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In this paper we cbtain- the -electric field gradient at the

-_nucleus (EFG) for each non-equivalent site of the crystalline

compounds: Zr--sFe, Zral-‘e' and ZrZCu. The results agree well , in
magnitude. and sign, .with: available experimental results in the_
literature. The distances and exact coordinates for the Fe site in
the. orthorhombic ngFe are  uncertain. We. have performed
calculations for several. positions-of the Fe in o—Zr'sFe and found a

very- stable:. value: of . the. EFG but. the asymmetiry parameter % is

- . exXiremely . dependent on- the: position: of the Fe atom. In field
Hijssb_age;.: measurements: for: this.alloy indicates that the value of 7

- should: be- close. to zero at this site. We use these measurenents and -

our- resulis  to estimate the position of the Fe atom in - the
orthorhombic: structure.

Calculations were  performed using both the standard
first-principles linear muffin-tin orbital method (LMIO} and the
recently d_éveloped real-space scheme which allows us to obtain the
EFG in metallic alloys. This scheme, . based on the recursion method

and on -the LMTO formalism in the atomic sphere approximation (ASA}),

'c_ioes not. involve any adjustable parameters, does not require

symretry and can easily . be applied to non-pericdic systems.

I. Introduction
The electric field gradient a..t the nucleus (EFG) in solids can

b2 A large number of

be measured using several technics.
exper‘imentsr have been perforﬁed tp _study the EFG in transition
metal alloys, including amorphous systems, in order to obtain
clues about the local envirenment and chemical ordering in these
materials. But the progress regarding the theoretical understanding
of this property has been slow.> It is - usual to. divide the
contr_'ibutions te tithe EFG in.'_;_an-_ electronic part due. {:c _.the
electr-ans.close to the nucleus and a lattice contribution due
to the rest of the system. The electron.ic contribution is deminant
and. \a.rery hard to obta.in.s It mainiy depends on very small
differences {of order of 0.0l electrons) between the occupations of
orbitals with different symmetry around ihe nucleus. This requires
a very good deécription of the. electronic structure which,
depending on the -system being consider'ed., is not 2 simple task.
Therefore for =a long time the EFG measurements have been

interpreted  using empirical models that take the electronic

.contribution teo be proportional to that of the lattice. The

léttice contributicn is then obtained using simble point charge
models® and traditionally include a term enhanced by the
Sternheimer factor, to account for an eventual polarization of
core electrons. Some evaluations of the electronic contribution
directly from band structure calculations have been performed with
encouraging results.” For transition metals reliable
first-principles calculations of the EFG. even in simple

crystalline solids, ha.ve-'only recently become available. In 1938




“Blaha et 21® used the full ootential (FP)" linear augmented plane
wave: (LAPH) met.hod to. obtain the EFG of a series .of metals which
: form 1n the hcp structure. The charge density used to calculate
the EFG. is- obtained in a self consistent” manner using the local

density: approxlmation and no. emplricai factors were used. ‘l'he core

'polariza.tion in these metals wasg found to be extremely small. and

- could in fa.ot be neglected
Once» & reliable result is available to be used as control,

. ‘other methods: to obtain the: EFG- in metals could.be -tested.  We. have

. recently developed - formalism implemented in reaI-space uhich-

'allow's usi to obta.in the dominant electronic contributlon to the

- EFG for_‘ . systems wel'li repr'esented 7 by a tight- bindlngx

'(TB) Ha.miltonlan This method uses- the LMTO—AS#; formalism in the:

TB representa.tion to. build the I»!amiltonian and was. applied w1th
-successg to- obtain the EFG- in the same hop metals used in the
F‘P—LAPW calculations 'I‘he electronic contributlons due to - p and
d electrons in al}. cases agree in 31gn and magnltude with those

obtained by Bla.ha et al in ref {6) The___resul.ts for the total- EFG

have the.correct sign and the- magnituc_ie. agrees. within'a factor of

two with experiment and - with - the FP-LAPW  results. This
agreement- 1Is . remarkable considering the lack of adjustable

baramét.ers and the subtlety of - the effect. Reciprocal space

resuits for the electronic contribution. té-.the. EFG using. the.
“standard LMTO-ASA formali_sm.were also obtained. The agreement with-

_the. FP-LAPW ‘results . was 'sinilar to that of the real - space-.

'calculations' indicating that 'the_main limitations are the

approxmations used in the LMTO ~ASA approach and are not inherent

amorphous Zr-Fe: alloys

to ‘the ‘real- space scheme.. In both LMIO-ASA calculations . the
lattice contr-ibution, which is_ . due: -to chargos* outside .he
ngner-Seitz (WS] sphere ar'ound the atom, was neglected According
to the FP-LAPW results the lai_:tice ) contribution is typically
one ‘order  of mag_nitu'de. smaller than tne electronie contribution.
for Ithese -systems. _

The LMTO-ASA' is ‘a very-fast -tool'® ahd: the- real space approach .
does not require - period1c1ty Actually it was r‘ecently used to
obtain the dlstributlon of EFG in a cluster “of amorphous zr. !

‘I’heref‘ore we feel encouraged to continue research in this field,

applymg “the method to obtam the EFG in binary alloys In this .

paper we apply the LMTD—ASA real space scheme to calculat.e the

_electromc contributlon to t.he EFG at. every non equwalent site in_
'three crystalline Zr alloys Zr‘ Fe. ZrzFe'- a.nd-Zr-aCu. We have also
performed k-space. standard"-LMrE)-A:_SA'.: calculations for.. these

materials. The behavior of ‘the EFG at the’ Fe site in the Zo-Fe

alloys “is  an -i‘nt"eresting exanple. of the influence of‘ local'
environment over this praperty. The Zr site in ZrZCu has a-ver_if
small measured EFG,. but the 2r sites in amorphous Zr-Cu alloys seem -
12,13 '

to:. have a much larger EFGC. In field MSssbauer measurementslg

Cof” the-. EFG at. 't..he Fe- site, show 'a negative value for t.etragonal

‘ZrzFe.,' 'but ‘& pos1t1ve value for orthorhombic Zr Fe. Tfhese- results
ha\ie-.- * been- -used- in 'dttempts” to und'ersf.and the'sfrocf.ure “of
15 1 airecetit comniuni'c'ationw"we ‘Shiow’ 'that’-_"
real - space" calculatlons of the EFG ‘at’ ‘the Fe ‘site” also givé.

opposite’ signs for this- quam‘.ity In the tiio Zr-Fe compounds In.lthe__'

-present paper we 1nvest1gat‘e “the behavior. ‘of the_—EFG in




“these’ interesting crystalline  Zr based compounds, using the

resu‘l-ts::'of_e‘l.ectr-o:'xic'-' str’-ué:'ti.:'re calculations.. We. obtain the EFG at

‘every site: for these alloys ‘For: sever,‘al'._ of ‘the sites the.value

for the. EFG has.. not been

eas_.Li.r‘_e.t'i..f' Wei hope’ that our results will

help. in the- 1nterpretation oi‘ the:. ava.ilable data and. encourage .

further measurements of‘ the EFG.in. these. mater'ials

In Section AL e give a brief descr-iption of the LMTO-ASA .
:-recurslon appz:oach used in-'-" thei ‘real-space. ‘electrontc structure

calculat.ions In sec.:tion III ue show how - the. EFG tenser can be-

obtained’ f‘mm'these caiculations Resuits and discuss;ons are

presented. in section IV Fina\liy ih_ section. V. we have the

.conclusions.'

IT. The LMIO-ASA-TB ap'pnnach::._
Real-spa.ce methods such as the recursion methog'? are. - very

efficient when the system is Hell described by a. TB Hamiltenian.

The LMI‘O—ASA forma.lism in;_._ th tight-bmding representation
provxdes the t.heoretical bas:.s f‘or- the construction of reliable TB

Ha.mlltorn.ans for close packed tra.ns;tlon metal systems. _ Within the

LHTO—ASA formalism a  good: para.metrized TBV Hamiltonien: can . be

obtained without _the- need . of  Ffitting .procedures to
expemmental results or more exact calculations and’ there are no
ad,justable parameter‘s As an extra benef‘lt We can evaluate the wave

function a.nd proper'ties that depend on it. A detailed descr‘iption

of the para.metr‘ized LM'I‘O -ASA r‘ecursion real-space scheme is given
elsewhere 18 The . theor‘y behinc! the parametmzation LMTO-ASA~-TB

used in the present calcuiations is'also explained there. In this

section only a brief description of the main results will be

given to guide the reader and establish the notation.

The LMTO is a linear method and its seolutions are valid around

a g_iv_eri energy Eu' normally chosen at the center of gravity of the

occupied part of each (s, p or d) band. When solvmg the problem in
rea.l—-sp_ace, we work in the, f‘irst order approximation, neglecting
terms of order of (E—E )% and. 'high_er. One of the characteristics of
the Ll“iTO—ASA formalism is that We-can generate new basis sets, with
desired pr‘oper'ties. through a controlled mixing of the functions of
the standard LMTO base.® Ther'e e.re three very impoertant LMTG-ASA
hasie: the standard the nearly orthegonal and the tight- binding
(also . known as the most 1ocaiized) basis set. . The standar-d
repr‘esentatlon can be seen as the one, w:th no nuxmg. and the
mixing pa.rameter is zero, In the nearly orthogonatl r-epresentation
the mixing Q£ is chosen to nake the overlap matrix close to umty

In the tight- binding or most lecalized representation the mixing Q

_1s chosen. in order to make. the interactions between neighbomng

sites in the Hamiltonian as short ranged as possible. As we wiil

See the mixing pa.i*ameter-s 52_ are approximately independent of the
material. Here as in the rest _of‘ the paper unbarred quantities
designate orthogonal parameters and barred quantitieg most
locaiized: ones. It can be shown that up to first ordep in [E—E ),
the orthogonal and the TB representations are equivalent. !

In_ the LMTO—ASA, space is filled with WS spheres
centered at all atomic sites. The potential is assumed to have
spherical symmetry arcund each sphere. Within the ASA approximaticn

the problem of solving for the electronic structure 1is divided in




two’ ‘parts. The’ first parl: involves finding the solution of the
radial Schroedinger equation inside each: HS sphere. with- given

'boundar;r conditions.: tof obte.in the values. of the potential

“z:- --a"d" (S

_The solution P (r} of ‘the radial part ofj ‘_the

_parameters CZ which a.re used to construct' the

' Hamntonian.i :

Schroedinger equation within ,_-each-:“-sphere at energy E and its

ener'g.y derivative <p (r) a.t E; fare important qua.ntitles in the

formaiism- The values oi' :pv r) andr"w tr) are: taken to be zero

outside their oun. sphere In the: orthogonal representation the uave
. function is expressed a.s a. }’.inear combine.tion of‘ these fu.nctions at

:each site. The second parl: o!-‘ the probiem is to find the structure

consta.nt me.trix whmh depends onrlsr on the structure The: structure

’ consta.nt matrix S of the standard representation. alsou 'knoun- as

canonical structure constant is: given by the coefi‘icxents of the_

expansmn of the tail of 2 muf‘fin—tin orb1ta1 centered at I_’: a.round :

T T, & YL.._(-PR-').- o
A a1 22+ D) Preut R
) L P

where -"i-_"-'-('l m)': is-a -coll.ective angular . momentum index ‘and’ the

notatlon r |r-ﬁ| was used The coefficients §°, -_a.re well

R'L*,RL

'det.ermined a.nd'given in the Iiterature.- These coefficients do. not

depend on the material or type of atems being coensidered, but only '

on the position of the sites for the " given structure.

When solving the problem.in real-spacé using the first order

approximation:. it 1s. convenient - to 'work_ in- the . orthogonal .

‘where H.is given by:'®

. -mixing Q can be obtained f'l"om the canonical structure me.trix s

X using t.he expression‘ 1€

.'constants q: 0 3485 Q =0 0530 anid Q

representation; expressing the orthogonal Hamiltonian in terms of
. TB" parameters.. Thi.s is possible because the gets. for the several

. '.re'presenta_itions are- related through mixing. When this is: done- - We

have & simple ‘elgenvalue problem to solve: .

CH = Bl L S )

Hs 54 BrERE @

Once the eigenvaiue problem is soived the w'a_ve'a funct.ion is

) -given by-

xE(r) - E { oT) * (B ): qpszrR)}Y(r Yuo (B}, (@)
The structure consta.nt matrix S for a system defined by the
o'
o

=g (1 - QS] SRR ()

L .Here Ig is the umt matrix e.nd Q is a dlegonal matrix w1th element.s
. QL The mxing of the TB representation was- found by trial a.nd'
; error by varying Q in expressaon (5) in’ order- to obtam the most.
"localzzed structure—consta.nt matruc 5.. The values of‘ the . mixmg_
-were fOLmd to be approxmately independent of the structure and

."when Sy p and a orbltals a.re con51dered they a.re given by the '

2 6:01071.%* To. find - s

_1t is. sufficient i.o obtam the BxS rnatrlces connecting o site to

‘its ne1ghbors as’ weli as the onslte term {a. 9x9 matrlx connecting

'..the slte to itself‘) is not necessary “to 1nvert a matrix_
representlng all atoms in the cluster it is norrnally suff1c1ent to-

ta.ke the site and- its close nelghbors I-iere, to obta.in S around.




each site-in.the primitive cell,’ we invert the matrix for a cluster

containing apprroximate.ly--__zo" sites, B we' note that § . decays

exponentially’ with the distance to' the neighboring sites. Only.

close’ neighbors are - connected through- hopping, giving rise. to. a
very:tightly bound Ha.m-i_ltqn_l'an_. for's, p and 4 electrens.. K
To; build: the"Hamﬂt.oﬁ-iah;é.he alsofneed the: potential parameters

Ci’ and:: A Again because the: sever-al r'epr'esentations ‘are. related

thrqugh ixing. these TB parameters ‘can be obtained from the_'

orthogonal: potentia.l paramef.er's C‘|1 Ae_ and. QP. For k-4 given energy.

Ev’ the relation between: these pa.r-ameters is given by

172
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In. the.. para.metmzed LMTO-—ASA scheme- used- here,. the TB

structur'e consta.nt S is exact but the potential pa.rameters CE

A for each atomc specxes are.. obtained uslng the potential..

.parameters C AE a.nd Q

the-litefaﬁure

'calculatlon are;‘ ohtained using the abm;e equation The reiative
posxtion of the bands:-in . the compound is. f‘ound by changlng the
_rela.tive pomtzon of the center- of the bands of the different
atomic-species: in:the compound.,-___m or‘_der to have approxmate- charge

B

neutrai_ity. 1 We found:that..the; EFG. is. very sensitive to small

variations:-of - the _struc_t-;lr;e:-const‘ant.';. but: noi: very. sensitive to.

small-differences: in .the«.po_t_én_ti-a}‘ par.ameters. Therefore the very

pré.ctical"- tﬂo.:_:c_e_nt.er-_: form: sugg'_ested. by Andersen. et al. to obtain

and

-of‘ the corresponding pure =mert.al].ic-

the TB structure constant should not be used in the context of EFC
calculations, but tabulated values of potential parameters are

usually good enough.T’g

I1I- The Electric Field Gradient Tensor

In a previous paper_‘T we have developed a scheme based on the
recur'si.o_n. method ..to obtaln the_ EFG for systems which are well
described .by a TB Ha.miltonian.. Thé scheme  is implemented in
real space a@nd can be applisd to both, ordered and disordered,
close packed metallic. systems. . If we have a local energy
independept ba.sis_ set: (qu.R}' .'the wave function WJE> can  be
ex;ﬁ_anded- as: ' . .

We> =2 Tougie > - !

m=1.

Here r is a vector indicating the éosition of the site and n gives
the orbital. '_I‘.he functions Mm,n_)_ are chosen to be real and the
n.ine orbitals in each site are designated by s, x, vy, zZ, Xy, yz,
zX, xz—yz, 322—ré, characterizing one s crbital, three p orbitals
and five d orbitals. The EFG at the n_ucieus is a l.ocal quantity. and
can be w.r-it.t.en in terms of the electronic wave function IwE> and
the electrostatic potential V(r-) around the glven nucleus, as a 3x3

tensor‘ with components V iy as:

52V(r)

Vs . _—3;:5§:— I_wE_> de 3 A8}

10




uhere_.;_(-lir X ¥ OF z and.:E is the Fermi energy

' The Lensor Is tr-aceless a.nd symmetric and has in general

only* five lndependent components : It" can aluay‘s- be diagonal 1zed- to

find the 1oca.1 principal axis~a. _the given sil:e Hhen this 1s done.

the: eigenvect.ors are associated with I‘.he t.hree oR:-zera: components

of the dlagonal tensor. but because Tt is traceless only ‘two- of the

: components are independent The mea,sured EFG is associated with the

" Gomponents v, ef “the 1oca1;( EFG: tensor st mT mey Cwi1ic be'

'.expr-essed- AR 'terms'."'of' t;w :

B Thé T , a.r-e calculated usmg the radia.l parts. of the correspondmg

' bas1s functicns. lq& )-at-thefsite- R--

The real-—space LMTO- ASA—TB f‘ormalism descmbed in. the last '

section: glves rise to- a local . basis. The wave function given. in
Eq: (4) of last section is very similar to that of Eq. (7}, but it
has:-a ehef‘gy'-dependent.- radial - part. The generallzation of the

‘treatment of- the: components..: V,U: to..include the. energy dependence.

11

df‘ the 'raciilal-' part: is f.rivial but new terms appear giving rise

to long and cumbersome expresslons Luckily. these extra. terms

-are. two‘ q;‘ders of magnitude. sm&ller_ then these-originating from. the

energy ind.ependent part ancl. can. be negleeted Ther.'efor'e-- V=

- cah: be obtained from the: simpler expressions for an. energy

independent basis using for: {¢ } the. -energy-. lndependent part. of

; the LPTID—ASA set and the radial pa.r-t. «p (r-) def‘lned inslde the H'S

: sphe_r'e_-_a.t;. site: R: - The. expnessions-:..for VJ m terms- of. n.. -and

n,@m.

I -are-—:gi-v'eli"- e'lééwhei-e- . ULt.hin the LHTO-—ASA notation of - the..

-prevxous sect ion:we. have: for: the generalized occupation. .

(9}~
15

- ime

terms. of  the radxal parts of - the .solutions of the; hroedinger- =

. equation inside’ the WS sphere around the nucleus, at energy E: as:

e [ AT e dr - _
B T A - Qok

Due: . to. se'lecti'on.'r‘ul_es- obeyed b;v the Cleébsch-Gordan:

coefficients -only-1I I‘id and: Isd. ‘are. present in the expressions.
PP

k for the. components of. the' EFG- tensor. The terms Involving Isd are

extremely small and are usually’ neglected. . .To- obtain. I'pp and Iad"

within the rea]‘.‘ spacé parametrized 'LMIO-ASA-TB scheme, we use- the.

12




self-’consistent. p and d radial. solutions, inside--a WS spheré of

.the: pu.ra met.al Thesa values are t.abula.ted for some: - hcp metals®,

Because these integra.ls a.re determined mainiy by tha beha.vior

of p '(")"-' close to

thé--‘ nucleus.. their va.lues - are qu1te

transfer:able whe _,considering thei'sa.me type- of‘ a.tom in alloys

. As we, H:Lll seeh t.he magnltudes of th& p and_ ‘.contributions to

the: H-‘G a.re strongly dependent on th& value ot‘ the radial 1ntegrals
.IPP' and. T, .' but the. sign of‘ the contribution 15 completely
determined. by the angular asymmetr'y. a combinat.mn of va.lues of- the
gener_alized. occupations: bo3 .n!:,. i‘or: thel.alloy‘.. As-- an.. example  we
consider' & system with a.xxal symmetry ar-ound the z—axis. This- is

the ca.se of hcp tuet.al’s, when z is. t‘.aken along the c-axis of the

. ".l'he EFG tensor uill be~ diagona.}. a.nd traceless a.nd t.he

magnltude of_ v wnl be two? tmes that of’"‘ the-"

.AN and AN in terms of‘ the occupat.mn of the or'bital " per' spm )

- n;. are. gwen in t.he 11t¢:_-r'at\,u"eE T a.s.

AN .= n +n -2n
! x0Ty Tz

_ | | . : {11)
ANd = 2(_nxy * _n.xz_y.z - n322_-1“?)_ T Mz T 1.15"23 :

The values of the angular 'asymmétriés AN and ANd- are .extr'emely

small, usually of the order of 0.01 _electrons?’S. Errors. of this
order: in. the differences of .occupations can introduce large

variations on the magnitude and even change the sign of the EFGY.

13

off-diagonal terms n

This gives an ldea of the accuracy needed, and shows the complexity
of the EFG calculations.

"In the .present. paper We also use reciprocal space calculations
to obtaln the EFG. In this case we perform a regular k-space
LMIO-ASA - band structure calculation to obtain t';he self‘—conslst;ent
electronic charge density. By solving the. I’_oisso__n‘s eciuat.ion for

the total charge density, the electrostatic potential is obtained.

-The leading terms of the 1=2 components: of .this potential near the

nucleus determine t.he EFG _tens_or?.'__ln genera.'l;.," a—_3X3.:__;_ua.tr-1x must be
diagonalized to obtain the EFG. The procedure is similar to the one
used: by _Blaha et al®. in their LAPW calculaticns, but here. we only

consider the influence of the charge in the. WS sphere around  the

glven, h_'ucle_uss.'

v ﬁes'ults‘and Discussicn

o _N’é have a.pplied_the real-space scheme described in the
pnev;ioué- s;.ect'ipns..to calculate the EFG at each non-equivalent site

in..three crystalline alloys: ZrzFe_. _ZrSF‘e and Zr‘ZCu. To check our

results. we have also used standard k-space LMIO-ASA calculations

to obtain the EFG in these alloys. Im this first procedure the

. A7 . ; :
r-ecurs;onl_ method is used to solve the eigenvalue problem in

real-space and obtain the LDOS for each inequivalent a.tom:_ The

recursion method !s also used to obtain occupations n  and the
! m

which appear in the expressions for the

o'

.components of the EFG tensor7. In the present calculations we use

very large clusters (1000-2000 atoms) and take a cutoff parameter

|




LL =20"in the recursion chain. A'Eeer and: Pettifor terminatoer is

" then-used to obtain the LDOS and related quantities. To build the
- _.Haln_i:l-tghi_ah 1n rea._l_-sﬁ'ace, ve _have used  the parametrized
-_.LMr-D—A.SIA-T_B approach describecl shove. The TB structure constant
ma.trik .8 was: obtained;. .by direct  inversion. . The potential
'.parameters C.!. .. and Al’. were calculated using: the tabulated values 19
: of the:patential parameters C AE' and QE for pure metallic Zr, Fe
and Cu;, and the relative. position'_ of'. the. bands’ in the compounds
uere: then fixed by mposi'ng-'apphexi.inate charge neutralitym'. No
ad justable parametet‘s were used. In all cases the calculated values
of: .the EFG a;r'e very stable and do not depend on the small charge
transfers: which" we - may  have eventually ignored. This can be

easily 'u.nder-st.ood_ if we remember that the E[_-‘G originates from

~small differences. in the occupations of orbitals of différent

symmetry. around the nuclets. These differences develop along
the whole occupied bands. The fact that the partial LDOS have

dlfferent shapes for the different orbitals, is' generally more

important: to the value cof " the EFG, than the detailed. behavior

of ‘the IDOS at’ the Fermi level. As we have mentioned before,
in- the pr-esent. paper we calculate the dominant contribution to
the EFG, which arises from the-.'yelence elettrons withtn t,he WS
sphe'rrel around the nucleus. This .is the case for hoth, real-space
" and reeiprocalespece_LMlO-aSA-calculations. We. find that the p and
d. terms are. .the _helevant_ enes in-  the . electro_nie
cohtrlbution'fur.the:EFG. The s-d terms of the v; expfession’”give

rise to. contributions which -are generally two. orders of magmtude

smaller than those of the p and d ter‘ms - We have.not included here.

15

t.he lattu:e contribution, whlch orlginates from charges outslde the

_centr-al ‘I-IS sphere. and is normally ten times smaller- than the-

'electronic contr‘1butlon in these materials . The core; contr-lbution

SeEns to be smaller' than the lattice contributlon by an or‘der‘ of
magmtude , a.nd was also neglected.

Our aim here is to have a complete description of the behavior

'of‘ the: EFG" for all sites ln the three Zr compounds For every site

we ha.\re calculated the components of" the EF‘G tensor, using both

r-ea.l a.nd ic-space methods Those 3 x 3 matr‘ices . were then-
dxagonahzed in order- to fmd the local princxpal axis and the:'
'value of . the EFG Another measurable quantity that can. be obtainedl.
from the components of” the electric field gr‘aciient tensor 1s the
.asymmetr‘y pa:'a.meter- T It is defined as the dxf‘f‘erence between the,:
tuo smaller‘ components oi‘ the tensor' 1n the prlnmpal a.xis, _divlded.___

by the largest one, This quantity is alvays .defme__d_ e._s -posi_ti\‘re,a.n_d

is zero when - the “system has axial symmetry around the sitez_. To

"have' a’ more complete undérstanding of the. problem. we have. also

split.ted. the _doinponents of _the' EFG. temsor. into p and d

contributions and have found the local principle axes for each of

the two. (p and d) terms. In-table 1 we show the values obtained

for the EFG for 2ZrfFe, 2ZrFe and .Zr£Cu using the LMTO-ASA

formalisme " in- real - space and k-space as described above, For -

comparison:we. also show the values.for the EFG at the Fe sites,

R N ; 14
obtained from: experimental data .a_vai-iable- in the .lltera.ture- .

. obtain: the: heasured- -val'ue' of. the EFG for the Fe; sites shown.! 1n.,.

" Table L, we have used 0. 2b for . the: nuclear quadr'upole moment. of‘ )
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Fe. We note’ -that. the- exp_erlmenta.lt v_alue.’for.‘:__the - EFG at the:Zr '




3

site:-. ,in; ZrZCu: which- appears - in Table 1, was actually obtained

_using a Hf probe we could not find im the literature measurements

for‘ the EFG at the Cu site in: Zr‘ Cu or for the EFG at the Zr sites
fon-,the-,_ZprEe»r_:compq_tmd_s.l,:;,F.'r-'em:, _'I‘ab_)@_-.l‘ we see that the k-space and
real—space results agree in sign and magnitude within the expected

accuracy. As in the -case. of the hcp metals -the calculated EFG for

these three Z‘ alloys, have-.— th_e—: corx_'_ect sign: and: agree within a
_f_a.ctur?- of tuo..—uith- the--availahle-- experlmental results. o -
- The result_s f'or the EFG are: gwen 1n Table 1. We now proceed
t.o d1scuss the detalled behavior of the EFG tenser and retated

quantxties in each of these compounds. In all the calculations we

have chosen the X, y and z ca.rtesian axes: to. be parallel to. the a, b
_ a.nd ¢ axes of the glven structure In table 2 we show the. values of
I and L for Zr- Fe and Cu obtained from pure hep. Zr, bee Fe. and ]
f‘t.:c Cu used in the real-s;.ace ca.lculat mns Exact values: for.
_these integrals at the Zt‘ Fe and Cu sites in 2Zr Fe erFe _and.

_Zr- Cu :were also obtasned using our self—consistent k-space:

LHEO—ASA. r-esults .In all ,cases. the values of the integr'a.ls

) obtained for the a.lloys and for the pure metals are .in excellent
agreement d1ffer1ng by 1ess t.ha.n t.en percent. From Table 2 we'

. see. that I is much larger than. Idc‘1 in the beginning of the

transition—metal eer ies (Zr case) but this difference

decreases as: the d banci is fllled a.nd the d orbltals are compressed

touards the. nucleus For Cu, at the end of the transitien

series the values of I and I 4. 2re similar, with the d integral

slight ly Iar'ger.

i) Zr'zFe has a well known tetragonal structure [CuAlz_

17

(C16) - type structure) with latbice parameters a= B.385 R and ¢ =
5.585 R%°. There are six atoms on- the primitive cell, but all Fe
sites have. the same LDOS:and EFG.: All Zr sites; also: have the same
LDOS  and - the - same scalar: vaiue" of'; the . EFG. - The: direction of the
EFG does. not need to be -_t.he_'- .4‘_‘.."._ame for inequivalent  Zr atoms

in . the primitlve'cell, but -once: the direction in one of the sites

"..is obtained, . the ~directions in other sites. can' be easily

determined.. Therefecre only one: Fe site a.nd_. one. Zr slte ha_v_e- to
be.considered:: -

In oﬁr real space celculatiOne we have used.a cluster of 1785
atoms and-.obtained the LDOS. for a 2r atom and for an Fe atom cluse
to the center of this clust.er-~ . We note that in Zr Fe. the Fe site
has. axial symmetry along the z axis and that the EFG tensor‘ at the
Fe sl_te is diagonal. The EFG. is. negatlve (see: Table 1) and along
the ¢ axis. We find that in thls ‘case. both p and d_contributions to
_t.he EFG "are . negative and similar in magnitude. The. asymmetry
parameter .17 is zero, as exp;ected for sites with axial symmetry. At
the Zr site the EFG tensor 15 net. diagonal but. thelcet_nponents sz
and Vyz. are zero. For the- giveh Zr site, the ny component was
found. to be peositive and much larger {a factor of ten) than.the
diagohal components.. When we diagenalize the tensors for the p, d
and total contributions. we f.ind. in all cases the same set of
princityal axes. In Table 3 we show the eigenvalues. and.
corresponding eigenvectors (direction cosine of the principal_axis
with respect to the a,b and ¢ axes of the structure) for the total,
the p and the d coniributions at the Zr site. For comparison,

fes_ults obtained using the parametrized real-space LMIO-ASA-TB
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approach: and - those: obtained. using the standard. k-space LMIO-ASA

fonmalisﬁ.fere shown. -We note that the: two. smallest 'cemponents.-- of
thex diagpﬂa.l: tensof- are “very dii‘f‘ere‘nt';_ indicating a-:large value
f_of_-ﬁtﬁ'ea asynuﬁetfy.'paname_ter w at the Zr eite. We see that the P
cc_ntri_buti‘on-: to’.the EFG is- mucl;:-.-larger- than the d contr'ibu.t;_ion.
. T_his,.-!is:'-.usually'the"'ceee-.at"‘-_‘Zr sit.es.: (see.. Table 2}, because- the
.i'nteg'ra.l'j I;p‘ is: much: 'l'ar'ger.".than. Idd when atons oi‘._ this. ty;.)e ‘are
conelde.reci.. From-table 3;--1-;::' is alse. clear that._. ‘the c-axis is one:
.: of.the'imincipal axis of: tﬁe.'tensor, bu£ f‘o_r;-the other .axes: we: have

a r‘ota.tlon of’ 45. degrees A the x-y plane Actuai 1y ‘the ‘direction

of the JEFG} (la.r'gest componen{: .in- the: pmncxpal ‘axes): Is: in the ~
plane perpendlcular to: the craxis, a.nd ‘makes: 45 degrees with both-:
theia: a.nd; b-a.xes. If’ ohe.- looks at. the structure of Zr- Fe: described— i

.'m-.r-ef;':.'(z'zJ this direction- is: a.long the 1ing: that Joins the zr

_'sne‘.‘{

' of re.f‘. (22] a.nd the t:enter ‘of - one’ C o the hexagons to. which the:

. sxte be.long .

-has: an o’rt‘ﬁenﬁémhic;- Re':B'—type- structure w'ith: eight

‘-; atoms on t.he primltive celI anc! measured Iattlce parameters given .

. by- a.-—r-."3132 b— 10 212 ﬁ and c— 8 807 2% This. stricture -is

: :relat'i-velyi Ei':npl'e. belng bulld up of trzangular pr1sms of - 6 ‘2r

'atoms surrnunding each Fe atom In th1s structure the: LDOS is: the. -
. same. for- all Fe, bu.t there are: two t.ypes of Zr: atoms with dlff’erent .

LDOS Thls neans: tha.t we ' have: :to’ consxder' one. Fe. site. and two Zr -

..site'_s:- in: our-'-r cal'c'ulations.- In- Fig: 1% we- show ' a. sketch of ‘the

orthorhombic * structure for Zr Fey’ where: Zr- atoms--(large spheres)

and- Fe- atoms-{small spheres} are’ shown in a. projection-over the

19

‘the closes!: 21" nezghbor' located at a distance d in fig:" 8.

plaﬁe_ perpendiculéu" to the a-axis. The empty spheres Indicate atoms

In the x=0 plane .and the dashed ones Indicates atoms’ at a height

of a/2 along the a-axis. There sre no, peasurements. indicating’ the

exact position of the Fe atom o the cell. In our calculations

for the EFG im Zr Fe, we have maintained fixed the position of the

Zr. atoms “in “the. pris':ﬁ- " and - gliven.. to. the 'central Fe, small

dislocefiehs_eiongwthe b-axis, ‘as fndi‘cated 'by':the--arr'toﬁs' inFlgl .

For the Zr atoms. we haVe_'-used}-.-_the ReaB atomic parametérs given in .
‘the - 1iterature®™. For- the Fe: we have kept: the x -and z atomic
paramsteérs. - (at " %=0.0 and- z=0.25)2%, but we have. varied the.

'atdﬁic parameter y starting - from- the ‘value of° B in’ Re B

ty=0.744)**, towards ‘smaller’ values. A smaller value of ‘y"v'aill'_

‘place the Fe site closer to the.base of the projected triangle.. We.

note: that: for- tlie'-g_;ven—- val'ues_é'f ‘2, b and ¢ in Zr Fe, the Fe:will

be.at the center of the: ;Si-'is_m;::f‘or:teha'atém.ic :j:érameter y=0. 741, Az

we. have mentioned. before there- are two types of Zr atoms. with
differént LDOS: These Zr sites have different. values for the. EFG.

" ‘and will be designated. by Zrl and 2Zr2. If we look at Fig:1 and

consider that the Fe- atoius-a.re moving . e-Iong- the height of the

pro jected tmangles, Zr-l uill be: the ’Zr- site at the vertices of the

tnangle and Zr2°will be- associated. wlth the. two Zr sites a.t the.

base.

In our- real—space calculatlons of the EFG for' the several_

p051tions of‘ the Fe atom, we' have used large clusters, oi‘ about

_2000 atoms ‘n'e fmd that in cr‘thorhomblc Zr' Fe. the. E‘.FG tensor- at .
the Fe s1te is d:agona.l a.ncl a, b ‘and ¢ are the principal axes. of

.the tensor. Our calculations -show that Vxx is always the Iargesl:-‘z

20
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component, indicating a positive EFG directed along the a-axis. The
value of the EFG is very stable with respect to smali variatiens
of the position of the Fe s.ite in the prism. Therefore the value
of the EFG at _the Fe site, for ZraFe in He:a B-type of structure, is

qui.té;'we'llz defined, even when the position. of the Fe site in the

“trigonalk’ prism: is: not: exactly determined. Both p and d components

of the. EFG are positive,'"_'énd:i:the p-contribution is about two times

B_ig'gé;;z;than.. the}-d-_'-;:;ontr_ibut_‘_mn._ The agreement between real and

k-space: is" mthér‘_- - good:. a.lid{?:blithi!?: the .expected accuracy of the

calgulation. The. trace’ of the EFG tensor is always zero.and as a
' consequence,: the sum of _V;z- and Vy)r at.-the Fe site is equal to V’m

'in megnitude;: having the-opposite sign:  As. ‘expected, we find that

the  sym. of’ the’ v, and Vo components. - is- also very stable with
respect to: small variations:of the position of the Fe atom in the

structure.  But the: Individual wvalue of" -each of these two

. compenents: ape: mre.,.sensi't{;-ve_' to these varlations giving rise to

sffong:‘ va-ri'aﬁi;onsﬁ of!

:_ai'..lsﬁmmetry'-par'ame.ter'n. In Fig. 2 we show

the calculated sz and Vyy ‘comporents of the EFG tensor at the Fe

site- in: ZraFe'-a,s."a function of the atomic- position parameter y.

- To treat systematically these small variatiohs we have to mirnimize

the errors and these calculations were performed in k-space. As we
can see'from the figure, for large values of the position parameter
¥y the value for sz is larger in magnitude than that of Vw' but as
y decreases . the magnitude of sz alsg decreases,  while the
magnitude of 'Vyy increases.” At “the value of y= 0.735 the two
components. are. equal. Finally, if we continue to move the Fe site

towards the ba;se of the projected triangles, the magnitude of V¥
Yy
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tensor at the 2r1 site are almost insensitive to smal

gets to be larger than the magnitude of sz. This behavior leads to
large variations of the asymmetry. parameter 7. The value of % is
around 0.2 for y= 0.744, goes to zero close to y= 0.735 and
increases again for smaller values of y. When the Fe site is placed
at the center of the trigonal prism (y =~ 0.741}, the asymmetry
parameter 7 is still quite large, cleose to 0.1. This is probably
due to the effect of a secand shell with three Zr atoms around the
Fe site, one of them further from the Fe atom than tht? other two.

The reported experimental results givesu n = 0 for the Fe site and -

for this reason the results for the EFG shown in Table } are those

obtained. using y=0.735. It Is interesting to note. that, in this
case, ¥ ﬁy give a good .c_r'itér‘ion for evaluating the atomic
position parameter y of the .Fe a.t;)r;u. On t'.'he other hand, it would be
interesting to.verify if a s_m.a.ll, _But finite value of % (arocund 0.1
as obtained when the Fe Is plai:ed at the center of the trigonal
prism with y=0.741) would be compatible with the In field Mossbauer
spectra. of Z'r'aFe“.

The Zrl1 site of Zr Fe has also a dimgonal EFG-tensor. The

EFG 15 positive and along. the c-axis. The compk?nents:;of the EFG

of the Fe atomic positio'n."-In k-space as well as in real: space, the
d and p contributions have the same sign. As it was to be expected
in the case of Zr, the d contribution is small, less than 10% of

the total EFG. At this site the asymmetry parameter is close to

ZETO.

The Zr2 site of ZraFe has a non-diagonal EFG tensor with

ny and szcomponents equal to zero. At the calculated site the V
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: 1'1_1' the case. of zZrt, “the d'comtrib’utiéns “to the t'en's.._o.r- .a.r'e much
.smaller than the p contr‘ibutlons In’ the ca.se of ' Zr2 we. Tind
"that the principal system. of a.xes "1s ‘different for; p and d
contributions-. To obtan’i- the EFG we - have to find the lar-gest

component of the diagonalized total EFG tensor. We note that in

-this-case the: EFG does- not; -in a natural way. split inte . p and

a -éont'x"'i'hmtii'bns i 'Eable'- T E v show.' the elgenvalues a'.nd.

eigen\rectors of- the total EFG tensor' at the Zr2 site AS we can see

from the eigenvectors in table 4 1n order'to find the: principal

-'a.xis. a’ r'otation in the p]a.ne perpendicula.r to the a- axes has to be_

perfor-med “The: EFG at the 2re” site has negatlve mgn and pomts

into a direction that ma.kes about 30 degrees with the c-axis of the

Zr- Fe structure., It’'s. 1nterest1ng to note, “that a_Ithough the two
"Zr2 atoms per unit for-mula have the_ _same" LDos, before . t.he

dlagona.hzatiom-of- .the-'tota-l-- F.FG"ten‘sor." their V components have

"'.-oppos1te s.1gns Nhen we diagonalize the- tensors Me f‘ind the. same

Keigenva.lues ‘and the’ same EFG for both S1tes But due to dlfferences
in: the local environments ar-ound the sxtes the elgenvector's and
therefor-e tha dlrections of the EFG are not the samne.

'111) Zr Cu forms ina s1mp1e tetragonal structure with Iattu:e
"par'a.meters given by a=3, 22A and c-11 IBA . T_here are thr-ee atoms
in- the pmmitive cell a Cu atom- and-two- Zr éto.ms' with same LDGS.
_To obtaln th.e EFG wWe': have performed calculat fon for‘ a Cu site and a

.Zr' s1te, usmg a cluster of 1338 atoms a.round these sites. In the

4Zr Cu structure, both the Zr' and the Cu sites have axial symmetry .

: _ar‘ound the c-axis and we have that the " EFG tensor is ‘diagenal at

_'every si te of the structure
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emery site of the_ structure,

We find that. the EFG at the Cu site s negative and along

the  c-axes. The p and d contributions are of the same :or‘tler; and

have the same sign. The agreement between. k-space 'and real spat-e'_

résul_ts is good within the: expected margin-of errors. The case of

"the 2zr site 'is more: interesting. We. find that. the angular

asymmetry(11) for the: p-'orbitals 'is very small in t_hié_ cése_- (of

order of mi'Ii'electrons) -beyond' the -accuracy. of our calculations..

'Because these differences: are’ so- small even considering the f'a.ct,or

of: ten in the values of the. rad1a1 1ntegrals( see Table 2}, the p,
and_d contmbutions get to be of the same order.. In" both k—space'_
and: real space;. our results: shou P a.nd d contr-ibutmns of opposite—-

signs and .a: extremely small total EFG The p a.nd -d: contributions

are small quantitles with la.rge errors. and _We- cannot: determine:ﬁ._ )

those d:.fferences within the accu.racy of the calculatlons._l_ All

'_-tha.t we- can’say is tha.t the EFG at. the. Zr site is. very: small,

close to zero. The: EFG. a.t._.-t.he- 21- site. in ‘the Zré:u -has be_en
inferred from TDPAC measurerents'® which. use Hf as. a. probe. The
experiménta_l r'es'ults give- f‘or' this EFGwa. very. small: value. (23

X 1013 esu . cm ) and the 51gn is unknown It  is: interesting to

'note that measured: values at: the Zr sites. 1n amérphous. alloys  of

similar composition. glve values of EFG which are a- factor of ten

.larger It is easy to. under‘stand this fact in ‘the. 1ight. of--our"

r_esults The a.ngular asymmetries (11) for both p and d orbitals are

: u-.tual iy of_ ’ order of hundre_dths- of e-leqtrons-.: Because- the: radial. p.

1ntegﬁal. is .larger,_. the p contribution is3ncﬁgm§.ﬁlly dominant. at. the

| Zr-site, usually a factor’ of: ten: larger -than the d. contributien,
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is an ordez‘ of magnltude;- .

small. p.contribution, which is of the same order of the d-term.

In: an amorphous envirenment such an. accldent. will hardly happen.

The:p.contribution Will- be. dominant: and an order of- magnitude

larger, glving, rise:to. the observed values. of the EFG.

- Space.: and - k-space: LMIO-ASA

calculations to. find th ~EFGi - at’ ~all.: sites::in . three- different

crystalline- Zr alloys‘ Zral-‘e. :_Zra_l?‘e; and.- Zr-.zt_;u. We found. that the

EFG.:,Kat.,; the--,l:‘e—,s.iter. 1Is; pos __:ir_r:;*Zt_r—'E'e:fa.nd-,._m:'ga.t.i.ve in: Zr F‘e and

obta.ined, e extremely smal ,--..value for the . EFG. at the..2r- slte in

Zr. Cu In all cases, the calcula.t.ed values. were: in: goocl agreement:-
w:th experimental results &vailable 1n -the. literature.; For  the-

ot.her calculated 51tes no.. exper'imental data. was. found.. Our:

calcuLations for- the EIGpredJ.ct

at the z:- s;.t.e i Zr'Fe and. at. the..2r1: site in. Zr, Fe, but. a .

He also. predict  the,

It 15 1nt.erestmg to note that the -EFG. at: the Zr- site in Zr Cu

maller -than. those .of pure Zr- and- all

'other r 51tes considered hereﬁ He- show-that the  small’ .value

observed for -the.. EFG m Zr: Cu is due to..the unusually small value

off _th_e usually- dominant- p,-; _contmbution in, this structure. This ..

anomaly, .is: dﬁe-‘_to_.__thef;.lgc_:_a.l'_._,S)ﬂnmetl-_-y around the 2r site in

cry_s_ta_l_li‘ﬁe--,Zr-z_Cu; a:md-.sho.ul_d'._not' be:present-in the case of Zr sites

in’ amorphous: Zr-Cu alloys off:similar composition. Therefore, as it
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'positive sig;n for this quantit.y o

in amorphous 2r-Cu alleys of similar composition. Therefore, as it
is to be expected from our results, measured values for the EFG at
Zr sites in: the amorphous alloys: are one order of magnitude lérger
than those: observed for the.—.;v. site.in Zr Cu.

In th;e- case cﬁf ZréCg ue have: axial: symmetry and the- value
for the asymmeiry parameter % is’ éero at both.sites: ,In-_the- case of
Zrzl_?e, ,a.glain-. due- to- axial symmeiry, w is equal to zero at the Fe
site; but. we find an extremely. large:- valué. of » {around 0.7) at
the Zr site for this structure. _I.n_the- case .of Zr Fe there. Is no
a.xia_nl. symmetry, but the measubementé .indicat_e that m. is. close to
zero. ' We have used this information to obtain the position
parameters of Fe inl the: str-uc_t.ur-g.' Tﬁe_parameterrn at. the Zr: si_te.s
in Zr‘SI-‘e were found to be finite, -but very sméli.

In conclusion, we have shown that the real-space. LMIO-ASA-TB
sc.:heme.‘ -when applied to, obtain the"E.I-‘G in _clos_e. packed. metallir._: .
binar'y élloys is reliable and reproduces well results obtained by
regular reciprocal space methods and experiment. We have. also
obtained detalled information about the EFG in. the Zr compounds

cconsidered here.
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EFG(R)  EFG( k ). EXP
F& - 86 - 98 - 134
rfe o + 269 + 322 —
Fe . + 183 . + 243 + 147
‘ZrFe | Zrl. .+ 231 o+ 228 —
zrz - 194 - 138 —
_ zr = o = O + 23
) cw. -4z 0 -102 - —

TABLE 1 - EFG. In uni_ts of- 10-’3.__e$u.cm_3 for Zrzf‘e. ZraFe and.
Zr Cu-obtained in real-space (R). and k-space {k) -
as compar'ed w1th experimenta[ results from ref{14)
and ref. (12). ' '
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'4195}687-i_' .

g 12.22

Fe(bee)i. | BE.1g

30.25

Cu-'(f'eé:)-- [ 48.90:

" 53.03

- IﬁBLE;?“-:Radlal Integrals for the

31.;

‘Pure metals
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TRy

T(R).

PR

" p(RY

dfﬁi  del', Eigenﬁector$—

1271

;gsgf

=282

-220.

40.7o;+0171i'0hb0v?3

i:QB;: .

0.00;°0.00; 1.00-

+322

289

2487

¥23 421 H0.71:-0.705 0,00 | -

Table-3 = EFG tensor (1
-?axes at the Z'
.f? components) for the: total(T)t;_p and: d: contrxbutions

':obtazned-from real—space(R} and k-space(k) calculat1o

:-sxte

unité‘df“lo

‘esu. cm ) In uthe. prlncipal

in ‘7r Fe Exgenvalues (EFG ‘tensor:.

'igg.w




~

L

Elgenvectors- (R)

..0.00; 0.54; 0.77

. 0.00;-0:86; .0.5T. || +50. - 0.00;-0.77; 0.64

1.00;  07:00;

-i;-.;_e;d:'{- ©7.1:00; 0.00; - 0.00-

_TABLE: 4 ~

'E?C*tensor,ﬂiﬁfunif

axeé-at”thE'ZPZ'_ in Zr F& E1genvaLues (EFG:  tensor

components) and correspondlng eigenvectors obtained from

real space(R) and k—space[k) calculations

a3

of 10 -esu. cm- } in the principal_

FIGURE CAPTIONS °

FIGURE 1 -

' PIGURE 2. -
. .at the Fe site in. Zra

Positions of Zr atoms(large sphered: and Fe atoms (small
spheres) in Zr Fe, projected in the plane perpendicular
ta thg a-axes. The empty . spheres are. located: in the.
plane’ x=0 and the'dashea‘_sphereSu are - located in-.the '

“plane: x=(as/2).. Arrouszindicate the directions of the

displacements of:the  Fe' sites when' - the Fe  position

parameten-y_is‘variedéﬁ

Components of the EFG.tensor n units of 10 " esu. cufa}

iong the b—axes (V } and

c-axes (V;?}'as a functiqn of the Fe posltion parametep,
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