 . 4
. NI : ]
In our case, the GGA and LSDA predicted values afé” 2 / \ / . g
=5.9-10 ° GPa ! and «"*"*=4.1.10"° GPa !, respec- A = o — A
tively, to be compared with the experimental value for 2f=" | ot | 227>\£%
Nio,MnSn of 7.710 % GPa *. It therefore seems that the o xzy%?i s ., >Q\v_/\"j;
GGA results are in better agreement with experimi@atnd & [ <~ = / \ N
so results in an overall more accurate description of the e \ T t1 N
structural properties of these Heusler compounds. 81 8
. . U / R 10 \/ ull AN
B. Electronic properties P 0 N
We show in Fig. 1 the GGA spin-polarized band X rtx r X rrx r
structuré® for the Heusler compounds at equilibriufo our
knowledge, GGA band structures have not been reported pre (c) Majority - Co2MnGe (d) Minority - Co2MnGe
viously). The lowest valence bandfrom —12 eV to 4 4 _
—9 eV in both the majority and minority spin statds al- /\”\ /] / |/
most entirely due tX s electrons and is separated with re- | / 4 |/ S
spect to the other hybridized bands, being basically unaf- o 2 2\( S 0 _ / ~
fected by the Mn and Co exchange interaction. The upper , == T~_-—==— 2 V<z>§§%
dispersed bands are due to the strong hybridization ofdMn ?7;%2”\ - BT ) Q
and Cod electrons, including a contribution frol p states E “ %&i e g 1 S *«I{\_J/
in the occupied valence states. In particular['ahere is a e \ = 6] \ T
series of twofold degenerate stateg)(derived entirely from - N
Mn and Cod states and threefold degenerate statgg that IR . .
allow hybridization of Mn and Cal states with theX p 10 \ — \\ 101 . /// \\
states. 12 B ~ 12 o =
The majority spin band structure is strongly metallic, X r L K r X r v «x r
while the minority spin band structure shows a semiconduct-
ing gap around the Fermi leveEg, except in CeMnShn, () Majority - Co2MnSn (f) Minority - Co2MnSn
where the minority “valence band maximuntVBM) is just 4
slightly above Er, leading to a “nearly half-metallic” 7N //
behavior’? On the other hand, half-metallicity is marked in 2 // / L s I
Co, MnSi and CgMnGe; the GGA calculated indiregt—X 0 44 0 éfﬁ&
band gap for minority carriers &g, Co,MnSi)=0.81 eV o = _2 ﬁ§%
and EqqfCo, MnGe)=0.54 eV, respectively, while the | 77— ~ ﬁf{\\ ’
Fermi level lies 0.33 eV and 0.03 eV above the minority spin 2 -1 Pz T B / \ N4
VBM, respectively® This last and very important quantity is “ | \ P SN T
often referred to as the “spin-gap,”i.e., the minimum energy "
required to flip a minority spin electron from the VBM to the — N TN
majority spin Fermi levef* 10 \\ / S a0l N | AN
In Fig. 2 we show the positions of the minority VBKat o - 4o Bl
I') and CBM(at X) with respect t&ex and the resulting band X r L x r X r v x r

gaps, as a function of th@) exchange and correlation func-
tional, (ii) X atom, and(ii) lattice constant. Note that within
the same exchange and correlation functional and for a give
compound, volume compression leads to a slight increase g
the minority band gap, whered&s: is progressively shifted
from the valence band into the band dape Figs. &), 2(c), Finally, we point out that both the energy gap and spin gap
2(e), 2(f)]. Similar features have been found for other Heu-increase as thX atomic number decreases. While both are
sler compounds; in particular, it was shown in Ref. 7 thatexcited state properties, and hence are incorrectly given in
PdMnSb is not a half-ferromagnet at ambient pressure, buioth LDA and GGA, the predicted trends are expected to be
becomes one at higher hydrostatic pressures, due to imorrect.

creased hybridization between Mrd3and Pd 41 states. A potential candidate for spin-injection is the
Moreover, at fixed lattice constant and atomic constituentsCo,MnGe/GaAs junctiotf and it is therefore relevant to
GGA predicts a slightly larger band gap compared to LSDAknow whether CeMnGe grown on g001] GaAs substrate
the conduction bands are shifted upwards, whieis more  will retain its half-metallic character, despite the 1.5% lattice
or less fixed with respect to the valence band maximummismatch. Our GGA calculations show that the substrate

FIG. 1. Majority spin (left column and minority spin(right
column band structures for GMnSi [(a),(b) panels, respectively
o,MnGe[(c),(d) panels, respectivelyand CgMnSn[(e),(f) pan-
Is, respectively
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E (eV)

FIG. 2. Minority VBM (circles, CBM (dia-
monds and band gagstarg as a function of lat-
tice constant for CoMnSi [GGA and LSDA in
panels(a) and(d), respectively, Co,MnGe[GGA
and LSDA in panelgb) and (e), respectively,
Co,MnSNn[GGA and LSDA in panelsc) and(f),
respectively, all in eV. The Fermi level is set to

05 N\N —

0.5

> el i
L " zero in the energy scale.
m 0 —.... Q .................................. — 0
05— /e/@ — 05 — 05
- (d) CoZMnSi LSDA - (e) CoZMnGe LSDA 4 - (f) Co,MnSn LSDA

_1|||||||_1|||||||_1|||||||
10 1025 105 1075 11 1025 105 1075 11 11251075 11 1125 115 1175

a(a.u.) a(a.u.) a(a.w)

constraint induces a tetragonal distortion on the Heuslegre induced by the strong Ge-Cod hybridization(as sug-
structure, so that the lattice constant parallel to the growtlyested by the corresponding features in the Ge PDOS at the
direction becomes 3% larger than the in-plane parameter. Isame energigs
this geometry, the calculated energy- and spin-gaps are 0.47 Although the overall features are similar in all three com-
eV and 0.09 eV, respectively, showing that the half-metallicpounds, it is evident that there are some differences in the
character is kept under pseudomorphic growth conditions. DOS of these Heusler alloys due to both the presence of
The highest occupied minority spin statelats a triply ~ differentX atoms and different volumes. In particular, let us
degeneratep—d hybridizedt,, state, so that the decreasing focus on the feature in the minority spin total DA&t
binding energy of this state with respectfa along the Si around—1 eV) due to the Mn and Cd states hybridized
_, Ge — Sn series can therefore be traced back to twaVith X p states, whose tail determines the character of the
combined effects{i) p—d hybridization, which obviously ~Minority spin VBM. This peak gains an increasing binding
depends on thX p states andii) their different lattice con- €Nergy along the Sn Ge— Si series. As previously stated in

stants. In this respect, as already pointed out, we note frorWe discussion relative to the band structure, the different

Fig. 2 that at fixed lattice constant and with the same exJroup IV element is responsible for the loss of the half-

change and correlation functional, the substitution of Xhe metallicity in the Sn compound. The Mn PDOS in the

: . Si-,Ge-, and Sn-based Heusler alloys is very similar and is
atom alterg sl[ghtly both the position EF""”F’ the bgnd 9aP.  characterized by thd exchange splittingi.e., the difference
Further insights regarding the hybridization, which come

, , e Setween the main peaks of majority occupied and minority
into play in the bonds characterizing these compounds, Cafinoccupied statesA E, , of about 2.8 eV.
be gained from the GGA calculated total and atomic- ©

projected density of state®0OS) shown in Fig. 3. In the
majority spin component, Mn @ states are occupied and
hybridized with Co & electrons; on the other hand, in the  The calculated LSDA, GGA, and experimental magnetic
minority spin part, local and mostly non-hybridized M 3 moments for the compounds and for the single constituents
states are found at about 1.5 eV abdie. The differentX  are reported in Table Il and compared with available
atoms provides—p states to be hybridized with electrons  experiment312253%2The Mn atom carries the largest mo-
and determine the degree of occupationped orbitals. In  ment (around 3ug), while Co has a positive moment of
particular, we note that features of the Mn projected densityabout 1 ug. The X atom is slightly antiferromagnetically

of states(PDOS [shown in Fig. 8c)] can be traced back to spin-polarized with respect to Mn and Co. The total moment
the eg—t,q splittings of Mn 3 levels in a cubic crystal field: in all three compounds is g, which is in good agreement
the majority (minority) spin states, show two well-separated with experimental values-*? we point out that the integer
peaks at—-3 and—1 eV (—1.5 and 1.5 ey, On the other value of the total magnetic moment is an indication of the
hand, thesy—t, splitting is not so evident in the Co majority half-metallic charactefcomplete, as in Si and Ge com-
PDQOS, which does not reveal any prominent features. Howpounds, or “nearly” complete, as in the Sn compourithe
ever, a deeper investigation shows that if we substitute all th&In magnetic moment appears to be slightly underestimated
Ge sites with Mn, ending up with an ideal CoMn intermetal- with respect to experiment for GMINSn 3°

lic ordered alloy, we recover the two main peaks in the Co As for the trends with th&X atomic number, we note that
majority PDOS characteristic of the,—t,, cubic splitting.  the Mn magnetic moment increases slightly along the Si
Therefore, states in the “valley” between the two main peaks— Ge— Sn series; this can be ascribed to the increasingly

C. Magnetic properties
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8 T | T I T I T
- (a) Total N

tween thes conduction electrons and the localizetj,,
electrons via a Ruderman—Kittel-Kasuya—Yoshida-type ex-
change, due to the large Mn—Mn distance; diit) the
dyn—dc, interaction, resulting in a commod band with
rather delocalized! electrons. The mechanisms leading to
the actual Co magnetic moment are therefore quite compli-
cated.

Since it was suggest&tthat Co may have an unquenched
orbital magnetic moment, we calculated fully self-
consistently the spin—orbit coupling and evaluated the Mn
and Co orbital polarizations. In all three compounds, the
GGA calculated orbital moments are very close to zero
(about 0.008ug) for Mn and about 0.0 for Co, showing
that the quenching of the orbital magnetic moment, due to
the cubic symmetry, is nearly complete.

As a further check on our predictions, we investigate the
magnetic hyperfine fields, that were also determined experi-
mentally for these same compounds using sslmauer
spectroscop?f and/or nuclear magnetic resonartt@he hy-
perfine field® consists of several contributions: a dipolar
term, an orbital term, and the leading term due to the Fermi
contact interaction determined by the spin density at the
nucleust®

= ‘v.‘“\”_‘:.
| — Co2MnSi

——= Co2MnGe
==+ Co2MnSn

L =T

Hiy=$mualp(0)—p (0)], )

in the scalar relativistic limit/ (In the fully-relativistic case,
the spin density at the nucleus can be replaced by its average
over the Thomson radiusy=Ze?/mc?.) Equation(3) takes

8 6 4 =2 0 2 into account the dominant exchange polarization of the core
E(eV) electrons, emphasizing the importance of using an all-
electron method?
FIG. 3. Density of states of GMnSi (solid), Co,MnGe Our calculatedH,; values given in Table Il are broken
(dashegi and CgMnSn (dotted compounds(a) total and projected  down into total, core and valence contributions for the dif-
on (b) X, (¢) Mn, and(d) Co atoms. ferent atoms in the compounds at their equilibrium lattice

constants; experimental vald&<® are also given for com-
larger lattice constant of the Mn sublattice, which redfiiis  parison. The sign of the hyperfine field for both Mn and Co
a smallerd—d overlap and a consequently larger exchangds negative, in agreement with nuclear magnetic resonance
interaction. On the other hand, the Co magnetic moment i$NMR) experiments. The separation of the negative core and
reduced as the anion atomic number increases, keeping tip@sitive valence contributions to the Fermi contact hyperfine
global magnetic moment very close tog; . To describe the  field highlights two opposite terms: as discussed in previous
magnetic behavior of these Heusler alloys, we observe that aleoretical work for transition metal$ the large and nega-
least three different mechanisms should be taken into adive core contribution can be attributed to the attraction of its
count:(i) the superexchange mechanism throughsthelec-  majority spin electrons towards the spatial region of the spin-
trons of the group IV atom(ii) the s—dy,, interaction be- polarizedd shell. The resulting excess of minority spin elec-

TABLE II. LSDA and GGA calculated total spin moment and magnetic momént8ohr magnetons
within the muffin tin spheres at their respective equilibrium, compared with available experiments.

Co,MnSi CoMnGe CaMnSn

LSDA GGA expt LSDA GGA expt LSDA GGA expt
ot 5.0 50 5.0Eku<518 5.0 50 51t 50 50  5.080.05
MM 2.81 2.92 2.88 298 .- 2.98 3.09 38 4
Heo 1.07 1.06 fee 1.02 1.02 ... 098  0.99 0.7%
X -0.02 -0.04 e -0.02 -0.03 --- —-0.03 -0.05
®Reference 11. YReference 35.
bReference 12. *Reference 26.

‘Reference 25.
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TABLE IIl. LSDA and GGA calculated total, core and valence contribution to the hyperfine(fiekiG)
for the constituent atoms.

Co,MnSi CoMnGe CoMnSn

LSDA GGA expt LSDA GGA expt LSDA GGA expt
H©S{(Mn) —-253 —-249 -3359 —-262 —254 —-339.4 —-260 —253 —344.F
HEo"S(Mn) —381 —432 o —395 —443 . —413 —462 cee
HY2(Mn) 128 183 e 133 188 e 153 209 e
Hi%(Co) -70 —-120 -148  -77 —-122 1402 -115 -156 —156.0'
HE"(Co) —147 —155 e —-142 —150 e —-139 -—149 e
HY2(Co) 77 36 e 65 28 e 24 -7 e
Hg’ft(X) 17 26.0 . 137 175 cee 38 132 1053

MR frequencies from Ref. 10; the sign was inferred from previous works.
PMossbauer spectroscopy from Ref. 26.

trons present at the nucleus, produces a consequent negativements, the agreement obtained is surprising. The small

sign of the core hyperfine field. magnetic moment of the X atom results in a negligible core
The Mn and Co total hyperfine fields generally increase incontribution (<0.5%) to the final hyperfine field.

magnitude as a function of th& atomic number, even

though the variationgespecially for Mn are quite small. A IV. PRESSURE DEPENDENCE OF THE MAGNETIC

more marked trend can be seen for the core contributions. As PROPERTIES

discussed previously, as tieatomic number increases, the

Mn (Co) magnetic moment increasédecreasss this results In Fig. 4, we show the magnetic moments in the Mn, Co,

in an increasingdecreasing core polarization, due to the and X muffin tin spheres as a function of applied pressure
exchange interaction of the polarized electrons with she [Where according to Eq1), “negative” pressures indicate an
orbitals of the core. As already pointed out for other mag-expansion with respect to the equilibrium phideote that
netic systems?38°the core hyperfine field scales very pre- the total magnetic moment is always:g, but the indi-
cisely with the magnetic moment within each sphere; in

agreement with other systerffs}® we find that the average ;o= * T ~ T '~ T '~ T~ T 7 T T T7
ratio R=H" /. for both Mn and Co is about 150 kGs4

and 140 kGlg within GGA and LSDA approximations, re- ~ 104

T T T
\
\
1
\
L]
_
&

spectively. As for the magnitude of the field, the net field on 55: 1 E--—"" G- ) _
Mn is much larger than that on Co, as expected from the=’ T S o o -
larger magnetic moment. Moreover, we find values for Mn ~ 0.96j©=-="" m
that are significantly smaller than NMR experiments, but ,g,[ ]
fully consistent with previous LSDA Korringa—Kohn— 3.2 —+—t—+—t—+—t—+—t—+—F—+—F—+t—

Rostoker calculations The comparison between our GGA -Oms,_ ()

and LSDA calculated values reveals that both the oppositely  3.1\—
signed core and valence contributions are larger for the non”z
local than for the local parametrization of the exchange-
correlation potential. However, the total hyperfine field is
more or less unaltered for Mn, whereas GGA largely im- 291
proves the agreement with experiment for Co. The complex- i
ity of the hyperfine results for all compounds is seen from -002[F
the fact that whereal{(Mn) is very close in both LSDA .1
and GGA H$(Co) differs - even though the Mn moments in ~, |
LDA and GGA differ by 0.10-0.1z—whereas the Co ixom—

3+

My (Mg

moments d_|ffer by at most Q.O/lB. _ ' . 005 T S STt > o Cozvinsal
Comparing our results with experiment, we find a quite % ©-- O Co2MnSi

good consistencyboth in sign and magnitugidoetween our 0.06 L L O Co2MnGe ]

GGA values and a recent Msbauer experiment for the Sn 12 -8 -4 0 4 8 12 16 20

transferred hyperfine interaction in £4nSn2® Here GGA
produces a strong improvement over the LSDA values, al-
most recovering the experimental result. In view of the fact FiG. 4. Magnetic moments of GMnSi (diamonds and solid
that the hyperfine field results from polarization of the innerjine), Co,MnGe (squares and dashed lip@nd CgMnSn (circles
X sshells, induced by interaction with the polarized conduc-and dotted—dashed lineompounds in théa) Co, (b) Mn, and(c)
tion electrons and by the interaction with the Mn and @b 3 X muffin tin spheres vs applied pressure.

P (GPa)
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T 230
[ (b)Mn-LSDA b
112 — — —{ 240
—-250%
- 17E
~
~1.08 —-260"
\%.)/ ' —-270
§>< i 280
<1.04 1
—-90
L = k-
1 - O CoMnSi |-150
O Co,MnGe %
- -1
29 , I I I T L1 g, ¥ ot
30 20 -10 0 10 20 30 40 30 20 -10 0 10 20 30 40
l’l Mn (u B) P (GPa) P (GPa)
0.46 ' | ' | ' ' FIG. 6. Total hyperfine fieldén kG) for Mn [(a) and(b) within

GGA and LSDA, respectivelyand Co[(c) and(d) within GGA and

- ] LSDA, respectively atoms for CgMnSi, CoMnGe, and
Co,MnSn vs pressurén GPa.
044 —
@ electrons. It was reported from x-ray photoemission
8 i 7 spectroscopy that Mn 2ps, core level spectra exhibit an
5 exchange energy splittifyof about 1.0-1.5 eV, whereas a
042~ separation in energy between the Mp,2 levels was not
O
O

Co2py, clearly evident in the spectra. It was suggedtetiat the
Co 2pl/2

exchange splitting gives direct evidence of the existence of
. | . | . | . well-defined local magnetic moments at the Mn site. Our
0'8.96 0.98 1 1.02 1.04 fully-relativistic treatment for core electrons allows a com-
Re, (Hg) plete study of the Mn @3, and 2p,,, exchange splittings. In
Figs. 5a) and §b), we show the Mn and Co exchange split-
FIG. 5. Exchange splittingéin eV) of the 2p,, (circles and  tings, respectively, for CGnSn as a function of their mag-
2pgy, (squarep states vs magnetic momen(is Bohr magnetons  netic moments for different lattice constarite., different
for (8 Mn and (b) Co in CeMnSn. applied pressupeNote the linear dependence shown by our
data and the excellent agreement with experiment as far as
vidual moments on the atoms depend on the pressure. Abe size of the Mn exchange splittifigbout 1 eV is con-
expected, the Mn magnetic moments increase with decreaserned. Further, similar trendaot shown are obtained for
ing pressure; again, this general behavior, found also for bulkCo,MnSi and CoMnGe.
Mn,® can be explained considering that as the Mn atoms are In Fig. 6, we report the totalcore + valence calculated
pulled apart the increasedd3localization leads to larger Mn and Co hyperfine fields vs applied pressure. The trend
magnetic moments. On the other hand, a sort of compensais very well reproduced by a linear fiti"(P)/HM(0)=1
ing mechanism is present for Co, which shows the opposite-k- P. We report in Table IV our calculateld values(with
behavior—its magnetic moment decreases as the lattice coboth GGA and LSDA, compared with available NMR ex-
stant increases, so that the global magnetic moment is equpérimental dat¥ [the equilibrium values of the hyperfine
to 5 ug. A similar behavior was found in PdMnSbthe fields, H"(0), aregiven in Table Ill; the hyperfine field
induced magnetic moment on the Pd site decreases updrend is accurately reproduced, since the sign of the coeffi-
expansion and has to be ascribed to reduced Mn-—Pdient is always in agreement with experiment. However,
hybridization. while the agreement of the magnitudelois reasonable for
The Heusler intermetallic compounds have generally beein, it is much worse for Co. The reason for this discrepancy
considered as systems exhibiting localized magnetic mois not clear. Note that a decomposition of the hyperfine fields
ments, at variance with the general picture of itinerdnt into valence and core contributions reveals, as already

TABLE IV. Coefficientsk (in GPa 1) of the hyperfine fields vs pressure for Mn and Co for both LSDA
and GGA(in units of 10 ). The NMR experimental data are taken from Ref. 10.

Co,MnSi Co,MnGe CoMnSn
LSDA GGA expt LSDA GGA expt LSDA GGA expt

kMn) -18 -1.7 (-161+0.04) —14 -15 (-1.20:0.06) —1.6 —2.0 (—1.19£0.03)
k(Co) —18.2 —10.1 (-4.26+0.14) —18.9 —10.7 (-3.94-0.07) —10.9 —8.1 (—1.82£0.07)
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pointed out for the equilibrium structures, an excellent profound for the Si and Ge compounds, whereaghNduSn is a
portionality between the core Fermi contact term and thennearly” half-metallic Heusler alloy. Their properties were
magnetic moment’ In contrast to what we find for Mn, we  discussed in terms of thé atomic substitution, applied pres-
note from Figs. ) and Gd) that the total hyperfine field on  sure and exchange and correlation functional employed. Our
the Co site increases as a function of the applied pressurealculated total magnetization is very close tqug for all
while the magnetic moment is nearly constdir just three Heusler compounds examined and is in very good
slightly increasing, see Fig(#]. This behavior is due to the agreement with recent experiments. Contact hyperfine fields
valence contribution té1™, which is more sensitive to pres- were calculated and compared with experiment; a general
sure than the core contribution. underestimatéboth at equilibrium and under pressureas
Further, recent Mssbauer experiments under pressurepbtained for Mn, whereas reasonable agreement was found
were performed for the Sn compound, resulting in a coeffifor the Co and Sn hyperfine interactions, where the GGA
cient [1/H(0)]dH,(P)/dP=0.022 GPa', to be com- completely overcomes the LSDA errors. As expecfethe
pared to our value of 0.01 GP& In this case, the agree- core contribution to the hyperfine field for both Mn and Co
ment both in sign and magnitude is reasonable. Consideringcales precisely with the local magnetic moments. Finally,
that a satisfying agreement was also found I*th’n(tot) at the calculated Mn @ exchange splitting is found to be in
equilibrium (see Table Ill, we can infer that we are correctly agreement with experiment and proportional to the Mn mag-
describing the transferred hyperfine interactions for the Smetic moments.
atom in this Heusler compound.
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