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We present first-principles charge- and spin-self-consistent electronic structure computations on the Heusler-
type disordered alloys ke, V,X for three different metalloidX = (Si, Ga, and Al. In these calculations we
use the methodology based on the Korringa-Kohn-Rostoker formalism and the coherent-potential approxima-
tion generalized to treat disorder in multicomponent complex alloys. Exchange correlation effects are incor-
porated within the local spin density approximation. Total energy calculations for,¥¢Si show that V
substitutes preferentially on the mB3( site, not on the Fe&{,C) site, in agreement with experiment. Further-
more, calculations have been carried out fof K&, X alloys (with x=0.25, 0.50, and 0.75), together with the
end compounds BX and FgVX, and the limiting cases of a single V impurity infeand a single Fd&)
impurity in FeVX. We delineate clearly how the electronic states and magnetic moments at various sites in
Fe; ,V,X evolve as a function of the V content and the metalloid valence. Notably, the spectrum Q¥/R%
(X=Al and Ga develops a pseudogap for the majority as well as minority spin states around the Fermi energy
in the V-rich regime, which, together with local moments of Bep{mpurities, may play a role in the anoma-
lous behavior of the transport properties. The total magnetic moment in,¥gSi is found to decrease
nonlinearly, and the FeB) moment toincreasewith increasingy; this is in contrast to expectations of the
“local environment” model, which holds that the total moment should vary linearly while th8e{oment
should remain constant. The common-band model, which describes the formation of bonding and antibonding
states with different weights on the different atoms, however, provides insight into the electronic structure of
this class of compound$S0163-182@9)11543-1

[. INTRODUCTION of their tunable magnetic and transport properties, these
compounds have attracted wide attention as potential elec-
Heusler-type ternary and pseudobinary compotindstronic materials suitable for various applicaticidwith all
Y,ZX in the L2; or DO; structure, wheref and Z denote  this in mind, it is hardly surprising that Heusler-type com-
metal atoms an is a metalloid, display a remarkably rich pounds have been the subject of numerous theoretical and
variety of behavior in their electronic, magnetic and transporexperimental studies over the years.
properties. Among early studies of the Fe-based alloys, a Recently, the compound RéAl has attracted special at-
note may be made of the work on FeAl FeSi>® Fe;Al, 78 tention because of the intriguing behavior of its electrical
Fe;Si, %% and some compound$:*® Niculescuet al!* give  resistivity, specific heat, and photoelectric propertieghe
an extensive review of ke, T,Si alloys for various transi- resistivity shows semiconductorlike behavior with a negative
tion metalsT. The electronic structure of the Heusler com-temperature coefficient suggesting an energy gap of
pounds can range from metallic to semimetallic or semicon~0.1 eV. The photoelectron spectrum on the other hand
ducting. A number of cases of half-metallic ferromagneticseems to show a Fermi edge, which precludes the existence
phases, where the system is metallic for one spin directionf an energy gap wider than a few hundredths of an eV.
and semiconducting for the othBr*® have been identified. Finally, low-temperature specific heat measurementsTfor
Examples of these are €o,Fe,MnSi (Refs. 17 and 18and  —0 yield a termyT with y~14 mJ/mol ¥, which results
Co,MnSi;_,Ge,,*° and the existence of antiferromagnetic in an effective mass about 20 times as large as the bare
ordering in some instances has been discués#dt is often  electron band mass. This mass enhancement is thought to
possible to substitute on a specific metal site in the latticeriginate from spin fluctuatiod$®® or from excitonic
with other magnetic or nonmagnetic atoms, thereby inducingorrelations?® It makes FgVAl a possible candidate for ad3
continuous changes in physical characteristicé? In view  heavy-fermion system. A similar resistivity behavior has
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been reported for Re,V,Ga with x near 1.0° while  Fe(A,C), V, and Si sites in Fg ,V,X show interesting
Fe, 2V ¢Si shows an onset of the same behatfor. trends, which should prove worthwhile to investigate experi-
Concerning relevantheoretical studies, there is a sub- mentally. . _
stantial body of literature devoted to work on a variety of ~ Finally, a few words about our theoretical methods are in
ordered Heus|er-type phases and related Systems_ Amo der. The disorder is treated within the framework of the
systems of present interest we mention$ie?> Fe;Ga3*  charge- and spin-self-consistent Korringa-Kohn-Rostoker
Fe,Al, 35-37 and FeVAI 27-2 Little has been done on the and coherent-potential approximatigikKR-CPA) method-
disordered phases: we are only aware of the study of!©9y, which we have developed and implemented in order
Fe;_V,Si alloys in Ref. 38, which is based on a non-self- to handlg4£11151ét|component ra”do”.‘ alloys in a highly robust
. . manner844-5°We use the generalized tetrahedron method
consistent crystal potential. . . S o
R .. to carry outk-space integrations in disordered muffin-tin al-
In the present paper, we report extensive f|rst-pr|nC|pIe§
. . oys, and as a result, our KKR-CPA codes allow us to treat
electronic structure computations ongEgV, X over the en-

. . : . the end compounds (B¢ and FgVX) as well as the prop-
tire composition range for three different metalloidg erties of single impurities in these limiting cases within a

namely, Si, Ga, and Al. We consider the parent systemgsistent, unified theoretical framework. We have also gen-
Fe;X for which x=0, while settingx=1 yields the corre-  ¢rajized the Lloyd formuf¥ for the total number of states
sponding compounds R¥X. By choosingX=Ga or X pelow any energy to multi-component alloys in an analyti-
=Al the effect of replacing Si by either trivalent Ga or Al cally satisfactory manner, permitting us an accurate evalua-
has been studied, and by varyingthe entire composition tion of the Fermi energy in all cases. We are thus able to
range of disordered alloys is covered. delineate clearly for the first time how the majority and mi-
It is well-known that Heusler-type compounds display re-nority spin states and magnetic moments inStedevelop
markable “site-selectivity” properti€$“° in the sense that when the FeB) position in the lattice is substituted by V
substituted metal atoms show a preference for entering thatoms, and/or when Si is replaced by a metalloid of different
lattice in specific crystallographic positions. In the genericvalence. The results presented here are highly accurate and
compoundY5_,Z,X, the metal aton¥Z generally preferd8 involve no parameters other than the experimental lattice
sites in the lattice ifZ lies to the left ofY in the periodic  constants, and constitute a reliable basis for testing the un-
table, and thé\ or C positions ifZ lies to the right ofY. We  derlying KKR-CPA and local spin densit.SD) approxima-
have carried out total energy calculations, which confirm thigions.
trend in Fg_,V,Si. An outline of this paper is as follows. The introductory
An issue of interest concerns the validity of the so-calledremarks are followed in Sec. Il by an overview of our KKR-
“local environmental” model(reviewed in Ref. 14which ~ CPA formalism for multi-component alloys. The specific
holds that the Fe moment scales with the number of Fe atonfermulas used in computing various physical quantities dis-
in the nearest neighbdnn) shell. The dilution of FeB) with cussed in this paper are stated. Section Il outlines the rel-
nonmagnetic V atoms in E8i will then yield a linear de- evant structural aspects of thesEgV,X compounds. Sec-
crease in the F&,C) moment, while the F&) moment tion IV summarizes some technical details involved in our
remains unchanged. The reason is that V substitution doemputations. Section V takes up the discussion and presen-
not change then shell of Fe@), which continues to contain tation of the results, and is divided into a number of subsec-
8 Fe(A,C) atoms, while the number of Fe atoms in thetions in view of the quantity and complexity of the material
nn-shell of Fe@,C) decreases progressively. Our computa-involved. An effort has been made to keep the presentation
tions show substantial deviations from this simple picture inas brief as possible.
Fe; VX, and imply that interactions beyond the nn-shell

play a significant role in the behavior of electronic structure,  \\ GVERVIEW OF THE SPIN-DEPENDENT KKR-CPA

a_nd magnetlc moments. The_ computed spectra also yleld_ IN- . SRMALISM FOR MULTICOMPONENT COMPLEX
sight into a number of other issues, such as the applicability ALLOYS

of a rigid-band type picture in describing the effects of sub-
stitutions in FgSi,*? and the extent to which the ferromag- ~ We consider a multicomponent complex alloy where the
netism in Fg_,V,X*! can be modeled as a rigid splitting of Bravais lattice is defined by lattice vectorR, {n
the paramagnetic bands. Finally, we clarify the nature of car=1,... N} with basis atoms in positionsa, {k
riers in Fg_,V,X as a function of composition with conse- =1, ... K}. K sublattices can be generated from the basis
quences for transport phenom&hi*2in these materials.  points a, via lattice translationsR,,. For simplicity, we as-
We have attempted to make contact with relevant experisume that one of these sublatticdés,,, is occupied ran-
ments as far as possible. Although our primary interest is irdomly by two types of atomsA and B, with concentrations
the composition dependence of various physical quantities;, and cg, respectively. Other sublattices are taken to be
some intercomparisons for the end compoundgXFand perfectly ordered® The KKR-CPA formalism of interest
Fe,VX are undertaken. The specific experimental data conhere proceeds within the framework of an effective one elec-
sidered arefi) the composition dependence of the total mag-tron Hamiltoniari®46-°0-535%yhere the crystal potential is as-
netic moment in Fg_,V, X for the three different metalloids, sumed to possess the form of nonoverlapping muffin-tin
(i) the site specific magnetic moments in the end compoundspheres of radiu§,, i.e., the potential is spherically sym-
Fe;X and FgV X, and(iii) the soft x-ray emission spectra of metric around each atom and constargually defined as the
Jiaet al*® on FgSi. Our theoretical predictions concerning potential zerp in the interstitial region. Although such a
the detailed variation of magnetic moments on theBje( Hamiltonian is more appropriate for a close packed metallic
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system, a reasonable representation of the crystal potentipﬂere,yL(f) is a real spherical harmonic, atd=(I,m) is a

can often be obtained even in open crystals by adding suitomposite angular and magnetic quantum number index. The
a_lbly placed “empty” spheres as basis “atoms” in the lat- spin indexo=(+,—) and the spin variable=(+,—) al-

tice. Central for our purpose are matrix elements of thggyw the treatment of lattices with magnetic ordering.(s)
KKR-CPA ensemble-averaged Green functiG{E), and =5 _ denotes the spin part of the wave functidn’(x)

the one-site restricted Green functiGA(® where a specific =j,(X)+in,(x) is a spherical Hankel function, whejgx)
atomXy_,, (A or B) sits on the central site of the disordered 5 5 spherical Bessel, ang(x) a spherical Neumann func-
kcpth sublattice, while all other sites of the pth sublattice  tion. The matrix 7Y (E) is built from on-the-energy-shell
are occupied by the effective CPA atom. The relevant exelements of thé matrix of the atomX on thekth site(or A,
pressions afé°0:55-57 or B atom ifk=k¢p). The elements of(¥(E) are related to

the corresponding phase shi )(E) by
(s'.r' +a |GM®(E)|s,r+a,) i

O o ol ()=~ VEexpini)sin(7) 0,1 s0 . (24
:_EL JoL (s'r")Z51 7 (sr)
7 The matrixTA (or TB) in Eq. (2.1) denotes the so-called
central path operatdm the sublattice-site representatidar
A(B 1.\ 1A(B . . . .
+ > 22O )Tképz,,,_,’kCPULZﬁ(LB)(Sf), (218  anA or B impurity placed in the KKR-CPA effective me-

o't ol dium and is related to the medium path operatof through
., the equation
(s',r'+a |G(E)sr+a.)
:CA<S,ar,+akCP|GA(E)|S:r+akCP> TA(B)ZTCP[l—’—(T;(]I-B)_TEI% TCP]*l. (2.5
+CB<S,=r’+akCP|GB(E)|S1r+akCP>1 (2.1b In Eq. (2.5, matrix 7¢p is constructed from atomic matrices
7 on sublattices wittkk# kcp, and from the effective scat-
and tering matrix7°" on thekcp sublattice, i.e.,

(s',r" +a|G(E)|s,r+a) Sox [T¥orr o, (K#EKep),

[TeplkorLr ko =[ (2.6
__E J(k)(s/r/)z(k)(sr)ékk CPIK oL kol Ok [TCP]UrLr’(,L, (k=Kkcp)-

- oL ol !
o Similarly, for 75 we have

k' It
+ 2 ZEN ST o ZEsT),

T [7ac@)] [% [P, (Ktkee),
TAB) Ik o'L" koL = (B) _
if Kk and k' #kcp. (2.19 bk [P oL, (k=kep). o
Yor i g 0)
Here,r >, if r>r thenJ andZ should be transposedy. o oy pee i Eq. (2.5 is given by the Brillouin zone

andJ® are the regular and irregular solutions, respectively — -
of the radial Schrdinger equation within thé&th muffin-tin
sphere, which may be written compactly as

1
CP _ 1 —1
Tk’o”L’,kO’L_N kEEBZ [TCP_ B(E'k)]k’U’L',kUL y (28)

2 EFV5 - V(D) gt v (DR o]}

with
xZ®(sr)=0, (2.2
where the up- and down-spin potentials at ik site,v [B(E.K) Twr = explikRym[B(E)]™™,
and v, are combined into a scalar par=(v{ " Ron ’ 29

+v®)/2, and a spin-dependent payfl,k)=(vﬂ<)—v(_k))/2. n
is a unit vector along the direction of the magnetic momentwhich are the KKR-complex crystal-structure functicfis,
o=(0y,0y,0;) is a vector composed of Pauli matric&$  defined via a multipole expansion of the free-electron Green
andJ™® are normalized such that outside the muffin sphergunction Go(E):
(i.e., forr>S,) they possess the form
) i ) (r'+aw +Ry|Go(E)|r +a+Ry,)
ZR(s =2 xo (9 (VENYLMIAVITL o1 o
o = —IVEX JVEroh (VErR)YLF) YLD deicdurn
—iVEx (s (VENYL(D), (233

2 (n’,n) ~
(s =x 9N (EDV(). 23D * 2 Ve IBERUO: @19
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The CPA-scattering matrixcp in the Eq.(2.5 must be d (1 .
obtained by solving the KKR-CPA self-consistency condi-G(E)=TrQ+y=1y kZBZ Trin[7cp—B(E,k)]
tion <
d
CATA+CBTB=TCP. (2-1]) — E{ kg Trln(¢xk) +cCaTr |n(¢A)
cP
To solve Eq(2.11) we use the iteration scheme based on the d
following expansion +cgTr In(¢B)] + d_E{Tr In[74 1~ 751]

[(TRD) (e h = (rgp) 7t

=cal(TFP) 2

—cgTrin[7cp— Tatl—caTrIn[7c3— 751}, (2.14

where¢(E) is an energy-dependent renormalization factor

ol

+ () t= ()Y for wave functionz®)(E,r) defined by
+egl(TRH) T (78) 1= (1gp) 117N (212 ZG(EN=¢RETIED, (219

with w0 —r! (for r—0). In Eq.(2.14, TrQ is the free

Equation(2.12 allows the computation of# ¥ in terms of ~ electron contribution,
70 and TSP, By carrying out the integration of EG2.9),
TCP s ther_1 determined, _and_ the next iteration cycle can beer:E > f A3, (VEN Y (D[ —iVER (VENYL(N)]
started. This procedure is rigorously convergent and pre- ol ko Jvy
serves the analytic properties of the solutions in the complex d
energy plané9‘62Th|s_ is crucially important because many + —In(VE)'. (2.16
other schemes used in the literature usually fail at some en- dE
ergy points. The problem generally becomes more severe as . ) ) ) )
one considers systems with a larger number of atoms per unit Equation(2.14 is cumbersome to use in practical appli-
cell, and we have found that E€R.12 must be the basis of Cations as it involves the on-shell elements of tieatrices,
any robust automated procedure for obtaining self-consisterft Which do not extend properly into the complex energy
KKR-CPA solutions. plane; a form in terms of the logarithmic derivatives turns

We have now completely defined the computation of thePut to be more useful. First, we write the logarithmic deriva-
Green function in Eqg2.1) for a given crystal potential. For tive at thekth muffin-tin sphere as
carrying out charge- and spin-self-consistency cycles, one
other key parameter, namely, the Fermi engfgy must be 5
evaluated. In this connection, we have developed a powerful _2% 1h7M
version of the Lloyd formul&#4545%or the total number of Din(B) =S5 In Zo1 (EuDlr=s 217
states below any energy by formally integrating the trace of
the KKR-CPA Green function exactly in the complex energy . .
plane. The generalization of this formula to spin-dependen{ N€ diagonal elements of thematrices are related to tH2
multi-atom alloys is given below. We emphasize that highly Marices by
accurate charge- and spin-selfconsistent KKR-CPA results of

the sort presented in this paper would not be possible to “L(E)= 1 1 1
optain without the use.of this Lond.—ty.pe for.mula for detgr- kol iI(VES) Dyyi(E)— D(kil) i(VES)
mining the alloy Fermi energy. This is an important point

because errors in the Fermi-energy determination at any h,*(\/ES()

stage of the computation impede the convergence of self- +i\/—T1 (2.18
consistency cycles, and degrade the accuracy of the final I(VES)
solution for charge- and spin-densities as well as other physiyhere
cal properties.
We start by taking the trace of the KKR-CPA Green func- _ ,0
tion over the spin- and position space, i.e., D(kj|)(E)=51<ﬁ—r|nJ|(\/Ef)|r=sk- (2.19

We also require the angular-momentum representation of the
free-electron Green function with position vectors on muffin-

K
GE)= > > f d®r(s,r+a/G(E)|s,r+a). (2.13  tin spheres,
) k=1 Jv,

s=(+,—
[Go(E.K) koL koL

The integral in Eq(2.13 extends over the Voronoi polyhe- rn) m()-1 .

dronV, around thekth site, and not the muffin-tin sphere, so =[D™—-DY] 50’05k’k5L’L+JI’(\/ESK’)

that space is filled up exactly. Assuming a collinear magnetic STB(EK) luri s i VES) S, 29
structure(samez axis on each sijethe arguments of Ref. 44 [BEK) 'kLJ'(\/—Sk) T (2.20
can be extended straightforwardly to prove that where
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d
DIP(E)=SiInhy (VED -5, (2.23

Eliminating = and B in favor of D and G vyields our final
formula
G(E)=—i 1 > Trin[GyHE,k)+DWD—Dep] ™t
dE| N S8z o= cP

d
- d—E{CATr IN[W 5 *GA]+cgTrin[ V5 *GB]

d
_ CPLp
IrinG }+dE

> TrIn[\P(k)]], (2.22

k#kcp

where
FIG. 1. Crystal structure of ke,V,X. The four crystallo-

GA(B):[(GCP)*1+ Dcp—Daw)l- (2.23 graphic positions, denoted y-D, are shown by shadings of dif-
ferent intensity. Thé\ andC sites are equivalent in the present case.
Equation(2.22 is formally exact and possesses the formFe and V atoms occup sites, while Si, Ga, or Al atoms sit &

of a perfect derivative. Although several terms in E2j22 sites.

are real on the real axis, their inclusion is crucially important

for obtaining an analytically correct form which can be usedThe iteration of this procedure leads to the fully charge- and

throughout the complex plane. Equatith22 not only ac-  spin-self-consistent KKR-CPA electronic spectrum.

counts properly for all physical states, but also removes con- The magnetic moment on theh site,

tributions from spurious singularities present in the scattering

matrices and path operators. The formal integration of Eq. (K _ f 3, (K)
(2.22), M= g de rst(r), (2.29
1 E is defined as an integral over the muffin-tin sphere volume
N(E)= ;ImJ_deG(E), (2.24 Q, . Note that within the framework of the muffin-tin Hamil-

) ) ) ) ) tonian, this is a unique way of defining site-dependent mo-
immediately gives the total number of states, including alljents in a multicomponent system. Since the muffin-tin
core states, belo . The value ofE itself corresponds to  gpneres are not space filling, the sum of such individual mo-
the conditionN(Eg) =2, whereZ is the total number of ments will in general not equal the total moment in the unit

electrons in the Wigner-Seitz cell. S cell obtained from Eq(2.26) above, although the differences
For a collinear magnetic structure, each spin direction cafy, the present case turn out to be rather small.

be treated separately via formu(a.13 yielding the spin-

resolved density of statd®OS) function
IIl. STRUCTURAL ASPECTS

po(E)= iNU(E). (2.25 A brief discussion of the salient features of the crystal
JE structure will help the consideration of the electronic prop-
erties in the following section. The unit cell shown in Fig. 1
is a cube of sidea and may be viewed as consisting of four
interpenetrating fcc lattices denoted by the leti&rhrough

The magnetic moment of a Wigner-Seitz cell can be cal-
culated from

w=N_,(Ep)—N_(Eg). (2.26 D; each atom in fact sits at the center of a cube of sitke
) ] o with corners occupied by various atoms, so that the packing
The spin-dependent charge density atktiesite is is identical to that of a simple bcc lattice. J#6X possesses
1 (& the classid_2; structure associated usually with the Heusler
pf,k)(r)= — _f dE(o,r+a|G(E)|o,r+a), compounds. Here, the two Fe atoms occupy equivalent crys-
TJ = tallographic positions\ and C, while V sits onB sites, and

(2.27  the metalloidX on theD sites. The V atoms on tH2 sites are

where, ifk=kcp, then thekth atom is taken as aA or B surrounded by 8 Fe nearest neighbns's) in a bcc arrange-

atom and the site-restricted Green function of Ej1la is ~ Ment. Each of the Fe atoms Mor C positions ha 4 V nn’s
used. The spin density at teh site is (B) and 4X nn’s (D). The 4 metalloid¢D) are located in a

relative tetrahedral arrangement with respect to each other;
s(k)(r):pﬂ‘)(r)—p(,k)(r). (2.28 this is also the case for ¢h4 V atoms in theB positions.
These remarks make it clear that the Heusler compounds
The preceding equations allow the computation of KKR-contain structural units characteristic of metals as well as
CPA charge and spin densities in the alloy for a startingsemiconductors.
crystal potential. A new crystal potential may then be con- The substitution of V by Fe in R¥ X giving the disor-
structed via the use of the LSD exchange-correlation schemeéered alloys Fg ,V,X causes no change in the nearest-
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TABLE I. The lattice parameterga) and the muffin-tin radii  from FeAl to Fe,VAL ° In contrast, the lattice constant

(S in FeX. slightly increasegless than 0.5%) with increasing V content
in Fe;_,V,Si. In Fg_,V,Ga also the value o differs by
a(A) S (A) only about 1% between F&a and FgVGa.”* Thus, the
Fe,Si 5.65% 1.224 composition dependence of the lattice constant in P&, X
Fe,Ga 5819 1.258 is rather weak, and in this work we have neglected the effect
Fe,Al 5.791 1.254 of this variation, and taken the value for all compositions
to be the same as that of the end compoungkFe
®Reference 68. The KKR-CPA cycles were carried out in the complex
bReference 42. energy plane using an elliptic contour beginning at the bot-
‘Reference 69. tom of the valence bands, and ending at the Fermi energy

determined precisely to an accuracy of better than 0.1 mRy

neighbor environment of the V atoms, which continue tovia the generalized Lloyd formula of E€R.22). This elliptic
have 8 Fe nn’s. The substituted Fe atoms inBhgositions, contour was divided into 12 sections with 4 Gaussian
on the other hand, possess 8 Fe nn’s as in bcc Fe, in shaquadrature points each, and thus contained a total of 48 en-
contrast to the 4 Fe nn’s around each Fe atom pVRe the  ergy points; the maximum imaginary part of the energy was
end compound FX is thus rather close to bcc Fe. Although 0.25 Ry. The KKR-CPA Green function in Eg.1) was
Fe;X with two chemical species is classified as af¥fruc-  computed on a 75 specilil point mesk? in the irreducible
ture, note that in a solid-state sense;Xeaeally contains part of the Brillouin zongBZ) for each of the 48 aforemen-
three different types of “atoms,” i.e., two different Fe “at- tioned energy points in order to evaluate the BZ integral of
oms” and the metalloid. It should furthermore be noted that,Eg. (2.9). In this way the KKR-CPA self-consistency condi-
although the alloy Fe ,V,Ga crystallizes in th&.2, struc- tion was solved at each of the 48 basic energy points to an
ture, the end compound ®a has the D@structure only in  accuracy of about 1 part in ¥0followed by the computation
the narrow temperature range 900<K <920 K. Below of a new spin-dependent crystal potential. The starting po-
900 K the stable phase for smalis the CuAu-type (L1,) tential for the next cycle was typically obtained by a roughly
structure. The D@structure of FgGa is metastable and can 10% mixing of the new potential. The solution of the KKR-
be obtained by quenchirf§:5® CPA condition required 1-10 iterations, while 10-50 charge

The fact that V replaces the Fe atoms only in Bisites  and spin self-consistency cycles were usually needed de-
of FgX has been adduced from NMR, gbauer and neu- pending upon the alloy composition to achieve convergence
tron diffraction measurementsee, e.g., Ref. 24More gen-  of the crystal potential to an absolute accuracy of about 1
erally, in the series Re,T,Si and Fg_,T,Ga, whereT de- mRy. For the final potentials, the total density of states
notes a transition metal, impurities to the left of Fe in the(DOS), site-decomposed component densities of states
Periodic Table(Mn, V) show a strong preference for the B (CDOS), and thel-decomposed partial densities of states
sites while those to the righCo, Ni) enter atA or C sites.  (PDOS were computed on a 201 energy point mesh in the
Interestingly, Cr seems to distribute almost randoml,a,  alloys, and a 401 point mesh for the end compounds using a
andC sites in Fg_,Cr,Si.%® Reference 34 has considered the tetrahedrak-space integration technicite(with division of
question of preferential occupation of various sites in thel/48th of the BZ into 192 small tetrahegi@pplicable to the
Fe;Ga matrix via band-theory based total energy computaordered as well as the disordered muffin-tin systems.
tions.

IV. COMPUTATIONAL DETAILS V. RESULTS AND DISCUSSION

We have carried out fully charge and spin self-consistent A. An overview within a simplified model density of states

KKR-CPA computations on the series FgV,X, for x We present first a relatively simple picture of the compo-
=0.0, 0.1, 0.25, 0.5, 0.75, and 1.0 with the metallgideing  nent densities of states associated with the transition metal
Si, Ga, or Al. In the case of the end compoundsX¥and atoms in Fe_,V,X. The model density of states of Fig. 2
Fe,VX the KKR-CPA results were verified by extensive gives the majorityup) and minority(down) spin densities on
computations based on our totally independent KKR bandFe(A,C), Fe(B), and V sites in the limiting cases=0 and
structure codes. The self-consistency cycles were repeated=1. The positions of the centers of gravity of the $i,3e
for each alloy composition until thmaximumdifference be- 3d, and V 3 bands are shown, together with the Fermi
tween the input and output muffin-tin potentials was lessenergies Eg) for the tetravalentSi) and trivalent(Ga and
than 1 mRy at any mesh point in the unit cell. Therefore, theAl) metalloids. In the following discussion we invoke Fig. 2
final potentials used in the evaluation of various physicalfrequently in order to gain insight into the electronic struc-
quantities are highly self-consistent. All calculations employture and magnetism of ge,V,X. We emphasize however
a maximum angular momentum cut-offf,,,=2 and the that, even though the model of Fig. 2 captures a good deal of
exchange-correlation functional of the Barth-Hedin fé/m. the physical essense of the underlying spectrum, the full
The four basis atoms were placed as follows: Ae( KKR-CPA self-consistent results should always be kept in
=(1/4,1/4,1/4), FeC)=(3/4,3/4,3/4), FeB) or V(B) mind. This is especially true in the way Ga and Al com-
=(1/2,1/2,1/2), andX(D)=(0,0,0). The experimental val- pounds are modeled in Fig. 2 via a rigid shift in the position
ues of the lattice constaitt®®°of Fe;X are given in Table of the Er compared to the case of Si, the real situation of
I. The lattice constant decreases by less than 1% in goingourse being more complicated.
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FIG. 4. Computed total magnetic momefmter Wigner-Seitz
FIG. 2. Schematic diagram of the up- and down-spin componenge|l) and the moments per atom on various inequivalent sites in
densities of states on F&(C), Fe(B), and V(B) sites for(a) F&Si  Fe,  V,Si as a function of V concentration All values given in
and (b) FeZVSI The horizontal daShed ”nes mal’k the Fel’mi |eVe|S units Of Bohr magneton%). Different symbols are explained in
for F&;Si and FeVSi, the chain lines for the corresponding Ga and the legend. Lines are drawn through the theoretical points to guide
Al compounds. The kinks in the latter represent an overall shift ofthe eye. Experimental pointspen circles for the total moment are
the entire set of down-spin bands. The tick marks on the energyfter Ref. 14.
axes denoted F&(C), Fe®B), V, and Si) give the various on-
site metald and metalloich energy levels. Tick marks denoted V in the Fermi levels become the same. With this redistribution,
(a) refer to the energy levels of a single V impurity in;&e simi- the states at the bottom of the bafitie bonding statés
larly Fe(B) in (b) refers to single Feg) impurity levels in FgVX.  hacome more concentrated on theatom while the anti-
bonding states at the top of the band are found preferentially
The relative positions of various levels in Fig. 2 can beon theB atom as shown in Fig.(B). This mechanism con-
used to obtain a qualitative handle on the movement of bondstitutes a basic ingredient for understanding the electronic
ing and anti-bonding states on various atoms. This aspestructure and magnetism of gV, X considered below. A
will play an important role in our analysis below and, there-similar discussion based on the bonding of molecular orbitals
fore, we comment briefly on this point with reference to Fig. has been given by Williamet al®’
3, which describes the so-called common band model of We are now in a position to consider the behavior of the
bonding ofd-band metal$3 Consider two atomsA andB,  total magnetic moment and its constituent parts ip £¥, X
with atomic energy IeveE2<Eg, which are assumed to (Figs. 4—6 in terms of the simple model of Fig. 2. Some
broaden into rectangular bands of common bandwMith salient features which may be explained are as follows.
when the atoms are brought together to form a solid. From (i) Smaller moment oFe(A,C) compared toFe(B) in
moment theory, it is known that the center of gravity of theFe;X. Since the Fa) atom is surrounded by eight F&(C)
local density of state@ccupied and unoccupigdiust coin-  atoms in a bcc arrangement, it is not surprising to find the
cide with the local on-site energy leveEj g, (which may be  component density of stat¢€DOS for the d electrons of
slightly shifted from the corresponding free-atom value inFe(B) in Fig. 2@ to show the familiar structure of two
order to maintain local charge neutrajityThe result is a peaks(bonding and antibondingseparated by a valley of
skewing of the originally rectangular local density of stateslow density of states found in bcc metallic Fe. For the up-
and a new bandwidtiW,g. Physically, the skewing repre-

sents a transfer of charge from tBextom to theA atom until e A
E
| §
ESL (W + I ]! £
e 1 ES AW EiWAB a
f it 2
Ng Na ng Na Niat %0
a) b) c) g
FIG. 3. Schematic representation of the common-band model of 1.0 -0t > -

bonding in a binaryAB system.(a) Densities of states of solids
andB before alloying;(b) component densities of states in the alloy
AB; (c) total density of states in the allgyB. W denotes the width
of the common band, W the bandwidth after bonding. The quan-
tities E,‘i and Eg give the free-atom energy levels whitg, andEg FIG. 5. Same as Fig. 4, except that this figure refers to
denote the local on-site energy levels. After Ref. 73. Fe;_,V,Ga. Experimental points after Ref. 64.

FTETINES ISR AR R
0.00 025 050 0.75 1.00
X
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FIG. 6. Same as Fig. 4, except that this figure refers tom 0 ; 0 :
Fe;_,V,Al. Experimental points after Refs. 70 and 89. O | l / | W
1+ A 1 st .
spin electrons both peaks are occupied, while the exchangQ s - a4 s ' b4l s ' cd
splitting pushes the down-spin antibonding peak above the 1Ht Aﬂ& . 1t L Sj\
Fermi level, resulting in a large magnetic moment on the OQ W 0 N Nl S
Fe(®) site. h NN ] S\lj
Concerning the F&,C) moment, note first that F&(C) : :
is coordinated with four F&) and four metalloids, and that 00 05 10 00 05 10 00 035 10
the associated CDOS in Fig. 2 possesses extra states betwe
the bonding and antibonding peaks. The main difference in
relation to FeB) is in the behavior of thelown spins for Energy (Ry)

which Fig. 2a) shows thatEgea cy<Erem). Therefore,

. . h ) FIG. 7. C t densi f staté€DOS f i in-
down-spin bonding states reside preferentially onA;€() omponent density of staté§DOS for various in

: . . . . equivalent sites in FSi (topmost row. Different angular momen-
and yield an increased negative spin density compared ®im contributions to the CDOS are shown. The majofitp) and

Fe(B); the corresponding antibonding states onBje(ie  ninority (down) spin part of the CDOS is given in each case. The

above Er and are, therefore, unoccupied. ReC) and  gotted vertical lines mark the Fermi energgd). Note different
Fe(B) are quite similar with respect to the up spins sincescgles.

bonding as well as anti-bonding states on both Fe sites lie
below the Fermi energy. The net result is that the total mo- (v) Higher moment oFe(A,C) but notFe(B) in the Ga-
ment on Feg,C) is reduced compared to F&). and Al-compound compared to tHsi-compound Going to

(ii) The negative moment of\&impurity in Fe;X. We see Fe;Ga(Al) we find in Figs. 5 and 6 that, compared to,;Si
from Fig. 2a) that Ey is higher thanEges c) and its next-  the Fe@,C) moments are higher. Figurga shows why.
nearest neighboEr.g, for the up-spin electrons, and thus Ga and Al are trivalent and therefore the Fermi energy is
the up-spin bonding states will move away from V sites; thejower. This does not affect the spin-up band which lies in its
antibonding states will be on ), but these lie mostly entirety belowEg, nor does it affect the F&) spin-down
above the Fermi level and are thus unoccupied. On the othgjang because there are hardly any states oB)Fé( the
hand, for down sping&y lies somewhat beloEgen,c) @and  region between the bonding and antibonding peaks. The net
Ere@) - Both effects will tend to induce a negative moment effect is a reduction of the number of spin-down electrons on
on V impurities. _ ) _ Fe(A,C) with a resulting larger moment on &(C), and a

(iii) The negative moment Si in Fe;X. The Si atoms 100 pegligible effect on the F&) moment.
carry a negative moment, albeit small. The reason is that for The preceding discussion is meant to be illustrative rather
the down-spin electrorisg; lies well belowEgeg) , while for  than exhaustive. Other features of the behavior of moments

the up-spin electrorSsi>Er. @) . As a result ofp-d hybrid- i Figs. 4-6 can be understood at least qualitatively along
ization the down-spin bonding states will be more predomitnhese lines.

nant on Si while théempty) antibonding states will be found
on FeB), resulting in a negative Si moment.

(iv) Positive polarization ofFe(B) impurity in Fe,VX.
Similar arguments explain why an M) impurity in After the introductory discussion of the electronic band
Fe,VSi, at the other end of the concentration range, is posistructure of the Fg ,V,X system on the basis of the simple
tively polarized. Figure @) shows thaEgeg)<Egea.c) for ~ model introduced in the previous section we now turn to the
the up-spin electrons and thus the bonding states will bealculated density-of-states curves in Fig. 7. A good under-
found predominantly on F&). The opposite situation is standing of FgSi is essential for delineating the effects of
true for the down-spin electrons. Both effects conspire tosubstitution on the metalloid and/or the Bg(site consid-
produce a strong positive F8 moment. ered in the following sections. Note that the S 8nd 3P

B. Ordered compound FgSi
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bands show little overlapFigs. 7c4) and 7c3)] in FeSi, 0.50 [T TrTT T T T T
even though in Si thes8and 3 bands possess a substantial Fe,Si :
overlap; this is the result of an increased Si-Si distance in S 0401 Er
Fe;Si compared to Si. > - :

The bonding between Si and Fe is complex and invo$ves § 030 £ B
andp electrons of Si and,p as well asd electrons of Fe. = 1
Some manifestations of this bonding are as follows. The Si '§ C 1
3s states form a semicore band extending bete@.2 Ry; f 0.20 - -
the presence of a finite density of states on both Fe sites in Q C ]
this energy region indicates Si-Fe interaction involving Si 3 & oloL A
electrons, even though there are no Si atoms in th8Faf C ]
shell. Si-Fe binding via Si and Fp electrons is apparent 0.00 Y .

from the presence of the three-peak structure inpthands,
which is most clearly discernable in the Si down-spiband
[Fig. 7(c3)], but is also present in the up- and down-spin
bands of both types of Fe sites. Finally, there is the effect of FiG. 8. Computed partial density of states in thandd chan-
hybrid formation between thefBstates of Si and the states  nels associated with a Si site in4S& the spectrum has been con-
of Fe described by Het al.”* and discussed in Ref. 37 in voluted with a Gaussian of 2.0 effull-width-at-half-maximum to
connection with FgSi, which tends to concentraped bond-  mimic experimental broadening of the soft x-ray emission spectra
ing states on F&) and enhance the moment on Bg( of Ref. 43.

The behavior ofN(Eg), the density of states &, de-

serves comment. The statesEat possess mostlgt character  for the reduced valence of the metalloid. The effect on the

with somep admixture(Fig. 7). The Fe@\,C) contribution  yp-spin CDOS, on the other hand, is more substantial in that

dominates, with the spin-down part being much larger thajhe shape of both F&(C) and FeB) is flatter aroundE in

the spin-up parFig. 7(al)]. By contrast, the Fermi level on Fe,Ga compared to ESi [e.g., Figs. 8a2 and 9b2)]; the

Fe(B) lies in a fairly low density of states region in the up- Fe-Ga interaction pulls the up-spin states peaking around the

as well as the down-spin CDOS. The energy dependence @fermj level in FgSi to lower energy.

the CDOS in the V|C|n|ty OfEF is also quite different on The spectra for F:g;a and FgA| in F|g 9 are quite simi-

various sites. On Fé&(C), the Fermi level lies near a dip in |ar. As already noted, the Sé band in FgSi (below

the up-spin CDOS, but in a rapidly decreasing region in the

down-spin CDOSFig. 7(al)]; a rigid upward shift of 0.04 .

Ry in Eg, for example, would cause a reversal of spin po- FC3Sl Fe3Ga F63A1

larization atEg . The situation for Fe), on the other hand,

is quite the opposite in that a similar shift iy will induce total al] [total | bl] [total

a rapid increase in the down-spin dengifjg. 7(b1)]. 60} 1 i q6ort i qeoft
Our computed-decomposed Si-CDOF-ig. 7(c)] gives 0 ] 0 : 0

cl
insight into the Si L, 5 soft x-ray emissioriSXE) spectrum of v i A
FeySi reported by Jizt al*® The SXE data from RSi (see 6or | iy 19014 Fy 100 W
Fig. 1 of Jiaet al) display three distinct peaks centered at ' - :
binding energies of 2 eV, 6 eV, and 10 eV. To interpret these”;. SO_I;C(A’C) : 2 TeAO : > l?e(A’C) : <
results recall first that the,ls SXE will only involve s andd
but not thep partial density due to thal = =1 selection rule
for optical transitions. Thed PDOS [Fig. 7(c2)] contains
many features extending from 0—6 eV bel&y. In Fig. 8,
we have plotted the sum of and d PDOS for Si after
smoothing the theoretical spectrum to reflect experimentak— 301
broadening”® The three peaks in Fig. 8 at binding energies of 5 0
1.7, 5.5, and 9.2 eV, are seen to be remarkably consistero 30l
with the experimental values quoted above. In particular, ourQ
calculations suggest that the 6 eV peak in the SXE spectrun
involves Fe-Si bondingd states since both FBj and 5
Fe(A,C) CDOS's possess a substantial density in this energy
region [Figs. 7al) and 71bl), note the scalg in contrast,
Ref. 43 associates this peak wilp® bonded Si orbitalé® st

-10 -5 0 5 10 15
Energy (eV)

0

30f

states/R

00 05 10 00 05 10 00 05 1.0

C. Ordered compounds FgGa and FegAl

Fe;Si and FgGa are compared firgFig. 9). The replace- Energy (Ry)
ment of Si by Ga is seen to induce only small changes in the
shape of the down-spin CDOS on either KeC) or Fe[B), FIG. 9. Total and site-decomposed density of states yBke

aside from a relative lowering of the Fermi level to accountFe;Ga, and FgAl. See caption to Fig. 7 for other details.
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FIG. 11. Dispersion curves along high symmetry lines in the

00 05 10 00 05 10 00 05 1.0 Brillouin zone in ferromagnetic B¥Si (uppe) and paramagnetic
Fe,VGa (lower). The darker and lighter curves in the upper picture

represent spin-up and spin-down bands inp\FH, respectively.
Energy (Ry) The Fermi energy is marked by horizontal lines.

FIG. 10. Same as Fig. 9, except that this figure refers {vKe

alloys. states are pushed abokg . The net changes in relation to

Fe;Si are most clearly visible for the up-spin electrons. The
up- and down-spin densities of &SI possess similar

~0.2 Ry) is more or less corelike; the Gaband lies at a . ; 2. ; )
lower binding energy closer to the bottom of the valenceShapeS with the small magnetic splitting localized essentially

band in FgGa. This progression continues in;Pé¢ where on Fe@,C). The dip in the up-spin RS DOS around 0.6

the Al s band overlaps the bottom of the valence band causRy t!nIIFIEIi %(11), novxI/: mc;v?d up ondtge75ene.rgy 1scalle, IS
ing a relatively greater distortion of states in this energy refarually ied by nnn € states around ©. Ryos. 1Gal)

gion (see bottom row in Fig. )9 gnddl_QaZ)]t. 'tl'o tf;ellleft (()jf tgese t[leilre_ isda t():orr:jr_)lex otf It:e-V
It is noteworthy that substitution on the Si site by Ga and Ign mg 32a es d°10W§ By tme a ?;E' E orl Itng S adefh
Al not only influences the F&(,C) but also the Feg) [Figs. 10a2) and 1@a3]. Between the Fe states an €

CDOS. This is consistent with our observation above in conﬁnt'aondmg fFe-G/ tsr,;[ate_s f:\jr_ourl_d the Fermi level a near gap
nection with Fig. 7 that the metalloid affects the Bg( as formed for both spin directions.

CDOS even though there are no metalloid atoms in th% t-we ch;rager %f ;tast.e.stﬁt éhe_tFFrml I\?vBeI d|ff§rs greatly
Fe(B) nn shell. It is clear, therefore, that a simple “environ- etween FgVSi and FgSi; theB siteli.e., V(B) vs Fe@)]

mental” type model*32which is based on taking account of contribution is larger in the former compared to the latter.

only the composition of the nn-shell possesses intrinsic Iimi—The DOS atEg is much larger in F£/Si and is dominated

tations in describing the electronic structure and magnetisrﬂy Fe(A,_C) and\/_(B) up _spins, while in_FgS_i the Fe_(A,C)
of Fe;X. own spins dominate with other contributions being small.

Other differences are evident from FiggaPand 1@a); for
_ example,Er lies in up-spin Fef,C) and V(B) peaks in
D. Ordered compounds FeVX (X=Si, Ga, Al Fe,VSi, but in an up-spin Fe&,C) dip in F&Si. Therefore,

The substitution of V for Fe§) in Fe;Si is seen by com- we should expect R¥Si to respond very differently to rigid
paring Figs. %) and 1@a) to dramatically alter the density shifts of the Fermi energy.
of states. The substitution of the high-moment Fe atom by Turning to FeVGa [Fig. 1Qb)], the spectra are quite
nonmagnetic V causes the magnetic moment to nearly cokimilar in shape to F&/Si, although the minimum in the
lapse. This is reflected in somewhat different ways in the upPOS around 0.8 Ry is somewhat deeper and broader in the
and down-spin densities. Similar to B)( the V atom in a  Si compound. That the spectrum of,M&a does not possess
bcc environment displays the familiar band structure of an actual band gap but only a pseudogap for either spin di-
two peaks separated by a region of low density, but since Vection is seen more clearly from Fig. 11. The small down-
is nonmagnetic the exchange splitting is close to 4&ig.  ward shift of the Fermi level due to the lower valence of Ga
10(@3]. In order to accommodate the reduced valence of \Wplaces the Fermi level firmly in thépseudagap region,
compared to Fe, both the up- and down-spin antibondirh V thereby precluding moment formation. In sharp contrast to
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Fe;«ViSi with its Fe(A,C) neighbors, has been shown in Subsection
V A above to lead to the negative moment on the V impurity.
Fe(AC) " al Fe(B) ' : bl \"(B) o As the V concentration increases, the Be(density of

301 states shows the familiar blurring caused by disorder scatter-

ing in the alloy. This effect is however highly nonuniform in

30} | YAt w L oY A that some states are broadened much more than other states,
=00 =00 , x=00 which reflects large variations in the effective disorder pa-
Fe(A,C) a2 Fe(B) V(B) 2

rameter as a function &, E, and spin polarizatiof’ Also,
with increasingx the down-spin bonding peak at 0.7 Ry de-
r Jr W |
x=0.25 x—O 25 x=0.25
Fe(A,C) ' a3 Fe(B) ' V(B) ' c3

g

2\

creases in siz€Fig. 12b)], leaving an even larger uncom-
pensated moment in the up-spin band. In the dilute Fe impu-
rity limit [Fig. 12b5)] the moment on this F&) atom is
found to be 3.08up . It is interesting to see that in this limit
the FeB) up-spin bands are virtually undamped again; they

g

W

(=]
T

—

E>

|

" i W L have the character of relatively sharp impurity levels.
x=0.50 ' x_o 50 x=0.50 : As a result of the interaction with the V and Fe atoms on

Fe(A,C) a4 Fe(B) ' V@) c4 the B sites, the Fe4,C) CDOS undergoes quite substantial
' -' changes. With increasing V content, the highest occupied
peak around 0.8 Ry in the up-spin PeC) CDOS moves to

w

(=]
T

—

g;

DOS (states/Ry)

5g

30} | L) W’V/ L higher energies, which helps deepen the low density of states
x=075 x=075 x=075 region near the Fermi level and pushgsto higher values.
Fe(A,0) a3 || Fe(B) V(B) e These large movements in the spectral weights are not

30 1 i } 1! present in the down-spin F&(C) CDOS although the de-

' velopment of the pseudogap takes place in this case also. The
30f | St W E N net result of the spectral weight shifts is a decrease of the
x=1.0 x=1.0 x=1.0 up-spin moment and a simultaneous increase of the down-
spin moment due to the upward shift of the Fermi level. The
Energy (Ry) two effects conspire to cause a rapid depolarization of the
Fe(A,C) sites. Forx=0.5 the aforementioned effects more
FIG. 12. Site-dependent density of states in, F&,Si at  Of less saturate and there is little further change in the vari-
Fe(A,C), FeB), and V(B) sites for each spin direction as a func- OUS moments.
tion of the V concentratior. The Fermi energy is marked by dotted ~ The magnetic moments associated with different sites are
vertical lines. seen from Fig. 4 to deviate from straight lines joining the
=0.0 andx=1.0 values. The moments change essentially
the Si compound, therefore, the DOSEat in the Ga case is linearly for x<0.5 with the FeB) component increasing
nearly zero for up- as well as down-spins and would increasvhile the Fe@,C) component and the absolute value of the
rapidly by a rigid lowering or raising of the Fermi level. negative moment on \R) decrease. For larger V concentra-
Notably, the gap between the semicore band around 0.1#ons, all contributions are nearly flat. Essentially, as Figs. 12
Ry and the bottom of the valence band in,¥8i is larger  and 2 show, there are three interfering mechanisms in going
than in FgSi. This effect is present also in f\¢Ga, andisa from FgSi to FeVSi: (i) Replacement of high-moment
consequence of changes in the various interactions and nee(B) by low-(negative-moment V@) atoms;(ii) a gradual
due to a change in the lattice size since we have used a lattiegpward movement of the up-spin PeC) antibonding or-
constant independent of V concentration in our computahitals, which reduces the F&(C) moment, andiii) in going
tions. The results for R¥Al are seen to be similar to those from FeSi to FeVSi, as the number of F&) atoms de-
for Fe,VGa. However, in contrast to the case ogRE[Fig.  creases, the FA(C) atoms play an increasingly important
9(c)], the bottom of the valence band does not overlap theole in bonding. The concentration dependence of the mag-

:

jé

0.0 05 1.0 0.0 05 1.0 0.0 05 T.

(=]

semicore band around 0.25 Ry in,FAl [Fig. 10c)]. netic moments and their lack of linearity results from an
interplay of these factors.
E. Disordered alloys Fg_,V,X (X=Si, Ga, Al) We have made an extensive comparison of our results on

1 Fe. \V.Si Fe;_,V,Si with those of Kudrnovsket al*® Despite some
-8k VxSl overall similarities, our results differ substantially from those
Fe;_V,Siis considered first with the help of Fig. 12. The of Ref. 38. For example, the Fermi level in our case lies at or
basic effects outlined in the preceding subsection in conneaiear a dip in themajority spin DOS for up to 50% \[Fig.
tion with Fe,VSi are of course at play here. Since the driving 12(a)], while in Ref. 38(see their Fig. 8 the majority spin
mechanism is the replacement of B¢y V(B), the(b) and N (Eg) decreases with increasing energy in the 0% and
(c) panels in Fig. 12 will be considered first. A=0 [Fig.  25% alloy and is essentially at a minimum in the 50% V
12(b1)] the FeB) site displays the two-peaked structure dis-case. The Fermi level in Ref. 38 rises uniformly with in-
cussed earlierA V impurity on that site however shows creasing V content. In sharp contrast, @&y changes non-
already the upward shift of the two peaks in the up-spin linearly, with theEg values being rather close for 0% and
band. This shift, together with the interaction of the V atom25% V [Figs. 12al) and 1Za2]. The site-dependent
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FIG. 14. Same as Fig. 12, except that this figure refers to
Fe_,V,Ga.

FIG. 13. Total up- and down-spin density of states in
Fe;_,V,Si, Fg_,V,Ga, and Fg ,V,Al for different V concentra-
tions x. The Fermi energies are marked by dotted vertical lines.
spectra of the end compounds discussed already in Secs. V B
and V C above. Interestingly, there are differences between
majority spin-CDOS is seen from Fig. @ to change con- the composition dependence of the magnetlc_ mor_nents be-
siderably in the energy region lying a few eV’s bel&. In tween the two _compounds as seen by comparing Figs. 4 :_;md

5. In Fg_,V,Si, the computed moments on all sites remain

Ref. 38 (see their Fig. 10 on the other hand, the F&J ) s
majority-spin CDOS possesses a roughly composition inde(_assennally constant fox=0.5, whereas in ke,V,Ga the

pendent three peaked shape. ThedfeCDOS atEy inour ez Bt T B 0 SR 0 Coaess O
computations is quite small for all V concentrations, while in

Ref. 38 the minority-spin F&) CDOS atE is quite large 1o, (€124 10 the befiavior of the urderlying spectra as fol-
(see their Fig. 8 Turning to magnetic moments, we find Fe(A. C) CDOS fc?r eithér s’ in direction are ugijte similar in

(Fig4) the FeB) moment toincrease with V' content, the éa and the Si com ouFr)1d insofar as theqdevelo ment of
whereas Ref. 38 obtains gecreasingFe(B) moment. Fur- h d dtﬁ] Fermi level and th h'ftp f i
ther, our moments on all sites vary linearly up to 50% V and € pseudogap around the Fermi level and the Snitts of spec

remain virtually constant thereafter, and the total momenog[r-‘al weights in the majority spin CDO$Figs. 123) and

CDOS's show differences as well. The shape of theBye(

shows a related break in slope around 50% V. The results A(@)] are co_ncerned. In Be,V,Si, the Fermi level lies in
Ref. 38 do not display these effects clearly as all moment% & down-spin pseudogap.fm20.5. L.D’Ut’ the smaller va-
appear to vary roughly linearly up to 75% V. The compari- ence of Galcompared to .S'C"’.‘useEEF n FQ”iXVXGa to be
sons of this paragraph make it clear that the charge selfco elatively lower. The mmo_nty spin. contribution to . the
sistency achieved in the present work has important cons eA.C) moment then continues to increase WO'S n
guences for the electronic spectrum; as already noted, t &-xVxGa, with a concomitant decrease in the total

results of Ref. 38 are based on a non-self-consistent cryst eA.C) mome'f“.- .
potential. The composition dependence of the electronic spectrum

as well as the magnetic moments on various sites in
Fe;_,V,Al is quite similar to that of Fg_,V,Ga, minor dif-
ferences notwithstanding. While the moments i K&/, Al

The evolution of the electronic spectrum of;EgV,Ga  are presented in Fig. 6, the detailed results forA5€)),
(Fig. 13 can be understood along much the same lines afe(B), and V(B) CDOS'’s are not shown in the interest of
Fe;_V,Si, keeping in mind of course the differences in thebrevity.

2. Fe;_,V,Ga and Fe_,V,Al
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F. Other aspects 183 [T REREASEEE T

1. Rigid band model's common-band model I T3 v in AC sublattices |

Although some features of the Ga and Al alloys can be
understood reasonably via a rigid band pict(see discus-
sion of Fig. 2 abovg our results indicate that a description
of the electronic spectrum of ge,V,X in terms of any
simple rigid-band-type model is generally unjustified. The
end compounds RX and FgVX possess quite different
spectra for any given metalloi, and the shapes of the
CDOS's at various sites change with Fe/V substitution. Fur- [ ]
thermore, the fact that the up- and down-spin DOS’s possess 186 Lty T, L
very different shapes, particularly in the £elimit, implies 0.00 0.04 0.08
that the ferromagnetic state cannot be described properly to x
be the result of a simple spin splitting in the form of a Stoner g1 15 The differences between the total energies of

shift of more or less rigid paramagnetic bands. Howeverge, v, siand constituent atoms with V in the B sublattigelid
from our discussion it is clear that the common-band modelyrye and V in theA or C sublatticesdashed curve

constitutes a fertile framework for obtaining insight in the

electronic structure and magnetism of these materials. While

the exchange splitting on the MY atom constitutes the that in FgSi (topmost row the density of states at the Fermi

driving force for magnetism in these compounds, the hybridieyel is dominated by the down-spin PeC) CDOS. There-

ization between different states and the resulting differencefpre, the current in F£Si will be carried primarily by down-

between the weights of various bonding and antibondingpin electrons associated with PeC) sites with relatively

states on different atoms lead to a rich variety of behaviorsjjttie contribution from FeB) and V(B) sites. With increas-
ing V content, the Fermi level in ke,V,Si moves into the

2. Site selectivity pseudogap in the down-spin PeC)-CDOS; for x=0.50,
these electrons are seen to be essentially frozen out of the
JLansport processes. In fact, for= 0.50 few carriers of either

-1.84

Energy (Ry)

-1.85

As pointed out in Sec. lll, the issue of site selectivity in
the Heusler-type alloys has been the subject of nhumerous®: . .
studies'432-3478yjith the attention being focused mostly on SPIN are available and one expects the material to possess a
determining whether other metal atoms when substituted fopigh resistivity. FOD(:_O'75' the up-spin F@(’(,:)'CDOS IS
Fe preferentially occupy F8) or Fe(A,C) sites in the lat- '?‘rg?“ and the up-spin V'CDOS begins to increase. In the
tice. The high electronegativity of Si implies that Si attracts/IMiting case of FgVSi (Fig. 12, bottom row, we see that
electrons from the surrounding Fe atoms. Our calculationd® current will be carried mainly by up-spin #&C) and
indicate that in FgSi the number of electrons inside the Y(B) electrons. Thus, in going from E®i to FeVSi, the
muffin-tin spheres of F&,C) is 25.115 against 24.975 for carriers change from be_mg dominated by down-spin
Fe®B), i.e., Fe@,C) averaged over both spin directions Fe(A,C) eIectrt_)ns to up-spin F&(C) 'and V(.B). glectrons,
more electronegative than FBY. The same is true in F&a and the material goes through a high-resistivity range for

and FeAl, even though Ga and Al are less electronegativeimermediate compositions. Experiment confirms this picture:
than both‘ FeA,C) and FeB). The Coulomb energy of the measurements of the residual resistivity as a functiox iof
) . . . . 31 .

crystal lattice will be reduced if electronegative BeC) is Fev"*x\éf' by Nishinoet al-* show a pronounced maximum
replaced by an element more electronegative tharii.Ee at)'(l'h B ith Fe V.Ga i f Fig. 14 to b
Co or Ni) or if Fe(B) is replaced by a less electronegative . | "€ Situation with Fe_V,Ga Is seen from Fig. 14 to be
element(i.e., Ti, V, Cr, or Mn, thus explaining the observed SiMilar to that of Fe_,V\Si, except that the compound does
site selectivity. A more quantitative demonstration of thesd'Ct display an intermediate range with few carriers around

effects, of course, must be based on total energy calculation~0-20- Instead, the carriers continue to be dominated by
where the LDA has proved a sound basis for mefals, dOWn-spin Fef,C) electrons for all compositions, with the

compound$’® and binary alloy$! Accordingly, we have total number of available carriers going nearly to zero in the
computed the total energy of the alloysFeV,Si for a num- X~ 1.0 limit. There seems to be a curious effect in the
ber of concentrations putting V atoms first on theé or C = 0-75 casgFig. 14b4)] in that the FeB) CDOS displays a
sublattice and subsequently on tBesublattice. Figure 15 substantial up-spin component, suggesting that this alloy
shows the difference between the total energy for each dn@y show unusual transport phenomena.

these two situations and the sum of the energies of the con- Retuming to the compounds Al and FeVGa, we

stituent atoms fox<0.08. It is clear that the total energy is Note that tgszlgermi surface of [\eGa is very similar to that
lowered when the V atom occupi@ B site. of FeVAI < It consists of three small hole pocketsIat

and an electron pocket Xt (see Fig. 1}, resulting in a very
small number of carrier® Recent calculations for F¥AI
which include spin-orbit couplirfg find a further reduction
Figures 12—-14 imply that the type, spin, and number ofin carrier density. This would make these compounds semi-
carriers available for transport in the F£¢V,X alloys de- metals or even semiconductors, although the latter would
pend strongly on the V content as well as on the metalloicdisagree with a Fermi cutoff reported by Nishigbal?® in
valence. Focusing on ke,V,Si first, we see from Fig. 12 Fe,VAI using high-resolution photoemission. Another cause

3. Electrical resistivity
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TABLE Il. Magnetic moments on various inequivalent sites in the end compoungé &&d FgVX in
units of Bohr magnetonsu(g). The results of the present computations are given together with those of a
number of other computations and relevant experiments. The values of moments for a sBigiengrity
in Fe;X and a single F&) impurity in FeVX are based on our KKR-CPA computations in the limiting
compounds, and are marked with stars.

Fe(A,C) Fe(B) V(B) X(D) Total
Theory Exp. Theory Exp. Theory Theory Theory
present others present others present present others present others
Fe,Si 134 1.2 12° 252 19 24> -062 -0.08 5.07
1.10¢ 1.07¢ 2.52¢ 2234 —0.08¢ 4.63¢
1.35¢ 2.20¢
Fe;Ga 1.87 209 179 247 238 259 -116 -0.08 —-0.10" 6.01
FesAl 1.90 1.36" 15° 244 248 218" -1.27 -0.10 6.03
1.26' 2.16'
1.89! 2.34) -0.14
1.9% 2.4k
Fe,VSi 0.43 0.37F 3.08 -0.11 —0.02 —0.02°¢ 0.68 0.7C°
FeVGa 0.03 3.20 —0.06 0.00 0.00
Fe,VAI 0.03 3.18 —-0.04 0.00 0.00
%Reference 33. 9Reference 42.
bReferences 84 and 85. "Reference 37.
‘Reference 38. iReference 35.
dReference 10. IReference 28.
®Reference 86. KReference 27.

fReference 34.

for the high and strongly temperature and composition deexperimental data in this table is not meant to be exhaustive;
pendent resistivity could be strong electron scattering by spimve focused on sources, which report site-dependent mag-
fluctuations. Although we find R¥Al and FgVGa to be netic moment information. B8i has been investigated most
virtually nonmagnetic in the V-rich regime, we have seenextensively. The situation with the F8{ moment in FgSi

that they may nevertheless contain sizable, relatively isogppears to be good in that the experimental values lie around
lated, local moments in the form of Fe atoms orBY(posi- 2 2-2.4 .z, and are in reasonable accord with the theoret-
tions, accompanied by nonstoichiometry or frozen-in antisitgca| value of about 2.5ug; the value of 1.9 4 is based on

defects. The band structure of these compounds consists Ofaatight-binding model computation. A similar level of agree-
set of rather flat Fe and @ bands closely below and above ment is also seen generally on the Be(site in FeGa and

the Fermi level. A similar situation involving bands is Fe,Al In the case of the F&(,C) moment, on the other
known to lead to heavy-fermion behavior in a variety of ' oo ’ !
) . hand, the situation is somewhat less satisfactory as the ex-
intermetallic compounds. Also, the temperature dependence” . )
of the resistivity in FeVAI is qualitatively very similar to perimental as well as theoretical values are more scattered.
that of well-known heavy-fermion compounds such as ' heoretically, the metalloid is predicted to exhibit a weak
CeCuSi, and CeCy.® Thus, the resistivity behavior in negative polarization, but no experimental results are avail-
Fe,VAl azmd FeVGa 'may be ’a signature of heavy-fermion able. Lack of experimental data is also evident for the mag-
behavior in a 8 intermetallic compound. It is also interest- n_et|c moments in FA/X; notably_, experl_menfts of Ref. 87
give a near zero F&(C) moment in FgVSi in disagreement

ing to note that the concentratior+ 0.6 at which Fg_,V,Si : .

shows similar resistivity behavidrlies in the concentration with computed values of 0.43g (théf work), and 0.37 ug
Sy Ref. 38. Interestingly, Endet al=" report antiferromag-
n

range where the Fermi level is at or very near the strong dip” .. o ? : .
: : ; . etic ordering in FgVSi; on this basis, an F&(C) moment
in the density of states, which for— 1.0 develops into the 0.5-1.0 15 has been deducdOf course. it should be

pseudogap. This suggests that a low-carrier density, possib . - -
in combination with strong local moments, is a necessaryemembered that our calculations do not include an antifer-

ingredient for semiconductorlike resistivity behavior in these' oMagnetic ground state.

alloys and compounds. In this respect resistivity measure- AIS.O for the alloys Fg*XVXX’ we are n.ot aware Of. any
ments in Fg_V,Si for x>0.6 would be of interest experimental work addressing contributions of individual
Vi . .

sites to the total moment. In ke V,Si (Fig. 4), the com-
puted total moments are rather close to the measurements of
Ref. 14, although further experimental work in the V-rich
We comment now on the magnetic moment data given iralloys, where the total moment curve is predicted theoreti-
Table I for the end compound§:?7:28:33-3537.38:4284-8pha  cally to display a significant change in slope, would be in-

4. Magnetic momentscomparison with experiment
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teresting. The experimental data in the &ef. 65 and Al a common energy band containing bonding and antibonding
(Ref. 89 compounds(Figs. 5 and & extend over a wider states with different weights on the participating atoms pro-
composition range and here again there is a reasonable levgtles insight into the electronic structure of these com-
of accord with the theory, even though the experimentapounds.

points are generally lower, especially for the 50% V alloy. e have analyzed the composition dependence of the
We should keep in mind however that our calculations asmagnetic moments associated with individual sites in
sume a perfectly random occupation of Bg(sites by V. g, v/ X in detail, and correlated these changes with those
atoms while the physical system may display short rang¢, the underlying spectra. In e,V,Si, all moments vary
ordering and clustering effects in addition to possible UNCeryssentially linearly fox<0.50, and remain virtually con-

tainties associated with site occupancies. stant thereafter. V substitutiojup to 50% \j decreases the
Fe(A,C) moment, buincreaseghe FeB) moment; Si pos-
sesses a very smaltH0.08 wg) negative moment. The V
VI. SUMMARY AND CONCLUSIONS impurity in FeSi possesses a negative moment of
—0.62 pg. The total moment in ke ,V,Si varies non-

We have discussed the electronic structure of k¥, X linearly over 0=x=<1.0 with a change in slope at=0.50.

E;;zlegfal(l)?ﬁsé\l/tgeé;:g;mcehtzlgnt)gsaﬁg 22’ino_rsg‘|lf’_ggntsr}§ten'{his berlavior differs sharplx frqm that expected on the basis
KKR-CPA computations. Specific compositions calculated®f the “local environment” picture which assumes the
include the concentrated alloys with 25, 50, and 75 atomid €(A,C) moment to decrease linearly ovex&<1.0 and
percent V substituted randomly in the B3(site, the end the FeB) moment to remain constant. On the other hand, the
compounds F&X and FgVX, and the limiting cases of a Mmoments in Fg ,V,Ga and Fg_ ,V,Al show a different
single V impurity in FgX and a single Fe&§) impurity in  type of non-linearity in that the F&(C) moment decreases
Fe,VX. All calculations were carried to a high degree of rapidly between 05x<0.75, and the aforementioned
self-consistency and are parameter-free excepting the use ¢$aturation” effect in Fg_,V,Si for x>0.50 is not seen.
experimental lattice constants. The Fermi energy was evaluFhese results show clearly that the metal-metalloid interac-
ated in all cases with a high degree of precision by using éion has an important bearing on the magnetism of Heusler
generalized Lloyd formula for multi-component systems.alloys. Some measurements of the total magnetic moment in
The use of a tetrahedron-typespace integration method, Fe,_,V,Si, Fg_,V,Ga, and Fg_,V,Al are available, and
which we have extended to handle disordered muffin-tin sysin this regard our theoretical results are in reasonable agree-
tems, allows us to treat the ordered end compounds as wethent with the experimental values. Further experimental
as the single impurity limits on an equal footing with the york particularly to obtain site decomposed moments in
concen_trated alloys. Qur results thus provide a reliable basqsesixvxx should prove worthwhile. Finally, we have delin-
for testing the underlying framework of the KKR-CPA and gated the nature of carriers involved in transport processes in
LSD' approximations. To our knowledge, litle theoretical co — \/ % | thex=0 limit, most of the carriers originate in
work eX|§ts in the literature concerning the electronic struc- e down-spin Fe&,C) sites. With increasing V concentra-
ture of disordered phases of Heusler alloys, although Ref. 3 d forms around the Eermi eneray. the total
has previously considered aspects of E&/,Si based on 'on, as a pseucdogap to . 1ergy,
non-self-consistent computations. number of carriers in BeXVXS|_decrea§es rap|dly. In the
V-rich alloy, the number of carriers begins to increase once

Highlights of our results are as follows. An examination . 2 . .
of the spin-dependent component densities of state@9@n, butitis now dominated by up-spin electrons. By con-

(CDOS'’y at various sites in Re,V,Si shows that the re- trast, the V-rich cempounds n th.e case of; g/, Ga or i
placement of Fe) by V induces substantial shifts in spec- F&-xVxAl are predicted to be semimetallic, and to be domi-
tral weights, especially in the up-spin PeC) CDOS; the nated by down—spln_ carriers throughout the composition
down-spin Fef,C) CDOS and the CDOS for either spin range. These dramatic changes in the number, spin, and type
direction at other sites—FB{ or Si—suffer relatively lesser Of carriers in Fg_,V,X and their interaction with strong
changes. A pseudogap develops around the Fermi energy iacal moments of Fe) impurities may play an important
the up- as well as the down-spin density of states in theole in the anomalous behavior of the resistivity and other
V-rich regime. The effects of V substitution in g V,Ga  transport properties and in the possible heavy-fermion char-
are similar to those in Re,V,Si, although a number of acter of some of these compounds.
differences arise from the reduced metalloid valence and the
changes in the metal-metalloid interaction.; F¢/,Al, on
the other hand, possesses a spectrum rather close to that of
Fe;_V,Ga, some differences in detail notwithstanding. ACKNOWLEDGMENTS
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