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ABSTRACT

A simple s-, d-band model for the rare—earths is used to describe the

g-shifts in metallic systems containing gadolinium. The temperature depen

(d)

dence of the d-electron susceptibility X is suggested to explain the ap-

parent discrepancies between the exchange parameters Je meagured using

£f
different techniques (EPR, bulk magnetization measurements, hf fields). A
numerical calculation shows that a model band with a narrow (~. 0.1 ev wide)
(d)

peak near the Fermi level could account for the required variation of ¥

in gadolinium metal.
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I. INTRODUCTION
Several authors have recently considered the Ga%* g~shifts in inter-

1 2. The

metallic compounds and solid solutions containing gadolinium

values of the exchange parameter Jeff derived from the g=shift measurements
are in some cases in conflict with those obtained from other methods (see
Maple 3). It has been suggested by Coles and collaborators t that the

| negative g-shifts could be understood by assuming that the s- and d~elec-

trons in the conduction band magnetize in opposite directiops. The problem

.
of s-d hybridization is discussed in another work *u.

2. BAND MAGNETIZATION AND g-SHIFTS IN THE RARE-EARTHS

We have taken into account the findings of band celenlati~ 'n Gd
which show a transition-metal like band with a substantial d-electron
density at the Fermi level. We start with a Hamiltonian for the  interac-
tion between the (s and d) conduction electrons and the localized spins

§n, assumed of the usual form:

{ = - (D) gl T2
:;\Jn - __Z Jeff S{r Rn, Uj <z (x> (1)
i=s,d

Following the conventicnal derivation © (in the limit of fast electron-lat-

tice relaxation) the expression for the g-shift in such a metal is given by

J(i) X(i) 1
i=s,d g 2 gu | °© ©
e B e B
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where
The d-part of the band susceptibility has been written X(d)(T) to emphasize
the fact this is the part most dependent on the temperature. We are also

assuming that the Van Vleck contribution XVV is small.

Besides g-shift measurements, other experimental techniques used to
obtain the exchange parameters Jeé%) include magnetization measurements
and hyperfine field measurements. The net band magnetization at . saturation
is given within this s-, d-band model by:

1
ms — J(d)

off x(d)(o) + Jéi% X(S) <38 > (3)
gUB

The variation in the lanthanide hyperfine field in an intras--are-earth

solid solution is also dependent on the products Jé%% X(l). > glope of
the hf field versus average spin of the alloy can be shown to be 6

dH 1 '

_ d (d) (D (s) _(8)
— = -l e Jopr X0 (0) + AZ) T gp X ()
a <S> gu :
e"B

where agore"‘— 50 kOe is a core-polarization coefficient and A(Z) is re-

lated to the hyperfine constant 12. The first term in (4) gives the core

polarization hf field produced by the d-electrons in the band; the second

term 1s the contact term with the band s-electrons.

If one applies expressions (2), (3) and (4) to a metallic system contain

ing gadolinium, substituting reascnable estimate for Jé%% x(l) one finds

that the d- and s-electrons contributions differ markedly in importance
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from one expression to the other. For instance, the band magnetization m (at
= 0°K) is dominated by the d-electron term; on the other hand the slope
in the graph of hyperfine fields versus concentration (in RE-RE alloys 6) is

almost entirely determined by the s-electron contact term.

From Eq. (2) we see that the g-shifts have contributions from both s and

d susceptibilities; depending on the details of the band structure, the
(d)

value of x' (T) at the experimental temperatures can be significantly dif-

(d)(o) 13
(d)

ferent from yx (which appears in the magnetization) and more, a

decrease of ¥ with temperature can possibly make the s-electron contribu-
tion to the g-shift dominant. This may result in a change in sign of the
(s) (d, 10

egr <0 (although we always have J of £ )

We think that the variation of the d-susceptibility with temperature may

g-shift, since in many cases J

explain some of the disagreements between measurements of Jeff using dif-

ferent techniques (which are performed at different temperature<®

Magnetization measurements in lanthanum and lutetium 1l show that the
susceptibility decreases with temperature; it is likely that the d-band

susceptibility in the magnetic rare-earth metals behave in the same way.

An example of a metallic system where the temperature dependence of
the d-susceptibility could be important is gadoliniun metal. The low tem-
Perature magnetization results 7 are consistent with a positive band mag-
netization (assuming a free-ion value for the’Gd3+ moment) with m = O.SuB;
the g-shift at T > 370%K is negative, and Ag = -0.04 8, 9. This can be

understood if one has

and
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(s)
Jéff <0.
The negative value of the s exchange parameter is normally associ-
ated to the large role of interband mixing 10, although this may not always

be necessary lu.

Using expressions (2) and (3) for the g-shift Ag and the magnetiza-

tion m, and the experimental values for these quantities, we obtain

(s) d
(s) X @ X
Jeff g 0.14 - Jocf —
g _u? R T
e"B e "B
and
) X(s) ] (d) x(d)(T)
off 5 7T 0.0% = Joer 2
e B € M
where J;g% (d )(T)/g “B is a positive quantity, since J(?% > 0. We there-
fore have
(@ (@ |
‘¥ Jegg X (T)/g g
= = (5)
(D) a) ,
X (3) 0.18 + J_ G- x (T)/g, pé

_Taklng a reasanable value of J'9) x(d)(T)/geué, for instance 0.03 (which

eff
in turn leads to Jé?% X(S)/ge“B = - 0.07}, we have
(d)
X T (T) "
7
P o)

The negative g-shift and the positive band magnetization could thus

be comprehended if the high temperature d-band susceptibility was about seven
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times smaller than its value at T = 0°K. This is a very rough estimate
since we expect the uncertainty in m to be of at least 20%; the spread in
the values of Ag for Gd metal in the literature is of the same order of
magnitude. From the hypothesis of 3D )((d)/geuf’3 = 0.03 and x(d)(O)/geuB =

= 1.5 ev! (estimated from N(EF) = 1.8 ev™? 5) we derive J(d) x 0.14 and

J e(ff% ~ - 0.2 for gadolinium.

3. A MODEL BAND FOR GADOLINIUM METAL

It is well known that if the Fermi level at 09K is near a maximum  in
the density of states, the band susceptibility decreases with increasing
temperature. Starting from this basic idea we have attempted to devise a
model for the band structure of gadolinium metal which could account for a

drop in magnetic susceptibility to 1/5 - 1/10 of its saturation value.

The magnetic susceptibility is given by 13

- T N(e)de 7 N(e)de
-2l ] ]

H

0 exp((e - €p = uBH)/kT) +1 0 exp((e - €p * uBH)/kT) +1

(6)

where the Fermi level €p has to be computed at each temperature. Since the
above expression gives a non-zero contribution only in a region of width
~ KI' around the Fermi level, the dependence of the susceptibility with tem-
perature is related only to the band structure within this narrow energy
range. Numerical calculations using expression (6) were performed by as-

suning a peak in the density of states centred at eq(T = 0°K); the width
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of this line (of lorentzian shape) was made to vary, keeping constant the
height N = 1.8 ev™? 5. Since the g-shifts are usually determined by extra
polating (e.g. 18) the measured shifts to —— = 0 (to eliminate the
contribution from the localized moments whggﬁ follows a Curie-Weiss law)
we have followed a parallel procedure: the susceptibilities were computed
at different temperaturesin the range 400-600 °K and then extrapolated to

T = oo,

This showed that we could, with a line 0.1 ev wide (full width at
half maximum), produce a drop in the susceptibility to 1/5 of its low
temperature value. This result is in rough accordance with the assumptiocns

of section 2.

Another possibility which could &’ ternatively explain the conflicts
between magnetization and g-shifts results wcald involve d-band lattice
relaxation times such that the d- susceptibility would not contribute  to

the g-shifts.
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