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Unusual B-T Phase Diagram of the Heavy-Fermion Superconductor CeCu,Si;
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Elastic constant and thermal expansion data for a high quality single crystal of CeCu,Si; are present-
ed. The data yield a detailed B-T phase diagram exhibiting a previously unknown high-field phase.
From the unusual behavior of the elastic constants and the thermal expansion on entering the supercon-
ducting phase we deduce that, in contrast to other heavy-fermion superconductors, the superconducting
phase of CeCusSi; does not coexist with the surrounding phase.

PACS numbers: 74.70.Tx, 62.20.Dc, 65.70.+y, 64.70.Kb

Ever since the discovery of superconductivity in Ce-
Cu,Si, [1], this heavy-fermion compound has played a
central role in the physics of highly correlated electronic
states. In this Letter we present experimental results
which supply new details of the astonishingly rich B-T
phase diagram, for instance, a formerly unknown phase in
high magnetic fields (above 7 T, labeled B in Fig. 1). As
in other heavy-fermion (HF) superconductors (among
them UPt;, URu,Siy, UPd,Al3), the superconducting (la-
beled sc) phase of CeCu,Si; lies embedded in another
phase (labeled 4). Anomalies indicating the existence of
phase 4 were first found in magnetoresistance [2] and nu-
clear magnetic resonance (NMR) [3] experiments.
These experiments as well as muon spin rotation (uSR)
[4] measurements showed that phase 4 does exhibit mag-
netic signatures, but whether of static [4] or dynamic [5]
nature is still not clarified. In contrast to the above men-
tioned compounds, in the case of CeCu;,Si; we will argue
that the superconductivity does not coexist with the en-
veloping phase A, but rather expells it homogeneously
from the entire sample volume. This point of view
resolves a long-standing problem with the sign of the
elastic-constant changes on entering the sc state. From a
careful analysis of the various phase transitions we can
deduce electron-phonon coupling constants, the so-called
Griineisen parameters. In CeCu;Si,, both the normal and
the sc Gruneisen parameters exhibit the typical heavy-
fermion enhancement. Finally we can comment on the
high pressure phases of CeCu,Si; and we speculate on the
physical origin of the various phases.

In the course of ac susceptibility, ultrasonic, and
thermal-expansion measurements for a more precise
determination of the A4 phase boundary [6-8], we faced
two issues concerning crystal growth. One point was that
the superconducting transition temperature 7T, is very
sensitive on copper stoichiometry [9]. It was found, how-
ever, that copper deficiency, caused by the high evapora-
tion rate of copper from the melt, could be remedied by
subsequent annealing in a saturated copper vapor atmo-
sphere [10). This procedure yielded single crystals with
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consistently high 7.’s of 600-670 mK. It is remarkable
that, at least at ambient pressure, 7. does not exceed 7 4
in any sample. The phases 4 and B were found to be
much less sensitive on copper stoichiometry; the critical
temperature of the 4 phase, T,=670 mK, varies by no
more than 10% in different samples with T.'s varying
from 200 mK to 670 mK. A similar stability was ob-
served for the B phase. An overall improvement in our
sample quality is testified by the observation of de
Haas-van Alphen oscillations both in the magnetization
[11] and in the sound velocity [8].

The second point is that in some previously measured
single crystals (for instance, samples No. 1 and No. 2 in
[7]) the magnitude of the 4-phase thermal expansion and
ultrasound anomalies is so strongly reduced in fields
below 5 T that our experiments could not resolve this part
of the A-phase boundary in these samples. Up until now,
we were unable to correlate the occurrence of this reduc-
tion with other properties like 7. It is possible, however,
to classify the different samples by means of their
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FIG. 1. B-T phase diagram of CeCu;Si; for Blla. Filled
squares: Elastic constant anomalies at fixed temperature (Fig.
2). Open squares: Elastic constant anomalies at fixed field
(Fig. 3). Filled triangles: Magnetostriction anomalies (not
shown). Open triangles: Thermal-expansion anomalies in fixed
field (Fig. 4).
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Griineisen parameters; see below. The interference of su-
perconductivity with another phase transition brings to
mind the situation in some 415 compounds. V3Si sam-
ples [12] are described which undergo a martensitic tran-
sition above T., as well as so-called nontransforming
samples which nevertheless show strong precursor effects
in elastic constants and thermal-expansion measurements
(and even transform in a magnetic field greater than the
critical field [13]). Since the term ‘“nontransforming
sample” would be misleading, we tag our CeCu,Si,; sam-
ples reduced anomaly (R) and nonreduced anomaly
(NR). According to this nomenclature, samples No. 1
and No. 2 in Ref. [7] are R samples, whereas No. 3 and
No. 4 are NR samples. In this paper we report mainly on
an NR sample with T, =670 mK. As is shown in [14] for
URu,Si,, the residual resistance can be estimated from
the Alpher-Rubin effect and amounts to pp=5*1 uQcm
for our NR sample, which is close to the lowest values re-
ported in the literature [15]. The sample exhibits clear
ultrasound and thermal-expansion anomalies for both the
A and the sc transitions, which makes it ideal for study-
ing the interaction between the A phase and superconduc-
tivity. The experiments were performed in dilution refri-
gerators with sc magnets and in a 3He cryostat in the 25
T Helix magnet at the MPI-SNCI in Grenoble.

A typical isotherm for the ¢, elastic mode as used to
construct the phase diagram of Fig. 1 is shown in Fig. 2.
A most disturbing feature of Fig. 2 is the fact that the
elastic constant makes a large upward step on entering
the superconducting phase. This is rather unusual and
seemingly contradicts the common notion that supercon-
ductivity is a symmetry breaking transition (breaking
gauge symmetry in normal BCS superconductivity and
possibly additional symmetries in unconventional super-
conductors like UPt3). This can be seen from Ginzburg-
Landau types of considerations where the change of an
elastic constant ¢; on going from a more symmetric to a
less symmetric phase is always negative. For a supercon-
ducting transition, for instance, the change is given (in
the hydrodynamic limit) by [16]
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FIG. 2. Relative change of the elastic constant c¢;; of a
CeCu3Siz NR crystal as a function of magnetic field at 7=0.5
K and Blla.

A(’ii=—(ﬂ,'sc)2T¢‘ACp. (l)

Here QFX=—(1/T.)(8T./d¢;) is the superconducting
uniaxial Griineisen parameter for the strains ¢, and ¢,
and AC, is the specific-heat jump per unit volume at the
transition temperature 7.. For the case that a lower tem-
perature (field) phase is of higher symmetry, the change
in the elastic constant can be positive on lowering the
temperature (field). As examples, see the low-
temperature orthorhombic-tetragonal structural phase
transition in the organic compound MAMC [17] and for
CeCu,Si, the low-field B-C transition of the ¢); mode at
B=8 T and T=0.5 K in Fig. 2.

Applying this kind of reasoning to the A-sc transition,
a net upward jump in the elastic constants on entering the
superconducting phase is possible if a negative supercon-
ducting step is counteracted by a (larger) positive step
due to a simultaneous change of the A order parameter
back to zero. This is tantamount to the conclusion that
the 4 phase and the sc phase exclude each other and do
not coexist. Further support for this point of view can be
found in Figs. 3 and 4. In Fig. 3 the ¢, mode is plotted
as a function of temperature for different magnetic fields
for the NR sample with nearly coinciding T4 and T,. It
is clearly seen that the elastic anomaly at T4 is partly
suppressed in zero field due to the onset of superconduc-
tivity. The anomaly at T, can only develop fully in a field
B> 1 T when the separation between T4 and T, has be-
come large enough. The same behavior can be seen in
other modes, for instance, in the transverse c¢¢ mode as
shown in Fig. 5 of Ref. [7]. The inset of Fig. 4 shows the
analogous development of the a-axis thermal-expansion
coefficient. The specific-heat anomaly accompanied by
the crossing of the A-phase boundary becomes most clear
in samples with strongly reduced 7, values [see, e.g., Fig.
7(a) of Ref. [7]]. Although the A-phase anomalies in the
R samples are much less clear, these samples show quali-
tatively the same behavior of sharply increasing elastic
constants on entering the sc phase (not shown).

T g T T T T T T
- ok CEEUZSiz
< B=0T
= . .77 Blla
410"
1T
-810°+ _
1
_12,10"‘ — 1 L L L I n 1 L
0 0.2 0.4 0.6 08 1
T (K)

FIG. 3. Relative change of the elastic constant c;; of the
CeCu;Siz NR crystal as a function of temperature in magnetic
fields 0 <B <1 T with Blla. Unmarked curves represent mea-
surements at 0.1, 0.2, and 0.4 T.
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FIG. 4. Coefficient of thermal expansion along the a axis of
an NR-type CeCu;Si; sample (@) and of an R-type sample
(---) [7] in zero magnetic field. Inset: a axis thermal-
expansion coefficient of the NR-type sample in different mag-
netic fields with Bla.

Assuming simple additivity of the elastic-constant
changes associated with the appearance and disappear-
ance, respectively, of the order parameters of the sc and
the 4 phases, one can extract these changes from our
measurements. Unfortunately, due to the background
slope of the elastic constants as a function of field or tem-
perature, one cannot evaluate the small C-sc step heights
from Fig. 2 or Fig. 3 as the difference of high tempera-
ture (field) and low temperature (field) values of cy;.
From Fig. 3 one obtains a relative change in ¢, for the
C-A transition of about —1x1073 (full height of the
anomaly at B=0.7 T). For the A-sc transition one gets
+8% 104 (full height of the zero-field anomaly in Fig.
3). This leaves about —2x 10 ~* for the total ¢, change
from the paramagnetic C phase to the sc phase (i.e., the
vertical difference between the minima of the zero field
and the 0.7 T curves). This result is in agreement with a
more elaborate analysis of the different step heights in-
volving closed loops in the B-T plane, which yields values
between —1x10 % and —2.2% 10 ~* for the C-sc step in
samples with different T.’s [18]. Despite sample to sam-
ple variations, these values are characteristic of a heavy-
fermion superconductor, with respect to both the sign and
the magnitude.

A similar procedure can be used to extract the corre-
sponding anomalies in the a axis thermal-expansion
coefficient a,, which is shown in Fig. 4. Especially from
the inset of Fig. 4 it is clear that also a,(7) is composed
of two contributions, namely a sharp positive jump due to
superconductivity and a decrease just above T, due to the
incipient C-A transition. The full C-A4 transition alone
shows up in an overcritical field of B=1.5 T and amounts
to Aaf A= —6x10"%K ~!; see inset of Fig. 4.

In order to extract the sc step in zero field we compare
the data with those of an R-type crystal [7]; cf. main
panel of Fig. 4. We find perfect coincidence for tempera-
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TABLE 1. Absolute elastic constants of CeCusSi;. The elas-
tic constants were determined at 4.2 K, except cg [20] and c3
which were computed from cg=[2(c1+ci2)+c33+4c131/9.
The error in ¢11, €12, €33, c44, and ces is 5%; in cg and ¢ 13 20%.

Cij cn cn c13 1 Caa Cé6 CB

10 17.1 15.2 5.2 13.8 4.7 22 11.0
erg/cm’

tures above and below T,. Following our analysis for the
elastic constants we ascribe the difference in a, just above
T, to the influence of the 4 phase. For the sc transition
alone we get Aay’=+1(29+0.5)x10 5K ™' A similar
procedure for a, (not shown) yields Aas= — (2.1 +£0.5)
x1076SK ™"

Now we proceed to determine the electron-phonon cou-
pling constants, i.e., the Griineisen parameters for the
normal and the sc state. The necessary elastic-constant
values are listed in Table I. The absolute value of the
normal-state Griineisen parameter |Q/| we determined
from elastic-constant and specific-heat measurements in
the temperature range between 5 K and 7, [19]. The ab-
solute value of the superconducting Griineisen parameter
[Q5| is computed with the help of Eq. (1), with Acy/
cn=—02=%05)x107% AC,=(1.4£0.5)x10° erg/
cm?K [7] and T.=0.67 K; see Table II. We can com-
pare these values with results gained from thermodynam-
ically equivalent relations which include thermal-expan-
sion coefficients and are given in Eq. (2) [14]:

S=[(ciy+ci2)Aay +ci3ha.1/AC, ,

2)
QF¥= (2c|3Aaa +C33Aa¢~)/AC,, .

Here Aa, . are changes at 7, of the thermal-expansion
coeflicients parallel and perpendicular, respectively, to the
tetragonal basal plane, c;; are elastic constants, and AC,
is the specific-heat jump at 7,.. Note that we get an
analogous expression valid for the normal-state Griineisen
parameters if we use absolute values of a, . and C, in-
stead of differences in Eq. (2). Using these expressions
and the specific heat from [7], we calculated the normal-
state Griineisen parameters at 7T=1 K. Together with
the sc Griineisen parameters computed from Eq. (2) they

TABLE II. Normal (at T=1 K) and superconducting
Griineisen parameters of CeCusSi; R and NR samples (see
text). The absolute uncertainty is % 10; the comparative error
is smaller. All samples have their T in the range 620-670 mK.

Qr Q! ar a@F aFf aof

From (‘i,',Cp “9]

and Eq. (1) |75] l64]
NR type
From a;,Cp,cii
Eq. (2) 69 32 55 60 1 35
NR type
R type 68 30 54 31 -15 10
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are listed in Table II. For comparison, we listed the
Griineisen parameters for the R samples No. 1 and No. 2
of [7]. The normal-state Griineisen parameters are virtu-
ally identical for R and NR samples. The sc Griineisen
parameters on the other hand are significantly reduced
for the R samples as compared with the NR sample.
Note that for CeCu,Si; Q5 and Q{ have the same sign,
in contrast to UPt; (Ref. [16]) and URu,Si, (Ref. [14])
where the two have the same magnitude, but opposite
signs.

As a next topic we comment on the pressure depen-
dence of T,. Specific-heat measurements under pressure
have been performed up to 1 kbar [21] and susceptibility
experiments up to 80 kbar [22]. Neither experiment ob-
serves the A-phase boundary explicitly. The volume
Griineisen parameters as determined from these experi-
ments are Q=7 [21] and Q=4 [22]. Extrapolation of
the high-pressure T.(p) curve [22] towards zero pressure
gives an Q= —7 (with an extrapolated zero pressure
T.=2.8 K). All these O values are smaller than our Q°¢
for the NR sample listed in Table II. This probably
reflects the fact that one has to take into account the in-
terplay between superconductivity and phase 4. Unfor-
tunately, it is not clear whether the samples used in these
experiments are of R or NR type. Nevertheless it would
be interesting to follow and analyze the pressure depen-
dence of the various phases.

Finally we speculate on the origin of the different
phases. At first sight, the 4 and B branches of the B-T
phase diagram suggests an AF-SDW with strong uniaxial
anisotropy leading to a spin-flop-like transition on going
from A to B. However, the magnetic response of the sys-
tem is very weak. ac susceptibility anomalies at the
phase boundaries are very small whereas elastic-constant
and thermal-expansion changes in NR crystals are very
distinct. Preliminary neutron scattering experiments did
not reveal any superstructure as indication for a com-
mensurate spin-density wave (SDW) or charge-density
wave (CDW) order parameter for the 4 phase. Howev-
er, there exists a more general possibility. Analogously to
the case of unconventional superconductivity, a density-
type (CDW, SDW) order parameter can have an uncon-
ventional counterpart belonging to a nontrivial represen-
tation of the relevant crystal group. Such an order pa-
rameter will have little magnetic reponse and will not
lead to additional Bragg peaks. The symmetry classifica-
tion has been discussed by Gor’kov and Sokol [23]. In a
simple perfect nesting model with nesting vector Q one
can indeed predict the observed A4 phase expulsion for
suitable representations of both order parameters [24]. If
Q is a zone boundary vector, one has an antiferroquadru-
polar state with itinerant quadrupole moments. Another
possible mechanism for the A4-phase transition is proposed
by [25] and depends on a topological change of the heavy
quasiparticle bands in an external magnetic field.

The expulsion of the A phase in this picture is only pos-
sible when T is not too far below 74, since otherwise the

condensation energy corresponding to the order parame-
ter of the 4 phase is already too large to be suppressed by
the onset of superconductivity. This seems indeed to be
the case for samples with T.=0.2T 4. In these samples
the elastic-constant step at 7T, is downward, indicating
that no expulsion of the 4 phase but rather coexistence
with superconductivity takes place. This case may be
similar to URu;Si; where one has a Néel temperature
Tn=18 K and a much lower T.=1 K. The URu,Si,
coexistence of both phases is observed as seen again from
the downward step in the elastic constants at T [14].
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