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ABSTRACT
We study‘fheoretically the hyperfine field at the nucleus
‘of a rare-earth imputiiy embedded in a transition host. Thys
.system is a iimiting case of the Blandin-Campbell problem; namely,'
that of the hyperfine field at a non magnetic impurity site in a
metallic matrix doped w1th a- magnetlc 1mpur1ty at a dlstance 'RO_
‘(Heusler alloys)
In the case we >tudy, both the polarizing spin and the
" charge impurity potential-collapse into the same site (i.e.,
Ro
structure: an s- and d- character conduction band

= 0). Furthermore, one must con51der a more compllcated band

‘We perform numerlcal computations for a number of model

"band structures taklng into account ‘the two- band nature of the

transition metals and treatlng the exchange couplings of the iﬁpu

o Tity f- spin with the .s- and d- electron gas to first order in per
turbation. The s~ and d~ hyperfine contributions are ‘calculated
in terms.of local magnetic responses “A“(O) (x,u = s,d), which
1ncorporates the host band structure, charge potential and local
, eorrelatlons}_end ratlos‘between theehyperfine pa;ameters Acp and
-A(Z). , _

. We find that the s- contribution to the hyperfine field
may change sign with the 1mpur1ty potent1al difference between
rare earth impurity and the matrix, Howeve‘, the d~ contribution
does not; as it is the dominant one, the total hyperflne field
remains always positive (negatlve) throughout the tran31t10n
metal series depending on whether the exchange coupling J( )
between the d- electron gas and the f- local spin is negative
(p051tlve) - S

Our theory may be useful to extract information on the
order parameter in certain spin glass qyctems from hyperfine
field neasurements. . ,

Our theoretical results are conpared with some available
experimental data and further systematié eXperimental studies are
suogeered 1nc1vdﬂn" spin nlaés systems, | |
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I - INTRODUCTION

The hyperfine field at s~ pelmpurltles in ferromagnetlc
metals are’ systematically negative for elements in the first half

of an s-p series and positive in«the second half [1].

The same behavior is observed for hyperfine field at the .
s-p site Y in the- Heusler alloys X MnY [2,3] . It has been
suggested [4] that this behav1or can be understood on. the basis
bf a generalization of the Ruderman Kittel-Kasuya- Y051da (RﬁKY)
approach, to an electron gas w1th a strong ‘and localized pertur-

“bation acting at the Y site.

Changes of sign occur also in the case of tran51t10n im
purities embedded in rare- ~earth hosts like Gd [s] .

. In the n-4d tran51t10n serles dissolved in these systems,
the holes inlthe d band are progressively emptled prouuc1ng thereby
a change.of sign in the hyperflne field [s]. .

. In ref. [4], the calculation of the polarization at a non-
magnetic site in a ferromagnetic alioy, rests on the following
basic assumptions. Tne'conduction‘electrons are considered as
free- electron like. A non- maonetlc normal impurity placed at the
or1g1n 1ntroduces a spin 1ndependent spher1ca1 potentlal Vo (r)

.giving rise to phase shifts 6, the scattering associated to
"this potential being treated exactly A magnetlc impurity located

at Ry # 0 interacts w1th the conduction electrons through the
exch = Ja(r R ) S. (thls being an .
essential assumption for the case of Heusler alloys) The spin-

effectlve s-d exchange H

dependent potential is treated within the Born approximation. This
calculation gives for the magnetization at the origin [4]

- F
KF 2 cos(thR +28 )

mgy (r=0) é - "_Z'JQO <SZ§|¢ (O), - S »(1-1}
o soce2nfo T o Ry

| 2 . . . L B .
where |¢K (o)} 1s the one -electron wave function with Fermi
wave number at the origin.

This shows that for fixed R,, the polarization at the
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~_:mon-magnetic site oscillates with an extra phase 'Zﬁg, the ﬁhase
~shift 6§ being determined by. the strongth of the potential Vo'
B More recently [6] , a formal study of the magnetic res-
l,ponse to the local magnetic fleld associated to the exchange
- -“interaction between a two-band metal and a localized spin has
—beeﬂ.developed 1nc1ud1ng a spin- 1ndependent locallbed potential
acting at' the same site as the localized spin. A general expression
-was obtained in ref. [6] for the spin polarlzatlon induced by‘the
-spin (supposed-in that case to be the magnetic rare earth sp1n
--moment) at an arbitrary site Rj of the  alloy.
) In this paper we want to discuss’in more detail the
---behavior at the impurity site of a two-band s-d electron gas with
-~charge and spin pertﬁrbations lying at the same site.i In this
~_.case a "genuine', well defined spln and a charge potential are
~inttoducéd simultaneously by thellmpurlty [6] . This study extendq
 (to s-d transition metalS) the previous'works [4], where the\spln
‘tfand the charge potentials were located at next neighbours (corres~
+. - ponding to the limit R0 =0 of ref [4] ). | |
' We investigate the behav1or and 51gn of the contributions
(s~ and d-) -to the total hyperflne field at the perturbed site,
-~either for a fixed host as a function of band structure or as a
fUnctlon of the strength of the charge potential. . The behav1or
pas a function of band filling 1s_obta1ned through screening argu-
= ments (see Sect. V). - | o |
In second place,‘we argue that this superposition at a
-'same site of-a charge and spin-potentiéls is realized in practice
‘whenever a rare earth impurity is dissolved. in another metal, be
it a 34, 4d, 5d tran51t10n metal. Several experlmental situations
could be connected to this picture, e.g., rare-earth impurities -
in transition hosts as viewed frém the hypérfine interactions the
"possibility of studying spin glasses througn hyper flne field mea-
‘surements, and so on.

The'situation provided by rare earth impurities diluted
in s-p and noble metals can be handled in a simiiar way (Anderson-
Moriya like approach) [7, 8] This is the ‘subject of another
work o] . ‘ ‘

. Now, we give an outline of the paper. 1In Section II, we
present the adoptéd model. In Section IIT we exhibit formal re-

sults for the s~ and d- contributions for the hyperfine field,

Al



uhereas Sectlon IV is devoted to the -numerical analy51s of the
rocal nagnetlc responses.

.

i o In Section 'V, using the results obtained in the previous

.ections, and taking explicitly into account the self-consistent
? ‘etermination of the impurity potential matrix elements through

Friedel sum rule [10], we discuss the hyperfine field atvthe
apurity center. In Section'VI

.iscussed. throughout this work

we summarize the main results

ve dlscuss avallable experlmental
1ta and we. sucgest further experlments.

=, THE MODEL ~—~~ ~ =~

——ee e
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We c0n51de1 the case of a magnetlc rare- earth 1mpur1ty
:.aced in a tran51t10n metal like host [6]

. * ‘
» The pure metal is descrlbed by two s- and d- non- hybri-
.zed bands ‘through

.

o B d) 1y
Z T(S) i e+ 31 1{d al 4 2.1y
K '1J° DA S 13 1] e

refer the reader to refs. [6 11] for notation. and definition
{?he terms) i -

fa

Effects concernlng d-band degeneracy (e.g.. con51der1ng
* partial density of states p(w, T ) and o(w,p,,) for cubic

“415) ‘are taken into account in a 51mp11f1ed way, using five
“stical d-subbands.

Besides the usual exchange coupling of the 1mpur1ty with

; 'ffonductlon electlon gas, given by .-
'_Himi) ' <SZ (s) .+ (d). 4+ 2.
exch ~ gc >{J .Oc.cpo +_J doo doe} ? ( 2)

We take into account the spin independent charge poten-
-+ which is assumed to act cnly at the origin
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doodos * L (Vg oo doo” Vas oo Coo)  (2:3)

gimp _
H g Vaa doodo0 00 "0¢-
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We combletely neglect s-s intraband scattering. Moreover,
the impurity induced d-d scatterlng may be determlned assuming
that screening is entlrely performed within the d-band, whereas
the impurity induced mixing matrix element V_,4 is con51dered
in this work as a phenomenological parameter (see below), its
"role being'only to provide a channel ef scattering for s-electrons.
V The hamiltonian (2.3) plays an impdrtent role in the deg
cription of such strongly perturbed systems,'since.a large charge

fdifference exists between the usually trivalent rare eafth impuri-
ty and the transition.metals (e.o.,,O.S-holes in the Palladium
d-band host). ' B _

‘ Rare earth. '5d states are quite dlfferent from m-d (=
= 3,4,5) states of usual transition or noble metals or inter -
‘metailics. One expects, in general, two kind of mnew effects
-namely: period effects [12] and variation of the Coulomb interac
tlon at the impurity site [6]. B

Period effects are partially included in the self-con-
sistent determination of Vaa: c0n51der1ng different bandwidths.
-A more complete treatment may be performed using the ‘techniques
_due to Demangeat and Gautier [12].

The main effect of the Coulomb. correlation at the: impu-
rity site is to_"enhance'" the local magnetic responses by a Sto-
ner-like "enhancement" fleld [6] This contribution is.for the
non degenerate case: ' . N

imp  _ (d) (d) . = -U- :
HC_oul AU n0+ NGt s AU = Uimp Yhost o

(2.4)
U being the Coulomb repulsion parameter. For‘Sd’impurities in
3d ir 4d hosts, AU is negative. For 51mp11c1ty sake [13], we
neglect Coulomb correlations in the host metal (H term). If

degeneracy is takcn into account, one should.lncorporate contri-
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butions from both exchange and Coulomb repu151on (bec Sect. V).
So the adopted model hamiltonian for maonetlc rare earth
embedded in. a transition metal-like host is

_ imp imps imp - (2.5)
H=Hy + Hpu® HexchA ¥ Heour ‘

ITI. SELF POLARIZATION HYPERFINE FIELD: FORMAL RESULTS

In this Section we establish expressions which enable us
to discuss specifically the self- polarlvatlon hyperLlne field in-
duced by the rare earth's f-spin.

The 1mpur1ty rare-earth magnetic moment produces a 1ocal
field, which polarizes the conduction states thus creat1ng,(v1a
the contact and core polarlzatlons a hyperflne field on its own
nucleus. No.orbital effects are included in this work; in parti-
cular, the rare-earth's magnetic:mohent is assumed td arise enti-
rely'from the spin moment (s-state ions). |
. . U%lng expressions 18 from ref. 6, summing up over q, one
gets for the s~ and d- parts of the. self pOLarlzatlon fleld

. ' o |  —55 '

Héz)_= ZA(Z)J(S),<S > - x;iee(O) {1+ 2 Ql__igl_ +

R o : Xfree( )
. iéf; “mixcp) S, : L (3.1)
sy : ,
Jo Xfree(o)
p(D) p 5@ gz, ddg 1- J(S) _mjxfb)] 3
hf — "“ep <S> x 7 (0) J(d) “dd(O) j, (3.2)

where A(Z) and Acp > 0 are the contact and core po1arlzat10n
coupling constants, cstimated for several cases 1], whereas
<s%> s J(A), (r=s,d) arc the average z- component of the impu-
rity rare carth spin and the ex chinge couplings respectively.



Now, we quote the expressions (at T.= 0°K) for the

statlc local magnetic responses which appear in the above equa-
tlons

(1) The s-s local magnetlc response in the absence of potentlal

scatterlng, (0) is given by-

xfree

: EF‘ v | . . ’ .EF
xziee(OJ = -2 | Fg(w)ostw)dw.= %'Imt lFs(m)lzdm
, . . --,Eb |
CF ‘ ' | .
_— ~f E @12 sin [28 ()] du) T (8asa)
E L S - :

b
vwhereEb is the boLtom of the band.

So, xfree
of the band structure

~(ii)' ‘The complete d-d local magnetic susceptibility xdd(O)‘is
calculated in detail im ref. 6. AL T = 0°K, one has for the lo-

cal response in the absence of Coulomb 1nteract10ns

EF.

2
g le(w)l
T

dd D=
(0) X (0) | 2

sin [2n(w) - 264(0)]du . (3.3b)

The presence of Coulomb interactionys implies [6]

ad S
ad (), . -

(0) = : (3.3c)

a0y 99 (03 ¢

(iii) The change in s-s local magnetic susceptibility, due to
impurity potential effects (transferred through impurity induced

(0) is completely spec1f1ed by the s- 11ke part'

"”




s-d hybridizations), is

55 (0) =6x55(0)/ (1-30 x%%(0) | )
where
R ( iler'( )
S 2 41Fsm dw . _ L. ;- " .
6x°50) = 7 |Vsal X (@] sinln@)-58@)=0q() ]
Ey | o S  (3.3¢)

- (iv) The "cross' local magnetic susceptibility is given by

RO REWORFIMOR MR/ - au k) (539

wheTe ‘ o : -

X(mix)(o) ; Xsd

e
0).= x*%(0) =

jF (w)l IF (w)l ’
sdl 2 ' _ x
_ IX(fu)i .

x_sin ‘[Zn(w) - Zés(w) - Zéd((d).] dw . ._ (3.3g)

A=

The factcf 5 in the above formulae accounts for the d-
band degeneracy in.our siﬁplified deséription of degenefate bands,
AU being acéordingly feplaced by LU = AU + 44J, where 2J  is the
change in the local eichange interaction. For the definitions of
the phasé shifts ¢ (w)‘and n(w) and the functions lFA(“)’ and
IxCe) | we refer the reader to references 6 and 11.

For vanzahlng impurity potent:al ‘the local magnetic
SUSCeptibilities (0) and xml“(O) which are proportional to
!nglz should vanish, whereas the local d-d magnétic>response

xdd(n) reduces to



| °F °F
| , ﬁ o, .
ngee(O) = -2 | Pg(w)Pd(w)dw = l IT[ ]Fd(w)l dw, | (3.6)
By Ey

which is formally equal to (3.3a).

At this point, we summarize the maln assumptions- on Wthh

thls work is based.

(i). We assume that screening is entirely performed within the
d-band (high density of states at the Ferm1 level), satlsfylng
-Frledcl S sum rule [10]

4 : R Vi, (e ) L
‘ | b2 = - 10 are g dd d'tF N ER S

, SR 1 - Vdd dEEF)

where AZ 1is the extra charge.iﬁtroduced by the impurity, € is
- the Fermi 1eve1 and the factor 10 accounts for spin and orbital
degeneracy for our non- magnetlc hosts. So coherently neglect
IVSdI correctlons in the functlons X(m) appearlng in the local

magnetlc responses namely

| =

lx @) = Ixgq()] = ([1 - VyF d(mﬂz * I Vggra (@)1

U51qg (3.7) for thc determlnaclon of Vdd throu0h0ut this
paper, we simplif{y the general expression for Vdd obtained in
eqns. (27) and (28) of ref. 6. That paper includes the role of
AU in the charge screening condition. We‘expect that such sim-
plification ié not crucial to our final reqults Physically,
ths approximation corresponds to neglect the acatterlng induced
by LU in the perturbed one- c]ectron propanatorb used to compute
the local magnetic 1espon9es (0) So, - the only retained
effect due to AU in the prcsent work is to locally ”enhancc” the
quantities (O) mlx(O), 6A (O) by a factor [1 - AU X (O)]

e e e i ek e ot s b s e e s b ot i S




(ii) Vea is taken as a phenomenological parameter, (which will
. be approximately related to Vdd later on): its role is to act
only as a source of scattering between s and d statee, it 1is the
unique source of scattering for the s- electrons. |v dlz goes to
zero with vanishing impurity potentlal
One can account for the s-d 'cross™ effects in the
screening, from first principles, follow1ng the procedure due to
Riedinger and Gautier [14] .- However, our over51mp11f1ed plcture
provides simple expre551ons for the self-polarization field, which
can be ea511y evaluated numerlcally In fact, the contrlbutlons
hf(l) (A= s,d) are given in terms of local magnetic responses,
which envolve, ba51ca11y, the - den51t1es of states and the res-
pective Hilbert transforms. o |

<

IV. NUMERICAL RESULTS

/

A. Model for the host

Now, we- present some numerical calculations to 111ustrdte‘
the theoretical results obtained in the precedlng Sectlon.'

w(i) We take 'parabolic bands', chosen as

py(0) = oy (WP-b)), (0 = s or a), (4.1)°

.

where the dx are normalization constants, which are‘taken as
» 0.75 A -1 in order to give 1 electron per atom (degene*acy is

A
included in the above formulae) and A, are the A-band widths
(A= s or d). The values of AA are chosen th1ough usual estlnates;

f;om band célculations, (e.g., Ad/A betwesn 0.2 and 0.4, for
transition metals). ’

(ii) To bring out the effects due to the changes d-band shape in
transition metals, we take a ”Lrlangu]qr” density of states model
for the d- band glven by

g UV O SRS USRI PURPP PSPPI SESP RIS SRS NI DS
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0.3 -1,  -lcw< 0.4

.- 0.3w +
. pglw) =y 5.670 - 1.84 »  0.420<0.7 »
- (-7.090 + 7.09 ,  0.7<w<l ., L (4.2)

B. Description of the local magnetic responses

Figure 1 shows plots of the d-d local susceptibility

xdd(O 3 Vdd) as a function of’ the Fermi energy €p , fo; the mo-

_del density of states defined in (4.1).

As an illustration, we exhibit the plot of the suscepti-

%3ee(0) =1 xdd(q 37 Vgq = 0) (see 3.6), together with the -

magnetic response Q40 an unlform magnetic field, x (q—O'Vdd=0)=
= X%iee(q = 0), which is proportlonal to the d- den51ty of states
pd(ep) One observes for ngee(o) compared to x%gee(q = 0) a

loundlng of the local susceptlblllty at the band edges and an

bility x

increase in the middle of the band. These effects become more
explicit in fig. 2, when ‘the model for the d-density of states is

defined by (4.2).

dd(

Let us consider now, the results for X 0_} dd % 0),

in both situations of figs. 1 and 2. One may dlstlngulsh two

reglmes
(1) Wheg the potentials Vdd are such that Vdd‘<V§glt‘, ‘whe. =
Te Vgglt = IFdR(Et)I (E belng the energy of the top of the

d-band}is just the potentlal necessary to repel a bound state,

»one verifies a téndency toward "'piling up"” the susceptibility

for values of Fermi energy egp Close to the top of the band. This
tendency pe?sists as long as V4, 1s increasing no matter the
specific shape of the adopted band structure. The critical value
for the existence of bound states dcpendq on the particular choice
of the model band shape. . For instance, gglt = 0.667 and Vgglt =
= 0.295 depending on-whether one considers (4. 1) or (4.2) for the
ddgenQJty of states. One méy describe the generalibehaviour.of
QU Viq) @s follows. For values of the energy near the bottom

of the d-band, the local magnetic response is smaller than the cor
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which is simply the derivative of x

~11-

\responding one in the absence of impurity scattering. This suggests
-a decrease in the number of states available to be polarized. For

a certaln energy Ey (Vdd) (which depends on the value of Vdd), one

has (0 Vdd'( 0) x%?ee(O) For €r > Eg,
x 34

0; Vdd # 0)> xggee(O) ‘The general behaviour of X

one always has
dd ..

for €p >_EI is an initial increase up to its maximum value, then a
rapid drob to zero, at the top of the band. This behaviour may be
followed numerically plotting the function o

[Fa@)1? e

glw) = W sin Z“dd(“’) - 25d(w) >

dd(o ; Vdd) Wlth respect to SF ,

Vdd being kept constant. At the top of the band (0 Vdd) tends
. (0 Vdd)< 0). This
follows remembering that. ndd(w) goes.F to .zero as w goes to E§

to zero with negative slope (i.e.

and d(Et) = =1 and therefore the argument of the 51ne 1s close
to 27 . So, the localiZation of the maximum value of x (D Vdd) may

be easily obtained accurately, through the change of 51gn of

az dd(o Vdd) from p051tlve to negative values

‘(ii).After a bound state 1is reoelled' (i. e., Vdd~> Vgglt), d(O'Vdd):
saturates. This general behavrour may be easily understood by con-
51der1n0 the functlon Cglw) = §%~ (O Vdd) In fact,»lf

Via > _Vg£1°, [and(w) - st(w)] is very small at the top of the

band (sec figs. 3 and 4), so that sin [and(wj - Zad(w)] is posi-
tive there. This contrasts with the V <« ch ¢ regime, where
and(E ) - de(E = 2n . In these conditions, the rapld drop of
yerit

dd
disappears, and xd (0 Vdd) saturates. One can understand such a

xdd (0; Vdd) near the top of the band which is observed for Vaa©
behaviour with the following hand an1ng argument. The extracted
bound state . is built up from band states spread out over the entire
band. Comparing in fig. 1 the curves corzespondlug to Vdd = 0.6
(no bound state) and Vdd = 0.8 (bound state extracted) one sees

that a certain amount of available states to be magnetized at the

origin were used to built up the amplitude at the origin of the
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eﬁpty bound state. ‘So{ the maximum value of xdd(O; Vag) is asso-
ciated to the top of the band 51Pce one obtains there the maxi-
mum contribution from the remalnlng band states to. be polarlzed

at the o;lgln. Note that, for increasing Vdd’ the amplitude

of the bound state at the origin tends to 1, thus completely
emptying the band states. From this numerlcal study one verlfles
that contrary to prev1ously expected Te] no change in sign of

dd(O) occurs. Now, some comments about the quantities §x°%(0) and
xmlx(O). The ratio GXSS(O)/xfree(O) turns .out to be very small as
compared to mlx(0)/xfr e(O) " This is because 6§x55(0) is associa-
ted with a scatterlng 1nv01v1ng d-states only as intermediate sta-
tes, the initial and final states being s-like. In v1ew of that,
we neglect the term GXSS(OJ/xfree(O) in our numerical estimates of
the ‘corrections to the "bare" s- hyperflne field.

Therefore, the adopted expression Foz the total s- llke

contrlbutlon to the hyperflne field is (cf. 3.1)

(d) mix(o)

H}gz) = 2A(Z) <S% J(S) free(O){l i ) €4.3)
‘ xfree( ) '

L If for reasonable values of the exchange 1nteract10ns '
J‘°) (d) (](d)/J(S)~ 2 [15] ), the s-part of the hyperfine field
is to change sign, such a behaV1our is connected to a possible chan
ge in sign of the "cross" magnetic response xle(OJ, since Xfree(o)
is essentially pesitive. '

‘Recall that (3. 3g ) should be compared to (3.3b) and

(3.3a).. In those expressions one, has respectively alnLZn(w) -26 (u)]
and 51n{26 (w)]. The simultancous existence of the arguments
2n(w) - zad(w) and 26 g(») in (3.3g) just reflects the physical pro-
cesses involved, Wthh give rise to xmll(O). In fact, one looks for
e.g. the s-response to the lecal d¥exchange field. This involves |
simultaneously the s-propagators and the impﬁrity perturbed d-propa
gator, the transition between s- and d-states being ensured by ﬁhe
impurity induced s-d mixing. o |

We have discussed numerically the influence of the various

g 2oz g
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relevant parameters for the change in s1gn of xmix(O) as a func-~
tion of €pe’ As far as changes of 51gn are concerned and within
the approximation that screenlng is only performed by d- electrons,
the values of |V dlz only affect the magnitude of mlx(0) (See
.below for an estimate of [VSdI o : ‘ _

We conclude that the Ielevant parameters 1nduc1ng a chan-

ge in sign of x (O) are:

(1) The strength of the 'Vdd' potential;‘

o ) ' 7 pg(w) ) )
- (ii) The "phase shift” Gs(m) = arctg ———— Wwhich appears in the
‘definition (3.4) . | | Fple) |

In flg 5 we show, for the same values of Vdd , the in-
fluence of including the ”phase shift" Gs(w) p0551ble change- in
sign for xmlx(O). One can see that change in sign can be supressed
if the term Gs(m), which is connected to the unpetturbed s—bend,tis
disregarded. L :

. " The ”enhancement” effects, not included in the numerical
results discussed in this paragraph only reduce (for negative AU)
the values obtained for_xd (O) and xmlx(O) In the self-consistent
- calculations, exhibited in the next section, this effect is explici- .
;ty included. Anyhow, the considerations about piling up of states
and changes in sign, discussed above are not destroyed by the in-
clusion of AU, only orders of magnitude being involved.

Y

V. SELF CONSISTENT RESULTS

In the preceding Section we have dlscussed numerlcally the
behaviour of the local susceptibilities x (0) (A,u = s,d) as a
function of scveral possible values ror the. Ferml energy €g and
for several values of the matrix- elements Vdd‘ In that Section
Nsdlz was taken constant and we have Jllustrated the result for
Xmix(g), taking ]V Iz = 0.8 (see below). C
‘ This Sectlon is devoted to calculate the hyperfine field
in real situations, namely with the.band filling corresponding to
scveral metals in the Periodic Table. .
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Before entefiﬁg in the -details of the nunerical resulis,
we briefly recall thé essentials of the hyperfine field of dilute
rare earth‘impurities in transition metals. 'The.total hyperfine
field associated. to the rare earth (small concentration of impu-
~rities) is a sum of th:eé te:msf |
(1) The £ <core state hyperfine field, assumed to be known from
experiments in'insulating materials; -

(ii) The self-polarization hyperfine field, which we estimate in
the present work; ' T

(1iii) The transferred field, which is not coﬁputed here. An expe
rimental estimate of this last contribution can be obtained using
small quantities of Lutetium impurities (no spin moment) together

with spin cg;rying rare egrth? (e.g., (Lu Gdl x)y Tl—y)’ T being
a transition metal host, and X,y <<1). : )

‘ In the light of previous works [1,4] , we have reduted
our formal results to ratios as far és hyperfine constanﬁs are
concerned In fact, we express the rare earth self pola*Lza‘lon
field in units of J(S)A(Z)<S > and the remaining dependance on -
Acp and A(Z) appears thr rough the ratio: ACP/A(Z). From eqns.
(4.3) and (3.2) one gets '

total ' a
H - d A . :
- - " T_(__.)., _£p ')'('dd(o) s _(5-1)

(s) A(2) corrected

')‘("NJXEO) (5 Za)
SsS o > .

X (0)
free

(DR S (5.2b)

dd (0)

I



~Once we- con51der rare earths (5d states) ‘we use
~-Campbell's [1] estimate of A cp for 5d elements and A(Z) appro-

- Priate to rare earths. Since s-d hybr1d¢zatlon is incorporated

in Ref, 1 in a quite subtle way we hope that taking the ratio
Cp/A(Z) ene gets simultaneously consistency with the Splrlt of
that calculation [1] and a flexible’ parameter to adjust when ex.
perlmental data is available. .

Now, a few comments about the sign of the exchange cou-
plings J(A) (A = s or d). Usually the d-f exchange 1nteract10n
J(d is taken as a positive quantity. However, recent experimen-.
tal results concerning ESR experiments in bottlenecked systems '
suggest the possibility of negative exchange coupling, the origin

"of such a coupling being ascribed to a direct d-f Heisenberg like

‘exchange between next.neighbour d and f orbltals [16]. We will:
1nve<t1gate later on the influence of the sign of J(d) in the <
Selfnpolarlzatlon field. Such a study may provide an experiven-
tal check of the model proposed by Rettori et al. [16] for ESR
results thxough self-polarization nyperflne field measurenents

In.what follows, we sketch the program of the numerical

-estimates of this Section. .Using the approximate screening con-

~dition (3.7) where AU correctlons are neglected and once the

-_Ferni level is fixed by the host hand filling n,,  one-obtains
~5elf consistently the Vqqg matrix element suitable to screen the
charge difference AZ = 3-n_. '

We take [13]

d>

1 = = = . . :
v ‘Vdd| Vod = safvias ) o e B3

sdt -.f Vsd

v being the impurity potential form factor,, This is comsistent
with the Friedel sum rule estimative of \dl So, we have trans- .
ferred the rhhnonenolo yical character of |V dlz to the potential
form factor Vogq- Therefore, once the factor v_4 is given or
estimated the potential matrlx elements are completely specified.
We discuss here the role of bandwidths (s~ and d-), hy-

brlulade]Oﬂ form facto*, sign of the ratlo of exchange couplings

-and the effect of the local "exc change enhancement' duc to AU in

the self polarization field.

L4

Netn s g i
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The Meriya- like density of states defined by (4.1) for
the s- and d- bands is used to simulate for band flllngS ranglng
from n, = 5 electrons to n, = 9 elect:ons, the role of different
bandw1dths (or ratio of bandwidths).

In order to get a feeling for a more reallstlc d-band

structure, we also present results obtained using the "triangu-
1ar”nndel density of states defined by (4.2). Clearly a realistic
band structure density of states can be used as an.entry-data.in
our calculatlon since the expressions for the local responses
x*¥(0), (\;u = s,d), depend on the host density of states p, (),
its Hllbert t;énéfo:m Fs (w) and the impurity charge diffefence.
In figure 6 we show the total self polarization field as
given by (5.1) for increasing d-bandwidths, the é-bandﬁidthv ’
being kept constant (A' = 1 and 5/3; by = 5). This situation si
mulates the d- bandw1dth contribution to perlod effects (e.g. rare
earths 1mpur1tles in 44 and Sd metals) and may also crudely des-
crlbe pressure effects. It turns out that the minimum value (ma
ximum in absolute value) shlfts from the middle of the serles to
the end of the series when one increases the d-bandwidth.
| Concernlng the sign of" the exchange coupllngs two situa-
' tlons are shown: J(d)> 0, J(s)> 0 which- corresponds to a negati-
~ve hyperflne "field and J(d)< 0, J(S)> 0 corresponding to a po-
sitive hyperfine field., ' S : ,
In-figﬁre 7 we illustrate the effect of the magnitude
of the s-d hybridization form facto; Vﬁd in the total self-
polarization field. '
- - Together with the self consistent results we show in
’ figure 8 the d-like local magnetic response x (O \Y d) as a
function of the Perml energy EF’ using the self-consistent va-
lues for Vdd appropriate to the-adopted band fillings. This
ilgure in fact shows the conqtructlon of thé d-like part of the
hyperfine field, since the COT]SCt on factor ' ‘ l

‘J(s) .;mix(o) _=' j(%lh..xmingl
J(d) gdd (0) ETH) ;33 (0)

is very small. Sc, the d-hyperfine contribution arises mainly
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from the charge potentlal perturbed 1oca1 d-d magnetic response
(O Vdd) The’ dotted curve exhibits the trend of the d-1like
hyperflne field. _

The maln features of the s-like contrlbutlon for the
hyperfine field are showed in figure 9. One con51ders two pos-
sibilities for the sign of J( ) i Wlth J(s) > 0. For .the case
of positive d-f exchange coupllng one sees the p0551b111ty of a
change in sign for the s- hyperflne f1e1d which shows a close
resemblance to the usual results for the S- p hyperflne fields in
ferromagnetic alloys [1] . However, for negative d-f exchange
connling no change in sign is expected.. In fact, change in sign
is associated (see 5.2a) to competition between xmixco) and
.Xziee(o)' So, for a given ratio (d)/J(S) and since xmlx(O)
is negative, no change in sign is expected for Hﬁ;) if one
takes J(d)< 0. To 111ustrate this point we plot in this figure

Xfree(o) as a functlon of band f1111ng n, . For a’large s-yand,
55 (0) 1is roughly constant in the region of 1nterest) Expres’
Xeree .

sion (S Za) implies a "symmetry' of the two curves with respect

to (0), which is indeed observed

Xfree
An -essential’ result of our calculation which 1is to be

contrasted with s-p impurities diluted in ferromagnetic alloys

_or in the case of Heusler alloys is the absence of- change in sign

.in the total self- -polarization field:. Although the theoretical
ingredients of ‘the model are similar to that of Blandin and Camp
bell [4] , except for the limit R, > 0 implied by the nature of
the rare earth ¥mpurity, the ex1stence of a narrow and degenerate
d-band wh:ch responds to the local magnetic field in a dominant
way explains the difference between these cases.

Until now,’in~a11 results presented above we have disre-
garded the effect of AU. Next, we investigate the role of local
correlations in a strong 'cnhancement” case. This means |aU| of
the order of 0.5 eV. In fact, we take into account, since degene

T

i
¥
4
i
j

racy is present in our formulatlon contributions from Coulomb and

exchange interactions, i.e., -0.5 = AU + 4aJ = AU whele AJ 1s
the change in the local exchange 1nterac110n We take aU, since
the 5d rare carths orbitals are expected to have larger extent

‘than the 3d or 4d transition metal ones. For rare earths in 5d
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metals one expeets AU = 0; so the results including finite AU
are expected to apply for rare eartns in say 44 metals. |

‘ In figure 10-we 111ustrate this effect; we try to simu-
1ate a situation of a rare earth diluted in a 5d and in a 4d
host. We expect a larger d- band width.for the 5d than for a 4d
“host and also a stronger hybridization form factor for the 4d
host. So, for the same s-band width one expects without "enhan- -
cement" a more pronounced effect in the 4d host than in the 5d
one. In the 5d case, we take AU = 0; thus keeping only one-
electron effects. However, for the 4d case, we include AU = -0.5.
Figure 12 shows that concerniné 4d'hosts, expected dominant effects
are ﬁiped out and-one obtains an almost constant total hyperfine
field except a drop at the end of the 4d series. On the other
hand, the 5d host’exhibit-a maximum when one passes from the
middle'to the end of the series. However, due to the.small mixisag
form factor and large d-band width, the hyperflne values at the
end and middle of the eerles are almost the same. v

The peculiar behaviour of the local correlation effects

can be understood in the follow1ng way. The "enhancement" correc
tion appears in the s- and d- contributions correcting .xmlx(Oj
dd(O) by a -factor [1-aUy dd(O)T I As discussed above, the
~s~-like part of the hyperflne field changes sign due to the term
proportional to mlx(0) - Since AU< 0, one has | le(O)[ <

< | mlx(0)[ and the s-like contribution becomes more slowly vary

and _ X

ing but still shows a change in sign. As far as the d-like part
is concerned the effect of including the factor [1- Aded(O)] is
much more pronounced: this factor drastically 1educes the values
of dd(O) and grosso modo the d- hyperflne contrlbutlon turns out
to be reduced to a half of the one electron only d- hyperflne field.
These two featurcs are clearly exhibited in figures 11 and 12.
Flnally, in ordcr to check the dependence of the trends
discussed above on the model density of states we have also per-
formed a self-consistent calculationrusing the triangular density
of states defined by (4.2). We i1]ustrate our results in figures

13, 2 and 14. . The samc gener ral tendencics are consecrved.
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VI. FINAL COMMENTS AND CONNECTION WITH EXPERIMENTAL'SITUATION

A systematic study of the model &eScription of magnetic
rare earth impurities in tran51t10n metals has been developed
'thfoughout thisApaper. We empha51ze the spirit of this calcu-
lation: starting from simple models for the den51ty of states
(defined by a few number of parameters) we systematically inves
tigate the role of each parameter in the self—poiafizétion hype;—
fine field. From this sysfematio numerical study it turns out

that:

.(i) The behaviour of the hyperfine field in this case.oontrasts
strongly with the ""changing sign" behaviour observed in s-u im-
purities in ferromagnetic alloys or Heusler alloys. Although
the underlying physical mechanism of potentlal scatterlng plus
exchange polarization.is common to all these cases, the main
difference in our work arises from the existence and importance
of the unfilled narrow d-band.” So we conclude that this last
feature "screens’ the effect of usual change in 51gn of the hy-
perflne fleld its effect appearing only in the curvature of the
‘ hyperflne field as’'a function of band filling. o ‘

“(11) The role of increasing d-bandwidth, simulating period effects
or dpplled pressure, mafifests itself in ehifting the ﬁaximum
absolute value of the hyperfine field from the middle to the end
of the transition metal sefies The simulation‘of pressure effects
through the 1ncrease of the d-bandwidth as compared to expellmental

sults could be-a good test for the impurity potential scattering
approach of such cffects.

(iii) The s-1like part of the hyperfine field although not dominant
in our case, still may show a chéﬁge in sign®as a function of the
band £illing. So, in the physical realization of the R~ 0 limit
of Blandin and Campbell's .work [4], the s-part contribution may

- change sign, the physical origin of this feature being ascribed to
"cross' s-d-s scattering. | - . .

(iv) Our present calculation may. provide a natural check of a pos

sible connection between LSR experiments and hyperfine field in -

teractions. In fact, as mentioned before in Sect. V, experimental



~-20-

Tesults obtalned by Rettorl et al. [16] on the ESR of rare earth
impurities in several hosts emhloltlng botfleneck effects suggest
a negative value for the d-f exchange coupling J(d) Our results
-show that in such a situation the self-polarization hyperflne
field is to be p051t1ve. So a systematic experimental study com-
bining ESR experiments with hyperfine field meésurements could be
a good test for'the theoretical model developed above.

Some experimental results are available at present; these
involve transition-metals and intermétallic compounds.as hosts.
ESR studles were performed for Er diluted in 4d and 5d hosts like
,Rh Pd and Ir, Pt [18] Deflnlng the hyperfine constant A eff
through th A ff<S >/gI I° the experimental values of A off for
Er in these transition hosts lie between 75 and 77 gauss. This
is to be compéfed‘with the ‘value in insulators A, __ #,71.gauss.
From these experiments one concludes that’ the value of the hyper-
fine constant id rbughly the same for 44 or’Sd hosts. Furthermdre
the effect of the metallic enV1ronment is to introduce ‘a posifivé
shift in the hyperfine constant so AA = A ;. Ains > 0 (orbital
~contributions - are considered here as being untouched by the conduc
tion gas). | - . | |

- Slmultaneously g shift measuréments indicate large and
;npgatlve values consistent with the model suggested by Retorri et
[16T for the natur€ and sign of the exchange coupllngs J(d)

These experimental results [16] are consistent with the
'theoretjcal plcture presented throughout this work In fact, since
ESR g-shift is negative, the coupling J( ) is thought to be ne
gative; also the total hyperfine field. is predlcted to be positive.

- The almost identical hypcrflnc constants reported in refs.
18 fit also with our Lheoretlcal model. As discuséed in Sect.‘V,
one e\pects a smaller bandw1dth for 4d hosts, consequently with
larger d-d responses as compared to 54 ones. However, in 4d hosts,
the pfes¢ncé of a local qorreiation parameter AU tends to reduce
the hYperfine field (sec¢ figures'lz and 16). These competing me
chanisms tend to compensate and give almost identical hyperfine
fields. At this point we sﬁggest further experimental sfudieS'

involving 4d and 5d pure hosts to systematically analyse the above
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mentioned perjod effects in higﬁ d—dcnsity nietals.

Concernlng 1ntermcta1]1c compounds as hosts some experl
men*al work is available [19] . Compounds like Aha and
.AIrZ (A= La, Y, Ce, Lu) doped with Gd ?r Nq show in the case of
Nd, negative. values for AA. Thecewcompounds are :thought to ex-
hibit a small d- den51ty of states (almost flllCd d-band) L19]
Since the g-shift turns out to be positive [19] again these Te- '
sults are consistent (f01 J(d) >0) hlth our Lheoretlcal ﬁodel
Concernlnw the phy<1ca1 plcture sugge ested in ref. 16 for the
exchange coupling J( ) onc expects a competition between intra-
rare-earth site directvexchange (which is positive) and exchange
ﬁifh neit¥neighbouf d-states (which is negative). So in a strong
-d-1ike mectal, the c‘creening condition amounts to reduce ﬁhe direct
1ntra site exchange throuwh the reduction of the 6ccupation nuﬁbcr
of the rare earth site.  Since the neigthur.oCcupation is not to
be cngnbed‘apprcclnbly,uthe negative contribution dominates. In
thesc intcrmetéllics (ARhZ, AIrz) if>the'number cf available d-
conduction states of the nC]thOLTS of the rare earth are supposed
to be small, even if d-states are present at ‘the rare edrth .site
the total <‘c>up11n<T J(d) tends to be p031t1vc in agreement with -
exnnrlmcnt These 51mple ideas can be used to evaluate numerlcal]y
the excha ange 1ntcgrd] J( ) sLarflng from impurity pcrfu*bed d-Bloch
"wave functions [20]. Using thé simple model density of states Eg)l)
J _

occurs.around the middle of the n-d se rles. A more detdlled account

it turns out that a change in sign from poq1t1ve to negative

of this calculation will appear elsevhere [20].
“ Throuvghout this work Bi% ), (r= s,d) was assumed to be in-
dependent of k, k'. This is for simplicity ~casons. 1{f one con-
serves the full k, k! dependc cnce one ha 5 to éompute numerically the
“impurity perturbed mapgnetic responses x p(I ;q4), (dw = s,d). Such
numerical computations invelve complicated suns over the Brilloul
zone since the susceptibilities Xk“(k,q) depend on the band dlsp b
sion relations (A). This bpproximntionAshoﬁld not invalidate the
main results of 1u'% worlk since it amounts to taking an average
value of the k, k' dependent OXChangc‘interaction, impurity effects
Leing incorporoicd in the lecal mognotic respenses x)‘“(()} as given

1
by (%.3)

g

[ —
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Now a few comments on spin glasses. Until now the gene-
rallzatlon of the Ruderman-Kittle- hasuya Yosnda (RKKY). interaction
to a strongly perturbed electron gas has been applied only to Heus
_1ef alloys-[4] In the formulation presented above it appears
-that the e¢xperimental situation of.inteyest can be made more gene-
;ral than the cases mentioned previously [1-6]. In particular, the -
case of frozen spln disorder or spin’glasses as a "new form" of -

magnetic order can be consnacred applylng the ideas dlscussed
throughout thlS work. )

In view of that it would be interesting to have hyperfinec
- field nmnicas urements in transition metal based- rare-earth spin glaJs
'.ystems., As mentioned before, the hyperfine field at a rare earth
nucleus is the sum of the self- polar zation field plus transfcrrcd
hyperfinn field. This last contrlbutlon includes all the statlstlcs
usually. appllea to describe spin glasses, with all the Lheoretncal -
plobloms.opcn. ich, we would suggest the following kind of expe-

riment. Suppose a spin ‘glass ,T (where R is a magnetic

. l-x
rare carth and T 1is the Lran31tlor host) and the following one
Ry_ybu,) T
(\ ) 1-x?
magnetlc rare earth (e.g., Gd) by a non magnetic one as Lu, and

where we have replaced a very small quantity of

assuming rhat since Lu and Gd are both trlva]cnt only'small‘chag
ges on-the spln gla:s bchavaoul ‘occur. By separately measuring
theAhyperflne field at the Lutetium slte.[21] in the-second spin
glass sample and comparing to the hyperfine field measurement at
the R site in the- first spin glass sample, we hope that 53m1~
‘1ar1y to the case of ferromagnetic Gadolinium [21] we can separate
those two contributions, namely transferred and self-polarization
fields. I SR . -

Due to the nature of an spin glass magnetic order, ex-
‘\pc?imcntal difficulties concerning the orientation of the iocal
magnctic moments may appear. The sugges ted hyperfine field ex-
periments depend strongly on the experimental possibility of ang
lyzing spe C1r0°C011f data._ Receni OAHO)lHCth] work_shows that
systens like G4, 1h1'x Ru, and de Cal”¥ Ru, exhibit spin glass
behaviour [22]7 These systems and those  doped with Lu are natural’
candidates for the cxperimental stndy sucgested above and the

present work provides the theoretical tool nceded to extract in-
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formation on the. spin glass order parameter from the knowledge

of the self~ polarlzatlon hyperflne field at the magnetic 51te,

. as derlved from independent measurements at Gd and Lu 51tes.

The study of the temperature dependence of the order
parameter of the spin glass phase [23] requires the extension
in temperature of the computations presented here.
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FIGURE CAPTIONS

Fig.

Fig.

-Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

'Phasé shift ny4(ep) computéd using the band model (4.2)

Cross susceptibility x

- ge in sign of g

-~

d-d local suscept1b111ty dd(O V ) for the band model

(4.1) as a function of the }e;ml energy for several va
lues of the impurity matrix element V,,.
. . " b S R

d~d Iocal susceptibility x (O Vdd) evaluated for the
”trlangular” band model (4. 2) The adopted Vdd values

~are the self- -consistent ones correspondlng to band

fllllng of 3 electrons to 9 electrons. The dotted line
indicates the self- con51stent values of X (O;Vdd) for
the.band fillings. ‘ '

Phase shift ndd(er) computed using the band model (4. 1)

for the same "values of the potential Vqg 2s in fig. 1.

for several self-consistent values of. the Vdd impurity
potential.

le(O) as a function of the Fermi

- energy eg and impurity potenflal Vdd’ for two cases: in

cluding the "phase-shift" ¢ (eF) (p0551b111ty of a chan
mix (0) and neglectlng 8 (sF)(xle(O)> 0).

Total hyperfine field (in units of J(S)A(Z)<SZ>) as a
function of band filling (5 plcctrons to 9 electrons)

“for two dlffcrent d- bdndw1dths The S - bandw1dth is

kept constant.

Total hypejfine field (in units of"j(S)A(Z)<SZ>) as a
function of the strength of the V.q hybridization form

factor.
d-d local susceptibility as a function of £p for the
sclf-consistent values of Vdd corresponding to band
fillings 5 to 9 for the band model (4.1).

The broken line gives the self-consistent values of

dd(0) corresponding to the band £illings.
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13
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s-like contributions to the total h)pcrflne field (in
units of J(S)A(Z)<S“>) as -a function of the coupling

.J(d) (p051t1ve and negative d-f coupllnﬂs) " For refe

rence we plot the values of X%fee(o)

A

Effect of the local "enhancement" correction'Aﬁ (see
text). ' .

Effect of the local “enhanéement" LOTTeCtIOD AU in the

‘s-part (through X mlx(0) show1ng the per51ste1ce of a

change in sign.

Effect of the local "enhancement” correction Aﬁ in the
d-part of the hyperfine field.

s—- and d* like contributions to. the total hyperflne\‘
field (in units of J(S)A(Z)<S >} for the triangular band’
model (4.2) for band £fillings ranging from 3 electrons
to 9 electrons. ' ' |

Effect of the local "enhancement" correction AU for
the-band model defined by (4.2).

A A



~
——

Y¥ad{0) Cheew Y hy e e
N . S -, - 4 . B

25t

20}

b

0




’

%

AV ERN
Qu.

/




FIiG. 3



o 8 L 2 R b e

ndd{ Eg)




X
7

mix

X ™ (0)
1ok &=0
oF %

v, 0.8 -

ad

v, =1.0

3 -

L TG T
e A n
. Rt e S

? .

=




.2

~tot , (s)
1 th /J-

-

AzICsTY

P

5 6 7 8 9 band filling

o e e W o
- ~ .
. - ~
-
-



H, o7 S’A (Z) (S )

— v

=0.4

g=08

aQ

.r
1
¥

Y



10

dd )




- 1O

Lo

3 ﬂmw Z .
Her s dPA(2S) |
| Ll
J <0
band filling
J%o
. FIG. 9

e

Pk kg

i e o2

TR

¥
ey

R T e
X S Sy

SRR

ka4 by

TR bk

fenper

i

miats

v

" 4
o

B g

s Bl R N I S B e

s e IOy ST RIS o £ e (o b s n



<

B ot (s)
Hies J A@) (s™) -

oL

" | N
5 6 7. -8 9 band filing

e B Gmh Ewe G WS W Gy e me e wm e
-~ -

RS

T
I VR A

v

T R R R R A



U ost

N -—ﬂ
M

band filling
AU#O

AU=0



05

-0

H

K i S S S ek 2 e

(d)

" hf

/J A(Z)(S >

- 8

AU

au

9 band fillirg

0



A e+ e e AR - S

(3) (s z
/dA(ZIKS )

th

" (d)

*




