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High-pressure Mossbauer studies on ' 'Eu intermetallics (EuA12, EuAI4, EuCu2, EuCu&,

EuSn3, Euo ~Ybo ~Sn3, EuZn2, and EuPt2} provide information about the volume dependence of
the effective hyperfine field Be«at the Eu + nucleus. These measurements have been per-

formed at 4.2 K and pressures up to 65 kbar. The results show that (i) the volume dependence
of the transferred hyperfine field B,hf is the dominating contribution to BB,f&/Bin V; (ii) the

magnitude of 8Bthf/9 ln V can be explained only if one assumes the participation of s, p, and d

conduction electrons in the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction responsible for

Bthf and (iii) the e xchange integrals for non-s conduction electrons (JzI andI or J&f) are more
sensitive to volume changes than that for s conduction electrons (J,f ).

I. INTRODUCTION

The effective magnetic hyperfine field 8,«at the
nucleus of Eu'+(4f 'sS7~2) ions in metallic systems is

commonly assumed to be composed of the following
different contributions'.

8,« ——8,+8„„+8,„,+8,,„; (l)

8, represents the core polarization field, 8„,is the
contribution from conduction-electron polarization by
the magnetic ion itself, and 8th f the so-called
transferred hyperfine field, stands for all other contri-
butions from neighboring magnetic ions. The total
dipolar field Bd;, is the sum of the Lorentz field, the

- demagnetization field, and the contribution from
neighboring magnetic dipoles; Bd;, is usually small
compared to the other three contributions. Such a
model has been used to analyze the different contri-
butions to 8,« in several Eu-intermetallic com-
pounds, 2 4 assuming 8, (-34+2) T (Ref. 5) and

8„„to be independent of the Eu concentration in

magnetically diluted systems.
A study of the volume dependence of 8.«-in in-

termetallic systems by means of high-pressure
Mossbauer experiments provides further information
on the applicability of such a model. We have shown
previously that the magnitude of 8,« increased in
the intermetallic systems EuSn3, EuA12, EuA14,
EuCu2, and EuCu5 and decreased in EuZn, (Ref. 6)
with increasing pressure. In the meantime we have
performed additional high-prcssure Mossbauer exper-
iments on Eupt2 and on magnetically diluted EuSn3,
i.e., on Euo5Y105Sn3. These experiments support the

qualitative discussion of B8,rI/Bp made in our previ-
ous paper. Furthermore, the dilution experiment
offers the possibility to separate the different contri-
butions to BB,rr/Bp and to propose a model for the
mechanism involved in producing Bthi- in these in-
termetallic compounds. This model will be discussed
in connection with the calculation of the partial densi-
ty of states at the Fermi surface in the model com-
pound LaSn3.

II. EXPERIMENTAL DETAILS

The high-pressure Mossbauer experiments were
performed with a Chester-Jones type high-pressure
setup with B4C anvils allowing Mossbauer transmis-
sion experiments at liquid-helium temperature with
low y-ray energies. The high-pressure cell is based
on a pyrophylite ring supported from outside by a
steel belt which provides an almost quasihydrostatic
pressure at the absorber up to about 65 kbar. Ab-
sorbers were in the form of epoxy-cast pellets with a
typical size of =4-mm diameter and =0.6—0.8-mm
thickness. A superconducting lead manometer' was
employed in the pressure cell for in situ measure-
ments of the mean value of the pressure and the
pressure profile across the absorber.

The compressibility data were obtained with a
high-pressure cell especially constructed for x-ray-
scattering measurements (Debye-Scherrer method)
with low x-ray absorption (diamond anvils). NaCl
was employed in the pressure cell for an in situ pres-
sure calibration.
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FIG. 3 '~'Eu Mossbauer absorption spectrum of EuCu~
at 4.2 K and different pressures, ' The solid lines are the
results of least-squares fits assuming a magnetically split hy-

perfine pattern plus a small quadrupolar interaction.
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than that given by Kropp et al. from NMR measure-
ments. " This discrepancy can be easily explained by

12a small Pt excess (= 5 at. %) in our EuPt2 sample.
The pressure dependence of the effective magnetic

hyperfine field B,ff at the ' 'Eu nucleus and of the
"'Eu isomer shift S (relative to the "'SmF3 source)
are shown in Figs. 5 and 6. In all cases B,ff and S
vary approximately linearly with applied pressure p.
The isomer shift increases, i.e., the electron density

P (0) at the '"Eu nucleus increases in all compounds
with pressure. The magnitude of B,rf increases in

EuA12, EuA14, EuCu5, and EuSn3 but decreases in

EuZn2 and Eupt2 with increasing pressure.
In order to get more information about the main

contribution to 88,rr/Bp we have studied magnetically
diluted EuSn3, i.e., Eup 5Ybp 5Sn3, as a function of ap-
plied pressure. The results of this experiment are
shown in Fig. 7: 8~8,rr~/Bp is reduced from
8[8,rr(/Bp = (6.5 + 0.5) x 10 ' T/kbar for EuSn3 to
about half of that value for Eup 5Ybp 5Sn3
[8l~.rrl/Bp = (3.0+ 0.6) x 10 ' T/kbar, see Table 1];
the isomer shift S, however, is almost unchanged.
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FIG. 5. Effective m ~gnetic hyperfine field Bluff lt the
Eu2+ nucleus as a function of applied pressure for sever ~l

Eu intermetallics at 4.2 K as obt ~ined from least-squares fits.
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sure for several Eu intermetallics at 4.2 K. S values are
given relative to ' 'SmF& at 4.2 K.

FIG. 7. (a) Pressure dependence of the effective magnet-
ic hyperfine field B,ff at the Eu + nucleus for EuSn~ and

Euo 5Ybo 5Sn&. (b) Pressure dependence of the ' 'Eu isomer
shift S for EuSn& and Euo&Yb05Sn3.

TABLE I. Summary of high-pressure Mossbauer and compressibility (~) data for Eu intermetallics. The numbers in

parentheses represent numerical errors in the last digit; i.e., x {y)—=x +y.

Compound
S

(mm/s)
Beff (4.2 K) Beff(0)

(T) (T)
Beep
(T)

Bthf
(T)

K Bslap 8Ia,(„l/Bp
(10 kbar ') (10 mm/s kbar) (10 f kbar ')

EuAlp

EuAI4

EuCu&

EuCu5

—8.94(1) —27.0(3) —28.1(4) +10.5(2.0)"' —4.5(1.0)' 1.11(6)

—10.98(2) —27.8(4) —28.9(5) +4(2)' —1(1)"
—8.27 (4) —17.3 ( 3 ) —18.4( 5 ) +14(2)' 0(1)"'

—8.26(2) —27.4(3) —27.5(4) +7.6(5)' —0.5(5)'

1.01(7)

EuZn& —9.1(1) —23.8(3) —24.4(4) +7.6(6) +2(2)

EuPt& -8,6(1) —4.6(3) —4.6(3) +10(5)d +20(5)d 0.53 (4)

EuSn& —10.04(4) —28. 1(7) —28.4(5) +6.2(4) - —0.6(6)

Euo.5Ybo.sSn~ —10.09(7) —27.6(7) —27.9(8) +6.2(4) —0.3(6)

+1,8(1)

+1,3(1)

+2.0(2)

+1.0(1)

+1.7(1)

+1.5(2)

+2.3 (1)

+0.7(4)

+6.0(5)

+5.3(5)

+1.3(5)

+2.7(5)

+6.5(5)

+3.0(6)

-3.5(1)
—1.8(1)

"Reference 2.
"Reference 3,

'Reference 4.
d Reference 11.
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A summary of all hf data together with some
compressibility data and values for 8„,and B,&q as
far as known are given in Table I. All S and B,ff
values measured at 0 kbar (Table I, columns I and 2)
are in agreement with the experimental errors given
by other authors '' B,r.r(0) is obtained from the
measured value of B,ff at 4.2 K by extrapolating to
T =0 K using the known ordering temperatures and
the Brillouin function for S = —,. The value of Btgf

for EuZn2 has been obtained from B,ff in magnetical-
ly diluted Eu~ „Sr„Zn2 with x =0.25 and by extrapo-
lating to x ~1 as described in Ref. 1. Since the dipo-
lar field Bd;„ is unknown for all compounds, with the
exception of Eucu~, it is included in the Btgf values
given in Table I. For EuCu5 the dipolar field

Bd;, =0.4 T (Ref. 4) has been subtracted.

IV. DISCUSSION

We will describe the effective hyperfine field B,ff at
the &5&Eu2+ nucleus as given by Eq. (I). For the dis-
cussion of the pressure dependence of B,ff we as-
sume 8, to be pressure independent. Since 8, is
caused by the polarization of the inner s shells by. the
4f moment, any pressure effects on inner shells are
neglected by this assumption. The pressure depen-
dence of Bd;~ is generally given by 8InBd;~/(I ln V
= —I, which is very weak (see below) and will be
rieglected. The pressure dependence of B,ff is now

reduced to

~Beff ~Beep ~BtQf+
~p ~p ~p

(2)

The positive values for 8„„in a11 compounds stud-
ied (see Table I) together with the usual assumption
that the spin density of the conduction electrons in-
creases with decreasing volume gives 88„~/Bp & 0
for all compounds. If 88„„/Bp would be the dom-
inant contribution to 88,rr/Bp one should observe a
negative value for i)~Bluff~/I)p for all compounds
(8 ff ( 0, see Table I). Since a negative value for
8 ~Bluff~/I)p is only observed for EuZn2 and EuPt2, we
have to conciude that f)8„~/f)p is nor responsible for
the observed behavior of t) I B.frl/Bp

The influence of 88,&,f/Bp on 88,rr/8p can be dis-
cussed as follows: Btt,f is positive for EuZn2 and
EuPt, and negative for all other compounds (see
Table I). If we assume that the magnitude of B,&,r in-
creases with decreasing volume (a detailed discussion
of this point will be given later), we obtain
88tgf/Bp (0 for EuZn, and EuPt2 and 88~gr/Bp & 0
for all other compounds. Putting this pressure
dependence of Bg&,f in Eq. (2) we obtain the experi-
mentally observed sign for 8IB,rr~/ep, namely,
a Bluff /Bp (0 for EuZn2 and EuPt2 and
a B,ff /Bp & 0 for all other compounds. Thus we
come to the conclusion, that 88t&,f/8p is responsible
for the observed behavior of 8)B,ffj/Bp.

This conclusion is further supported by the results
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obtained from magnetically diluted EuSn3.' in

EUQ 5Ybo 5Sn3 the value of Bthf is about half that for
EuSn3. If our conclusion is correct the value of
8 (Beff(/8p in Euo 3Ybo &Sn3 should be about half that
for EuSn3. This is exactly what we have observed
(see above).

In the following we discuss the observed volume
dependence of Bthf within the framework of the
RKKY theory. The RKKY theory describes the
long-range exchange interaction between localized
spins S; and the conduction electrons which results in

a conduction-electron polarization and thus in an ef-
fective transferred hyperfine field at the Eu2+ site. If
the conduction electrons are described by s wave
functions only, as it is usually done, one obtains'

B,hf
"= Ji(S),;(S),= XF(2kFR, ) S;

Fgn n i

In order to confirm the importance of p and d con-
duction electrons for the RKKY interaction the par-
tial density of states at the Fermi surface has been
caiculated for LaSn3 (model compound for EuSn3,
which shows the largest 8 lnBthf/8 ln V value) by
Hackenbracht, " using the method given in Ref. 7.
The result of this calculation can be seen in Fig. 1:
the main contribution to the total density of states
comes from the Sn5p electrons (= 60%) and La5d
electrons (=20'/o). A modification of Bgf""",which
takes non-s-like conduction electrons into account is
therefore needed for EuSn3 and all the other interme-
tallics which show high 8 InBfhf/8 In V values. In this
case Bthf can be written as

BRKKY (BRKKY ) + (BRKKY )

[A (s)J,f ( S ), +A ( p) JFf ( S )F2EFg.P.

A (s) represents the hyperfine coupling constant cor-
responding to the direct interaction of an unpaired 6s
electron with the nucleus, g„and Ie„are the nuclear g
value and the nuclear magneton, respectively, EF is
the Fermi-level energy, n is the conduction-electron-
to-atom ratio, Jf denotes the effective exchange in-

tegral that describes the coupling between the 4f mo-
ments and the s conduction electrons, (S), stands
for the spin polarization of the s electrons, F is the
so-called Ruderman-Kittel function, kF is the Fermi
vector, and Ri the position of the ith localized spin
S;.

In the free-electron model the sum X, F (2kFR;) S;
is volume independent (kF a: V ' 3, R, ~ V' '). We
assume that the volume dependence of Bthf is
mainly given by the volume dependence of the ex-
change interaction J,f,

8 lnB,hf"""/8 In V = 8 In/&/0 In V

It is expected that 8lnJf/8 In V is of the order of —I
or even smaller. ' From the measured pressure
dependence of B,tf we obtain the following
8 InBfhf/8 ln V values for the compounds whose
compressibilities are known (see Table I): —1.7 for
EuPt2, -12 for EuA12, and —100 for EuSn3. The
value for EuPt2 can be explained within the RKKY
model as described above. The high values of
8 InB,hf/81n V for EuA12 and especially for EuSn3,
however, are physically unreasonable if they are dis-
cussed within this model. In order to explain the
high 8lnBfRf/8ln V values, Bfhf has to be an effective
sum of at least two (or more) contributions with dif-
ferent signs and different volume dependences. Such
a sum would result from the participation of non-s-
like conduction electrons in the RKKY interaction.
Similar considerations have been made by other au-
thors discussing the exchange interaction in interme-
tallic rare-earth compounds. "'

+A (d)Jg(S)~+ ] (4)

where (S)F and (%)q stand for the spin polarization
of the p and d conduction electrons, respectively.
The effective exchange integrals Jf, J~f, and J~~ are
of the same order of magnitude. ' The hyperfine
parameters A (s), A ( p), and A (d), however, differ
in their signs and their magnitudes: & ( p) =A (d)= —0.1A (s).f7 '8 Using these values, Eq. (4) can be
simplified in the following form:

= (const)A (s)

x [Jgf(S)g —0.1(J~F(S)F+Jg(S)g)] . (5)

g8 RKKY
thf

BlnV

\

gB RKKY gB RKKY
thf thf

91n V, , Bin V
(6)

The measured value of 8B,„f/Bin V is negative for

Equation (5) shows that the magnitude and the
sign of 8~~"""is determined by the relative rnagni-
tudes of the s- and non-s ( p, d) contributions. A

small, negative Bthf is observed for all Eu-intermetal-
lic compounds given in Table I with the exception of
EuPt2. One has to conclude, therefore, that the
non-s conduction-electron contribution to B,hf is
slightly larger than the s conduction-electron contri-
bution in these compounds. For EuPt2 the value of
B[hf is large and positive [ (+20 + 5 ) T] which clearly
shows the dominant s contribution to Bfhf [see Eq.
(5)]. This explains why the value of 8 InBfhf/8 ln V

for EuPt2 fits within the RKKY model using only s
conduction electrons.

The observed volume dependence of B,hf offers
now the possibility to get an information about the
volume dependences of J, and J~~ or J~f. The
volume dependence of B,hf" as deduced from Eq.
(4) is
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EuPt2 [(—35+ 5) T] and positive (approximately the
same magnitude) for the other compounds
[(+55 +5) T for EuAI2 and (+65 + 5) T for EuSn31.
Using Eq. (6) together with the fact that

(BRKKY ) (BRKKY )

for all compounds, with the exception of EuPtq (see
above) where (B,hr

"")„,„,= 0, we obtain

(8InBtqr"""/8 In V)„,„,= 2(8InBthrx""/81n V),

If we take into account that (S)„(S)~,and (S)q

do not change with volume (see above) and assume
that A (s) and A (d) are essentially volume indepen-
dent, we get

8 ln J„,„,I/O ln V = 28 ln J,f/8 ln V

We want to point out that this result does not

depend on any assumption regarding the magnitudes
of J,f Jp f and Jqf. A stronger volume dependence
of the exchange integrals for non-s conduction elec-
trons compared to that for s conduction electrons is

expected from theoretical arguments': the overlap
of the non-s-like states with the 4f states is more
sensitive to a volume change than that for s-like
states.

V. CONCLUSION

High-pressure Mossbauer studies of the effective
hyperfine field Beff at the Eu'+ nucleus in Eu-inter-
metallics offer the possibility to study the volume
dependences of the different contributions to B,ff.
We could show that (i) 8Bghf/8 in V is the dominant
contribution to 8B,rr/8ln V and (ii) the magnitude of
8InB,hf/8ln Vcan be explained only if one assumes
the participation of p and d conduction electrons in
the RKKY interaction responsible for Bthf. This was
confirmed by a calculation of the partial density of
states at the Fermi surface of LaSn3 (representative
for EuSn3). Thus our high-pressure Mossbauer stud-
ies together with these calculations lead to the con-
clusion that the magnitude of B,hf is an effective sum
of different contributions due to the participation of
s, p, and d conduction electrons in the RKKY interac-
tion. Furthermore, the volume dependence of Bthf
shows that the exchange integrals for non-s conduc-
tion electrons (J~~ and/or J~/) are more sensitive to
volume changes than that for s conduction electrons
(J,,f).
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