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Magnetic phase diagram of CeCuy(Si;_,Ge,), measured with low-temperature thermal expansion
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We investigated the evolution of the magnetism in the alloy Gé&ly,Ge,), by means of low-temperature
thermal expansion measurements on large single crystals with<&l0.45. The results evidence a new
magnetic phase diagram more complex than that obtained in previous studies on polycrystals. The two main
features are a second order transition from a paramagnetic to an antiferromagnetic state with a transition
temperaturel(x) continuously increasing with Ge content and a first order transition corresponding to some
change in the magnetically ordered structureTdix) < Ty(x). T1(x) and Ty(x) seem to merge at~0.25
leading to a tetracritical point at this concentration. An analysis of the Griineisen parameter suggests that at this
critical concentration a transition from rather localiZezlectrons fox>0.25 to composite heavy fermions for
x<0.25 occurs. This strongly supports the itinerant scenario for the quantum-critical point observed in pure
CeCuySis.
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[. INTRODUCTION on polycrystals. Both observe a monotonous, although non-
linear increase of the Néel temperatigwith x. Inside the
The discovery of superconductivity in the heavy fermion AF phase, several phase transitions are detected. The authors
(HF) system CeCiSi, initiated the field of heavy fermion report on a first order transition in the concentration range
superconductivity. The large Sommerfeld coefficient0.3<x=<0.6. For higherx, the development of this phase
(y=0.8 J/mol K¥) and the pronounced jump in the specific boundary line differs in both phase diagrams. Also the low-
heat at the superconductif&CO transition temperaturd.  concentration region shows discrepancies and unspecified
(AC/T,~1 J/mol K?) led to the conclusion that the SC Coo- phase transition lines. The characterization of the various
per pairs are formed by the heavy quasiparticles whose largghases does not go beyond the level of speculation.
effective masses indicate a strong involvement of the mag- Recently, large single crystals of Cef8i;_,Ge), be-
netic 4 electrons. Although the discovery was made came available. These single crystals allow a much more
25 years ago, the nature of this SC state and of the SC paispecific and deeper investigation of the magnetism in this
ing mechanism is still not clarified. Ten years after the dis-system. Using these single crystals it was possible to observe
covery of the SC state, several groups found that a furthemagnetic reflections with neutron scattering in the whole
ground state, the so-called A phase, competes with the S@ncentration range down to=0.05? They revealed an in-
state?3 Although the first studies gave evidence for a mag-commensurate propagation vector which changes only
netic character of this phase, its true nature remained unclealightly with composition, while the size of the AF ordered
Investigations on CeG6i, (Ref. 4 and CeCyGe, under moment decreases strongly with decreasing Ge content, from
pressure (Ref. 5 as well as of the alloy systé  1.05ug in pure CeCuGe, (Ref. 10 to ~0.1lug at x=0.05?
CeCuy(Si;_Ge), showed that CeGSi, is located very Eventually, this lead to the discovery of magnetic reflections
close to a quantum-critical poiiQCP), at which the transi- in the A phase of pure CeG8i,.!! It was found that the
tion temperature of the A phase vanishes. Since in the pagiropagation vector=(0.215,0.215,0.530corresponds to a
years many other examples of Ce-based systems have beeesting wave vector of the heavy quasiparticle Fermi surface,
found, in which the disappearance of the magnetic phasstrongly supporting a spin density wave nature of this A
coincides with the onset of superconductivity, it was specuphase.
lated that heavy fermion superconductivity is caused by an- We present here an investigation of the magnetism in this
tiferromagnetic(AF) spin fluctuations associated with the system by means of thermal expansion measurements. Lin-
disappearance of the AF ordered state at a &3&wever, in  ear thermal expansion measurements are especially appropri-
order to get a better insight into the mechanism, one needs tate to study phase diagrams due to their high sensitivity to
get a deeper understanding of the associated magnetic phadetect phase transitions and the ability to distinguish between
In the case of CeGSi,, it turned out that a fruitful ap- first and second order transitions. It is a thermodynamic
proach to get a better knowledge of this anomalous A phasmethod which detects the physical properties along different
was the study of the alloy system CefSi;_,Gg),.5” Since  crystallographic axis.
Ge is isoelectronic, but larger than Si, replacing Si by Ge After reporting thermal expansion measurements on
merely corresponds to applying negative chemical pressursingle crystalline CeGuSi;_,Ge,), with 0.01<x=<0.45, a
This leads to a weakening of the hybridization betweenfthe detailed phase diagram of Ce{8i,_,Ge), is presented
and conduction electrons and therefore to a stabilization ofvhich gives new information about the different phases and
the magnetically ordered state. First investigations of the altheir phase boundary lines compared to the former published
loy were performed by Knebedt al® and Trovarelliet al”  diagrams. An analysis of the thermal expansion data using
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the Grlneisen ratio gives new hints about the nature of the 10 c C SI'
magnetic phases and the evolution of the magnetism in this eCu,(Si
alloy. 5L B=0

Ge0.37)2

0.63

Il. EXPERIMENT

o

oli[o01]

The CeCuy(Si;_,Gg), single crystals were grown by a
modified Bridgman technique using Cu flux. With this tech-
nique, large gram-siz€0.3—1 g single crystals were ob-
tained. The powder x-ray diffraction measurements demon- 1ol
strated that CeCuSi;_,Ge,), crystallizes in the tetragonal = i
ThCn,Si, structure. All single crystals were oriented by x-ray '14]: . ! . .
Laue backscattering. The structural properties of these single 0
crystals are identical to those published for the polycrystal- T (K)
line samples$;’ cf. the volume of the unit cell increases from
x=0 to x=1 linearly by 6.2% while thec/a ratio remains FIG. 1. (Color onling Linear and volume expansion coefficients
almost unaffected. Additional energy-dispersive x-ray specof CeCl(Sip G 372 Vs T.
troscopy confirmed the samples of the Ce@Gi_,Gg), se- o
ries to be single phase. The growth method and the charaéiep along both directions. The peak Bf=2.25 K<Ty
terization of the single crystals are described in detail in Refclearly marks a first order transition. Here, the sign of the
12. peak differs along both directions. A positive sign is ob-

We performed thermal expansion measurements oﬁerved fora||[100], whereasx is negative fOI’aH[OOl] The
CeCuy(Si;,Ge), crystals with x=0.01, 0.05, 0.09, 0.18, Volume thermal expansion coefficiept shows only a less
0.25, 0.3, 0.37, and 0.45. Samples of the same batches wepgonounced positive peak . .
studied by specific heat measuremédt¥he same crystals N Fig. 2, the evolution of the volume thermal expansion
with x=0.05, 0.25, and 0.45 were also studied by neutrorfoefficient(T) with decreasing Ge content fror+0.37 to
diffractometry? All measurements along the basal plane ofXx=0.01 is shown. The step {é(T) at Ty shifts continuously
the tetragonal structure were performed along[fta®)] axis, to lower temperature with decreasing Ge content. By con-
except forx=0.18 and 0.3 whose linear thermal expansiontrast, T, decreases only slightly betweerr0.37 andx=0.3
coefficients were measured alofiL0]. being very close toTy for the latter concentration. For

The linear thermal expansion was measured in anx=0.25, it is not possible anymore to separate the first order
ultrahigh resolution capacitive dilatometer in the temperaturéind the second order transition from each other. But the pro-
range between 50 mK and 6 K in magnetic fields up to 8 Tnounced peak at the bottom of the second order step suggests
which is applied along the measurement direction. Théhat both transitions have merged. In order to test this hy-
thermal expansion coefficient was calculated from thepothesis, a magnetic field is applied. The resultsdfyr100]
differential quotient of the change of the length, with  for CeCuy(Si;_,Geg), are shown in Fig. 3 foB=0T, 4 T,
respect to a temperature interval. The linear thermal exparand 8 T, respectively. In an external field the first order peak
sion coefficient «(T) is defined asI™-gl(T)/dT. The is obviously separated from the second order step: At 8 T,
volume expansion coefficieg(T) for a tetragonal system is T;=1.38 K is well belowTy=1.65 K. At this field, a further
B(T)=2-a,(T)+ay(T), wherea, and a, are the linear ther- transition of apparently magnetic origin is observed at
mal expansion coefficients alorfd00] and [001], respec-
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tively. A second order phase transition is evidenced by a step 5 c C S" G "
in the thermal expansion coefficient. The transition tempera- 10k eCu,(Si, Ge,),
ture is determined by using the equal-areas construction. By T

contrast, a first order transition is characterized by a step in
the length. The transition temperature is then taken to be at
the corresponding peak position

All presented measurements except for a few cases ex-
plicitly mentioned in the text were performed by cooling
down the sample and simultaneously measuring the length
change.

Il. RESULTS
Figure 1 shows the linear thermal expansion coefficients T (K)
a, and g as well as the volume thermal expansion coeffi-
cient g for the x=0.37 sample atB=0. The step at FIG. 2. (Color onling Volume thermal expansion coefficiept

Tn=3.04 K corresponds to the second order transition fronof CeCuy(Si;Ge,), vs T for 0.01<x=<0.37 measured upon
the paramagnetic to the AF state. One observes a negativeoling.
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FIG. 5. (Color online Thermal expansion coefficient of
CeCuy(Sip 91Gey 092 along[100] vs T upon cooling(open symbols
and warming(closed symbols Arrows label the transition tempera-
ture T, for cooling (c) and warming (w). Inset, « vs T for
. . . CeCuy(Si;_,Gg), with x=0.01 and 0.05 alon{100] upon cooling
T,~0.8 K. This anomaly was not investigated further. (5pen symbolsand warming(closed symbols Arrows mark the
For Ge concentrationg<0.25, we again observe a first ansition temperatur®,, see text.
order transition af; < T, well separated froriy. In Fig. 4,
the linear and volume expansion coefficients are shown fothermal expansion data for=0.01 and 0.05 along100]
x=0.09. The transition into the AF phase manifests itself as aneasured upon cooling and warming. Whereas the curves for
second order transition &iy=1.25 K with a negative jump cooling show a monotonous temperature dependence, the
for both crystallographic directions. However, the first ordercurves for warming up exhibit an S-like shape. This behavior
transition atT;=0.8 K is now marked by a much smaller, seems to be caused by a less pronounced first order transi-
broader peak which is negative for both directions, in contion. We define somehow arbitrarily the transition tempera-
trast to the situation found for>0.25. Since the same be- ture T, as the minimum of the warming curve as no indica-
havior is observed fox=0.18, this indicates a change in the tions for a clear transition belov is found in the data for
nature of this phase transition fror®>0.25 tox<0.25. A cooling. The reason for choosing this definition Tfaris that
further anomaly is observed fdr.=0.12 K. It is assumed to at higher Ge conteri[; also corresponds to the minimum in
be associated to the SC transition as indicated by a drop te(T). With this definition T; can be followed down to
zero of the resistivity at 0.2 K x=0.01. The origin of the pronounced difference between
For x=0.09, we could observe clear thermal hysteresicooling and warming is not clear to us. Large hysteretic ef-
effects atT,;. In Fig. 5, we comparer upon cooling and fects might lead to the disappearance or the smearing out of
warming. While no hysteresis can be resolved@andT,, a  the transition afl;.
clear shift between cooling and warming can be found,at We also investigated a single crystal with a larger Ge
giving direct evidence for the first order character of thiscontentx=0.45. The very large size of this single crystal
transition. Even larger hysteretic effects were observed at~1 g) lead to some difficulties with the reproducibility of
lower Ge concentration. The inset of Fig. 5 shows the lineathe measurements, likely due to thermalization problems and
sample inhomogeneity. The most reliable res(dts deduced
- T - from a comparison with the specific heat resilts were
T g obtained for the thermal expansion along t8@1] direction,
which are shown in Fig. 6. The second order transition from
L: the paramagnetic to the AF state is again marked by a nega-
U oll[100] | tive step ina(T). However, the behavior beloW becomes
T | asasasmtanasdd more complicated. There is still a well defined first order
" ) o]|[001] transition atT;=2.14 K with a signature similar to that ob-

FIG. 3. (Color online Thermal expansion coefficient of
CeCuy(Sip 76Gey 05, along the basal plane VB at different fields
B=0T, 4T, and 8 T, respectively.
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M 1 served forx=0.37. But at lower temperature a further pro-
nounced anomaly appears Bt;=1.28 K. This anomaly is
CeCuz(Sio Geoog)2 broader and shows some substructure probably due to the
’ ' large crystal size. Huge hysteretic effects identify this
. 5:=0 ] anomaly as first order transition, too. Similar hysteretic ef-
1.5 20 25 fects were already observed in the same temperature range in
T (K) pure CeCuGe,.'” Both first order transitions af; and T,
were also observed in neutron scattering experinehtsre-
FIG. 4. (Color onling Linear and volume expansion coefficients liminary analysis of the neutron data indicates a change of
of CeCy(Siy 9:Gepy 9o VS T. the orientation of the moments a, while at T, both a

o, B (10°K")
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FIG. 6. Thermal expansion coefficientof CeCuw(Sig 55G€y 452

FIG. 7. Magnetic phase diagram of C e for
along[001] vs T. g p g ef08i; ,G6):

x=<0.45. Triangles mark the second order transitioTgtsquares

the first order transition af;, diamonds the superconducting tran-

reorientation of the moments and a lock in of the propagatiorsition atT,, and the down-side triangle the anomalyTat Dotted

vector seem to occur simultaneoudly. lines indicate possible interconnection of different phase boundary
lines. The closed symbols present the results from thermal expan-
sion, the open triangles from specific heat measurem&ws 13,

IV. DISCUSSION the open circles from neutron scattering measurem@és. 11).

. The closed diamond marks the position of the superconducting
Our thermal expansion measurements on larggump in resistivity(Ref. 14.

CeCuy(Si;_Ge), single crystals reveal new information

about the magnetism in the system. Th& magnetic phase show a broad transition whose jump height is enlarged com-
diagram deduced from our results is shown in Fig. 7. It ispared to that for other concentrations. This also hints to a
supported by results from specific hé&tand neutron dif- merging of both transition$ Further evidence for this
fraction measurementswhich are also included. comes from the observation that the signature of the transi-
The first main feature of this phase diagram is the contjon is different forx>0.25 than forx< 0.25. While the peak
tinuous decrease dffy, the transition temperature from the at T, in «(T) along the basal plane is negative in the whole

paramagnetic to the AF phase, with decreasing Ge contergoncentration range, aloig01] it changes from negative for
Its development is consistent with previous results on polyyx < (.25 to positive forx>0.25.

crystalline sample$’ The second main feature is the obser-  The microscopic nature of the transition Bt is yet not
vation of a first order transition &t < Ty in the whole con-  ¢lear. Neutron scattering experiméhtsuggest that for
centration range 0.04x<0.45. For 0.3=x<0.45theT,(X)  x<0.25 the dominant effect is a lock-in of the incommensu-
phase boundary is in good agreement with that deduced fate propagation vector, while for=0.25 the situation is
polycrystals>’ However, forx<0.3 this phase transition even less clear. It might be a combination of a lock-in tran-
could not be observed in the previous experiments. Only ongition and a reorientation of the moments. Then one would
of the published phase diagrams shows a single point aixpect that the transition observedratin thex=0.45 single
x=0.1 related to a first order transitidrBy contrast, in our crystal should merge at lower Ge content with Thetransi-
measurements this transition is very well marked by a pealjon, as tentatively indicated by a dotted line in the phase
in B(T) for x=0.09. Only at lower Ge concentration the diagram of Fig. 7 and as suggested in one of the phase dia-
determination of the transition temperature becomes difficulgrams obtained from polycrystalsThis has, however, to be
due to hysteretic effects as described in the previougonfirmed by further neutron scattering experiments.
paragraph. Recently, a similar anomaly was observed at The concentration regior=0.25 is not only marked by
T;~0.35 K in«(T) andC(T) measurements in a pure A-type the tetracritical point and the change in the nature ofTthe
CeCusSi, single crystaf! Evidence for a transition at around transition, also pronounced changes in other physical
0.3 K was also found in earlier thermal expansion measureproperties are found which give hints to a change in the
ments of polycrystalline CeG8i,.1® nature of the magnetic state. It seems that the nature df the
Another new result in this phase diagram is the presencelectrons evolves from a rather localized statexfor0.25 to
of a tetracritical point ak~0.25, connected with the merg- itinerant heavy electrons for<0.25. This is evidenced by
ing of the Ty(x) and theT,(x) phase boundaries. A direct the evolution of the Griineisen parameférwhich relates
evidence for the merging of both lines is the thermal expanthe volume thermal expansion coefficiggitand the specific
sion of thex=0.25 single crystal for which the two transi- heatC:I'=V,,o/ «1-B8/C, where «7 is the isothermal com-
tions cannot be resolved &=0, but are well separated at pressibility. Pressure experimetitson CeCuySi, give
B=8 T. The specific heat measurements on the same samplg$=8.3x 1072 Pa®. The molar volumeV,,, was calculated
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0 P S S velopment of the Kondo screening at low temperatures and
r . 1 the formation of really heavy quasiparticles. Decreasing the
g0 % 1o 1 Ge content leads to an increaseTgfand simultaneously to
200 *1 4 T 1 ® y
r sol }} - iz ] a somewhat stronger decreaserlqf At a given ratioT, /Ty
} ol 5. 11l which seems to be reached aroutrd 0.25, the onset of AF
40 LR ol ordering cannot anymore suppress the Kondo mechanism in
} ob . ¢ AR ZE an efficient way allowing the formation of heavy electrons.
30} } 00 01 02 03 04 054 This fact is reflected in the strong increaseloénd y.
X 1 The AF ordering temperaturg, in CeCySi, can be com-
20 } ---- % .................. 1 pletely suppressed t6=0 by either applying a slight hydro-

e o T ] static pressure or replacing part of Si by Cu. Presently, two
10r Cecuz(S'1-xGex)z ¥ scenaﬁos are discuspsed f%rpthe descri);/)tion of a QC)IID: the
] local scenarié??! and the itinerant scenarfé-2* The basic
0.0 02 0.4 0.6 0.8 1.0 difference is related to the behavior of the heavy electrons at

X the QCP. In the local QCP scenario the heavy quasiparticles

break up at the QC#¥:21 They exist only on the paramag-
FIG. 8. Gruneisen parametér of CeCu(Si;—Gg), taken at  netic side of the QCP. On the magnetically ordered side, they
T=1.1-Tyfor 0=x=1. Lines are guides to the eyes. Inset, uniaxial disintegrate into light conduction electrons and localifed
Griineisen parametdf; of CeCuy(Si;Ge,), along the basal plane  glectrons which order magneticaf§/By contrast, in the itin-
(I'y, up-side trianglgsand along thec-axis (I'c, down-side tri-  erant scenario the heavy electrons remain stable also on the
angles in the paramagnetic state xs magnetically ordered side of the Q&%P?4In this case, the

for each concentration using its specific lattice parameterdn@gnetic order corresponds to a spin density wesBW)
The specific heat data were taken from measurements on ti§@nnected with an instability of the Fermi surface of the
same single crystals or on single crystals from the sambeavy electrons._ln th_|s scenario, the dlsmte_gratlon of these
batch?3 Figure 8 shows the dependencelobn the Ge con- heavy electrons into light electrons and localiZeelectrons
centration taken af=1.1 Ty in the paramagnetic state. We occurs further away from the QCP within the AF ordered
include the result for pure Ce@@e, deduced from thermal region. On the magnetic side close to the QCP, one expects
expansion data of Ref. 17 and the specific heat data of Refignificant differences in the magnetic state between the
18. For pure CeCiBe, I'=10 is already enhanced com- two scenarios. In CeG(Si;,Gg,),, the enhancement of both
pared to that of ordinary meta(¥ =~ 1) suggesting that even the Grineisen parameter and the Sommerfeld coefficient for
in CeCuGe, f electrons are slightly hybridized with the con- X<<0.25 point to the existence of heavy quasiparticles also in
duction electrons. Decreasing the Ge content in the alloyhe AF ordered region away from the QCP. This gives further
leads at first to only a minor increase Bf to =20 for ~ support in favor of the itineran{SDW) scenario for
x=0.37. Then however, further decreasirgesults in an CeCuySi; as already inferred from the non-Fermi-liquid
abrupt increase of, leading to a value off~48 at Power laws in Ap(T) and ¢(T) following T*? and
x=0.18 and eventually t&"~58 atx=0.01. This value is (¥—aT*? dependence, respectively, in the normal state of
very close tol'=63 reported for pure CeG8i,.15 Thus, for  “S-type” CeCySi, close to the QCP25
x<0.25 we observd’ values which are typical for heavy The measurements of the linear thermal expansion coef-
fermion systems. ficient allow a study of the uniaxial Griineisen paramdigr,
The Gruneisen parameter describes the volume depemvherel’, indicates the uniaxial Grineisen parameter along
dence of the characteristic enefkgm “:T'«<—-InT"/InV. For  the basal plane anb, along[001]. The deduced values are
a Kondo system the characteristic energy is given by thehown in the inset of Fig. 8. The Griineisen parameter along
Kondo-lattice energy which is related to the hybridization ofthe basal plane exceeds that along the tetragomais by
the f electrons and the conduction electrons. It is experimenroughly a factor of 3. Apparently, the hybridization is more
tally accessible through the single-ion Kondo temperaturémportant along the basal plane. This behavior is in good
T«. The weakly enhanced Griineisen parameter characterizagreement to that found for CegSi, in previous studie$®
CeCuyGe, and CeCy(Si;_,Ge), with x=0.37 as a Kondo

lattice with weak hybridization of thé electrons. The hy- V. CONCLUSION
bridization seems to change abruptly in the concentration _ _
rangex~0.25. At lower Ge concentration, theelectrons The focus of our thermal expansion study on large high-

become more itinerant and form a typical HF state. This igjuality CeCuy(Si;_«Gg,), single crystals is to establish a
also supported by a similar concentration dependence of thaore detailed phase diagram than previously repdrtekhe
Sommerfeld coefficient.!® The strong increase of both ~ composition dependence of the antiferromagnetic order tran-
and vy for x<0.25 indicates a pronounced increase of thesition atTy is in good agreement with these published re-
mass renormalization of the heavy electrons in this concersults. However, the measurements enable to define the first
tration range. order transition af; within the magnetic phase in the whole
For CeCuyGe,, the Kondo temperaturé,~4 K and the concentration range studied. Furthermore, a tetracritical
AF ordering temperatur&y=4.2 K are very closé? There-  point atx~0.25 at which theTl;(x) and Ty(x) phase bound-
fore, the onset of the AF ordered state prevents the full deary lines merge marks a change in the nature of the transition
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at T, betweenx>0.25 andx<0.25 and thus in the magnetic i.e., in the Cu-rich side of the homogeneity rar®-type”

nature of the phases. CeCuySi,).?” The heavy quasiparticles are found to exist on
The Griuneisen ratio which reflects the hybridizationthe magnetic side of the QCP. A local QCP can therefore be

strength of thef electrons increases only slightly between excluded. These results give a strong support for the itinerant

pure CeCyGe, and CeCw(Si;_,Gg), with x=0.37, but SDW scenario describing the QCP in CeSu.

rises rapidly in the region of the tetracritical point around

x==0.25. This suggests that the formation of the heavy fer- ACKNOWLEDGMENTS
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