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NON-FERMI-LIQUID BEHAVIOR AND MAGNETICFLUCTUATIONS AT THE QUANTUM PHASETRANSITION IN CeCu6�xAux�H. v. Löhneysena;b, C. Pfleiderera, A. S
hrödera;
and O. Sto
kerta;daPhysikalis
hes Institut, Universität Karlsruhe76128 Karlsruhe, GermanybInstitut für Festkörperfors
hung, Fors
hungszentrum Karlsruhe76021 Karlsruhe, Germany
Department of Physi
s, Kent State UniversityKent, Ohio 44242, USAdMax-Plan
k-Institut für 
hemis
he Physik fester Sto�e01187 Dresden, Germany(Re
eived June 21, 2001)CeCu6�xAux has be
ome a prototype heavy-fermion system where,starting from not magneti
ally ordered CeCu6, Au doping introdu
es long-range in
ommensurate antiferromagnetism for x > x
 � 0:1. At the 
riti-
al 
on
entration x
, the unusual magneti
 �u
tuations probed by inelas-ti
 neutron s
attering lead to non-Fermi-liquid behavior, i.e. to anomalouslow-temperature thermodynami
 and transport properties. In magneti
allyordered alloys, hydrostati
 pressure 
an be employed to tune the magneti
�nonmagneti
 transition. The e�e
t of pressure in suppressing the antifer-romagneti
 order is 
ontrasted by the e�e
t of a magneti
 �eld by way ofa detailed study for x = 0:2.PACS numbers: 75.30.Mb, 71.27.+a, 71.10.Hf, 75.20.Hr1. Introdu
tionIn many Heavy-Fermion Systems (HFS), the strength of the 
ondu
tion-ele
tron�f -ele
tron ex
hange intera
tion 
an be tuned by 
omposition orpressure, giving rise to either dominant Kondo or RKKY intera
tions [1℄.This o�ers the possibility to indu
e a zero-temperature magneti
�nonmag-neti
 transition. In the vi
inity of this transition Non-Fermi-Liquid (NFL)� Presented at the XII S
hool of Modern Physi
s on Phase Transitions and Criti
alPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3313)



3314 H. v. Löhneysen et al.behavior [2℄ manifests itself as a strong deviation of thermodynami
 andtransport properties from Fermi-Liquid (FL) predi
tions. The linear spe
i�
-heat 
oe�
ient 
 = C=T a
quires an unusual temperature dependen
e, often
 � �ln(T=T0), and the T -dependent part of the ele
tri
al resistivity �� =� � �0 where �0 is the residual resistivity, often varies as �� � Tm withm < 2.It is generally believed that the NFL behavior observed in HFS at themagneti
�nonmagneti
 transition arises from a proliferation of low-energymagneti
 ex
itations [3�5℄. This transition, being indu
ed by an externalparameter su
h as 
on
entration or pressure, may in prin
iple o

ur at T = 0.If the transition is 
ontinuous, it is driven by quantum �u
tuations insteadof thermal �u
tuations in �nite-T transitions. The 
riti
al behavior of su
h aQuantum Phase Transition (QPT) at T = 0 is governed by the dimension dand the dynami
al exponent z. In the Hertz�Millis theory [3,4℄ the e�e
tivedimension is given by de� = d+ z. Hen
e one is in general above the upper
riti
al dimension de� = 4 ex
ept in the marginal 
ase d = z = 2.While in three spatial dimensions the renormalization-group treatmentby Millis [4℄ essentially 
orroborates the previous predi
tions of the Self-Consistent Renormalization (SCR) theory of spin �u
tuations [5℄, new re-sults are obtained for two-dimensional (2D) systems. The 
ase of 2D �u
tu-ations 
oupled to itinerant quasiparti
les with 3D dynami
s has been workedout by Ros
h et al. [6℄. This 
ase is pertinent to the unusual situation inCeCu6�xAux as will be explained below.In this review, we will fo
us on CeCu6�xAux whi
h appears to be one ofthe best studied examples of NFL behavior where ma
ros
opi
 (thermody-nami
 and transport properties) as well as mi
ros
opi
 measurements (elasti
and inelasti
 neutron s
attering) have been performed. As we will see, thissystem presents very unusual spin dynami
s. In addition, we will dis
uss howthe parameters Au 
on
entration, hydrostati
 pressure or magneti
 �eld areoperative in tuning the system through a QPT. Again, CeCu6�xAux is quiteunique in this aspe
t sin
e all these parameters have been employed earlyon [7, 8℄.This paper is organized as follows: Se
tion 2 reviews the salient featuresof antiferromagneti
 order o

urring for x > x
 � 0:1. Se
tion 3 gives anoverview over the magneti
 �u
tuations 
lose to the QPT at x
 determinedby inelasti
 neutron s
attering. Se
tion 4 dis
usses the e�e
t of hydrostati
pressure and magneti
 �eld in the vi
inity of a QPT. The 
on
lusions arepresented in Se
tion 5. The reader who is interested in more details aboutCeCu6�xAux is referred to a review of ma
ros
opi
 non-Fermi-liquid proper-ties [9℄, to a dis
ussion of the interplay of magneti
 stru
ture and ele
troni
transport [10℄, and to a general review of Fermi-liquid instabilities at themagneti
�nonmagneti
 transition [11℄.
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tuations : : : 33152. Antiferromagneti
 order of CeCu6�xAuxCeCu6 
rystallizes in the orthorhombi
 Pnma stru
ture and undergoes anorthorhombi
-mono
lini
 phase transition around Tom � 220K. The mon-o
lini
 distortion is only small (� 1:5Æ). In order to avoid 
onfusion, weuse the orthorhombi
 notation for the 
rystallographi
 dire
tions through-out this paper. Tom de
reases linearly with in
reasing x and vanishes atx � 0:14 [12℄. A detailed study of the orthorhombi
-mono
lini
 transitionunder pressure by means of thermal-expansion measurements has shown thatit is not related to the magneti
 instability [13℄. Pure CeCu6 is a HFS show-ing no long-range magneti
 order down to the range of � 20mK [14, 15℄.With 
 = 1:6 J/moleK2 it is one of the �heaviest� HFS. CeCu6 exhibits apronoun
ed magneti
 anisotropy with the magnetization ratios along thethree axes M
 : Ma : Mb � 10 : 2 : 1 at low T [15℄.Several groups have reported eviden
e for magneti
 ordering (either ele
-troni
 or nu
lear) o

urring at a few mK [16,17℄. These �ndings have beensubstantiated re
ently with measurements of the magneti
 sus
eptibility �and thermal expansion [18℄. Surprisingly, the observed maximum in �(T )found at T � 2mK is strongest for magneti
 �eld along the a dire
tion, asopposed to the 
 dire
tion being the easy dire
tion above � 0:1K. The �(T )maximum is suppressed in weak �elds of the order of 3mT, 
orrespondingto the low ordering temperature.Already at relatively high T , i.e. around 1K, does CeCu6 exhibit intersiteantiferromagneti
 �u
tuations as observed with Inelasti
 Neutron S
attering(INS) by peaks in the dynami
 stru
ture fa
tor S(q; !) for energy transfer~! = 0.3meV at Q = (100) and (0 1 � 0:15 0) [19, 20℄. The rather largewidths of these peaks 
orrespond to 
orrelation lengths extending roughlyonly to the nearest Ce neighbors. Re
ently, additional features in the a�
�plane at an energy transfer of 0.1meV were found [21℄. These 
orrelationsvanish in a �eld of � 2T. The breaking of the antiferromagneti
 
orrelationsby a magneti
 �eld (often referred to as metamagneti
 transition) has alsobeen observed in the di�erential magneti
 sus
eptibility dM=dB as a shallowmaximum at 2T at very low T [22℄.Upon alloying with Au the CeCu6 latti
e expands [23℄, thus weaken-ing the hybridization between 
ondu
tion ele
trons and Ce 4f ele
trons.Hen
e the 
ondu
tion-ele
tron�4f -ele
tron ex
hange 
onstant J de
reases,leading to a stabilization of lo
alized magneti
 moments whi
h 
an now in-tera
t via the RKKY intera
tion. The result is antiferromagneti
 order inCeCu6�xAux beyond a threshold 
on
entration x
 � 0:1, as inferred early onfrom sharp maxima in the spe
i�
 heat C(T ) [24℄, a
 sus
eptibility [24, 25℄and d
 magnetization M(T ) [24, 26℄. For 0:1 < x � 1 the Néel tempera-ture TN varies linearly with x. For the stoi
hiometri
 
ompound CeCu5Au



3316 H. v. Löhneysen et al.where the Au atoms 
ompletely and ex
lusively o

upy the Cu(2) site ofCeCu6 [27℄, a 
omplex magneti
 phase diagram has been mapped out [28℄.The magneti
 stru
ture of CeCu6�xAux (0:15 � x � 1) was determinedwith elasti
 neutron s
attering [10,29,30℄. Fig. 1(a) and (b) shows results ofelasti
 s
ans a
ross magneti
 Bragg re�e
tions for x = 0:15 and 0.2, takenat temperatures below the ordering temperature TN � 0:08K and � 0:25K,respe
tively.The observed resolution-limited re�e
tions for x = 0:2 in the a�
� plane(Fig. 1(b)), indi
ate long-range magneti
 order at Q = (0:625 0 0:275).For x = 0:15, a somewhat broader Bragg re�e
tion is found (Fig. 1(a)),resulting in the same ordering wave ve
tor Q. The larger-than-resolution-limited width may result from the fa
t that the measuring temperature(T � 50mK) was not su�
iently below TN. Note also the small intensityof the magneti
 Bragg re�e
tion. Only minor 
hanges in the positions ofthe magneti
 peaks are found for x = 0:3 with Q = (0:62 0 0:253) [10℄and x = 0:4 where Q = (0:605 0 0:22). [30℄. In 
ontrast, upon further Audoping, the magneti
 order for x = 0:5 no longer appears o� the a� axis, butin
ommensurate order is observed along a� with Q = (0:59 0 0) [29℄ whi
h isthen roughly 
onstant up to x = 1 (Q = (0:56 0 0)). Assuming a sinusoidalmodulation of the moments aligned along 
 we estimate an average orderedmagneti
 moment � of 0.1 to 0.15�B/Ce atom for x = 0:2. Under the sameassumptions the ordered moment for x = 0:3 is a fa
tor of 3 larger [10℄. Forx = 0:5, � � 1�B/Ce atom is estimated [29℄. � in
reases only by smallper
entage for x = 1. Theoreti
ally [5℄, the ordered magneti
 moment ina weakly intera
ting itinerant-ele
tron model should depend on the Néeltemperature as � / T 3=4N whi
h is quite di�erent from �(TN) experimentallyobserved. The possible di�eren
es of the magneti
 stru
ture for x = 0:5 and1 are dis
ussed elsewhere [10℄.For x = 0:2 we �nd short-range magneti
 order along the a� axis witha wave ve
tor �= (0.79 0 0) in addition to the long-range order mentionedabove.From the linewidth of the peaks, �q = 0:06 r.l.u. (HWHM) in a�, wededu
e a 
orrelation length of about 2.7 unit 
ells in the a dire
tion whi
his somewhat smaller than the result previously reported [6℄ (there a fa
torof 1=2� was omitted).Fig. 2 shows �(T ) for di�erent CeCu6�xAux alloys for 
urrent parallel tothe orthorhombi
 a dire
tion. For x < x
 � 0:1, �(T ) in
reases at the lowesttemperatures as �(T ) = �0+AT 2 whi
h is expe
ted for a FL with dominantquasiparti
le-quasiparti
le s
attering for T ! 0 as has been observed beforefor CeCu6 [15℄. For the magneti
ally ordered alloys with 0:15 � x � 0:3,�a(T ) and �
(T ) (not shown) exhibit a kink a TN and in
rease with de
reas-ing T < TN. These �ndings 
an be qualitatively interpreted in terms of
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Fig. 1. (a) Neutron s
attering intensity for elasti
 s
ans of CeCu5:85Au0:15 along(h 0 0.265) as measured on IN 14 with in
ident neutron energy of E0 = 3:24meVbelow and above TN = 80mK. (b) S
an of CeCu5:8Au0:2 along (h 0 0.275) measuredon IN 14 with E0 = 2:74meV below TN = 0:25K. (
) Position of the magneti
 Braggpeaks for 0:15 � x � 1 in the re
ipro
al a
 plane of CeCu6�xAux. Open symbolsindi
ate short-range order peaks with widths larger than the q resolution of theinstruments. Shaded strips indi
ate the dynami
 
orrelations found for x = 0:1(full width half maximum).



3318 H. v. Löhneysen et al.the observed magneti
 order, �(T ) in
reases below TN for 
urrent dire
tionswith a non-zero proje
tion of the magneti
 ordering ve
tor Q determinedfrom the elasti
 neutron-s
attering data dis
ussed above [10℄. An in
reaseof �(T ) below TN has been observed before in other HFS, for example, inCe1�xLaxRu2Si2 [31℄ and CeRu2�xRhxSi2 [32℄. For x = 0:10 where TN ! 0,the T -dependent part of the resistivity �� in
reases quasilinearly with T ,signaling NFL behavior.
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tri
al resistivity �(T ) of CeCu6�xAux (0 � x � 0:3) for 
urrent alongthe a dire
tion.3. Magneti
 �u
tuations near the quantum 
riti
al pointFor CeCu6�xAux, near the 
riti
al 
on
entration x = 0:1 for the onset ofmagneti
 order, an unusual T dependen
e of thermodynami
 and magneti
properties has been observed in addition to the T -linear resistivity mentionedabove [7℄. The linear spe
i�
-heat 
oe�
ient depends logarithmi
ally on T ,C=T = a ln(T0=T ), between 0.06 and 2.5K, with a = 0:58 J/molK2 andT0 = 6:2K, the latter 
orresponding to the Kondo temperature TK of pureCeCu6 [15℄. The magneti
 sus
eptibility was found to vary as � � M=B �1�a0pT between 0.08 and 3K whereM is the d
 magnetization measured in
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 �eld B � 0:1T [7℄. Motivated by INS data (see below), S
hröderet al. showed that the �(T ) data 
an be des
ribed very well by a di�erentfun
tional dependen
e, i.e. �(T )�1��(0)�1 = a00T� with � = 0:8 [33℄. This�t extends to 7K, i.e. to well above TK. This is surprising be
ause the FLregime in pure CeCu6 is observed only well below TK.The abundan
e of low-energy magneti
 ex
itations when TN is just tunedto zero, has been suggested early on to 
ause the NFL behavior at themagneti
 instability [7℄. However, the � lnT dependen
e of C=T and thelinear T dependen
e of � in CeCu6�xAux at the magneti
 instability have
onstituted a major puzzle ever sin
e they were �rst reported, be
ause spin-�u
tuation theories for 3D itinerant fermion systems predi
t [4, 5℄ C=T =
0 � �pT and �� � T 3=2 for antiferromagnets (z = 2) in the limit T ! 0).In addition, TN should depend on the 
ontrol parameter Æx = x � x
 orÆp = p � p
 as T �j Æ j� with � = z=(d + z � 2) = z=(z + 1) for d = 3 [4℄,while for CeCu6�xAux � � 1 for both Æx [7℄ and Æp [8℄ is found. In order toresolve this puzzle, a sear
h for 
riti
al �u
tuations by INS was performed.The short-range magneti
 ordering found for x = 0.2 along the a� axis [34℄prompted Ros
h et al. [6℄ to suggest an e�e
tively 2D magneti
 ordering onthe basis that the broad feature observed along a� exhibits a mu
h smallerwidth along b�. 2D 
riti
al �u
tuations 
oupled to quasiparti
les with 3Ddynami
s do indeed lead to the observed behavior C=T � � lnT , �� � Tand TN � j Æ j, i.e. � = 1 [6℄.A detailed investigation at the 
riti
al 
on
entration x = 0:1 by Sto
k-ert et al. [35℄ showed that, as a matter of fa
t, the 
riti
al �u
tuations asmeasured with an energy transfer of 0.10meV are not 
on�ned to the a�axis but extend into the a�
� plane. This is inferred from a large numberof s
ans in the a�
� plane, some of whi
h are shown in Fig. 3. Here thedynami
al stru
ture fa
tor S(q; ~! = 0:10meV) has the form of rods asindi
ated by the shaded regions in Fig. 1(
). Yet, the main 
on
lusion ofearlier work [6℄ remains valid, namely the presen
e of a quasi-1D dynami
feature in re
ipro
al spa
e that 
orresponds to quasi-2D �u
tuations in realspa
e. The width of S(q; ~!) perpendi
ular to the rods is roughly a fa
torof �ve smaller than along the rods. This is found for s
ans within the a�
�plane and also perpendi
ular to the a�
� plane, i.e. in the b� dire
tion [35℄.The 3D ordering peaks for x = 0:15; 0:2 and 0.3 fall on the rods for x = 0:1whi
h therefore 
an be viewed as pre
ursors of 3D ordering.From the width of the rods in re
ipro
al spa
e, the prefa
tor a of thelogarithmi
 C=T dependen
e 
ould be 
al
ulated to within a fa
tor of twoof the experimental value [35℄.The spin �u
tuations also develop spe
i�
 dynami
s at x = 0:1 [33℄. Thes
attering fun
tion S(q,E; T ) or the sus
eptibility �00=S(1�exp(�E=kBT ))exhibit E=T s
aling (E = ~!) in the 
riti
al q region, e.g. at Q
 = (0:8 0 0),
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Fig. 3. Neutron s
attering intensity of CeCu5:9Au0:1 for s
ans along (h0 0 l) forvarious �xed h0 = 1:1 : : : 1:45 with neutron energy transfer ~! = 0:1meV and�xed �nal energy Ef = 2:74meV at T = 70mK. The s
ans are shifted by 150
ounts with respe
t to ea
h other.whi
h 
an be expressed by�00(Q
; E; T ) = T��g(E=kBT ) (1)with � = 0:75 [33℄, see Fig. 4. This demonstrates that the 
hara
teristi
energy s
ale of the 
orrelated �u
tuations at this QPT is nothing else butkBT . The exponent � 6= 1 indi
ates that the �u
tuations do not have aLorentzian lineshape. These data have been supplemented re
ently by datataken at various q. It was found that the anomalous non-Lorentzian responsedoes not 
hange for other q away from the 
riti
al region [38℄. For all q, thesus
eptibility 
an be expressed as��1(q; E; T ) = 
�1(f(q) + (�iE + aT )�) : (2)In parti
ular, the T dependen
e of the stati
 uniform sus
eptibility�(q = 0; E = 0) �M=B 
an be des
ribed by��1(T )� ��1(0) = 
�1aT� (3)
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aling plot of inelasti
 neutron s
attering data at Q = (0:8 0 0) forCeCu5:9Au0:1 vs E=kBT where E is the neutron energy transfer. Solid line 
orre-sponds to a �t derived from Eq. (2) with � = 0.74 and f(q) = 0. The inset showsdeviations from the mean value per interval of E=kBT to 
he
k the quality of thes
aling 
ollapse with varying �.with the same exponent � � 0:8 to a high degree of a

ura
y, as mentionedabove. The simple form of Eq. (2) separates stati
 spatial 
orrelations fromthe spe
i�
 temporal 
orrelations, the latter being independent of q. Theselo
al �u
tuations at the quantum 
riti
al point show a signi�
ant departurefrom FL behavior sin
e � < 1. Putting this s
enario into a QPT frameworkwith the only parameters d and z, 
onsisten
y with the spe
i�
 heat C 
anbe shown by modeling f(q) with a q2 dependen
e perpendi
ular to the rodstru
ture and by a vanishing q2 term but a �nite q4 term parallel to therods. This leads to z = 2:5 and de� = 2:5, thus obeying the 
ondition d = zfor a vanishing power in C=T , 
onsistent with a logarithmi
 T dependen
e[33℄. The s
enario of a lo
ally 
riti
al quantum phase transition has re
eived
onsiderable theoreti
al attention, although a detailed model is not availableyet [36, 37℄. As a possible test, measurements of the Hall 
oe�
ient aroundthe quantum 
riti
al point have been suggested [37℄. We wish to point outthat the evolution of the ordered moment with in
reasing x > x
 dis
ussedabove, may provide a valuable input to test the di�erent models.While the two neutron-s
attering data sets for x = 0:1 [33, 35℄ are not
ontradi
tory, the two interpretations lead to di�erent predi
tions, depend-ing on how the T dependen
e of the weakly 
orrelated �u
tuations alongthe rod dire
tion is treated. The di�eren
e between absen
e or presen
e ofa weak T dependen
e, yielding d = 2 or de� = 2:5 respe
tively, 
annot bedistinguished by the present data sets. However, one essential 
ommon in-gredient in both models is the unusual low e�e
tive dimension for the 
riti
al
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tuations in this material. A further point is that it is not easy to seewhere an e�e
tive 2D �u
tuation spe
trum originates from. The 2D planesare spanned by the b axis and the 
onne
ting line between next-nearest-neighbor Ce atoms. Only a mi
ros
opi
 model 
an establish if, perhaps,the low dimensionality arises from a strong anisotropy of the Fermi surfa
e,the RKKY intera
tion, 
ondu
tion-ele
tron�lo
al-moment hybridization, ora 
ombination of these e�e
ts. On the other hand, the low dimensionalitymight turn out to be a more generi
 
hara
teristi
 of a QPT in HFS.Despite these open questions it should be stressed that CeCu6�xAux isone of the best 
hara
terized HFS exhibiting NFL behavior. It is rewardingthat the unusual behavior of the thermodynami
 and transport propertiesat the QPT 
an be tra
ed ba
k to an unusual low-dimensional �u
tuationspe
trum determined by inelasti
 neutron s
attering.The unusual q dependen
e of the �u
tuations exists even away from theQPT. Fig. 5 shows s
ans for x = 0:2 in the a�
� plane taken at 50mKwith an energy transfer ~! = 0.15meV. Overall similar features to those
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tuations : : : 3323for x = 0:1 are found for this magneti
ally ordered alloy (TN � 0:25K).These rod-like dynami
 
orrelations 
oexist with the 3D long-range orderingat Q = (0:625 0 0:275) observed below TN and the short-range order at� = (0.8 0 0) observed below � 0.5K. In fa
t, the dynami
 
orrelationspersist up to mu
h higher T , i.e., up to several K, similar to what is observedfor x = 0:1 [33, 35℄. Fig. 6 shows that the 
orrelations at T = 0:3K, i.e.,above TN have not lost intensity by any appre
iable amount with respe
tto T < TN.
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attering intensity of CeCu5:8Au0:2 for s
ans along (2.625 0 l),~! = 0:15meV, Ef = 2:74meV at temperatures T = 50mK below TN for magneti
�eld B = 0 and 0.33T, and at T = 300mK above TN for B = 0. The s
ans areshifted by 100 
ounts with respe
t to ea
h other.4. E�e
t of pressure and magneti
 �eld in the vi
inity of thequantum 
riti
al pointThe onset of magneti
 order in the CeCu6�xAux system is attributed toa weakening of J be
ause of the in
rease of the molar volume upon alloyingwith Au. Indeed, TN of CeCu6�xAux de
reases roughly linearly under hydro-stati
 pressure p [8,39℄. Although the volume e�e
t is dominant in the 
om-petition between magneti
 and nonmagneti
 groundstates in CeCu6�xAux,other e�e
ts also play a role, notably the anisotropi
 
ompressibility [13℄and the anisotropi
 
hange of the latti
e 
onstants upon Au doping (a and 
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(b)Fig. 7. (a) Spe
i�
 heat C of CeCu5:8Au0:2 for di�erent hydrostati
 pressures p,plotted as C=T vs T on a logarithmi
 s
ale. Also shown are the data for CeCu6 atambient pressure. (b) C=T vs T on a logarithmi
 s
ale of CeCu5:8Au0:2 for di�erentapplied magneti
 �elds B. Solid lines indi
ate �ts of the Moriya�Takimoto modelof spin �u
tuations to the data for B = 0:3; 0:5 and 0.7T. See text for details.expand while b 
ontra
ts up to x = 1) [23℄. Furthermore, the anisotropi
dependen
e of TN on uniaxial stress � is striking: While TN de
reases for� k b and � k 
, it in
reases for � k a [40, 41℄. Under hydrostati
 pressure,TN � 0 is rea
hed at 7�8 kbar for x = 0:3 [8℄, and at 3.2�4 kbar for 0.2 [40℄.At these hydrostati
 pressures both alloys exhibit NFL behavior in the spe-
i�
 heat, i.e., C=T � �lnT , with, surprisingly, the same 
oe�
ients a andT0 for both, and additionally for the NFL alloy with x = 0:1 and at p = 0.Spe
i�
-heat data for x = 0:2, plotted as C=T vs lnT , are shown in Fig. 7(a)for various hydrostati
 pressures. On the other hand, appli
ation of pressurefor x = 0:1 drives this alloy towards FL behavior: for p = 6:0 kbar, C=T fallseven below the data of pure CeCu6 at p = 0 [11℄. This shows how ni
elyboth 
omposition and pressure 
an be employed to tune the QPT.One might ask whether NFL behavior may arise at a magneti
-�eld in-du
ed instability in magneti
ally ordered CeCu6�xAux for x > 0:1. In thelight of the pre
eding dis
ussion, however, it would be astonishing if an ap-plied magneti
 �eld along the easy 
 dire
tion would indu
e low-lying 2D spinex
itations. An apparent indu
ement of NFL behavior in a poly
rystallineCeCu4:8Ag1:2 alloy by a magneti
 �eld was reported previously by Heuseret al., i.e., approximately C=T � � ln(T=T0) between 0.35 and 2.5K [42℄.
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 Flu
tuations : : : 3325Subsequently, the same group reported spe
i�
-heat data down to 0.07K ona CeCu5:2Ag0:8 single 
rystal with TN = 0:7K [44℄. At a 
riti
al magneti
�eld B
 = 2:3T applied to the easy dire
tion, C=T varies logarithmi
allybetween � 1:5 and 0.2K and then levels o� towards lower T , in line witha 
0 � �pT dependen
e. Moreover, the resistivity exhibits a T 1:5 depen-den
e at B
. Thus the data appear to be 
ompatible with the 
onventionalspin-�u
tuation s
enario, with d = 3 and z = 2.Elasti
 neutron-s
attering measurements of the (2.625 0 0.275) re�e
tionfor CeCu5:8Au0:2 with B k 
 show that its intensity de
reases linearly withB and vanishes around B
 � 0.42T for T = 50mK [43℄. Fig. 7(b) shows thespe
i�
 heat of this sample for various applied magneti
 �elds B. Again, TNis suppressed with in
reasing B. For �elds just below and above B
, i.e.,B = 0:3T and 0.5T, we observe a negative 
urvature in C=T vs lnT towardslow T , distin
tly di�erent from the T dependen
e observed in pressure tuningthe QPT. Here we have subtra
ted the hyper�ne 
ontribution Chf = bNT�2due to the Zeeman splitting of 63Cu and 65Cu nu
lei. The spe
i�
-heat dataat B = 0:3 and 0.5T may be modeled quite a

urately by the self-
onsistent3D spin-�u
tuation model as given by Moriya and Takimoto [5℄, assumingthat this model is appropriate at 
omparatively small �elds.By using the full �nite-T expression for the spe
i�
 heat C, Eq. (4.5)of Ref. [5℄, we obtain a good �t for B = 0:5T with the parameters y0 =0:01; y1 = 8, and TA = 2:8K (solid line in Fig. 7(b)). This expression yieldsa low-T asymptoti
 dependen
e C=T = 
0 � �T 0:5 previously observed forCeCu6�xAgx. Even the data for B = 0:7T, may be �tted very well by y0 =0:032, an un
hanged y1, and a slightly 
hanged TA = 2:9K. It is remarkablethat the agreement rea
hes as high as 4K, although the range of validity, inprin
iple, is 
onstrained to temperatures well below the Kondo temperature.However, only a model going beyond the various approximations employedhere, addressing the �eld dependen
e over a large range, is expe
ted to showif the behavior near B
 may indeed be interpreted as a �eld-indu
ed quantumphase transition.We now turn to the ele
tri
al resistivity �(T ) for x = 0:2 for severalhydrostati
 pressures p, measured with the ele
tri
al 
urrent along the adire
tion, see Fig. 8(a). The de
rease of TN with in
reasing p is dire
tlyvisible in �(T ), with TN vanishing around � 5 kbar, in reasonable agreementwith the spe
i�
-heat results. We 
an extra
t a linear T dependen
e of �(T )over a limited T range above 5 kbar. The quasi-linear T dependen
e of �(T )for p = 7 kbar resembles that of �(T ) for x = 0:1 at p = 0.The e�e
t of a magneti
 �eld on �(T ) and on �0 is rather small 
omparedto that of p (Fig. 8(b)). Furthermore, the best �t for �(T ) = �0 +A00Tm atB = 0:4T � B
 (solid line in Fig. 8
) yields m = 1:48 � 0:03, again in verygood agreement with the 3D spin-�u
tuation s
enario. For B = 0:7T, a T 1:5
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Fig. 8. (a) Ele
tri
al resistivity � vs temperature T of CeCu5:8Au0:2 for varioushydrostati
 pressures p = 0; 1.3, 2.4, 3.5, 4.1, 7.0, 8.1, 9.3, and 9.8 kbar (fromtop to bottom). Solid arrows indi
ate the Néel temperature TN, open arrows the
rossover temperature TFL below whi
h � exhibits a T 2 dependen
e. (b) � vs T ofCeCu5:8Au0:2 for various magneti
 �elds B. (
) Comparison of the T dependen
eof � near the magneti
-nonmagneti
 transition obtained by �eld tuning (B = 0:4T)and pressure tuning (p = 7 kbar).�t still is satisfa
tory, although the data at low T are better des
ribed by aT 2 behavior. The 
lear distin
tion of the resistivity �(T ) for pressure tuningvs. �eld tuning the QPT, i.e. for p
 and B
, is emphasized in Fig. 8(
) wherethe di�erent T dependen
ies of �(T ) are 
learly visible.The di�erent behavior of C(T ) and �(T ) at the QPT tuned by B or ppresents strong eviden
e for pronoun
ed di�eren
es in the �u
tuation spe
-tra. The pressure-tuning results suggest that the strongly anisotropi
 �u
-tuation spe
trum observed for x = 0:1 at ambient pressure whi
h 
an bemodeled by quasi-2D �u
tuations, prevails. One may expe
t that likewisethe unexpe
ted energy�temperature s
aling of the dynami
 sus
eptibility��1(q; E) = 
�1(f(q) + (�iE + aT )�) with � = 0:75 observed for x = 0:1at p = 0 [38℄, survives at the QPT under pressure.On the other hand, a magneti
 �eld appears to drive the system to-wards a more isotropi
 3D �u
tuation spe
trum. Inelasti
 neutron s
atteringstudies under pressure and in a magneti
 �eld as well as further uniaxial-
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 Flu
tuations : : : 3327stress studies are ne
essary in order to qualify the �ndings of the presentstudy and to establish a possible link to the �eld�temperature s
aling ofthe uniform stati
 sus
eptibility found re
ently for CeCu5:9Au0:1 [38℄. Itwill be interesting to 
ompare the magneti
 order and spin dynami
s inCeCu6�xAgx and CeCu6�xAux in a magneti
 �eld. A preliminary mea-surement for CeCu5:8Au0:2 (Fig. 6) shows that the �u
tuations prevail in amagneti
 �eld B = 0:33T, i.e. 
lose to B
.5. Con
lusionsCeCu6�xAux is one of the best 
hara
terized systems displaying the 
om-petition between Kondo e�e
t leading to lo
al singlets and RKKY intera
-tion leading to long-range magneti
 order. The in
ommensurate antiferro-magneti
 order observed for x > 0:1 has been investigated in detail by elasti
neutron s
attering. An unexpe
ted feature is the jump of the magneti
 or-dering ve
tor o

urring between x = 0:3 and 0.5. The anomalous behaviorof the thermodynami
 and transport properties of CeCu6�xAux at the quan-tum 
riti
al point x
 � 0:1 between nonmagneti
 and magneti
ally orderedgroundstates is attributed to magneti
 �u
tuations with an e�e
tive dimen-sion smaller than three. While the dynami
 �u
tuations measured at �xedenergy transfer have a pronoun
ed q dependen
e with a strong anisotropy,unexpe
ted for a pre
ursor of three-dimensional magneti
 ordering, the dy-nami
 sus
eptibility is determined by unusual temporal 
orrelations thatare independent of q, i.e. lo
al in 
hara
ter. This sheds new light on theinterplay between long-range magneti
 
orrelations and lo
al dynami
s atthe quantum 
riti
al point. Re
ently, the YbRh2(Si1�xGex)2 system wheremagneti
 order found for x = 0 is suppressed by expansion of the latti
e viaGe doping [45℄, has been shown [46℄ to exhibit similar �eld�temperature s
al-ing of the uniform stati
 sus
eptibility as CeCu5:9Au0:1. While 
on
entrationand hydrostati
 pressure 
an be employed for CeCu6�xAux as parameters totune the quantum 
riti
al point in a qualitatively similar fashion, magneti
�eld a
ts di�erently. Overall, �eld has a similar in�uen
e as temperature indriving the system away from a quantum 
riti
al point. For magneti
allyordered alloys with x > 0:1, �eld may indu
e a magneti
�nonmagneti
 tran-sition with a behavior reminis
ent of 3D antiferromagneti
 spin �u
tuations.Detailed neutron s
attering studies have to be performed in order to 
he
kthis s
enario and to sear
h for quantum 
riti
al �u
tuations.The results presented in the review have grown out of a fruitful 
ollab-oration with many 
olleagues and students. We thank F. Huster, A. Neu-bert, T. Pietrus, M. Sie
k, U. Tuts
h, M. Wa�ens
hmidt and B. Will fortheir 
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