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THERMODYNAMIC PROPERTIES OF THE TERNARY C O M P O U N D S  CeM 2Ge2
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Results of the susceptibility, specific heat and thermal expansion are reported for the compounds  CeM 2Ge2 (M: Ag. Au. Ru),
which order antiferromagnetically below T y 5 K (Ag) and 15 K (Au) and ferronmgnetically below T~. - 7.5 K (Rul. Distinct
maxima in the electronic specific heat coefficient y (T )  at 0.3 K for the Ag- and Au-based compounds  hint at a coexistence of
coherent electronic quasiparticles of "medium"-heavy mass with magnetic order.

Among Ce-based Kondo-lattice compounds
that crystallize in the ThCr~Si, structure, two
have attracted considerable interest: CeCu2Ge:
orders antiferromagnetically below T N = 4.1 K, a
temperature which is comparable to the single-ion
Kondo temperature T* = 6 K [1]. The local 4f-de-
rived magnetic moments are found to be slightly
(Kondo-) reduced in the ordered state [2].
CeNi2Ge 2 behaves as an enhanced Pauli para-
magnet whose electronic specific heat C~l = 7T (as
T--, 0) classifies this system as a heavy-fermion
compound: 7 =  300 mJ/K2mol  [3]. Both com-
pounds have in common a pronounced maximum
near 0.3 K in the "Sommerfeld coefficient" y(T).
Very similar anomalies have been discovered
earlier for CeAI 3, and normal-state CeCu 2Si 2 and
have been ascribed to the existence (at low T) of a
coherent heavy-fermion band at the Fermi energy
[4]. CeCu 2Ge2 is the first antiferromagnet exhibit-
ing this "coherence-derived" y (T)  peak, with
y ( T ~  0)-- 100 mJ /K2mol  [1].

In this paper we discuss the magnetic dc-sus-
ceptibility x(T) ,  specific heat C(T) and thermal
expansion c~(T) of new examples of CeM2Ge 2
compounds (M: Ag, Au and Ru) and compare
these results with earlier ones for CeCu2Ge2 and
CeNi 2Ge 2 notably. We are particularly interested
in two properties of these materials, namely (i)
magnetic phase transitions (transition temperature
and kind of magnetic order) and (ii) "coherence"
effects (maxima in T(T)). Recent neutron scatter-
ing studies by Loidl et al. [5] pinned down the
Kondo temperatures of the Ce-compounds of in-
terest to T * = 3  K ( M = A g )  and to T * < 2  K
(M = Au and Ru), respectively. Some selected re-

sults for these three materials are shown in figs.
la c and 2a-c.

Magnetic' phase transitions. Like for M = Cu, but
in contrast to M = Ni, magnetic order determined
by dc-susceptibility develops at low T for all three
of the new systems. This confirms the neutron-
scattering results of ref. [5]. Whereas the Ag- and
Au-based compounds are antiferromagnets, the
Ru-based compounds  exhibits ferromagnetic
order. Their high-T susceptibilities follow a
Curie-Weiss dependence with /~fr-2-41/~R(Ag),
2.37/* B (Au) and 2.49/L B (Ru).

For CeAg2G % both specific-heat and thermal-
expansion data [6] locate the transition at = 5 K.
The downward shift of the C(T)  anomaly by an
external magnetic field and a T~-dependence of
the B 4 T data (200 mK_<T_<500 inK) prove
the antiferromagnetic nature of the ordered state
(see fig. la). Both, a shoulder in x ( T )  [8] and a
small, but real jump in c~(T) at 7.5 K [6] suggest
that a second phase transition of unknown origin
exists for this compound.

The thermal expansion of CeAuxG% exhibits a
distinct mean-field type anomaly at T N = 15 K
(fig. lb). A peak in x ( T )  at the same temperature
suggests that this material is an antiferromagnet,
too .

Both the x ( T )  (fig. lc) and ~(T) results for
CeRu:Ge 2 point to the existence of two closely
spaced phase transitions at T< = 8.5 K and T~, 2 =
7.5 K, respectively. Though their definite nature
should be the subject of future investigations, our
C(T) results hint at CeRu~Ge~ being an (aniso-
tropic) ferromagnet below T~. 2. In contrast to
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Fig. 1. Magnetic phase transitions of CeM2Ge 2 monitored by
the specific heat as C / T  vs. T for M = Ag (a), thermal
expansion a(T) for M = Au (b) and dc-susceptibility for M =

Ru (c). Solid lines are guides to the eye.

4/"m
M: Ru

X
{10Sm3/mole)

5

4/ 0
10 15

300 6C/!~ ' NI Ag 6C/T NI AoIC}T ' ',,~ ',7(mJlK2mole} (mJ/K2mole) (mJ/K mole) ~ ,' ,/,,' /

• OT 0T 100 200

r W' F
I \L,, l ..... lOO

4 "b. t\ :<:
o o l  , , , , _o

0 1 1 1 2 3 L
T (K)

Fig. 2. Low-temperature specific heat of CeM2Ce 2 as 8 C / T
vs. T for M = Ag, Au (a, b) and C / T  vs. T for M = Ru (c).
8C = C - Cnuci~a , -- Cmag ..... where Cm~g ..... is obtained from
an extrapolation of the measured C(T) data [9] above T =  3
K. Square in (c) are taken from Felten [71. Solid lines are fits of

eq. (1) (see text) to the data (c) or guides to the eye (a, b).

CeAg2Ge 2 (fig. 2a) and CeAu2Ge2 (fig. 2b) as
discussed below, CeRu2Ge 2 (fig. 2c) exhibits a
low-T specific heat which is well described by

C = 7 T +  f iT 3/2 e x p ( - A / k T )  (1)

where 7 (mJ /K2mol ) ,  /3(J/KS/2mol) and Ak~ 1
(K) amount to 20, 2.6, 10.5 (for B = 0 T), 17, 1.5,
10.5 (B = 2 T) and 13, 1.2, 11.3 (B = 4 T), respec-
tively. Apart  from an enhanced electronic contri-
bution yT  the low-T specific heat is apparently
due to a ferromagnetic magnon spectrum with an
energy gap of order k B × 10 K.

Coherence effects in CeAgeGe e and CeAueGe e.
In figs. 2a and 2b we have plotted the difference
8C, shown as 8 C / T  vs. 7", between the measured
specific heat and both the nuclear and magnon
contribution [9] for the Ag- and Au-compounds.
8C(T)  is interpreted as the electronic specific
heat. Like for CeCu2Ge 2 [1] a peak is found in
y ( T )  = 8 C ( T ) / T  near T =  350 mK (Ag) and 500
mK (Au). We attribute this anomaly to coherent
electronic quasi-particles of medium heavy mass
that coexist with antiferromagnetic order. In the
case of CeAg2Ge 2, our interpretation is corrobo-
rated by the discovery of quasi-elastic magnetic
neutron scattering below T N [5]. For the Ag- and
Au-based compound the "coherence structure" re-
acts much more strongly to a magnetic field, com-
pared with earlier findings for CeCu2Ge 2 [1],
CeAI 3 and CeCu2Si 2 [4], in that the y ( T )  peak is

considerably depressed and shifted to higher tem-
peratures. The absence of a similar T-dependence
as well as the rather low value of 7(T---> 0) for
CeRu2Ge2 can be explained by the large ratio of
T~t/T*.  In other words, since Ce 3+ moments be-
come fixed at T>__T<, 1=8.5  K>> T*,  the mass
renormalization of the electronic quasiparticles due
to the Kondo effect is not significant.

We would welcome renormalized band-struc-
ture calculations in magnetically ordered Kondo
lattices of ThCr2Si 2 structure in order to check
our hypothesis [1] that coherent (medium) heavy
quasiparticles can coexist with long range mag-
netic order.
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