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EuAl2 at Pressures up to 41 GPa: A Localized Magnet Exhibiting Highly
Nonlinear Electronic EH'ects
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Physik-Department EI5, Technische Universitat Mti'nchen, D-8046 Garching, Germany

(Received 21 December 1992)
' 'Eu Mossbauer studies under hydrostatic pressures up to 41 Gpa coupled to x-ray diAraction mea-

surements show that —contrary to expectations —the 4f electrons in EuA12 remain fully localized even
under a reduction of unit cell volume of -30%. However, strongly nonlinear eAects are observed for the
conduction electron polarization, for the s-electron density p(0) at the '"Eu nucleus, the Neel tempera-
ture Tfv, and the transferred hyperfine field BIhf. With reduced volume, p(0) increases hyperbolically;
Tfv and BIhf are quadratically connected to p(0). The latter results can be described quantitatively
within the RKKY formalism.

PACS numbers: 76.80.+y, 62.50.+p, 75.30.—m

Hybridization and exchange interaction involving 4f
electrons in rare earth compounds are of fundamental in-
terest, in particular in intermediate valent (IV) systems,
where a valence electron is shared by the 4f level and the
conduction band [1,2]. In Eu the 4f electron core is
stable in two configurations, 4f and 4f; the latter rep-
resents a half-filled 4f shell. These two configurations
correspond to the charge states Eu + and Eu +, respec-
tively, found in ionic compounds. Although in conducting
systems Eu is neutral, it has become customary to speak
of trivalent and divalent charge states to express the simi-
larity of the 4f core to that in the pure ions. These two
states differ dramatically in magnetic behavior: Eu +,
4f ( Fo) is nonmagnetic, Eu +, 4f ( S7g) shows pure
spin magnetism. Hence Eu intermetallics are well suited
to gain information on magnetic properties of IV systems.

With ' 'Eu (21.6-keV) Mossbauer spectroscopy the
charge states can be identified by their isomer shifts as
well. The difference in shift at ambient pressure between
Eu + and Eu + is —14 mm/s, about 10 times the experi-
mental width of the resonance lines.

Of particular interest is the cubic Laves-phase interme-
tallic EuA12 [3]. It orders antiferromagnetically at 27 K
under ambient pressure. Our x-ray data gave a bulk
modulus of 80 =53.8(1.8) GPa and its pressure derivative
Bo =4.18(0.16), i.e., a volume compressibility between
those of CeA12 and YbA12. Since the latter is a known IV
case [4], EuA12 also might be an IV system.

In addition, under a large reduction of unit cell volume,
the magnetic hyperfine field, the Neel temperature, and
the conduction electron density are expected to show non-
linear volume dependencies. In the past they could not
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FIG. 1. ' 'Eu Mossbauer spectra of EuA12 at 300 K, 4.2 K, and various pressures. The source is kept at the same temperature as

the absorber.
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be observed well since volume reductions of more than
—10% were not achieved [2,3]. Here we report ' 'Eu
Mossbauer studies of magnetic parameters (i.e. , hyperfine
field, Neel temperature) and isomer shift of EuA12 in the
presence of quasihydrostatic pressures up to 41 GPa, cor-
responding to a volume reduction of —30%, and temper-
atures down to 4.2 K.

The experiments were carried out in transmission
geometry with a 320-mCi ' 'Sm203 source. Pressure is

applied to the EuA12 absorber by a diamond anvil cell
based on a design described earlier [5]. Important
modifications allowed us to reach the regime of 50 GPa
for a sample diameter of 0.3 mm at temperatures be-
tween 4.2 and 340 K. Details will be presented in a
forthcoming publication [6].

Spectra recorded at 300 K and low pressures exhibit a
single line with an isomer shift corresponding [7] to me-
tallic Eu +. Figure 1 gives examples. When pressure is
increased the resonance line moves towards more positive
velocities corresponding to an increase of s-electron densi-
ty p(0) at the Eu nucleus [S=ahp(0) with a =0.35ao
mm/s (Ref. [7])l. Spectra at 4.2 K (T((T~) show at all
pressures magnetic hyperfine splitting reAecting the or-
dering of the Eu moments. Figure 2 displays the volume
dependence of isomer shift. The solid line is a fit to a hy-
perbolical dependence of S on volume reduction. It ex-
plains the data well. A linear fit (dashed line) works only

up to a volume change of 10%, which is the typical range
of most high-pressure Mossbauer experiments in such
systems up to now [2,3]. Clearly, if larger volume reduc-
tions are involved a linear fit is insufficient.

The increase of p(0) when volume is reduced will

mainly originate from three mechanisms [7,8].
(i) Uniform compression of s-like conduction electrons,

mainly 6s electrons. According to Ap(0) = —p(0)(AV/
V), this leads to a hyperbolic change of p(0) (or S) with
reduced volume.
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F'IG. 2. Volume dependence of the isomer shift 5 at 300 K.
The solid line is a least-squares fit where 5 depends hyperboli-
cally on the volume change: S(V) =Cl+C2I(l/V) —(1/Vo)l,
where C] and C2 are constants and Vo is the unit cell volume at
ambient pressure. The dashed line is a linear fit to the data
points up to a volume change of 0. 10.

Bhf Bc+Beep+ Bthf+Bdip (2)

B~ is the core polarization field arising from the 4f elec-

(ii) Increase of intra- and interatomic exchange in-
teraction between 4f and 5d, 6s and 6p electrons due to
increased hybridization. This leads to a reduced shielding
of s-electron densities by the 4f electrons and also in-

creases p(0). To make predictions of the resulting depen-
dence of p(0) on volume would require relativistic self-
consistent field calculations which unfortunately are at
present not available.

(iii) Promotion of a 4f electron into the conduction
band, i.e., a valence change from Eu + to Eu +. This
process is known to cause a strong temperature depen-
dence of p(0) [9].

At a particular temperature T, the isomer shift 5 or its
variation with pressure is determined relative to the
' 'Sm203 source. Both source and absorber are kept at
the same temperature T. We observe a total pressure-
induced difference in S of 6.93 mm/s between 0 and 41
GPa at 4.2 K. At all pressures the variation of 5 between
4.2 and 300 K is (0.5 mm/s and at some pressures even
of opposite sign. The charge state of Eu which is close to
v=2 is stable, i.e. , it does not move towards v=3, even
for a volume reduction of 30% within the limit Av ~ 0.05.
The causes for the large pressure-induced change of 5
have to be (i) and (ii). The hyperbolic dependence of S
on volume reduction (Fig. 2) strongly suggests that (i) is

the dominant mechanism.
The Neel temperature T~ derived from the onset of

hyperfine splitting rises from 27. 1(1.9) K at ambient
pressure to 340(10) K at 41 GPa. Because of thermal
contraction of cell material the pressure acting on the
sample for a fixed setting of the cell is dependent on tem-
perature. Hence in the determination of the pressure
dependence of T~ (as well as for the temperature depen-
dence of S) careful pressure calibrations were carried
out. The more than tenfold increase of Tz is strongly
correlated to the change hS of isomer shift as demon-
strated by Fig. 3 (top) where A(Tj ) vs AS is plotted.
The straight-line fit gives h(Tg ) in K' and AS in

mm/s:

6(Tj ) =1.865(36)AS+0.43(15) .

Our value Tfv =27.1(1.9) K at ambient pressure is in

disagreement with earlier results [10] claiming two
different ordering temperatures (Tjv =15 K and T~ =30
K). A detailed study of the EuA12-EuA14 system shows
that T~ =15 K for EuA14 whereas T~ =27.1(1.9) K is

the Neel temperature of pure EuA12 [6].
The magnetic hyperfine field BN at the Eu nucleus

shows the largest variation in magnitude observed so far.
It increases by more than a factor of 2, that is, from
—26.8(l) T at ambient pressure to —68.7(6) T at —41
GPa. Bhr can be written as the sum of four terms [3],
since the orbital contribution to Bhf vanishes for Eu +:

2033



VOLUME 70, NUMBER 13 PH YSICAL REVIEW LETTERS 29 MARCH 1993

14

10-

dence of 8thf. This transferred hyperfine field turns out
to be strongly correlated with T~, as shown in Fig. 3
(bottom). The straight-line fit gives for Bghf (in T):

B(hr = —0.162(4)T~+ 2.52(58) . (3)
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Clearly, via relations (1) and (3) the transferred
hyperfine field 8thf is correlated quadratically to the in-

crease of the s-electron density at the nucleus, p(0).
The volume dependence of the magnetic properties and

their correlations to the s-electron density can well be ex-
plained within the RKKY model. 8thf and T~ can then
be expressed as [141

Bthr = 2as(sz)s 2ans(sz)ns
—10- SE„(SE„+1)

T = " " (r,f,( ),+r,f„,(,)„,),3k' Sz pu
(5)
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FIG. 3. Linear relations between the change of TJ4/ and the
change of S (top) and between Bthf and T~ (bottom) when the
volume of the unit cell is reduced. At each data point the pres-
sure (in GPa) is indicated. Because of thermal contraction of
the pressure cell the pressure given for high T~ values diA'ers

from that at 4.2 K where Bthf is determined. The fits show that
Tz as well as Bthf are quadratically connected to the s-electron
density p(0) at the ' 'Eu nucleus.

trons, 8„~ is the self-polarization field due to polarization
of the conduction electrons local to the ion by 4f
conduction-electron exchange, and 8thf is the transferred
hyperfine field felt by the nucleus due to conduction-
electron polarization by neighboring magnetic sites. The
dipolar field Bd;p can safely be neglected. At ambient
pressure the following values are deduced [111 for EuA12.

Bc = —34.0(2.0) T; B„@=+10.5(2.0) T;

Bthr= —3.3(0.5) T.
The enormous increases of T~ and ~Bhr~ with pressure

demonstrate —in agreement with the already mentioned
results for the isomer shift —that the 4f electronic
configuration is highly stable. As a consequence, the lo-
cal moment of Eu + in EuA12 is saturated at the 5= 2

free ion value and the pressure dependence of 8~ must be
negligibly small. The question of the pressure depen-
dence of 8„~ is complex and has been discussed in some
detail [3,12,13]. In Ref. [13] it was argued that, in con-
trast to EuPt2 and EuZn2, the pressure dependence of
8„~ is not significant in EuA12. Therefore the move of
Bh~ to more negative values with increasing pressure is in

good approximation solely caused by the volume depen-

9+Z
I 4f(SZ)E„+F(kfR;)cosq' R;,

4EF
(6)

where EF is the Fermi energy, Z is the number of con-
duction electrons per atom, and F(x) =(xcosx —sinx)/
x; kF is the Fermi vector, q the wave vector of the anti-
ferromagnetic structure, and R; the position vector of the
spin i. At ambient pressure we have for EuA12,
Bghf

—4.5 T, TN =27. 1 K. Using a, =375 T/(spin —,
' )

and I 4f 0.16 we obtain (sz)„,= —0.0143 and (sz),
= +0.004 57, i.e., ferromagnetic polarization of non-s
electrons and antiferromagnetic polarization of s elec-
trons [14]. The polarization of non-s electrons plays an
important role. From (5) and (4) we get

Bthf (Sz)Eu as (sz)s 0 1(sz)n= —6k'
TJv Sp„(Sp„+1) I 4f (sz), +(sz&

In Eq. (6) the sum is pressure independent. Since FF is
not very sensitive to pressure, the exchange integral I 4f
has the same pressure dependence as the conduction-
electron polarization.

Experimentally we observe that the ratio Bthr/TJv is in-
dependent of volume (Fig. 3, bottom). Assuming the
pressure dependence of the non-s and s conduction-
electron polarizations to be alike, it follows from Eq. (7)
that a, must have the same volume dependence as I 4f.
This conclusion is in disagreement with Ref. [3] where a,
was considered to be volume independent. Since our data
cover a volume change of 3G%, it would be very dificult
indeed to keep Bttf/Tv constant over this large range of
volume change unless a, and I 4f do have the same de-
pendence on volume. To connect magnetic properties

where one has for the hyperfine interaction constants for
s and non-s conduction electrons a„,= —O. la, and for
the exchange integrals I 4f, =14f „,= I 4f. Sp„ is the 4f
spin of Eu and k~ is the Boltzmann constant. The spin
polarization of s-like and non-s-like conduction electrons
is given by [14]

(.,&, +(sz)„,
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(Ttv, Bthf) with the s-electron density [p(0)], we combine
Eqs. (5) and (6):

SE„(SE„+I ) 4EF .
1

TN
3ktr(Sz)E„9trZ Z;&(kFR;)cosq R;

x ((sz), +(sz)ns)'. (8)

Bthr~ p'. (0) . (10)

The fulfillment of relations (9) and (10) can be con-
sidered characteristic of localized f-electron systems.
Ho~ever, they are only observable in the absence of an
orbital field, that is, for S-state ions.

In conclusion, our high-pressure Mossbauer data show
EuA12 to be a typical divalent Eu system which retains its
localized magnetic properties up to volume changes of
—30/o. The width of the 4f state might increase because
of hybridization with conduction electrons. It is, howev-

er, reflected neither in the isomer shift nor in the magnet-
ic parameters B&ht and Ttv. The s-electron density p(0)
increases hyperbolically with reduced volume, a behavior
expected if the conduction electrons behave like a free
electron gas. An increase of magnetic order —although
not as drastic as for EuA12—and of isomer shift S has
been found upon application of high pressure in the fer-
romagnetic compound Euo [8]. At —15 GPa an in-

crease of the slope of S was observed and interpreted as
the onset of weak IV behavior. Unfortunately, since EuO
is a semiconductor it does not seem to be feasible to com-
pare the pressure behavior, especially of the isomer shift,

It is to be expected under the conditions outlined that the
polarization of conduction electrons (ce) is proportional
to their density, p„, which again is proportional to the
density of ce at the nucleus, p„(0). We obtain

Tlv ec p.'.(0),
the same relation that has been found previously for a
Np intermetallic compound [15] using the Rudermann-
Kittel-Arrott (RKA) model for localized f spins. Clear-
ly, TJ cep„(0) and A(TtII ) cchp„(0) rx:AS. The linear
relation between A(T)j ) and AS holds for EuAIz over
the whole pressure range [Eq. (1) and Fig. 3, top]. The
intercept in Eq. (1) is due to a small systematic error in

determining T~.
Since 8th f/Tlv is constant, obviously also

for the two compounds. Our data prove that at least in
metallic systems the assumption of a linear volume
dependence of isomer shift is not sufticient at large
volume reductions. Fully relativistic self-consistent the-
oretical calculations are highly desirable to establish this
volume relation for p(0). Ttv as well as ~Bht~ increase
drastically when pressure is applied. It is demonstrated
for the first time that both magnetic quantities are, qua-
dratically connected with p(0). An explanation is given
within the RKKY formalism.
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