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Abstract.

W e use the self-consistent, augmented space recur sion techniqueto study the electronic structure

and magnetic properties of alloys of the transition metals, Fe, Co and Ni with the noble metals, Ag and Au.
We analyse the effect of local environment and the hybridization between the constituent bands on the elec-

tronic and magnetic properties.
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1. Introduction

Recently there have been severd sudies on the magne
tism of thin overlayers of trandtion meds like Fe on
noble med substrates (Bligd 1997; Mookejee et al
2000). It was noted that the magnetic moment on a sur-
face ‘magnetic atom depended sendtivdy on both the
locd environment of the atom, as wdl as hybridization of
its d-bands with the substrate. Looser binding at the sur-
face narows the d-bands, whereas hybridization had an
effect of increesing the band width. Consequently,
according to the Stoner criterion, the former enhances
megnetic moment while the laiter deceases it. The find
result is a subtle interplay between these competing effe-
cts. The am of this communication is to study whether a
smilar effect occurs on dloying. The two condituent
aoms ae intermixed and their locd environment plays
the crucid role.

It has been known experimentdly that diluting Fe with
Au, eventudly leads to the destruction of the averaged
megnetic moment around 14 aomic % of Au, dthough
the locd moment of Fe aoms themsdves may not be
zero. To study the comparative effect of hybridization we
have chosen to dloy the trandtion metds, Fe, Co and Ni
with the noble metds Au and Ag After examining the
band dructures of the facecentred dtructures of these
metds, the extenson of the s-d hybridized bends are
shownintable 1.

We note that the d-bands of the three trandtion metads
ae quite wel separated from those of Ag and Au. The
other fact known is that the locd magnetism of Co and
Ni is much wegker than that of Fe In paticular that of Ni
is fragile and depends srongly on how many Ni aoms
ae in the vicinity of the atom under consideration. The
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am of this work is to study how the locd and averaged
magnetization changes as we form these dloys a differ-
ent congtituent concentrations.

We shdl condder hybridized s and d eectrons in these
metds as contributing to a Fermi liquid ground state. We
shal study the charge and spin densties using the locd
spin  dendty approximation (LSDA) in the tight-binding
linearized muffintin - orbital  basis (TB-LMTO), intro-
duced by Andesen and Jepsen (1984). The disorder
effect is dudied usng the augmented space recursion
(ASR) introduced by usearlier (Sahaet al 1994).

2. Methodology
21 The magnetic phases

Destription  of  different  magnetic  phases  within  the
LSDA involves the evolution of locd magnetic moments
in the vicinity of ion cores because of the digtribution of
the vaence dectron charge Each lattice ste in the face
centred cubic gructure is occupied by an ion core in our
cae randomly by ether Fe or Au. Associated with each
ion core is a cdl or a sphere, s0 defined that the charge
density contained in the sphere is thought to belong to
that ion core aong. Idedly such cdls or spheres should

Table 1. Approximate location and width of the s—d hybri-
dized bands of Au, Ag, Cu and Fe, Co, Ni.

Noble metal Width of s—d bands (Ryd)
Au —0¥5<E<-04
Ag —0%5<E <-0%85

Transition metal Width of s—d bands (Ryd)

Fe —0d<E<045
Co —085<E <040
Ni - 08 < E<0%5
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not overlagp and this divison of space is to a cetan
extent ahbitrary. Within these cdls the vdence eectrons
carying spine s ses a binay random spin-dependent
potential, VSI (r), where I =X or Fe, where X is either
AgorAuands=- or .

The charge dendty within the cdls can be obtaned
from solving the Schrodinger equation within the LSDA.
The charge density over the solid can be written as

ro(r) =- WP)AMQ OFE:IX&G™ (r.r E)f,
L -y

+(1- X)&G 5 (r,r,E)i,, ] dE, €

where,  8G232-(r,r,E)fi, is the component projected
Green functions with the site r occupied by an X type
ion-core potential corresponding to spin 's. The X sites
ae dmogt soin independent (except for a very smdl in-
duced moment) if X is a noble metd, but carries a locd
magnetic moment if X isone of thetrangtion metas.

For the random ferromagnetic phase we proceed as
follows we consder dl cdls to be datidicaly identica
in tha they al cary identicd average charge densties.
We dhdl borrow the notetion_ of Andersen and Jepsen
(1984) to write functions like f(rg) which are as long as
r lies in a cdl labdled by R and is zero outsde
(rr =r-R). The feromegnetic charge dendties ae defi-
ned as

r(r)=§ r.(ra),
R

()= F(rg). @
R

The magnetic moment per cell (atom) is then defined by
m=@/N)3r[ri(r)- ro(n)]

S

=WN)YA A BrF (ry)- F(rs)]
% Q R R

=@/N)A A Prm.(ry).
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Snce dl cdls ae ddidicdly identicd, the above cacu-
laion need be done only in one typicd cdl. Within the
TB-LMTO-ASA the cdls ae replaced by inflated
aomic spheres and the remaining interdtitid is neglected.
The problem is then one of a binary dloy with an amost
non-magnetic charge density due to the noble metd ion
cores and amagnetic one due to the trangtion metal ones.

For the paramagnetic case, the charge dendties become
independent  of spin: r (r)=r,(r). The locd moment
dendity itsdf vanishes. Not only is the globd magnetic
moment per cel (atom) zero, but 0 is the magnetic

moment in any cel. This diginguishes the paramagnetic
phase from the antiferromagnetic one.

In both the aove cases the problem reduces to that of
a binay random dloy between non magnetic X aoms
and moment carying (or non-megnetic in the case of
paramagnetic) Fe atoms. It is important to note here that
the description is basicdly from an itinerant viewpoint.
The vaence dectron cdoud which gives rise to the locd
moments because of a pesgent difference between the
up and down charge densties in the ion-core cdls is
truly delocdized and does not beong to any paticular
ion-core.

2.2 The augmented space recursion

In an ealier communication we have described how to
ded with binary (Dasgupta et al 1993) and ternary aloys
(Sdha and Mookerjee 1997) within the framework of the
tight-binding linesrized muffintin  orbitals method (TB—
LMTO) of Andersen and Jepsen (1984). This provides us
with a firg principles determination of the configuration
averaged Green function of the disordered dloy. Subse
quently we may obtan the density of dates, the Fermi
enagies, the charge dendties and totd energies of the
sysem. We doat from the most-locdized tight binding
Hamiltonian derived sysematicdly from the locad spin
density approximation (LSDA)
H =g Cr N AR
RL

+é Eol Dr Shre Dt T rreA T Lo ©)
RL R¢c¢
where, Cr. and Dy, randomly teke the vdues corres
ponding to the condituents A and B with probahilities, xa
and xg, unless R= Ry, the dte a& which the component
projected Green functions are to be caculated. Here they
teke the gpecific vdues corresponding to either the A or
the B condtituent.

Let us write the expresson for the partid Green func-
tion where the dte, Ry, is occupied by a | type of atom.
We ghdll, for the sake of brevity drop the indices R and L,
for thetime being.

GRyLroL = &RoL|(E - C- D'?D"?) 1 |RyLii
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Writing out in full, we get an expression for G'ROL‘ROL &
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% = . =
¢a xr (E)Ng A R

<R°L &

S 2 2 12 A AA 0
-aa D} RL SRL,RUljl "RLORReA OLL¢; Rolo |-
RL RL¢ a

The only random parameters here ae > (E). If R=Ry,
Xg,L(E) = E- Cg,, while if R Ry then we may write the
random potentid parameter asfollows

—yB (A _yB
Xpo =X HEL - X))

The occupation variables {ng} randomly take the vaues
1, 0 according to whether the dte labelled by R is occu-
pied by the condituents A, or B. In a pefectly random
dloy the probability of such occupations are proportiona
to the concentrations of the constituents: X, and Xg.

p(ng) = x,d(ng - 1) +xgd(ng),

which can be rewritten as a continued fraction as

p(n;) =(- 1/p)Am
n;- Xg - >+(AXB
NR - Xa

The augmented space theorem [1] now congtructs opera-

tors M® corresponding to the variables ng, in the con-
figuration space of rank 2V.

A XaXg g @

Application of the augmented space theorem fird con-
sructs a configuration space, F, spaned by al 20D
configurations a dl sStes except R,. Each Ste has two
configurations labdled by 1 and 2. The null configuration
Katfif is the configuraion {111111111....... }. The
component projected Green function is then given by

8k, Lo ot P = BRoLoff } [ (E- CL)Pg AP AL+

+1I Q % (E)iP, AP Al +..
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The five different types of potentid parameters in aug-
mented space: C, ,B,Y?, & (E)fi x?(E) and xP(E)
are obtained fromthe TB-LMTO-ASR and (4).

XIEZ)(E) =(XB - XA)(XA(E) - XB(E)):

X9 (E) = [¥eXa (Xa(E) - X5(E)).

Note that the potentid parameters are energy dependent.
We, therefore, cary out the seed recurson proposed by
Ghosh et al (1999) to obtan the required component
projected Green functions, from them the dectronic
structure and local magnetic momentsin the aloys.

2.3 Computational details

For the cdculaion of the component projected averaged
densty of dates of the binary model related to the ferro-
magnetic and paramagnetic we have used a red space
cluger of 400 aoms and an augmented space shel up to
the sxth nearest neighbour from the dating State. Eight
pars of recurson coefficents were determined exactly
and the continued fraction terminated by the andytic
terminator due to Luchini and Nex. In a recent paper,
Ghosh et al (1997) have shown the convergence of the
related integrated quantities, like the Fermi energy, the
band energy, the magnetic moments and the charge den
sties, within the augmented space recurson. The con-
vergence tests suggested by the authors were carried out
to prescribed accuracies We have reduced the computa
tiond burden of the recurson in the full augmented space
by usng the locad symmetries of the augmented space to
reduce the effective rank of the invariant subspace in
which the recurson is confined (Dasgupta et al 1996)
and usng the seed recurson methodology (Ghosh et al
1999) with fifteen energy seed points uniformly across
the spectrum. Both the reduction techniques have been
described in detail in the referenced papers and the read-
es ae refared to them for details. It is important to
emphasize this point, since there has been erroneous
daements made ealier that dthough the augmented
space recurson method is atractive mahematicaly, it is
not feasible for gpplication as a computationa technique
is redigic dloys. Further, it has been shown (Dasgupta
et al 1996) tha augmented space recurson with an ana
Iytic terminator aways produces herglotz  results,
whether we use the homogeneous disorder modd as in
this paper or the verson including short-ranged order
(Mookerjee and Prasad 1993; Dasgupta et al 1993) or
locd lattice distortions (Saha et al 1996).

We have chosn the Wigne—Setz radii of the two
condituent atoms, Fe and Au, in such a way that the
average volume occupied by the aoms is consarved.
Within this congraint we have varied the radii so that the
find configuraion has neutrd spheres. This diminaes
the necessty to incdude the averaged Maddung energy
pat in the totd energy of the aloy. The definition and
computation of the Maddung energy in a random dloy
had faced controversy in recent literature (Gonis et al



202 Ashish Bhattacharjeeet al

1996) and to this date no satifactory resolution of the
problem exigs. Simultaneoudy we have made sure that
the sphere overlgp remains within the 15% limit pre-
scribed by Andersen.

The cdculations have been made <df-consigtent in the
LSDA sens ie a exch dage the averaged chage den-
dgties are cdculated from the augmented space recursion
and the new potentid is generated by the usud LSDA
techniques. This sdf-condstency cycle was converged in
both totd energy and charge to errors of the order 107°.
We have dso minimized the totd energy with respect to
the latice congtant. The quoted results are those for the
minimum  configuration. No short ranged order due to
chemicd dugering has been taken into account in these
cdculations, nor any latice digtortions due to the sze
differences between the two congtituents.

3. Reasults

Figures 1 (@—(c) show the component density of dates
for AuFe, AuCo and AuNi as functions of concentrations
of the condituents. The firg thing to note is that in all
casss the s—d bands of Au and those of Fe, Co and Ni do
not overlap much. Hybridization effects are not large and
dl three are examples of split band dloys. Consequently
in the low concentration regimes of dther Au or Fe Co
and Ni we have impurity-like pesks of the dilute congi-
tuent.

For AuFe, the Au projected dendty of dates are hardly
exchange slit and draddle the energy range around —06
to —06Ryd. It darts as an impurity-like sharp pesk for
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Figure 1a. Component density of states for AuFe for differ-
ent concentrations.
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Figure 1b. Component density of states for AuCo for differ-
ent concentrations.
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Figure 1c. Component density of states for AuNi for different

concentrations.

the 10% of Au aloy and broadens to a wide Au s-d band
a 80% of Au dloy. As the concentration of Fe increases
the up-spin band dmost remains fixed around —08 Ryd,
the down-spin band shifts upwards in energy, darting
from the Fermi energy a —045 Ryd for the Fe 10% dloy
crossing it to 0% Ryd for the Fe 80% alloy.
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Figure 2a. Fermi and aloying energies for AuFe for different
concentrations.
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Figure 2b. Fermi and dloying energies for AuCo for differ-
ent concentrations.
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Figure 2c. Fermi and alloying energies for AuNi for different

concentrations.

Figure 2(8 shows the behaviour of the Fermi energy
and dloying energy as functions of the Fe concentation
in AuFe. The exact behaviour of the Fermi energy depe
nds senstivdly on the exact shgpes of the densty of
gaes and band filling. Snce the Fe bands lie higher in
energy than Au, increesing Fe concentration leads to up-
ward shift in the Fermi energy. A sSmilar shift is obser-
ved for the dloying energy, indicating increasing dloy
stability with increasing Fe concentretion.

Figure 3(@ shows the behaviour of the locd magnetic
moments on Fe and Au as wdl as the totd magnetic
moment of the dloy (per aom) as functions of Fe con-
centration. We note tha Au caried negligible magnetic
moment. The locad moment of Fe actudly incresses with
decreasing Fe concentration. This wes dso observed in
ealir sudies of Fe overlayers on Au. It can be attributed
to the fact that in the lower Fe concentration dloys, there
is a large probability of configuration in which we have
smdl Fe clugers surrounded by non-megnetic Au  host.
The magnetic moment of smdl free duders is much
lager than bulk Fe. Immesad cluders have dengties
broadened as compared to free clusters because of hybri-
dization with the environment.

However, snce Fe and Au bands do not hybridize
much, in these concentraions we observe locad moments
dightly larger than the higher concentration dloys.



204 Ashish Bhattacharjeeet al

The behaviour of Au and Co bands in AuCo and Au
and Ni bands in AuNi ae raher dmilar to the AufFe
dloys. The spin-splitting of the Co bands is smdler than
that of Fe, and that of Ni bands if even smdler, otherwise
the quditaive behaviour is quite dmilar. Figure 2(b)
shows the monotonic increese of the Fermi energy with
Co concentration. The bowing is concave for AuCo as
compared to AuFe, while that for AuNi is dmogt linear.
This is sendtively dependent of the shapes of the densty
of daes Similaly, the dloying energy increases with
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Figure 3a. Loca and tota magnetic moment for AuFe for
different concentrations.
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increesing Co or Ni concentration, indicating greater sta
bility of the higher Co or Ni concentration dloys.

Figure 3(b) shows the behaviour of the locd magnetic
moments on Co and Au as wdl as the totd magnetic
moment of the dloy (per aom) as functions of Co concen
tration. Here the behaviour of the locd moments on Co
ae quite different from those on Fe in AuFe The locd
magnetic moment on Co is smdler than tha on Fe It
agopears that Co can sustain locd magnetic moment upto
50% Co concentration. Below this, when Co aoms get
progressvely surrounded with more Au aoms, the Co
aom rapidly begins to lose its locd moment as the con-
centration of Au increases.

Figure 3(c) shows the behaviour of the locd magnetic
moments on Ni and Au as wdl as the totd magnetic
moment of the dloy (per aom) as functions of Ni con-
centration. We note that not only is the moment on Ni
much gndler than those on Fe and Co, the locd moment
is extremdy fragile Ni begins to lose its magnetic
moment as soon as it is dloyed with Au, and loses dl its
moment a 50% Ni concentrations. This means that of the
twelve nearest neighbours of a Ni aom in the fcc aloy, it
requires datigticdly seven or more of them to be Ni,
otherwise the centra Ni loses its magnetic moment. This
fragility of Ni moment has been commented on ealier,
and should be taken into account if we ae setting up a
Heisenberg like effective modd for Ni dloys. This leads
to a concerntration dependent effective exchange, Jij(X).

4. Conclusion

We have proposed a methodology for the study of how
dectronic and magnetic properties change on dloying a
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trangtion meta with a noble metd. When we wish to
design a maerid with specific properties, this systematic
sudy of behaviour with dloying will be essentid if we
wish to predict how to design such amateria.
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