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The superconductivity in fifteen off-stoichiometric samples of the compound CeCu,Si, was in-
vestigated, and a strong dependence of T, on the concentration of all three constituents was
found. The variation of T, was particularly pronounced for the series of CeCuy, +4Siy; the
highest (0.67 K) and the sharpest T, was found in copper-rich samples, while T, of the sample
containing only 1 at.% less copper was lower than 0.07 K. Metallographic and crystallographic
studies, combined with differential thermal analysis on some of these samples allowed us to dis-
cuss the limit of the homogeneity range and the type of formation of CeCu,Si,. Supplementary
results on other compounds in the ternary system Ce-Cu-Si are also presented. Superconduc-
tivity was not found above 0.07 K in the compounds isostructural to CeCu,Siy: Ce T,Si,

(T =Co, Pd, Rh, and Ru) and CeT,Ge, (T =Co and Ni).

I. INTRODUCTION

In our previous publication,! we have shown on
the basis of the ternary phase diagram and the upper
critical-field curve that the superconductivity in
CeCu,Sij characterized by Steglich er al.? is an intrin-
sic property of the compound. However, we therein
provided no convincing simple correlation between
the superconducting transition temperature 7, and
other parameters such as lattice constants or anneal-
ing temperatures. Furthermore, we found no sound
explanation for a failure of finding bulk superconduc-
tivity in samples similarly prepared by others.>* In
an attempt to clarify these questions, we further in-
vestigated the superconductivity in CeCu,Si, by mak-
ing careful T, and x-ray measurements on about fif-
teen off-stoichiometric samples around the com-
pound. In this Rapid Communication, we report the
preliminary results which may help in analyzing some
contradictory results reported for this interesting ma-
terial and also provide a guide for preparing better
characterized samples. The crystal structure
(ThCr,Si, type) of CeCu,Si, is very common among
transition-metal silicides and germanides, but not
very favorable for superconductivity. In fact, only a
few superconductors with this structure type have
been reported so far.>> Nevertheless, it is important
to examine similar compounds® containing trivalent
or nearly trivalent cerium ions, as in CeCu,Si;.! We
have tested several cerium compounds with this
structure type for superconductivity down to 0.07 K.

II. EXPERIMENTAL AND RESULTS

The samples were prepared from the elements by
arc-melting measured amounts of Ce metal (4N,

Rare Earth Products, Ltd.), Cu (4N8, Materials
Research Corporation) , and Si (5N, Goodfellow Met-
als). Melting losses were in the order of 0.2% of the
total sample weight. If the losses are attributed to
one single element, the corresponding uncertainties
in the composition are smaller than about 0.1, 0.2,
and 0.3 at.% in the Ce, Cu, and Si concentrations,
respectively. By metallography and x-ray powder dif-
fraction, the samples were characterized in the as-cast
state and after annealing in sealed quartz capsules at
900 °C for 6 d. Lattice parameters were determined
from Guinier photographs (Cu K « radiation: Si
internal standard) by least-squares refinement and in
some cases from the high-angle lines of Debye-
Scherrer photographs. T, was determined by an ac
inductive technique (f=80.6 Hz and H,_, =200
mOe). Table I summarizes the results of these mea-
surements. The T, values are defined as 50% of the
total signal change and those defined as 10 and 90%
of the total signal change are given in parentheses.
The first group of the samples (Nos. 1 to 6) in the
table are on the Cu-CeSi, line ( hereafter called the
line 4) in the ternary phase diagram’ which is

shown in Fig. 1. These samples can be denoted by
CeCu, +4Si;. The alloys of the second group (Nos. 7
to 12), denoted by CeCu; +45i; 55, are on the 20 at.%
Ce line (B). These samples were made by combining
previously melted master alloys of Ce,oCusg sSis s and
CeCus.5Si37s in the desired proportions. The third
(Nos. 13 and 14) and the fourth (Nos. 15 and 16)
groups are on the Si-CeCu, (C) and the Ce-‘CuSi”’
line (D), respectively.

It should be noted first that all samples except Nos.
7, 12, 13, and 16 have about the same lattice con-
stants: @ =4.102 £0.001 and ¢ =9.923 +£0.002 A. If
we realize the similar atomic radii for Cu and Si
atoms, it is not, however, in contradiction with the
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TABLE I. T, values (midpoint and 10 and 90% of the transition in parentheses) and lattice con-
stants derermined by Guinier method. Those indicated by an asterisk were also checked with
Debye-Scherrer method. Numbers in parentheses are the standard deviation on the last digit.

Concentration T. (K) Lattice constants (&)

No. Ce,Cu,Si, X% (XY ~ x10%) a c
1 Cey5.7Cu44Sis7 3 0.63 (0.65~0.58) 4.1034(4) 9.925(1)
2 Cey9.3CuyySisg 7 0.67 (0.68 ~0.60) 4.1012(3) 9.925(1)*
3 Cey97Cuy;Sizg 3 0.67 (0.68 ~0.60) 4.1003(3) 9.920(1)
4 CeyoCuyqSisg 0.54 (0.58 ~0.44) 4.1004(7) 9.925(3)
5 Ceyg.3Cu30Sig07 <0.07 4.1014(5) 9.923(1)*
6 Ceyg.7Cu3gSis; 3 <0.07 4.1026(8) 9.923(3)*
7 CeyCusg sSisy 5 <0.07 4.1053(8) 9.934(3)
8 CeoCusg 25514075 0.22 (0.325~0.1) 4.1016(6) 9.924(2)
9 CeClsg 75Sig0 25 0.25 (0.325~0.1) 4.1010(4) 9.924(2)
10 CeyoClyg 25Sisg 75 0.66 (0.675 ~0.58) 4.1017(8) 9.923(3)
11 Ce0Cug 75Si39 25 0.64 (0.675 ~0.58) 4.1010(6) 9.918(2)
12 CeyoCuyy sSis7.s 0.23 (0.33 ~0.14) 4.1106(5) 9.895(2)
13 Ceyg.7Cuy 3Sisg 0.24 (039 ~0.1) 4.1132(4) 9.891(2)*
14 Ceyg3Cusg 7Sisy 0.29 (0.37 ~0.1) 4.1013(4) 9.923(2)
15 Ce3Cuy;Sigy 0.13 (0.22 ~0.07) 4.1026(4) 9.924(2)
16 Cey, §Cuss ¢Sisg 045 (0.5 ~0.39) 4.1062(4) 9.911(2)

assumption of a homogeneity range, which will be
discussed in the following. It is also noted that there
is a rapid monotonic variation of T, with the concen-
tration. No systematic correlation of lattice constants
with either T, or concentration exists. We further
note that structure refinement on a single crystal tak-
en from a nominally stoichiometric sample gave no
evidence for vacancies or site exchange disorder
between Cu and Si sites.

T, values corresponding to X3:" are displayed in
Fig. 2, where an estimation of the impurity phases
present, based on the examination of heavily overex-
posed Guinier photographs, is also included. One
can see that T, monotonically changes with the con-
centration of any constituents. The variation of T,
with the copper concentration along the line 4, i.e.,
in CeCu, +5iy, is particularly striking: On the
copper-rich side, T, reaches the highest value of 0.67
K at 1 at.% off the stoichiometry and remains con-

Ce Cew  CeCy, e Efuecgse @ Cu stant up to about 2 at.%. In this range, the transition
L width remains very narrow (see Table I). Further off
the stoichiometry, T, slightly drops and the amount
FIG. 1. Partial phase diagram of Ce-Cu-Si by Bodak et al. of impurities increases. This degradation may be due
(Ref. 7). to proximity effects or an excess amount of defects.
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FIG. 2. Inductively determined 7, values (midpoint) of
the samples. Half-filled circles indicate two or three phase
samples detected on heavily overexposed Guinier films.

On the other hand, T, drops below 0.07 K already at
1 at.% off the stoichiometry on the copper-poor side.
The variation of T in the series of CeCu, +55i; 75
(the line B) is not so abrupt as in CeCus, +Si,, but
an appreciable decrease on the copper-poor side is
nevertheless evident. In the other directions (lines C
and D), we investigated so far only a few samples at
about 2 at.% off the stoichiometry and found that
their 7T, was generally low but above 0.1 K. This may
imply either that the homogeneity range in these
directions is so narrow that 7, does not change much
or that Si and Ce atoms do not influence the super-
conductivity of CeCu,Si, as much as Cu atoms do.

From the variation of T, along the lines 4 and B
and x-ray analyses shown in Fig. 2, we may set the
upper limit of the homogeneity range of CeCu,Si, at
about 1 at.% from the stoichiometry. Metallographic
studies, however, indicated that the homogeneity
range is slightly more extended on the copper-poor
side than on the other side. The most straightfor-
ward explanation of the strong change of 7T, within
this narrow homogeneity range may be the effect of
composition. Effects of stoichiometry and order were
entensively studied in 415 compounds.® The
stoichiometry is attained only with a slight nominal
excess of copper and T, reaches the maximum value
with the narrowest transition width. However, the
very abrupt change of T, along the line 4 may also
imply that copper atoms significantly modify the elec-
tronic structure of the compound, for example, by
shifting the flevel relative to the Fermi level of the
conduction electrons. This hypothesis may be
checked with a substitution of Cu or Si by another
element.

According to our preliminary study with differential
thermal analysis (DTA) on several samples along the
line A4, CeCu,Si, forms peritectically at 1540 +15 °C
with the liquidus line at about 1550 °C. DTA along
other directions in the phase diagram is under way to
get more detailed information.

To convince ourselves of the results on CeCu,Si,,
we felt it necessary' to examine the neighboring com-
pounds reported in the phase diagram of Bodak et al.”

In the following, we summarize our supplementary
results on several compounds:

(i) CusSi (n phase®) is the second and probably the
only other superconductor in the phase diagram with
T, higher than 0.07 K (7,=0.27 ~0.30 K, H,,(0)
=120 Oe).

(ii) Cu,sSis (e phase®) is not superconducting
above 0.07 K.

(iii) Ce,CuSi; (AIB, type’) is probably the most
stable compound in the present phase diagram.

From DTA the melting point was found to be

1785 +15 °C. Ce,CuSi; was frequently detected as a
major impurity phase in samples poor in copper and
in almost all as-cast alloys. X,. measurements below
20 K revealed a small cusplike anomaly around 2.5 K.

(iv) CeCuSi, and CeCu,4Si;4 (CeNiSi, type)”: No
magnetic phase transition was found between 0.07
and 20 K for both compounds. The former is indi-
cated as a stoichiometric compound in the phase dia-
gram of Bodak et al.”, which was established at 600
°C, but its homogeneity range is apparently shifted
towards the Si-rich side at 900 °C.

(v) The solubility of Cu in CeSi, is about 7 at.%, as
previously reported.” Ceg338io60Cugo7 (a-ThSi, type)
orders ferromagnetically at 6.5 K.

As mentioned in Sec. I, CeCu,Si, is one of the
very rare superconductors with the ThCr,Si,-type
structure. We tested for superconductivity several
other compounds of this structure type, containing
trivalent or nearly trivalent cerium ions® as in CeCu,Si,.

CeT,Si, (T =Co, Pd, Rh, and Ru) and CeT,Ge,
(T =Co and Ni) showed neither superconductive nor
magnetic phase transition between 0.07 and 20 K.

Since the samples of the ThCr,Si, type studied in
the present work were annealed only at 900 °C, we
cannot discuss a possible effect of annealing tempera-
ture on 7, and, in particular, an effect of long-range
order. A study of this effect is currently under way
in our laboratory. But, the present work has clearly
demonstrated that if a preferential loss of copper, for
example, during melting or a prolonged annealing at
a higher temperature takes place, it has a detrimental
effect on T,. Our data thus provide a possible ex-
planation for the failure of finding superconductivity
or for a loss of superconductivity after a high-
temperature annealing. Our data have also shown
that a high-quality sample of CeCu,Si, with a sharp
superconducting transition and a high 7. can be ob-
tained with a slight nominal excess of copper.



RAPID COMMUNICATIONS

27 EFFECT OF COMPOSITION ON THE SUPERCONDUCTIVITY OF . . . 3095

ACKNOWLEDGMENTS

The authors are grateful to F. Liniger, A. Naula, and M. Cabrini for their technical assistance. The present work
was supported by the Fonds National Suisse de la Recherche Scientifique.

“Present address: Institute for Solid State Physics, Universi- Tela (Leningrad) 24, 289 (1982) [Sov. Phys. Solid State
ty of Tokyo, Roppongi Minato-Ku, Tokyo 106, Japan. 24, 164 (1982)].

IM. Ishikawa, D. Jaccard, and J. L. Jorda, in Proceedings of 5J. H. Wernick, G. W. Hull, T. H. Geballe, J. E. Bernardini
the International Conference on Valence Instabilities, Ziirich, and J. V. Waszczak, Mater. Lett. 1, 71 (1982).
13—16 April 1982, edited by P. Wachter and H. Boppart 6D. Rossi, R. Marazza, and R. Ferro, J. Less Common Met.
(North-Holland, Amsterdam, 1982), p. 439. 66, 17 (1979).

2F, Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, 70. 1. Bodak, Ya. M. Kalychak, and E. I. Gladyshevskii,
W. Franz, and H. Schifer, Phys. Rev. Lett. 43, 1892 Inorg. Mater. 10, 388 (1974).
(1979). 8See, for example, J. Muller, Rep. Prog. Phys. 43, 641

3G. W. Hull, J. H. Wernick, T. H. Geballe, J. V. Waszczak, (1980).
and J. E. Bernardini, Phys. Rev. B 24, 6715 (1981). 9M. Hansen and K. Anderko, Constitution of Binary Alloys

4F. G. Aliev, N. B. Brandt, E. M. Levin, V. V. Moshchal- (McGraw-Hill, New York, 1958), p. 629.

kov, S. M. Chudinov, and R. L. Yasnitskii, Fiz. Tverd.



