PHYSICAL REVIEW B VOLUME 56, NUMBER 20 15 NOVEMBER 1997-

Understanding the isomer shift of Fe impurities in metallic hosts
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We have used first-principles linear muffin-tin orbi(eMTO) electronic structure calculations in the atomic
sphere approximatiofASA), implemented directly in real spa¢RS) to investigate theoretically the behavior
of the isomer shift of substitutional Fe impurities in metallic hosts. We find that the isomer shift in these
systems is dominated by the dontribution at the Fe site. Since both the volume occupied by the impurity and
the valence of the metallic host vary widely in the systems studied here, the influence of these factors on the
isomer shift could be investigated. When RS-LMTO-ASA basis functions are used, a simple picture emerges,
which allows us to understand the observed trends of the isomer shift in terms of two quantities: the number
of 4s electrons at the impurity site and the probability of finding one of these electrons close to the nucleus. We
find that probability follows a nearly universal curve as a function of the volume occupied by the impurity in
the host, which leads to more negative isomer shift values as the Fe is compressed into smaller volumes. The
number of 4 electrons at the Fe site depends both on the volume occupied by the impurity in the host and on
the host valence. Our approach can partially deconvolute these dependences, calling attention to the interesting
processes which regulate the isomer shift tref86163-18207)01635-4

[. INTRODUCTION Green’s function approacho study the electronic structure
around impurities with atomic numbers between 1 and 56 in
The isomer shift(IS) of Fe as measured by Mebauer bcc Fe and calculate the IS of Fe atoms which are nearest
effect is a measure of the local charge density at the nucleareighbors to the impurity. The agreement between theory
position and provides information about the local surround-and experiment is impressive; the trends were well described
ings of the Fe probe. The volume occupied by the Fe atomand a general picture emerged. It was shown that the IS is
in the sample is one of the factors which can affect IS valuesdirectly proportional to changes in thes #ccupation of the
This has been known for a long time and is confirmed by thé=e probe due to the presence of the impurity, and that the
behavior of the IS of Fe in bce Fe as a function of presdure.experimental trends could be explained in terms of this quan-
Volume (or “size”) effects are especially important when tity. The contribution of coréls, 2s, and 3) states to the IS
one considers substitutional Fe impurities in metallic hostswas found to be negligible and, contrary to the previously
where due to the large variations of the host volume per siteaccepted view, influence of thed 3states of Fe is also of
the size of the substitutional Fe impurity can vary drasticallyminor importance. Unfortunately, since the volume occupied
from one host to another. An impressive amount of experiby the Fe atom in this case does not vary with the inclusion
mental data for the IS at the impurity site exists for theseof the impurity, the results of Akat al. give no information
systems:® but to deconvolute the effect of size from other about size effects.
effects, a theoretical model is needed. In the absence of more In this paper we use the real-spa&s) linear muffin-tin
reliable approaches, empirical volume correctfom® often  orbital (LMTO) approach in the atomic sphere approxima-
used to compensate differences in size when investigatingon (ASA) to study the IS of substitutional Fe impurities in
the influence of other quantities on the IS. Interesting trendsnetallic hosts, where volume effects play a major role. We
emerge when the volume-corrected data are plotted againgse results of electronic structure calculations to deconvolute
the valence of the hostBut because the volume occupied by the various contributions to the IS and determine their rela-
the substitutional impurity changes in a systematic way whetive importance. We also give a brief discussion of the basis
the valence of the host is varied, “size effects” may still be functions used in the RS-LMTO-ASA scheme, since they
present. The isomer shift of Fe depends on the electroniwill be used in our description of the IS. Finally, using the
charge density at the nucleSCDN) and is strongly influ- calculations as a guide, we develop a model which allows
enced by the behavior of valence electrons around the Fene to understand, in simple physical terms, the observed
probe. Therefore any reliable theoretical prediction of thistrends for the 1S of Fe impurities in metallic hosts. The
guantity requires a precise description of the electronic strucmodel shows the importance of volume effects to the IS of
ture around the impurity. Since impurities break the period+e and provides a simple way to estimate this quantity.
icity of the Bravais lattice, the usuktspace approaches can-  The paper is organized in the following way. In Sec. Il we
not be applied and, although a few isolated calculations havese the RS-LMTO-ASA scherfi¢o obtain the IS of substi-
been carried out, virtually no systematic theoretical study otutional Fe impurities in metallic hosts. In Sec. Il we discuss
the IS in the context of impurities in metallic hosts exists.the RS-LMTO-ASA basis and introduce a simple physical
One notable exception is the work of Aketi al,® which has  model which allows us to describe the behavior of the IS.
contributed most of the present theoretical understanding ofhe model is used in Sec. IV to understand the observed IS
the problem. They used the Korringa-Kohn-Rostokertrends. Finally in Sec. V we present our conclusions.
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[l. RS-LMTO-ASA RESULTS FOR THE ISOMER SHIFT LMTO-ASA calculations performed by us or from previous
OF Fe IN METALLIC HOSTS calculations by members of our grotifn a few cases the IS
) o . _results have already been publisid.o perform electronic
Here we use the first-principles, self-consistent, density,crre calculations in real space with the RS-LMTO-ASA
functional RS-LMTO-ASA schen?_ao obtain the electronic gcheme, large clusters are normally used. The IS values
structure and the IS around substitutional Fe impurities in Alshown here were obtained for clusters of 1600 atoms or
and in a Iarge number of hosts of théd 8nd 4l rows of the more, cut in order to keep the |mpur|ty at a maximum dis-
Periodic Table. A brief description of the method will be tance from the surface. In all calculations, experimental val-
given here to state a few approximations and establish notares of the lattice constant were used. The calculations were
tion. A detailed description of the scheme and its applicatiorperformed within the local spin density functional approxi-
to impurities can be found elsewhér@he LMTO is a linear mation with an exchange and correlation term of the form
method and its solutions are valid around an eneigy, proposed by von Barth and HedihValences, p, andd
normally taken to be at the center of gravity of the occupiedelectrons were considered in the basis, a total of nine orbitals
part of the band. We work within the atomic sphere approxier site. The eigenvalue problem of Ed) was solved in
mation, where the space is divided into Wigner-S¢itzS) real space using the recursion metfidebr all sites and or-
cells, which are then approximated by WS spheres of th&itals considered here, a cutoff parametgf,,=20 was
same volume. In the RS-LMTO-ASA schefna tight- taken in tzhe recursion ch_ain a_nd the _Beer and Pe_zttifor
binding HamiltonianH, which allows interactions only be- términatof® was used. The impurity and first shell of neigh-
tween close neighbors, is used and the wave funcligrcan bors were included self-consistently in the calculations,

b di de ind while the potential parameters at the other sites were kept at
e expressed in terms @i, (rg) and¢;,(rg), energy inde- o b1k values of the host. In some cases a larger number of

pendent functions defined inside the WS sphere around sit,e|is around the impurity were included self-consistently,

R. The eigenvalue problem has the simple form given below,; there were no significant changes in the IS of the Fe

and can be solved in real space using the recursion méthodimpurity. Finally we should note that, as is usually done in
the literature, we have taken the WS radius around the sub-

(H-E)u=0, (1) stitutional Fe impurity to be the same as that of the host. This

choice gives the minimum overlap between the WS spheres

_ _ . - and has also some physical significance: if we neglect the
Ve % Le1(TR) T (E=E,) @1u(TR)IYL(TR)URL(E). structural relaxation of the neighbors, which is usually
small’® the volume available for the substitutional Fe impu-

Within  the RS-LMTO-ASA scheme, the radial part rity is determined by the volume of the missing host atom
¢(E,rg) of the basis function for each angular momentumthat it replaces. In this sense, the WS radius of the host gives
| and each siteR is expanded around the ener@y, and a measure of the “size” of the Fe impurity in the given
higher order terms in the expansion are neglected. Actuallynetal.

equation with quantum numbets=(I,m), and its first en- structure calculations for the impurity systems and for bcc
ergy derivative. The potential used to solve the equation ié:e,dto_ Otéta"; the dECDN_at t?‘e 'I:Se sf|teh. These.va_luesl vgere
the self-consistent spherical potential inside the WS Spher#ﬁguri‘{;es(?.r(l ;éserglter;rgt'gle"g r:aostsolnt Feigsul Svtv'éugﬁgev thee
around siteR and the values are calculated at eneEy. : : .

These functions are defined to be zero outside their own W alculated IS valuesiull squares, plotted as a function of

: e WS radius of the host, which has been used to character-
sphere and this has some advantages. When the RS-LMT ‘e the “size” of the Fe impurity in the metal. We have

ASA scheme is aPp“‘?d to obtain the IS, one does not hg\_/e Qivided the hosts into two classes according to their position
worry about contributions to the ECDN for the probe arising;p, the Periodic Table; those to the left of Fe, such as Zr and
from tails of orbitals at neighboring sites, a major concerncy are shown in Fig. (8, while those to the right of Fe,
when the linear combination of atomic orbitalsCAO) is  sych as Cd and Al, are shown in Figlbl Experimental
used as the basis. In the real-space formalism used here, thglue$= (open circlesfor the IS are also given for compari-
valence contribution to the ECDN at the Fe probe is comson, The agreement, excellent in the case of transition metal
pletely determined by thes4electrons associated with the hosts, is less impressive when simple metals are considered.
probe site. But, in all cases, the observed experimental trends are very
The IS at the Fe site can be obtained in terms of thewell described by the calculations. We should note that spin-
calculated electronic charge densitjgSP(r) at the Fe im-  polarized calculations were used to obtain the IS values of
purity and p7(r) at the Fe site in bcc Fétaken here as Fig. 1 for systems in which the Fe impurity develops a local
referencg both substituted at the nuclear region by takingmoment. Magnetism tends to make the IS results more nega-

r=0. In units of mm/s we have tive, typically by a few hundredths of mm/sec. These
imp Fe changes are small in the scale of Fig. 1 and a similar overall
IS=a[p™"(0) — p™0)]. 2 agreement between theory and experiment would have been

The constantz=—0.24 is given in units ohg mm/s5 We  obtained if non-spin-polarized calculations had been used.

have used superscripts to indicate either the impurity or bcc
Fe. This notation will be kept throughout the work. To cal-
culate the IS we need the ECDN at the probe site, which can
be obtained from electronic structure calculations. The elec- Having established that the experimental trends are well
tronic charge densities used here were obtained from RS3escribed by RS-LMTO-ASA calculations, we will proceed

lll. THE RS-LMTO-ASA BASIS AND A SIMPLE MODEL
FOR THE ISOMER SHIFT
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z Jrge 1 Lo /8,y - As in the case of the more familiar LCAO basis, the radial
g 02 QQ’ —102f o / — part depends on the quantum numband the corresponding
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*g oA o Mo Sz 0 Cu /Ob angular part given by the usual set of spherical harmonics
s | Ao 1 -_m/ o Y., whereL=(I,m). The radial functionsp,,(rg) are nor-
00k R“'// Ti 00 _Q . malized solutions of the Schdimger equation inside the WS
-/ 1 e . sphere at sit®, taken at energ{e, and subjected to appro-
-01 —,O’Q v T n priate conditions at the sphere boundary. One could think of
oz2l/mer | T L the elements of the simple RS-LMTO-ASA basis defined
26 30 34 38 42 26 30 34 above as being a sophisticated versisimce they are solu-

WS (a.u) Wsla. u.) tions of a self-consistent potentialf “renormalized atom”
orbitals, in the same sense that atomic orbitals constitute the
FIG. 1. Theoreticalfull square$ and experimentalempty dots basis elements in the LCAO formalism. The main disadvan-
values for the IS of Fe in metals as a function of the WS radius oftage of the renormalized atom orbitals when compared to the
the host. Hosts to the lef) and right(b) of Fe in the Periodic atomic orbitals is that they are obtained numerically and can-
Table are shown. not in general be represented by a simple function. On the
other hand, there are important advantages: the

to use the theoretical results as a guide, and try to understafignormalized-atom-like orbitals constitute a rather good ba-
the behavior of the IS of Fe in metallic hosts. In this section,>' for metals, since inside their own sphere, they can be used

L to simulate reasonably well the charge density of metallic
we explore the simplicity of the present real-space approach

. ! : » A systems. The metal could then be seen as a collection of
in order to determine which are the quantities which influ- :
ence most the IS behavior. By neglecting the unimportangloSely p_acked spheres, As a consequence, even the _5|mple

Lo . ' ; . renormalized atom theolycan give a reasonable qualitative
contributions, we introduce a physical model which allows

one to understand the behavior of the 1S in terms of tWodescrlp'uon of the cohesive energy and bulk modulus of met-

simple quantities; the number of £lectrons at the impurity als. Another advantage of our renormalized atom basis func-

site and the probability to find one of these electrons close t(t)|ons Is that they are defined to be zero outside their own

Spherg(no tailg, and are orthogonal to each other and to the
the Fe nucleus.
It is usual to decompose the IS into a core contribution®®"€ levels. -

Finally we should stress that the quantities used to de-

gg;gé;t;sj’ \?v?ti ?h?sfeleelifrztrjlgsaatmt?]: YmaleSr(i:te Cs?g”i'”lgim scribe physical systems may be basis dependent and models
purity : which are introduced to guide our intuition, when investigat-

et r?tl.riga':i/enstho':/r\lm Itgati f?]r Flm?ilrmtt'ssi Iﬂbb(r:?[ thl’ tihn? Ccr)i;eing a given phenomena, are not unique. The description of
co ution 10 the 1> at an e 1irst neighbor 1o the IMpurity ., o given in terms of the renormalized-atom-like RS-

. . . 5 . oy . . .
is negligible? For the Fe impurities in metallic hosts studied MTO-ASA basis will differ from the more familiar descrip-

22“?.’ ('E;e goTttrr']%u“gﬁs arr?oussusig)r/nilgchg)ér?:ggil\;?wgrt]ge?g-.on based on LCAO-like orbitals. The RS-LMTO-ASA ba-
gligible. bu y W Y : Vi sis can be in some cases simpler and more transparent, being
fore do not influence the trends. When we plot the core con:

tributions to the IS at the Fe site as a function of the WSespemaIIy well suited to the study of local properties. For

. “example, in the LCAO description of the IS, orbitals located
! At neighboring sites contribute to the ECDN at the probe

S‘r‘f‘rfter(;f’i”dom'y a_roun% a?haverqgeo\éalgcla—@.?ﬁ mrglgé through their extended tails. The evaluation of this contribu-
with a dispersiongiven by the variangeof less than 0. tion adds to the complexity of the problem. In the present

mm/s. We note that the behavior of the IS shows very defi-

. . . treatment, since the values of,(rg) are zero outside their
nite trends, which cannot be related to the random behavio wn WS sphere, the neighboring sites give no direct contri-

of the core contributions. We also note that the variation obution to the IS at the probe.

the IS values is one order of magnitude larger than the ob- We proceed to use the renormalized-atom-like basis intro-

servgd variations of the core contribution, r_endermg thes‘auced above in order to obtain expressions for the ECDN
contributions unimportant on the scale of Fig. 1. Here, to

. and the IS. The valence contribution to the IS at the Fe
make the model more transparent, we will neglect these ur]?npurity p4(0), is given by an integral up to the Fermi

important core contributions and concentrate on the domll-eveI of | |2 taken at the position of the nucleus. With.
El » .

nant valence ¢ contribution. : ) .
I . _given by Eq.(3), the electronic charge density(0) can be
To evaluate the valence contribution to the IS we Cons'degimply written in terms of the goccupationn,, at the im-

the wave functionV'¢ given in Eq.(2). As in the case of the s . .
electric field gradiertt (and for similar reasonsthe influ- {:i)grr]lt?/_sgeaasnd the functios,(r) taken at the nuclear posi-
ence of the linear term inH—E,) to the IS is extremely
small and can be neglected. The wave function can then
be written as pas(0)=(47) " 0s,(0)[*Nys. ()
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. . FIG. 3. Values ohi™/nk (full square$ and of the IS(full dots)
-1 2 4s 4s
FIG. 2. Values of the probability () ~*|¢s,(0)|” of finding a at the impurity site are shown as a function of the WS radius. Hosts

4s electron at the impurity nucleus as a function of the WS radiusto the left () and to the right(b) of Fe in the Periodic Table are
of the host. The empty triangles give values for the probabilitycOnsidereol

associated with the up and dows dtates of Fe in bcc Fe.

Here,n,. is given as an integral, up to the Fermi level, of thesented _here by the WS radius. of the host. Since the orbital
local density of states associated with the states at the ¢s+(0) is normalized to one within the WS sphere, we ex-
probe, defined at sit by |ug, (E)|2 with quantum numbers pect the valuep,(0) to decrease as the volume of the WS
L=(0,0). The factor (4)* comes from the spherical har- sphere increases. But it is interesting that all the points fall
monics Yy in Eqg. (3). The expression for thg,(0) has a on a universal curve, dictated b_y the behavior {,(0)
simple physical interpretation, if we notice that the occupa—under compression. The curve is very steep for small val-
tion n,g gives the number ofglelectrons around the impu- ues of the .WS rgdlys and becomes gradually flatter as the
rity, while |¢s,(0)]? can be associated with the probability size of the |mpur!ty Increases. Th.e. valqe@V(O) does not
of finding one of these electrons at the Fe nucl§Wé& note seem to be sensitive to the cpn_d|t|ons_ |mposed_ at the sphere
that the occupations, andny of p andd orbitals at the Fe boundar_y when solving the Sclitiager-like equation around
site are significant prlt the andd electrons do not contrib- the Fe site. Even though the hosts have diferent valences and
ute to p(0) becauéam (0)=0 for I=1,2 associated with form different structures, the probability values of Fig. 2
these statefWhen core contributions are neglected, the |gS€em tlo d(:/lpend SXXIIUS'Ve? If)rlll thg_ stl'zetgf the Impurity. ITor
can be obtained from E@2), by using the 4 contribution to example, Vo an are totally distinct. one IS a simpie
the ECDN at the impurity SitEpimp(O)] and at the Ee site in metal and the other a tran5|_t|on _metal, they for_m _d|ferent
bee Fe[ p75(0)] given in Eq.(4) 4isnstead of the total ECDN structures and are on opposite sides of the Periodic Table.
4s . ’ .

\ . X ) But they have approximately the same volume per atom in
Therefore in the simple model introduced the IS will betheir respective structures, and as a consequencestaled
given by

trons at the Fe impurity have a similar probability of being
_ i i found close to the nucleusee Fig. 2 Therefore we associ-
— 1 imp, 2,imp__ Fe 2~ F

IS=a(4m) {es (0"~ es(0)[*nes]. ) Lie the influence dfps,(0)|? over the IS with “size effects”
The charge density’5(0) is a constant and the IS value is and, in the simple model introduced here, changes in the IS
determined b)pi{‘;p(O), being negative if the charge density d_ue. to differences i_n the volume a\_/ailable for th_e Fe im.pu—
at the Fe impurity nucleus is larger than that in bcc Fe and' ",q the system will be descri:E)ped |n.terms of this q'uant|ty.
positive otherwise. In the next section we will use the simple" Fig9- 3 we shozg values of,g" (which for convenience
model developed here to understand the observed expeMere divided byn;;=0.66, the calculatedsdoccupation of
mental trends for the IS of substitutional Fe impurities inFe in bcc F¢and the calculated valence contribution to the

metals. IS shift [governed by the product ofnL{‘;p and
(47) Y ¢s,(0)|?] as a function of the WS radius of the host.
IV. APPLICATION OF THE MODEL The behavior is rather une>fpected since the calculated values
TO STUDY ISOMER SHIET TRENDS follow two different curves: one for hosts to the left of Fe

, [Fig. 3(@] and one for those to the right of FEig. 3(b)] in
According to our simple modeh.,<"(0) and the observed the Periodic Table. Hosts to the left of Fe show a linear
trends of the IS of Fe impurities in metallic hosts can beincrease ofnje” with the WS radius, while for hosts to the
understood in terms of the behavior of the dccupation right the points are more dispersed and the curve is nearly
ni™ and the probability (4r) Y ¢s,(0)|? at the impurity  flat. For similar values of the WS radifiand therefore simi-
site. In Fig. 2, we show calculated values of the probabilitylar values of| ¢,(0)|?], the 4 occupations for hosts to the
(47) Y s, (0)|? as a function of impurity “size,” repre- left of Fe are systematically higher. As a consequence, if
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similar values of the WS are considered, hosts to the left ofesults. If the core contributions can be neglected, the IS can
Fe have higher ECDN and smaller values of the IS. This castill be written in terms of the gtoccupation at the Fe probe
be seen if we compare the IS values for hosts to thdféft  and the probability of finding a selectron close to the
3(a)] and to the right of F¢Fig. 3(b)]. If we vary the impu-  nucleus. The 4 occupation is determined by the interaction
rity size, here represented by the WS radius of the host, thgf the probe with its surroundings and is clearly dependent
curves for hosts to the left and to the right of Fe have g the system being considered. Electronic structure calcula-
similar behavior; in both cases the number sfelectrons at  ions for the specific system being studied must be performed
the impurity site increases with size. But due to the shape of, gptain information about this quantity. On the other hand,
the universal curve of Fig. 2, the probability of finding one of i oyr model, the probability is practically independent of the
these 4 electrons at the nucleus decreases with size. Th§urroundings, and seems to bésize dependenproperty of
decrease can be very drastic, if the steep part of the curve {ge prope. We believe that the information about the prob-
considered. As a consequence, the ECDN decreases and $jity is transferable and that the universal curve of Fig. 2
IS values generally increase as the WS radius of the hogtan pe used to estimate the influence of size effects on the IS
increases. We note that the IS values grow steeply for smallf Fe in other systems. It could, for example, be used to
values of the WS, but the curve gets flatter for large WSggtimate the influence of size effects to the IS of Fe, and
values, reflect'lng the behawo_r of the pfOba_bIMY- A similar separate it from other effects, in binary systems, where the
trend is seen in the IS behavior shown in Fig. 1. _lattice parameter, and therefore the volume, can be changed
_Our results demonstrate that size effects can play a sigyy alloying. Finally it is interesting to notice that when a
nificant and often predominant role in determining the trends;imilar RS-LMTO-ASA model is used to study electric field
of the IS. The variation of the IS of Fe in bcc Fe with pres- gradients(EFG), the elements of the EFG tensor can be ex-
sure constitutes an interesting example of how the imporpressed in terms of two quantitiés:angular asymmetries
tance of size effects can be estimated using the proceduignich come from differences between the occupations of
introduced here. To obtain the variation of the IS of Fe in becyrpitals with different symmetrié& and radial integrals re-
Fe within our model we use the expression for the IS givenated to the behavior of the orbitals close to the probe
in Eq. (5). The first terma(4m) ~*|¢g,%(0)|°ns” will be  nycleus. To determine the angular asymmetries a detailed
associated with Fe in the compressed bcc lattice, while thglectronic structure calculation for the system is required, but

second term refers to the uncompressedthken as refer- the radial integrals are transferable quantities associated with
ence and is a constant. Under these assumptions the varighe probe.

tion of the IS with the WS radius can be estimated from Eq It is useful to compare our results for the IS of Fe impu-
(5). Itis clear that the derivative of the IS with respect to therities in metallic hosts to those obtained by Altial® for
WS radius has two terms; one fixeg:" at the equilibrium  the IS of an Fe atom close to an impurity in bcc Fe. In both
value and takes the derivative of the probability while thecases the trends of the IS are dominated by thealence
other fixes the probabilitysize) and takes the derivative of contribution, but in the problem investigated by Aleial.
nse . The first term is associated with size effects while thethe IS behavior was dictated by thgs, while here both the
second gives the contribution due to changes of thecku-  occupatiom,g and the probability are important. In the prob-
pation under pressure. The variation of the probability withlem studied by Akaiet al. the volume occupied by the Fe
the WS radiugand the value of the probability itseléan be  probe was assumed not to vary when different impurities
easily estimated from Fig. 2, but thes 4ccupation and its were introduced in its neighborhood in bcc Fe. We note that
variation with the WS radius depend on details of the bandf the size of the Fe is kept constant, the probabilgge Fig.
structure and are more difficult to obtdihFor the 4 occu-  2) does not change and the IS is governed by thectupa-
pation of Fe we used our calculated value of 0.66, while fortion. This is consistent with the results obtained by Akai
the variation of the ¢ occupation of Fe in bcc Fe with the et al®
WS radius we used the tabulated value of Andersieal,*’ It has often been suggested that electronegativity may
d(n,s)/dIn(WS)=0.253. Since the variation of the probabil- play a role in the IS behavicr'® If it does, there must be a
ity with WS radius is negativésee Fig. 2 the two terms correlation between the total charge transfgoverned by
which determine the derivative of the IS with respect to theelectronegativity and the 4 occupation. Since ptand i
WS radius have opposite signs. We find that the derivative isrbitals are also available, it is not clear how much of the
dominated by size effects, which give a contribution almostransferred charge will go intos4states. Actually, in a rigid
nine times larger than the one due to the variationsylif. band type of picture one would expect most of the trans-
Finally, we use the relationd§IS)/dIn(V)=d(1S)/dIn(WS), ferred charge to go into thed3orbitals, since the density of
valid for a system of atoms with the same WS radius, tostates at the Fermi level in Fe is dominated lolys3ates and
estimate the variation of the IS of bcc Fe under pressure withhot many 4 states are available. To investigate this point,
volume. We findd(I1S)/dIn(V)=1.3 mm/s, which agrees well we have calculated the total charge transfer, defined as the
with the experimental value of 1.34 mm/s given in thenumber of valence electrons in excess of eigltlence of
literature?! Fe) at the impurity site. In Fig. @) we show the total charge

In the present paper we have studied Fe impurities iriransfer at the impurity as a function of the WS radius of the
metallic hosts using the simple RS-LMTO-ASA model intro- host. As a general trend, the total charge transfer increases
duced here. The treatment in terms of the renormalizedwith the WS of the host. For similar WS radii, the values of
atom-like basis originates on the real-space LMTO-ASA for-charge transfer in hosts to the left of Fe are systematically
malism and can be used to study other systems. So it iBigher than those in hosts to the right of Fe in the Periodic
interesting to say a few words about the transferability of ourTable. This behavior is rather similar to that observed for
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electrons close to the nucleus. In the present model, size

5 ;’g [ (a) 7r [ Y [ co slr_ effects are associated with the probability pf finding tfg;e 4 .
B - Mo Nb "S¢ . ] electrons close to the nucleus and can be simply described in
2 06 T ey ocd 7 terms of this quantity. We show that when the probability is
S 031, 3\/2,,0’\' - plotted in terms of the impurity size, the points follow a
g 00 Lo R‘;éé’ Oag N universal curve, which can be used to estimate the influence
= R . of size effects on the IS of Fe, whenever changes in the
FO3m 7 volume occupied by the Fe probe are known.
'0‘52 5 3'0 3‘5 ‘ 4'0 4'5 When the 4 occupations, are plotted as a function of
0 6' _ [ S the impurity size the beha\{ior is rather unexpected. The cal-
o . (b) $r culated values follow two distinct curves; one for hosts to the
5 Y Go i right of Fe (with occupation values similar to Fe in bcc)Fe
& 03 \b Z;ic — and one to the left of Fe in the Periodic Table, with larger
‘é’ " Moys , 4 values of occupation. In both cases there is an overall in-
r;‘-) 00 L OT° OAI o o4 | crease in occupation as the size of the WS increases, tending
g o o h to make the IS more negative. This is compensated by the
5 Cu In 1 size effects which are often dominant and tend to make the
-0.3 P S I I values of IS at the Fe impurity more positive as the WS of
25 30 3:5 40 45 the host increases. To study the origin of the peculiar behav-
WS (a.u.) ior of the 4 occupation, we investigate the charge transfers

at the Fe impurity site. We find that thes 4ccupation cor-

FIG. 4. The total charge transféa) and the charge transfer relates well with the total charge transfer into the site, con-
Ang (b) at the impurity site as a function of the WS radius of the firming that electronegativity may be an important factor in
host. Values for h_osts to the I_e(tull square$ and to the right understanding the IS of Fe impurities in metals.

(empty dot$ of Fe in the Periodic Table are shown. Finally, as an example, we applied the new approach to
) study the behavior of the IS of bcc Fe under pressure. The
nae’/nge in Fig. 3, which is associated withs4states. We  model is used to obtain the variation of the IS with volume
have also calculated the charge transfers associated witihder pressure and separate contributions due to size effects
the 4, 4p, and 3 orbitals at the impurity, given as the from those that come from changes in theotcupation due
difference between their occupations and that of Fe in bcgy compression. We find that the two contributions have dif-
Fe. The charge transfeten associated with thesistates of  ferent signs and that the model gives results which are com-
the Fe impurity are shown in Fig.(#. They constitute a patible with experiment. We show that size effects are domi-
significant fraction of the total charge transfer and are of th‘:‘nant, being close to an order of magnitude larger than those
same order as the charge transfers associated dittades. associated with changes in the dccupation.
It can be seen from_ Fig. 4 that the total charge transfer cor- We note that the behavior of the éccupation is dictated
relat_es qwte well with the charge transten. Such a cor- by the interactions between the Fe probe and its surround-
relation is not present wherdxharge transfers are consid- ir}gs. Since these are system dependent, the information ob-

ered. The above results suggest that the peculiar behavior )
impy Fe o Of’amed here is not transferable to other problems. But the
Nas /Ngs In Fig. 3 can be related to the charge transferre robability, as defined in our model, is practically indepen-
between the impurity and the host and therefore to the corf Y, . . 1S Pre y P
o dent of the surroundings; it seems to bés&ze dependept
cept of electronegativity. gy .
characteristic of the Fe probe. Therefore the universal curve
for the probability given here can be used to evaluate the
V. CONCLUSIONS influence of size effects on the IS in other systems. It can, for

We have calculated the IS of substitutional Ee impuritiesexample’ be used to estimate the importance of size effects to
in Al and a large number of hosts of thel &and 4 rows of the IS of Fe in binary systems, where changes in the lattice

the Periodic Table and shown that the theoretical results ré2onstant can be introduced by alloying. So we hope that the
produce well the experimentally observed IS trends. Our reSimple procedure introduced here will be of help to experi-
sults indicate that core contributions are small and that théentalists, who are interested in evaluating the influence of
behavior of the IS is dominated by the ¢alence electrons Size effects on the IS shift of Fe in their samples.

of the Fe. By neglecting the core and other unimportant con-

tributions we introduce a simple model which retains the

relevant information. In this model the IS is obtained using a ACKNOWLEDGMENTS
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