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Kondo state and pressure-induced ferromagnetism in CeZn
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A pronounced Kondo anomaly and a transition from antiferromagnetic to ferromagnetic states
develop due to a structural phase transition which appears at high pressures above 8 kbar. The
magnetic-moment value at 4.2 K and zero field, 0.55pq/Ce, in the ferromagnetic state is consider-

ably smaller than that in the antiferromagnetic state at ambient pressure.

I. INTRODUCTION

Dense Kondo anomalies and the valence fluctuations in
Ce-based alloys and related compounds have been under-
stood to come from the small energy difference EF E4f, —
and the ensuing strong hybridization between the 4f level

E4f and the Fermi level EF of the conduction band. '

Furthermore, crystalline electric field (CEF) effects
should be taken into account for a complete understand-
ing, although the analysis becomes very complicated. In
order to change or control the magnitude of EF E4f, —
especially EF, pressure will be a very effective and pure
external variable, since changing composition or alloying
inevitably leads to atomic randomness and heterogeneity.

We have previously studied the magnetic properties of
some CsC1-type rare-earth compounds, CeAg, CeCd,
CeT1, and PrAg, ' under pressure, where many of them
undergo the pressure-induced structural transition from
cubic to tetragonal. Since these structural transitions have
been considered to come from the (Sd 6s) band Jahn-Teller
effect, 6 pressure brings further splitting of the Sd 6s bands
(degenerate in the cubic phase) resulting in a large change
in EF Eqf. This ch—ange will certainly influence the
Kondo state. In the present work we found in antifer-
romagnetic CeZn with the cubic CsC1 structure that pres-
sure promotes the tetragonal phase with ferromagnetic
character and greatly enhances the Kondo anomaly.

Ttt is rather discontinuous indicating a first-order transi-
tion thermodynamically, where the Ttt value (=30 K),
indicated by an arrow, was defined as an inflection point
in the rapidly falling curve. The Ttt value decreases with
increasing p. The first-order transition at Tz does not
appeiir at a pressure of 10 kbar. At p =12.5 kbar, two
anomalies are seen in the p-T curve. (i) A bend at the
low-temperature side indicates the appearance of the
pressure-induced ferromagnetic state (the Curie tempera-
ture Tc), which was confirmed with the magnetic data, as
discussed below. The Tc value, indicated by an arrow,
was defined as a point of intersection of linear extrapola-
tion of the curves at both sides of the bend. The Tc value
initially decreases once and then increases with increasing
p. (ii} The broad thermal hysteresis at p =12.5 kbar may
be attributed to the structural transition from cubic
(high-temperature side} to tetragonal (low-temperature
side), judging from the analogous behaviors with other
CsCl compounds CeAg, CeCd, and LaAg. ' The transi-
tion temperature, denoted by TM, was defined as the
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II. EXPERIMENTAL

The polycrystalline sample was prepared by sealing the
constituent elements in a Ta crucible in Ar atmosphere,
melting them at 1200 'C for 3 h and annealing at 500 'C
for 1 week in order to homogenize the composition. The
clamp-type piston-cylinder pressure cells were used for the
measurements of resistivity p and magnetization tr at high
pressures. Details of the experimental procedures are re-
ferred to in our previous articles. s

III. RESULTS AND DISCUSSION

Tc
i2.5

Tc
1 g.3

Tc
iS.3

I

s

-7.s
I —5.2—0

In Figs. 1 and 2 are shopvn the electrical resistivity p
versus temperature T curves of CeZn at various pressures
p's in temperatures from 2 K up to 60 K (Fig. 1) and up
to 300 K (Fig. 2), respectively. In Fig. 1, at ambient pres-
sure p =0 kbar, the change in p at the Neel temperature
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FIG. 1. Electrical resistivity p of CeZn versus temperature
T ( ~60 K) curves at various pressures.

33 4799 1986 The American Physical Society



KADOMATSU, TANAKA, KURISU, AND FUJPVARA 33

C" ' "I

, CeZn

100 -,
29.0

center of gravity of the hysteresis.
The essential result to be mentioned in connection with

Fig. 2 is that the Kondo behavior is found to become no-
ticeable at high pressures. It has been reported by Pierre
et al. that CeZn displays incipient Kondo behavior at
ambient pressure. The definite result at ambient pressure
could not be obtained in Fig. 2, but it is found that the
slope of the p-T curve with temperature in the cubic
phase up to 10 kbar above T~ slightly decreases with
pressurization indicating the enhancement of Kondo
behavior with pressurization. Once the pressure-induced
tetragonal phase develops, the overall p value markedly
increases and the p-T curve shows pronounced Kondo
behavior with two humps. The result is similar to that
obtained for CeCu2Si2. " The dashed curve 8 in Fig. 2 is
the curve at 29 kbar which represents the contribution of
4f electrons to p. The curve could be obtained in a con-
ventional way by subtracting the phonon part from the
observed curve. In the present work the p-T curve of
nonmagnetic LaZn' at ambient pressure (dashed curve A)
was temporarily chosen as the phonon part of CeZn.
With respect to the thermal hysteresis phenomena at T~,
the hysteresis becomes more evident as pressure increases
and dT~/dp is very large.

Next, the magnetic states at low temperature were ex-
amined from the magnetization curve at 4.2 K under
pressures as shown in Fig. 3, where the ordinate and
abscissa are the magnetization cr in p,~ per Ce and mag-
netic field H, respectively. At p =0 and 4 kbar the mag-
netization curves are linear from the origin, indicating
that the magnetic state is antiferromagnetic up to 4 kbar.
At p =8 kbar, however, the curve with field hysteresis
shows the appearance of spontaneous magnetization; that
is, of the pressure-induced ferromagnetic state, although
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the high-field susceptibility is almost the same as that at
p =4 kbar. With further increase in p, spontaneous mag-
netization cr, greatly increases, and the value almost satu-
rates above p =12.5 kbar, where cr, was obtained from
the smooth linear extrapolation of the curve back to zero
field. The above-mentioned saturated value is about 0.55
p, ii/Ce.

Figure 4 is the pressure-temperature (p-0 magnetic
and structural phase diagram of CeZn which has been
constructed from our present data. The main points are
arranged as follows. (i) The critical pressure p„at which
the cubic-tetragonal transition appears at 0 K, is 8 kbar
and the transition temperature T~ greatly increases vrith
increasing p at a rate of dT~/dp =+15 K/kbar. The
values of p, and dT~/dp for other CsC1 compounds
LaAg, ' CeAgP and PrAg, for example, are 4, 2, and
10 kbars for p, and + 17, + 18, and + 13 K/kbar for
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FIG. 3. Magnetization a at 4.2 K in p&/Ce versus magnetic
field H curves at various pressures.
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FIG. 2. Electrical resistivity p of CeZn versus temperature
T ( & 300 K) curves at various pressures. The curves A and 8
are of I.aZn at 0 kbar obtained from Ref. 12 and of CeZn at 29
kbar obtained by subtracting curve A, respectively.
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FIG 4. Pressure-temperature (p-T) magnetic and structural
phase diagram. The shaded part denotes the width of the
thermal hysteresis of the structural transition ( T~).
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dT~/dp, respcx:tively. (ii) In the low-pressure cubic
phase, Tz decreases at a rate of 1TN /dp = —0.22
K/kbar. This rate is comparable to —0.17 (CeZn) and
—0.2 (CeMg}, in the same units, reported by Galera
et al. ,

' and to —0.28 (CeT1). Galera et a/. have mea-
sured TN up to 6 kbar. (iii) In the pressure-induced
tetragonal phase at high pressures, a ferromagnetic state is
also induced. Kith increasing p, the T~ value initially de-
creases, takes a relatively broad minimum and slightly in-
creases above 20 kbar. (iv) The shaded part denotes the
width of thermal hysteresis at T~ or perhaps a mixed re-
gion of cubic and tetragonal phases. Therefore, magneti-
zation curves at p =8 and 10.5 kbar in Fig. 3 are those in
the mixed region, and curves above 12.5 kbar are in a sin-

gle tetragonal phase. The disappearance of discontinuity
in the p- T curve at T~ at 10 kbar in Fig. 1 may be related
to the circumstance that the measuring temperature range
is just in the mixed region. (v) Once the pressure-induced
structural transition develops, the Kondo behavior is pro-
nounced.

Finally discussion will be made on our experimental re-
sults: (i) pressure-induced structural transition from cubic
to tetragonal and (ii) more conspicuous development of
Kondo behavior and a change in the magnetic phase from
antiferromagnetic with a large moment value of 1.9
ps/Ce to ferromagnetic with a small moment value of
0.55 ps/Ce after the structural transition.

There is a broad maximum around 80 K in curve 8 in
Fig. 2. This kind of behavior has also been found in the
well-known Kondo system CeA12, ' and has been dis-
cussed by Cornut and Coqblin'5 as a result of the infiu-
ence of CEF on the Kondo state. On the basis of their
discussion, the CEF I 7-I"8 splitting should be roughly
equal to 80 K, and this value is comparable with 65 K ob-
tained from neutron diffraction measurements at ambient
pressure in the cubic phase. Further verification of the
CEF was checked by the lnT dependence of p. With
respect to curve 8, the temperature dependences at low
(Tc-30 K) and high (120-290 K) temperature are
linear. The linear dependence is also obtained in the low-
temperature range for p =15.3 and 19.3 kbar shown in
Fig. 1. The ratio of high-temperature slope of p versus
ln T line to the low-temperature slope is about 3.4 in curve
8. According to the theoretical estimation, ' the ratio is
2.3 when the CEF ground state is I s.

Regarding the variation of the Kondo state with pres-
sure application, Doniach's necklace model' has previ-
ously been discussed: see Croft et al. on CeA12 (Ref. 17),
DeLong et al. on CeIn3 (Ref. 18), and Eiling and Schil-
ling on CeAg (Ref. 19}in discussing their experimental re-
sults. This model is likely to be applied to some parts of
our results obtained in the present work, that is, to the an-
tiferromagnetism in the cubic phase, negative dT~/dp,
and enhancement of the Kondo behavior with pressure.
Among the properties in the tetragonal phase, however,
the appearance of ferromagnetism and nonsensitivity of
Tc with further increasing pressure (Fig. 4) are not likely
to be explained by the necklace model in its original form.
The above-mentioned properties or the coexistence of fer-
romagnetism and the Kondo state are certainly very in-
teresting and have also been found in CeSi2. But such

behavior is quite infrequent.
The pronounced Kondo behavior in the pressure-

induced tetragonal phase in Cezn has been understood as
follows in the present work. In CsC1-type rare-earth com-
pounds the Fermi level Ez in the cubic phase has been
considered to lie just below a peak of the density of states
of the conduction (5d6s) band. ' When the transition
from cubic to tetragonal phases occurs, the degeneracy of
the bands will be removed, resulting in a decrease in EF
due to the downward movement of the band bottom.
Then the d-f hybridization

I Vkf I
increases and the

difference between EF and E4f IE~ E4f I—, decreases.
As a result, the Schrieffer-Wolf —type interaction~2

which is a leading d-f interaction to be considered here,
will be enhanced in magnitude. Furthermore, the magnet-
ic f-f interaction between Ce atoms, which suppresses the
appearance of the Kondo state, will be reduced, since the
magnetic ordering temperature decreases from 30 K to 10
K through the structural distortion. From these cir-
cumstances, the pronounced Kondo state in the tetragonal
phase at high pressures could be qualitatively understood.

On the bases of the Ruderman-Kittel-Kasuya-Yosida
model, the magnetic transition temperature T~ and Tc
are expressed by

[2mN~J (g —1)j (j +1)/EFks jjg exp( iqR„)F(2k—~R„),

where q&0 for T~ and q =0 for Tc. The decrease in Tv
with p cannot be understood as resulting from the pres-
sure dependence of J, which denotes Schrieffer-Wolf-type
d-f interaction in the present work. Therefore, the pres-
sure dependence of EF and F(2k+R„), which depend on
the band structure, should also be taken into account.
The same circumstance will be adopted for the pressure
dependence of Tc. The magnetic transition at TM from
antiferromagnetic to ferromagnetic states is mainly attri-
butable to the change in F(2kFR„) with p.

Regarding the magnetic moment per Ce atom, the cal-
culated values~3 corresponding to the ground states I s and
I 7 are 1.9p,s/Ce and 0.7ps/Ce, respectively. The ob-
served value 1.9ps/Ce at 4.2 K in the cubic antiferromag-
netic phase at ambient pressure indicates that the ground
state is I"

s in this phase. In contrast, the value in the
pressure-induced tetragonal and ferromagnetic phase
above p, was anomalously small, 0.55ps/Ce. We could
understand this moment value as follows. The moment
value in the cubic antiferromagnetic phase of CeMg (Ref.
23) is large (-1.85ps/Ce). On the other hand, it is small
(0.7—0.8ps/Ce) in the tetragonal ferromagnetic phase of
CeAg, CeCd, and CeT1. So far as these results are
concerned, the inversion of the CEF ground state from I 8

to I 7 caused by the structural transition is likely to be a
possible cause of the regularity of the moment value.
However, that the circumstance is not simple is derived
from our previous results associated with the structural
transition in ferromagnetic (Ce, „La„)Ag system
(0(x (0.30). There, the moment value in cubic phase
for x ~0.15 (the transition temperature T~ & Tc) does
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not change from that in tetragonal phase for 0&x &0.15

(TM & Tc). In other words, the inversion of the ground
state does not reflect the structural change. Tentative
CEF calculations following Wang and Cooper have
shown that it is possible to have a smdl cr, value when the
splitting of the I & ground state due to tetragonal distor-
tion is sufficiently large in comparison with the splitting
due to the molecular field. With respect to the Kondo
moment compensation, that is the Kondo-type anti-
parallel coupling between the 4f moment and
conduction-electron spins, also reduces the moment value.
In the present case, however, the remarkably large mo-
ment reduction is not easy to explain unless the d fhy--
bridization is extremely large.

From these circumstances„ the moment value may be
tied to the magnetic state (ferromagnetic and antifer-
romagnetic) as well as to the CEF ground state. In order
to enlarge on this point qualitatively, the data on the mag-
netization using single-crystal and neutron diffraction at
high pressure, which may give information on the mag-
netic anisotropy and peculiar spin alignment, will be re-
quired,
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