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Local properties at Fe and Co impurities in Nb; _,Mo, alloys

R. N. Nogueira and H. M. Petrilli
Instituto de Fsica, Universidade de"®aPaulo, Caixa Postal 66318, 05389-970,032aulo, Sa Paulo, Brazil
(Received 3 January 1996

We have investigated the influence of the local environment on the magnetic behavior of substitutional Fe or
Co impurities in NR _,Mo, alloys. We have found that the behavior of Fe and Co impurities is very similar in
the systems considered here. We have studied the physical mechanisms of the local moment formation at the
Fe site in those alloys and discussed what has been suggested in the literature by a different theoretical
approach. The isomer shift and hyperfine field at the impurity site have been calculated and compared with
experimental data available in the literature. The self-consistent calculations were performed using the real-
space linear muffin-tin orbital schem&0163-182806)03221-3

. INTRODUCTION (LMTO-ASA) supercelft? and the RS-LMTO-ASA(Ref.
13) approaches. Beuerle, Hummler, anchfie’ is the only
The problem of transition-metal impurities in transition- group that has investigated theoretically the JW hypothesis.
metal hosts is an old and controversial problem that has relhey have used the LMTO-ASA method with a 27 atom
ceived renewed attention in the last decade. This renewe%ﬂpercqll_lhto Stu?l/ the cf:aée Qf one Fe ImDUBtKAIWNKITAOX
interest is due to the fast development of experimental teclf—]1 oys. The problem of Co impurities in Mb,Mo, alloys

. S : . has not yet been considered theoretically in the literature.
Honic Structure calcuiations {6asibe. The formation of local 1™ PUTPOSe of the present work i to amplfy and deeper
: the understanding of those systems, basically in two different

magnetic momepts a',[ the |mp'ur|ty site n several ,meta"'cgirections. First we study Co as a substitutional impurity in
hosts has been investigated using hyperfine interactions tecjz. Nb and Mo hosts, comparing its behavior with Fe, its

nics such as Mssbauer spectroscdpynd_ time differential peighbor at the periodic table. From another side we study
perturbgd distributio. From the theoretical side supgrcell the local properties at Fe or Co impurities in Nb or Mo hosts,
calculations;  clusters  method, Green's-function  changing their first neighborhood, to simulate some of the
technics® as well as real-spacRS) methods| have been possible local environments around the impurity in
used to overcome the difficulties introduced by the breakNb, ,Mo, alloys in order to investigate the JW hypothesis.
down of the periodicity in those systems. Such approachesie have chosen three different limiting cases for each host
which use the density-functional theory within the local- and impurity: only one impuritFe or C9 in Mo or Nb
spin-density approximati6n(LSDA) have been often suc- hosts; the impurity and onldN Mo when the host is Nb or
cessfully used to study local magnetic and hyperfine properthe impurity and one NN Nb when the host is Mtwo
ties. impurities probleny and finally the impurity and the whole
The bce NR_,Mo, alloys with substitutional Fe or Co first !\Ib shell changed by Mo atoms when the host is I_\lb, or
impurities forms a very interesting class of alloys where thethe first Mo shell changed by Nb atoms when the host is Mo.
magnetism at the impurity site depends on the concentratiol all those cases we use the real-space linear muffin-tin
x. It is known from experiment that the impurities are mag-orbital in the4 %tomm-spher_e approximatiofiRS-LMTO-
netic whenx=0.4 and exhibit no local moment far<0.4. It ASA) scheme**a first-principles approach in the LSDA,
is also well knowR that Fe or Co impurities present local espema}ly We”. suited }‘3’_1'7”V95t'gate local properties, as
magnetic moment in Mdx=1) but not in Nb(x=0). The shown in the literaturé: Here we calculate the elec-
mechanisms involved in the local moment formation attractégr.on'c. struciure, local magnetic moments, _Ferml_ contact con-
further attention because Nb and Mo are neighbors at th |bu§|on to the_ hyperfine fleld(sHF) at th_e Impurities sites,
periodic table and both crystallize in the bcc structure. Jac‘:’md ISomer shlfts;IS) _when the '”.‘p““ty Is Fe. We compare
carino and Walkef (JW) have proposed an empirical model our results ywth available experimental data and thepretlcal
where the local magnetism at the impurity site depends oﬁeSUItS Obt?"”e“ by other approaches. We also Investigate the
the number of Nor Mo) atoms in the first shell of neigh- Ioc_al dens!ty of stateséLD_OS) at the Nb or Mo impurity
bors. The model states that the impurity site would be mag[le|ghbors In each case, in attempt to understand the mecha-

netic if it has not more than one Nb atom as first nearest'sMs |nvolveq in the magnetic mome.n.t formation. .
neighbor (NN). Some calculations for these systems using The paper IS orgqnlzed as follows: in Sec. Il we briefly
different theoretical approaches can be found in the Iiterage"e’cr'be the t_heoretlcal m(_athod._ln Sec. lll we present our
ture. At the extreme limitsx=0 andx=1, that corresponds results f';md discussions. Finally in Sec. IV we present our
to the impurities in pure Nb or Mo host&) one Co impurity conclusions.
has been studied only by the Korringa-Kohn-Rostoker-
Green’s-function(KKR-GF) method*! (b) the behavior of

one Fe impurity has been studied by the KKR-BRhe In this section we give a brief description of the RS-
linear-muffin-tin-orbital-atomic-sphere approximation LMTO-ASA formalism and its application to local perturba-

Il. THEORETICAL APPROACH
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tions. The RS-LMTO-ASA has been used several times tavith the correct number of valence electrons. In the case of
treat one impurity(substitutional or interstitialin various impurities, theEg of the system is fixed by th&g of the
hosts. There is also one calculation for more than one impuhost. We calculate the occupation and other moments of the
rity in a fcc hostt® Here the same procedure is applied to thedensity of states for all nonequivalent sites up to the fixed
calculation of the electronic structure around more than on&g, keeping the potential parameters of the rest of the sys-
substitutional impurity in a bcc host. We also very briefly tem (outside the perturbed regipat bulk value.
describe in this section the theoretical approach we use for After the self-consistent electronic structure for a given
the calculation of the HF and the IS. A more detailed de-system is obtained, the procedure used here for the calcula-
scription of the general procedure can be foundtion of HF and IS are the same used in previous
elsewherg#-16 papers.**1729Both site-dependent quantities depends on the
The RS-LMTO-ASA is a self-consistent first-principles electronic charge density per spin at the nuclear position,
scheme (without any adjustable parametemwithin the  p,(0) whereo denotes spin-uf) or spin-down(]). To cal-
density-functional formalism in the framework of the culatep,(0) we assume that in the vicinity of the nucleus we
LSDA.B It is based on the LMTO-ASARef. 18 formalism  can expand the charge density in a polynomial series
but the eigenvalue problem is solved directly in real space
using the Cambridge recursion methddThe LMTO-ASA po(r)=A+Br+Cr? ©)
method is a linear method and its solutions are more accurate _ ) )
near a freely chosen energy, usually taken at the center of ~ From thep,(0) values for the first three radial mesh points
gravity of the occupied part of the givenp or d band. Here We can find the constants, B, andC, and therp,(0). The
we use the atomic-sphere approximati@SA) where the total charge density at the nuclep®) is given by the sum
space is divided into Wigner-Seit(ZNS) cells, which are of both pO.(O) We note that in the present nonrelativistic
then approximated by WS spheres of the same volume cefalculations only thes orbitals contribute top(0) and we
tered at each atom. In the RS-LMTO-ASA scheme we use fave explicitly calculated thes] 2s, and 3 core contribu-
first-order Hamiltonian, where terms of ordd— EV)Z and tions as well as theglvalence contribution at the considered
higher are neg|ected_ To this approximation we have an orSite. As shown in the Iiterature, the hyperfine field for tran-
thogonal representation with the Hamiltonidnexpressed in ~ Sition metals is usually dominated by the Fermi contact con-
terms of t|ght_b|nd|ngTB) parameters_ This y|e|ds a Simp|e tribution that is determined by the magnetization del’lSity at
eigenvalue problem, easily solvable in real space by the re¢he nuclear positioR through the expression:
cursion method? that has the form

HFe= o L(0)—pr(0 4
(H—E)U:O, (1) R™ 3 IU*B[pR( ) pR( )] ()
_ A The IS (that can be measured through”$ébauer spec-
lﬂE(r):;— [eu(rR) +(E-E,r)@,(rr)YL(rr) Jur L (E). troscopy can be written as
@ 1Sinp=lpimp(0)—pre0)] (5)

Here, the wave functionye(r), is given in terms of the wherepim(0) is the total charge density at the nucleus for the
radial part of the solution of the Schiimger equation for a Fe impurity in the systems studied here ang(0) is the
spherical potential inside the Wigner-Seitz sphere aroundame quantity(calculated by the same theoretical method
each siteR, ¢,(rg), and its first energy derivatives, (rg),  for a Fe nucleus in pure bcc Fe. Herds a constant which
at E,. The values ofp,(rg) and ¢, (rg) are taken to be depends on nuclear properties. This constant is not known,
zero outside their own sphere. Thg(fz) are spherical har- but can be determined by comparisons between the measured
monics, andug  (E) are the expansion coefficients of the and calculated values of the isomer shift for Fe in a series of
wave function(2) given by the self-consistent solutions of compounds. Here we use farthe standard value of0.24
the eigenvalue problenil). We note that all inequivalent a3 mm s *.2* Unfortunately the IS calculations for sites other
sites (with different potential parametgrsnust be consid- than Fe(that is, Co, Nb, and Mpcannot be presently made
ered. The LMTO-ASA can in fact be described as a compobecause of the lack af values in the literature; there is, to
sition of two self-consistent process, namely the “general”’ our knowledge, no measured S&bauer IS values for these
and “atomic” parts, one inside the other. In the “general” atoms. Finally we note that to simplify the notation we will
process, given the potential parameters for all the inequivaemit throughout this paper the subscripts denoting site for
lent sites, the Hamiltonian of the system under study is builthe IS and HF.
up and the eigenvalue problem is solved. In the atomic part,
the potential parameters, for each inequivalent site, are cal-
culated. The main difference between the present real-space
scheme and the usual reciprocal space LMTO-ASA concerns We present here our results for Fe and Co substitutional
the way by which the eigenvalue problem is solved for theimpurities in Nh_,Mo, alloys. To better understand the
given Hamiltonian. Therefore, the approximations used formagnetic behavior in these systems we have chosen a local
the exchange and correlation terms when solving the 'Schrapproach, looking at three different spatial configurations of
dinger equation inside the WS spheres are exactly the sanaoms in a bcc latticéamong the infinite number of possi-
in the two approaches. In a periodic system, the Fermi enbilities). For these configurations we establish the following
ergy (Eg) is determined at each iteration by filling the bandsnotation:

IIl. RESULTS AND DISCUSSION
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AB=B impurity in A host, TABLE |I. Calculated local magnetic momentgg) of a single
Co impurity in Mo and Nb obtained in this wolRS-LMTO-ASA)
A(B,C)= B and C impurity in A host, compared with theoreticdkKR-GF) and experimental results from

Refs. 9 and 11.

ABCg=B impurity with the first NN shell of C atoms

RS-LMTO-ASA KKR-GF Expt.
in A host. NbCo 0.04 0.0 0.0
153 15 1.6

In all the cases, the impurity was placed at the positior{vIOCO
(0,0,0, and inA(B,C) the second impurity was placed as a
NN of the first one at the positio(i/2,1/2,1/2. In all non-

s i SA results for the local magnetic moment at the Co site in
relativistic calculations we have used a bcc cluster of 100 .
) . MoCo andNbCo. We also show the experimental vallies
atoms cut in order to keep the atoms of interest at a maxi- . , ;
; : nd the theoretical results obtained with the KKR-GF
mum distance from the surface and lattice parameters tha

. . . ethod? available in the literature. From this table we see
corre_sponds to Wigner-Seitz radlus_ of 2.992 _and 3'.05§ann excellent agreement of the RS-LMTO-ASA results with
atomic units for Mo and Nb, respectively. We did not in-

clude structural relaxation effects, as their effect are expecte%Oth theoretical and experimental results in those cases. We

X .. _note that the KKR-GF local moment is very sensitive to the
to be small in those cases. We have used the Beer—P%?ttlforan ular momentum cutoff, ., of the wave functions. Calcu-
terminator and a cutoff parametet. =20 was taken in the 9 ax '

lations forl ,,,,=2 yielded large moments for the impurity in

recursion chain. The exchange and 6c(forrelation term of th 1 Nb and Mo hosts, and the inclusion of higher angular
form proposed by von Barth and Hedirand a basis with momenta up td ., =3 was necessary to obtain the correct

nine (s, p, andd) orbitals was used. magnetic behavior. As we have observed at the Fe site in
To perform a RS-LMTO-ASA calculation for a given sys- ;o andNbFe!® our local impurity moments, calculated

tem in an efficient way, we need to know which sites are - . . ;
. . ..using a minimum basis «f, p, andd orbitals, are compatible
equivalent. As we have mentioned before, we name the sites. . : .
. . : Wwith those obtained via the KKR-GF formalism when a cut-
equivalent if they have the same set of potential parameters. |12

: . . -~ Off | ,,,=3 is used. At the Fe site iMoFe, Beuerleet a
All atoms belonging to the same shell of the impurity neigh- i ; .
. . ' . . . obtained a local moment of aroungz using an eight atom
bors will be equivalent in a bcc lattice with only one impu-

. . s oo . supercell LMTO-ASA calculation, the KKR-GIRef. 1]
rity. For the systems with two impurities in a bec lattice, we result is 2.5ug and the experimental result is compatible with
name two sitesi and j equivalent if d1(i)=d1(j) and B b P

: . . ; ; moments around 24 . The RS-LMTO-ASA result in this
d2(i)=d2(j), whered1(i) andd2(i) are the distances of ; X .
the( g\tomi (t{)) the impurit(ie)s 1 and (Z)respectively. case is 2.qg . The slightly smaller local moment obtained by

i ) Beuerleet al. may be due to the relatively small size of the

We note that the computational efficiency of the calcula- . .
. . X . . supercell used to perform the calculations. All three theoreti-
tions can sometimes be improved if the atoms belonging td . : S
. : : cal results show that Fe iNbFe is nonmagnetic in agree-
the perturbed region are not included at once but in a sequer

tial stage: first we calculate the potential parameters for th (nent \1’\{"&2 the experiment. As it has been pointed out
impurity(ies) site(s) keeping the host atoms potential param-

%efore, in a Stoner-like criterion, for a local magnetic
eters at the bulk value, stage that we name singlgditeble moment to appear the conditionN(Eg)>1 has to be ful-
site for two impuritie$; when the impurity reaches self-

filled.
consistency we start the calculation for the impurég and ¢ HereN(E) is the paramagnetic local density of states at
its first neighbors keeping the rest of the atoms at the bulk

he Fermi level at the impurity site anidis the Stoner’'s
values; in this way we include all different shells of neigh- exchange parameter, that has the LSDA vaflie 0.072
bors successively until the whole perturbed region is in-

and 0.068 Ry for Co and Fe, respectively. In order to inves-
cluded. The two impurities procedure is the same as that fotr'gate the fulfilling of this criterion, we have done paramag-

systems with only one impurity but we namh shell the set netic self-consistent calculations for some of the systems

of atoms belonging to theth neighborhood of any impurity. I‘Q'tl:\ld('zd)h% rreMIcr:FI;lgN;FvgeNsbhFoechc))aur,\;I%sg(ljtsl\l;l%r(g]oel\pl)l;)oduct
: F 1 ) ) 1 l )

We have verified that a perturbed region that includes onl . ! A
the first shell of neighbors gives very reasonable results fgfr\lbco’ andNbCoMo,. Following strictly this criterion(as

i can be seen from Fig.) the impurities are expected to be
fche ggnerfil pehavuiﬂ.DOS, local moments, HF, ISat the magnetic inMoFe,MoCo, andMo(Co,Nb). As we shall see,
impurity site in the systems we study here.

A. Local magnetic moments ;G-
Here we will focus mainly on two different aspects of the 5
complex problem of local magnetic moment formation at Co a

or Fe impurities in Mo or Nb hosts. The first one is whether

the impurity moment appears or n@wvhenever this effect 1 . L] u

can be seen by the LSDAThe second is its dependence on . . . | ' .. :

the local atomic configuration for some different environ- MoFe NbFe NbFeMog MoCo MolCoNbl NbCo NbCoMog
ments, simulating the study of its formation at the impurity

site in N _,Mo, alloys. FIG. 1. Paramagnetic local density of statesEattimes| pa-

In Table | we show the presently obtained RS-LMTO- rameter(from Ref. 24 at the impurity site.
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TABLE Il. Calculated RS-LMTO-ASA local magnetic mo- o—T——T1— . — .
ments(ug) at the Fe or Co sites in the Nb-Mo systems considered L Co in NbCo (@3 T rein Nbre (b} ]
here. v 40F 1L ]
S N ]
[a] - 4 .
Partial contributions ~ 20f 1E y
Total s p d - LA 1 F R\
MoCo 153 0.01 0.02 150 05 04 =02 0.0 02 06 04 02 00 02
Mo(Co,Nb 153 0.01 0.01 151 ENERGY (Ry)
NbCoMag 0.90 0.00 0.01 0.89 FIG. 2. Calculated RS-LMTO-ASA local density of states
MoFe 2.51 0.02 0.02 247 (states/Ry atom spjrin (a) Co and(b) Fe impurity sites in the Nb
Mo(Fe,Nb 2.65 0.02 0.02 2.61 host. Solid line: full local density of states; dashed line: contribution
NbFeMoy 2.01 0.01 0.02 1.98 of T, states; dotted line: contribution &, states. The vertical line

denotes the Fermi level.

Fe and Co behave in a very similar way in all the systemsatoms, in general agreement with our results. But in contrast,
presently studied so, although we have not done a paramatiey have found a small decrease of the Fe local moment at
netic calculation foMo(Fe,Nb, we expect the Fe impurity the inclusion of one Nb NN in the Mo hog¥lo(Fe,Nb] and
also to be magnetic inMo(Fe,Nb. The impurities in they mention a collapse of the Fe moment in NbFgMa
NbFeMao; and NbCoMog almost fulfill the Stoner-like crite- those calculations they have used the LMTO-ASA method
rion. We note that the recursion method that is usually venbut with a 27 atom supercell to simulate the alloys. The main
reliable for the calculation of integrated quantities such aglifference between the approach used by Beuetrla. and
occupations, magnetic moments, charge transfers, etc., givéise one we use here is on the way by which the whole solid
only the qualitative features and general shape of the LDOSs described: the supercell has a defect that is repeated
Therefore we do not expect to obtain a very precise value fothroughout the solid and the real space has only one per-
N(Eg), the LDOS at the Fermi level. turbed region in a given host. In highly sensitive magnetic

As a third step in our analysis, we have done self-situations the interaction between the defects charges can
consistent spin-polarized RS-LMTO-ASA calculations for lead to different results obtained by the two approaches. In
the 12 systems. Our results shows that there is no local magrder to further check this situation it would be interesting if
netic moment formation at the impurity site fadbCo, LMTO-ASA supercell calculations would be performed for
Nb(Fe,M0, Nb(Co,M0), MoFeNk;, MoCoNb; also no lo-  the Nk _,Mo, alloys with Co impurity.
cal moment alNbFe has been observédef. 13. In Table Il To get further into the discussion of the mechanisms in-
we show the values that we have obtained for the local magvolved in the local moment formation in the compounds un-
netic moments at Co or Fe impuritiesMoCo, Mo(Co,Nb), der study, we make an analysis of the LDOS at impurity and
NbCoMa;, MoFe, Mo(Fe,Nb, and NbFeMo;. We also NN sites. Beuerlet al? have investigated the LDOS for Fe
show thes, p, andd partial contributions to the local mag- impurities in pure bcc transition-metal hosts, and suggested
netic moment. Comparing Fig. 1 and Table Il we can see thahat the interaction between host and impurity states Wth
whenever the Stoner-like criterion has strictly been fulfilled,(xy,xz,yz) symmetry, is mainly responsible for the forma-
we have observed a local magnetic moment at the impurityion of the impurity local moment. Here we basically follow
site. The only exceptions abFeMa; andNbCoMog where  their approach trying to verify if their conclusions for the Fe
Table Il shows a significant value for the local momentsimpurity can be extended to the Co case. To make the dis-
obtained from the self-consistent spin-polarized calculationgussion more transparent we present plots of the total LDOS
but Fig. 1 shows that the Stoner-like criterion is in the borderat each site and also the projected LDOS with
region of being fulfilled. Although we do not expect the RS- E4(3z°—r? x*—y?) and T, symmetry; in all the following
LMTO-ASA to describe precisely the details of the LDOS at pictures we takd&g as the zero of energy. In both presently
the Fermi level, as we shall see below, those systems are inabtained LDOS for pure bcc Nb and Mo we see essentially a
region of very unstable magnetic behavior. four-peak structure: the lower energy peak of mixég, and

The JW empirical model states that, whenever the impuk,) character, two intermediate peaks dominated Toy
rity (Fe or C9 in Nb; _,Mo, alloys does not have more than states and the highest energy pe@kostly unoccupied
one Nb NN, the impurity presents a fixed value for the localdominated byE, states. The general shape of the Mo and Nb
moment; otherwise it does not show a local moment, indeLDOS is the same, but as Mo has one more electrorkts
pendent of the kind of further distant atoms. Looking atis higher, and is located in a LDOS valley between the high-
Table Il we see that the substitution of a NN does not changest peakdominated byE, symmetry and the peaks domi-
the impurity moment, in agreement with this empirical nated byT,, states; the NI is in the region dominated by
model. The results for systems without local impurity mo-the peaks of thd,, states. Those features are in very good
ment(MoCoNb; andMoFeNLl,) are also in agreement with agreement with Ref. 12 but the exact details of the LDOS are
the JW hypothesis. Now, the results for the impurity momennot so well described by the recursion method.
in NbCoMog andNbFeMg; are slightly different from those We now compare the systems with one Co or Fe impurity
found for the isolated impurity, showing that the impurity in the Nb or Mo host. In Fig. 2 we show the paramagnetic
moment depend to some degree on the kind of further distatDOS at the Co and Fe site in the Nb host. We see that their
atoms. Beuerle, Hummler, and Fewe® observed a very shape are very similar, mainly with a two peak structure: the
rapid Fe moment collapse with increasing number of NN Nifirst one, belowE, dominated byT,, states and the other



53 LOCAL PROPERTIES AT Fe AND Co IMPURITIESN . . . 15075

60 T - T T T T T T - T T T T T 60_ T T T T T ] r T T T
L C"c;“‘M°C° tad |1 FeFL"‘M"Fe (b} | - Co in Nb(Co,Mo) (o) 4 L Fein Nb(Fe,Mo)
40 Qo 40r 1
b (] —~ — -
— - 4
20+ 20‘- —_ B
! B 1 L
Q ol [l = [
Qo -0.6 -04 -02 00 0.2 -0.6 -0.4
- ENERGY (Ry)
-20+
L FIG. 5. Calculated RS-LMTO-ASA local density of states
-40+ (states/Ry atom spjrat (a) Co and(b) Fe impurity sites in the Nb
L 1L d host with one nearest neighbor Mo. Solid line: full local density of
e ] I T A A R B . states; dashed line: contribution 't'){gj states; dotted line: contribu-
-06 0.4 -02 0.0 02 -0.6 -04 -0.2 00 02

tion of Ey states. The vertical line denotes the Fermi level.
ENERGY (Ry)

1ug larger than Co. This larger splitting causes a redistribu-

of stateg(states/Ry atom spjrat (a) Co and(b) Fe impurity sites in tlc_)n of the Fe minority-spin statc?s, since they are mterac'_tlng
the Mo host. Solid line: full local density of states; dashed line:With the states of the Mo host in a different energy region
contribution ofT, states; dotted line: contribution &f; states. The (note thatE is located in a valley of the Mo host LDQS
vertical line denotes the Fermi level. It is interesting to note the strong effect of the Mo host on
the impurity LDOS. Just for completeness, following the

. trend of Fe and Co impurities, we have made calculations for
located abové&. dominated byE, symmetry states. The Co the Ni impurity in the Mo hosfMoNi). The shape of the Fe,

peaks are slightly higher than in Fe ald is slightly shifted Co, and Ni LDOS in the Mo host is almost the same, just

to higher energies in order to include one more electron in oving 1o lower eneraies in order to add one more electron
the occupied band region. If we now compare the paramagd; 9 g :

netic LDOS at the Fe and Co impurities in Mo with the onesAt the Ni case Er. is above thek, peak, in a region of low

in the Nb host(Fig. 2) we observe that there is a redistribu- Is_eDrgsShc?rl]gcg: r?ger?é?i?:nr;grﬁgn?mi{i_lI\I;\(/aen(;gge;s’oNslapre_
tion of the states: the peak dominated By, symmetry 9 ' y

states becomes narovir and the one domiaigym- 1% 18 1900 Sssrves o e nontyspin L0OS St
metry becomes higher and shifts to a region arobpd The P 9

. . : o from Fe to Co and Ni, filling the band.
location of one Co or Fe peak Bt according to Stoner-like 9 ’ '
models, leads to a local magnetic moment. In Figa) and If we now compare the LDOS at the Co first NN Nb or

3(b) we show the self-consistent spin-polarized LDOS forM0 site inNbCo andMoCo shown in Fig. 4 with the corre-
the Co or Fe impurities in Mo. The splitting of the bands §pondent pure hosts we observe that the presence of the Co

L : impurity affects very little the host LDOS. We note that, in
occurs with significant changes of their shapesmpared to all systems presently studied the effect of Fe and Co impu-

the paramagnetic ongsspecially for the Fe case. We can " . o : . o
also note that the most occupied bands shows a larger sh es (f)ver rt]he LDOS.”of its first n?|gh|bors |fs ;\/ery snrllafr.
variation; as they are shifted to lower energies, they interac efrle ore ! irg WehWIII present only plots of the results for
more with the host states in a energy region where Mo has o first-neig or she h . ities in th
larger number of states. The minority-spin LDOS resemble We now consider t e systems Fe or Co Impurities in the
the paramagnetic LDOS in both cases, but in Fe we see 0 and Nb host but with one NN changed, thatNi-
broadening of the peaks relative to those in Co. As the ma-

FIG. 3. Calculated RS-LMTO-ASA spin-polarized local density

jority band is almost full in both cases, in order to maintain M co in Moo | (a)] [ Fe inMolco.Nol | (b)

the correct number of states, the Fe impurity requires a larger ok
splitting of the bands and Fe has a local magnetic moment |
20F
r T T T _— T T T T T ] -
30F Mo in MoCo F Nb in NbCo (b) - é) 0
2] [ i - [
8 20; Z E -20F
- 10:_ :_ ] |

L / -] !:.'ll_:-‘.— L ‘-,rl" ‘,_‘_j.;.v’?- ~4or ] I T

06 0.4 -0.2 00 02 -06 0.4 -02 00 02 wol o L .
ENERGY (Ry) -0.6 -0.4 -0.2 00 02 -0.6 -0.4 -0.2 0.0 0.2

ENERGY (Ry)
FIG. 4. Calculated RS-LMTO-ASA local density of states
(states/Ry atom spjrfor (a) Mo and(b) Nb nearest-neighbor of the FIG. 6. Calculated RS-LMTO-ASA spin-polarized local density
Co impurity in the Mo and Nb host, respectively. Solid line: full of stateqstates/Ry atom spjrat (a) Co and(b) Fe impurity sites in
local density of states; dashed line: contributionTef states; dot- the Mo host with one nearest neighbor Nb. Solid line: full local
ted line: contribution ong states. The vertical line denotes the density of states; dashed line: contributionTQE states; dotted line:
Fermi level. contribution ofE states. The vertical line denotes the Fermi level.
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FIG. 7. Calculated RS-LMTO-ASA local density of states
(states/Ry atom spjrfor the two impurities systems fga) Mo and
(b) Nb nearest neighbors of the Co impurity in the Nb and Mo host,
respectively. Solid line: full local density of states; dashed line:
contribution oszg states; dotted line: contribution Efg states. The
vertical line denotes the Fermi level.
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FIG. 9. Calculated RS-LMTO-ASA spin-polarized local density
(Co,Mo), Nb(Fe,Mo), Mo(Co,Nb), andMo(Fe,Nb. In Fig. 5  of states ata) Co and(b) Fe impurity sites in the Nb host with all
we show the Co and Fe LDOS imNb(Co,Mo and atoms of the first-nearest-neighbor shell Mo. Solid line: full local
Nb(Fe,M0. We can see that the LDOS for the impurities density of states; dashed line: contributionTQB states; dotted line:
with 0;16 first NN Mo in the Nb host resembles very much contribution ofE, states. The vertical line denotes the Fermi level.
the ones of the isolated impurities in Niig. 2). In the same
way, the spin-polarized LDOS for the impurities in Mo host
with one first NN Nb shown in Fig. 6 also remains very ;
similar to the isolated impurities in Mdigs. 3a) and 3b)]. in the C?‘S?NbFe_MOB a_mdl\_leoMog, we observe a 5”0“9
To understand this behavior we show in Fig. 7 the LDOS afhagnetic instability situation, which becomes clear in a

the Mo and Nb atoms that have been exchanged by the Nﬁtoner—[ike c.rit.erion analysi$sge Fig. 1. Both prese_nt a
and Mo host atoms ilNb(Co,Mo) and Mo (Co,Nb), respec- magnetic splitting of the band§igs. 9a) and 9b)] forming

tively. We see that both Mo and Nb impurities have their® 10cal magnetic moment. The LDOS of the Mo and Nb

LDOS shifted in order to become concentrated in the samiMPurity NN in NbCoMas andMoCoNb; are shown in Fig.
energy region of the host atom that was previously in th 0. We observe that, still in this situation their LDOS tends

considered sitéFig. 4. The difference between the impurity to resemble the LDOS of those atoms they have substituted

occupation and that of the hogtue to the fact that Mo has (Fig. 4), although no? as much in thga case yvr_\ere only one
one more electronleads only to a different height of the NIN has been SUbISt.'tUted:'g'hn'f Th'sh fe”;j"”'”g. resem-
LDOS peaks. Since the LDOS of this atom becomes similaP'ance can be explained by the fact that this atéig. 10

to the original host, the impurity will not be very affected by as one Cdlor _Fe atom plus seven host atoms n its first
this NN substitution. This explains why the impurity local neighborhood; in the second neighborhood it has three atoms

magnetic moment remains the same when only one of its Nl\(l’f its same type and three of Fhe ho;t type, the remaining
is exchanged. atomg of its same type belonging to |t§ thiftthree atom)s'
We now substitute all the atoms from the impurity first 2nd fifth (one atom neighborhood. In this case, the consid-

NN shell in the Mo host by Nb atoms and in the Nb host byered atom in Fig. 10 will still interact essentially with the
Mo atoms (the systemdMoCoNb;, MoFeNk;, NbCoMog, host atoms.
andNbFeMa;. The Co and Fe impurity LDOS in those sys-
tems are shown in Figs. 8 and 9. The paramagnetic Co and
Fe LDOS keep only some resemblance with the general \we now get into the analysis of the usually dominant
shape of the LDOS for one isolated impurity in the samerermj contact contribution to the hyperfine figldF) at the

Fe and Co impurities in the systems considered above. In

host. We can roughly say that they have a mixed character,
between the cases where Mo and Nb are hosts. Specifically

B. Hyperfine interactions

60 T [ 1 T
[ Coin Mo CoNbg [ Fe in Mo FeNbg (b} [ T T — ] T 1 ]
@ 4of - 30:—Mo in Nb CoMog ‘@ 1 b in Mo CoNig ®) ]
= 20 s g 20f 1 ]
[ 4 f -
oL _u NS RN . AT SRS 10r a
-0.6 -0.4 -02 00 02 -06 -04 -02 00 02 of . JEXI N AN
ENERGY (Ry) -06 -04 -02 00 02 -06 -0.4 -02 0.0 02
ENERGY (Ry)

FIG. 8. Calculated RS-LMTO-ASA local density of states
(states/Ry atom spjrat (a) Co and(b) Fe impurity sites in the Mo FIG. 10. Calculated RS-LMTO-ASA local density of states for
host with all atoms of the first-nearest-neighbor shell Nb. Solid line:(a) Mo (shel) and(b) Nb (shel) nearest neighbors of the Co impu-
full local density of states; dashed line: contributionTof; states;  rity in the Nb and Mo host, respectively. Solid line: full local den-
dotted line: contribution oEg states. The vertical line denotes the sity of states; dashed line: contribution '6§g states; dotted line:
Fermi level. contribution ofE states. The vertical line denotes the Fermi level.
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TABLE lll. Calculated RS-LMTO-ASA hyperfine fieldsT( at TABLE IV. Calculated RS-LMTO-ASA isomer shiftsnm/s at
the Fe or Co impurity sites in the Nb-Mo systems considered herethe Fe sites in the Nb-Mo systems considered here.
Core Total core Valence Total IS
1s 2s 3s 4s

MoFe 0.08
MoCo -21 —-358 223 -156 6.7 -8.9 Mo (Fe,Nb 0.10
Mo(Co,Nh -24 —-36.1 225 -16.0 6.7 -9.3 MoFeNk; 0.00
NbCoMog —-0.9 -21.2 132 -9.0 3.8 -5.2 NbFe 0.05
MoFe -04 -526 308 -—222 109 -11.3 Nb(Fe,Mo 0.08
Mo(FeNb —-2.2 —-556 326 —252 126 —12.6 NbFeMog 0.10
NbFeMag —3.4 —420 245 -209 9.8 -—111

as a general rule. We note that this very small magnitude is
Table 11l we show our results for the core, valence and totahear to the limit of precision that can be reached by our
contributions to the HF’s at the impurityCo or Fe site in  theoretical approach.
MoCo, Mo(Co,Nb, NbCoMog, Mo (Fe,Nb, NbFeMag;, and
the MoFe previously obtained in Ref. 13. The experimental
results available in the literature arell.2 T (Ref. 25 and IV. CONCLUSIONS
—2.6 T (Ref. 26 for Fe inMoFe and Co irMoCo, respec-

tively. Comparing these values with the ones at Table Ill we  Wwe have used the RS-LMTO-ASA scheme to study the
observe an excellent agreement between experimental amgcal behavior around Co or Fe impurities in NgMo, al-
theoretical values in thdloFe case but only a qualitative |oys. For that purpose we have choosen three possible spatial
agreement in th&1oCo case. IrMoCo the obtained value is  configurations for the impurity nearest neighborhood. We
smaller than inMoFe following the experimental trend, but have found that the Co behavior is in all cases very similar to
the magnitude differs by around 6 T. We note that this smalthat of the Fe. Our analysis of the impurity first neighbor-
measured value for the HF at the Co site is quite unusual asood has shown that, important for the magnetic behavior in
pointed out by Brog, Jones, and Bodfhto get deeply into  those systems is the fact that, when exchanged, both Mo and
this question we will investigate if the results are compatibleNb tend to resemble the host atoms they substitute.
with the pOSSIbI'Ity of Co cluster formation in Mo-Co aIons Beuerleet a|_12 Suggests that thEZg_TZQ interaction be-
in a future paper. We remember however that the HF is aween the impurity and its NN play an important role in the
very subtle quantity that depends on very small differencesocal magnetic moment formation. Our results confirms the
of large numbers, being in fact a test of the accuracy that caimportance of this mechanism for the Fe impurity and shows
be reached by a given theoretical approach. If we compargat the same analysis is valid for Co. We observe that the
the HF at Table Il with the local magnetic moments ShOWﬂsubstitution of one impurity NN does not Change the impu_
at Table Il we can observe that the core contribution to theity local moment and the systems where it has all NN Nb,
HF is always proportional to the local magnetic moment ateven in Mo host, remained nonspin polarized; the local mo-
that site, with a proportionality constant arourdO T. The  ment at impurities with all NN Mo presented some influence
valence contribution has opposite sign to the core contribufrom further neighborhoods. We have found a local moment
tion and, although in a less pronounced way, is proportionaat the Fe site iNbFeMa; in contrast with LMTO-ASA su-
to the local 4 moment at the corresponding site. Thosepercell calculationgRef. 3. Although we have locally the
trends are in agreement with what has been observed tsame environment, those schemes describes in different way
Bluegel, et al?® performing KKR-GF calculations for 8 the bulk system and the differences between the two ap-
and 4d impurities in Ni. Following the same trend observed proaches should be further investigated.
for the local moment, the values of the HF at the impugity We found a small IS at all Fe sites indicating an always
well as their partial contributionsin the various systems small value in Np_,Mo, alloys. Our calculated values for
shown at Table Il are not affected by the substitution of onlythe HF has shown that, as in the local moment case, the
one Mo NN by a Nb atom. On the other hand, when we havéxchange of one impurity NN does not affect the HF mag-
all the impurity first NN Mo in Nb host, we see that every nitude, but the HF_|s sensitive to the concentration and may
contribution is affected, what indicates that the second NNP€ used to label different environments.
shell may influence the HF value. INbFeMo; we see a
particular cancelation of these effects that leads to the same
HF as in MoFe; this very special situation is not seen in ACKNOWLEDGMENTS
NbCoMos.
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