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Pressure versus magnetic-field tuning of a magnetic quantum phase transition
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Specific hea€(T) and electrical resistivity(T) of CeCy_,Au, at very low temperatureb show distinctly
different behavior depending on whether long-range antiferromagnetic order is suppressed by hydrostatic
pressuregp or an applied magnetic field. p tuning yieldsC/T=aln(T,/T) andp=~py+A’T, while B tuning
showsC/T=y,—a’'T%® and p~py+A"T*5. This suggests that the spectrum of low-lying excitations that
determines the behavior near these quantum phase transitions differs.
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[. INTRODUCTION critical pressurep, as forx, at ambient pressufeRecently,
experiments on the related system CgGAg, were re-
Metals can acquire distinctly different ground states, suctported where the antiferromagnetic order was suppressed by
as magnetically ordered, superconducting, or simply parad magnetic field applied along the easy direcflan. this
magnetic with an essentially temperature-independent Pautiase,C/T levels off towards a finite value at low and p
spin susceptibility. The transition between magnetically orShows aT'* dependence, suggestive of a different type of
dered and paramagnetic metallic ground states at temperatUNL behavior. _
T=0 may be continuous or discontinuous. In the former In order to elucidate the difference of pressure and mag-
case, quantum fluctuations play an important role in deter?€tic field in tuning a QPT irf-electron systems, we have
mining the properties of the system around the transition. IPeformed measurements @f and p using both pressure
weak itinerant magnets such as MnSi, fie:0 quantum tuning and field tuning on thesame antiferromagnetic
phase transition may be tuned by presSuaed the lowT CeCu Ao, crysta}lg (I—N%.O'ZS K for p=0). Our results
properties may be described within a quantum Ginzburggermnsm”‘tfe a striking difference between both sets of ex-
Landau (QGL) modef of conduction electrons coupled to periments, implying that the low-lying excitations at the re-
) . ) spective quantum critical points are different.
Gaussian spin fluctuatioris.
Another class of materials where a quantum phase transi-
tion (QPT) close to a magnetic instability can be accessed Il RESULTS AND DISCUSSION
easily, is provided by heavy-fermion systefi~S) that are A. Experiment
intermetallic compounds with nearly localized dr 5f elec-

trons. In these systems, massive quasiparticles form below a The experiments were carried out on different specimens
T y ' q P cut from the same single crystal of CeAug, grown by
characteristic temperature, due to a resonance between c ' :

: o Qe czochralski method as described previod&Iylicro-
duction electrons and electrons building up at the Fermi oo anaivsis and x-ray diffraction did not reveal any con-
level E¢, and the Pauli paramagnetic state is achieveqeniration fluctuations along the crystal. Moreover, the elec-
through screening of thef4or 5f magnetic moments by the yca| resistivity p(T) for several specimens from different
conduction electrons. This scenario is well understood in dijgcations of the crystal was found to be identical. The spe-
lute magnetic alloy¢Kondo effeci and believed to hold also  ;ific heat C under pressure was determined as reported
for many HFS. Yet, in HFS, short-range dynamic correla-gqjier8 For the electrical resistivity measured with a stan-
tions indicate the proximity to magnetic order. A prototype gard Jow-frequency four-point technique, a Cu-Be pressure

of such a “nonmagnetic” HFS is Ce@uwhere a transition o similar to that for theC measurements was employed.
to an antiferromagnetic ground state can be induced by al-

loying with Au. Long-range incommensurate order is found
in CeCy_,Au, for x=0.15, where the N temperaturd
increases linearly witkx up tox=12 At a critical Au con- The long-range magnetic order as investigated by neutron
centrationx=x.~0.1, whereTy—0 in CeCy_,Au,, non-  diffraction (Institut Laue-Langevin, Grenoble, instrument IN
Fermi liquid (NFL) anomalies are observed in the thermody-14) is characterized by sharp, resolution-limited incommen-
namic and transport propertigs,e., the specific heaC  surate reflections at 50 mK, i.e., well beldW; (see inset of
varies asC/T=aln(T,/T), and the electrical resistivity de- Fig. 1). These correspond to a magnetic ordering veQor
pends quasilinearly o, p~py+A’T, in stark contrast to =(0.625 0 0.275) as reported earlfefhe main frame of

the standard Fermi-liquid model that predic®T=const Fig. 1 shows that magnetic order is suppressed by a magnetic
andp=p,+AT?, as approximately observed for pure CgCu field B,~0.42 T as estimated from the linear extrapolation
at sufficiently lowT.®” The QPT can also be tuned in mag- to zero of the integrated neutron-scattering intenkity the
netically ordered CeGu,Au, with x>x. when driving the (2.625 0 0.27breflection forT=50 mK and 180 mK. Here
Neel temperatureTy to zero by applying hydrostatic pres- and in the following experiment® was always applied par-
sure. This results in the sanfedependence o€/T at the allel to the c direction, which is the easy direction in

B. Neutron scattering
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FIG. 1. Integrated elastic neutron-scattering intensity of the U L i L
(2.625 0 0.27b5magnetic reflection for CeGyAu, g at two differ- %_04 0.1 1 4
ent temperatures. Lines are guides to the eye. Inset shotvsean T (K)
with three resolution-limited magnetic reflections.

CeCy_,Au,.'° Since the magnetic anisotropy is rather N B(T
large, with x¢:xa:xp=210:5:1,this corresponds to Bngi- A (M)
tudinal field. The data are compatible with a lineg(B) s 0
dependence near the critical fidkl that would correspond 3T &\ 2 0.157
to M~ (B—B) Y2 where the exponent is different from 1/3 2 o 0.3
expected for mean-field behavior. However, the limited sta- '

tistics precludes a definite statement. Within the large scatter gjﬁ ' 0.5
of the dataB. is the same for 50 and 180 mK. g o 0.7
S 2+ 1.5 4
C. Specific heat = o 3
o | s 6

Figure 2 shows the specific heatplotted asC/T vs T on
a logarithmic scale for various hydrostatic pressye$he
magnetic transition ap=0 is seen as a clear kink i@/T, 1k
corresponding to a maximum @ vs T. Ty shifts to lowerT,
as observed previously for=0.5 (Ref. 11) and 0.3(Ref. 8. R ————— Ly
For p=4.1 kbar,C/T=aln(T,/T) is observed over nearly [(b) |
two decades ifT signaling NFL behavior with—within the 0.04 01 4 3
error bars—exactly the same behavior asxerx,=0.1 at T (K)
ambient pressure. The slight positive deviations for
=3.2 kbar at lowT may indicate the onset of magnetic or-  FIG. 2. () Specific heaC of CeCuy gAug , for different hydro-
der just below the experimentally accessibleange. At 6.9  static pressurep, plotted asC/T vs T on a logarithmic scale. Also
kbar, thex=0.2 sample approaches a Fermi-liquid-liKe shown are the data for Cegat ambient pressuréb) C/T vs T on
dependence, i.eG/T=const, as may be seen by comparing?@ Iogarithmi.c spale .of .Ce(%.lgAuo.z for diﬁergnt applied magnetic
this data toC/T for pure CeCy at p=0. fle!ds B. Soll_d lines indicate fits of the Moriya-Takimoto model of
The C/T~In(T,/T) dependence at the QPT can be inter-SPiN quctuatl_ons{Ref. 13 to the data foB=0.3,0.5, and 0.7 T. See
preted invoking a quasi-two-dimensioné2D) fluctuation ~ teXt for details.
spectrumt? This scenario accounts even semiquantitatively
for the prefactorm of the logarithmicT dependence oE/T. =(0.1, 0),(0.2, 4.1 kbar, and (0.3, 8.2 kbay, where thex
The properties of2(T) imply that the 2D fluctuation spec- =0.3 data are from Ref. 8 is striking.
trum does not change qualitatively upon application of pres- Figure 2b) shows the specific heat of the=0.2 sample
sure, i.e., the logarithmid dependence prevails. Further- for various applied magnetic fieldB. Again, Ty is sup-
more, the coefficiena remains unchanged, hence a possiblepressed with increasinB, but the rapidly increasing round-
guantitative change of the spectrum appears to be compeimg of C/T vs T at the transition prevents a determination of
sated by a change of the quasiparticle dynamics, cf. a chandke critical fieldB. where the antiferromagnetic order van-
of the resonance betweer €lectrons and conduction elec- ishes. However, recall that the neutron data shown in Fig. 1
trons (Kondo resonande by pressure. In fact, the identity clearly indicateB.=0.42 T. For fields just below and above
of C/T approaching the quantum critical point,) B., i.e.,B=0.3 and 0.5 T, we observe a negative curvature
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in C/T vs T on a logarithmic scale towards loWw distinctly 4 — T T T
different from theT dependence observed in pressure tuning
the QPT. Here we have subtracted the hyperfine contribution
Cr=bnT 2 due to the Zeeman splitting dfCu and ®°Cu
nuclei in an effective fieldB.¢; that was determined &
=6 T to Bgs=1.08 B and scaled accordingly for lower
fields. It is interesting to note that the specific-heat data at
B=0.5 and 0.7 T may be modeled quite accurately by the
expression of the QGL model in the form given by Moriya
and Takimotd® as will be shown below. Here, Kondo
screening is viewed to give rise to onsilecal) spin fluc-
tuations of constant amplitude that are correlated in the spirit
of the 3D intersite (nonloca) Ruderman-Kittel-Kasuya-
Yosida(RKKY) interaction. Thus, the Doniach picture of the o 5 Specific heat of CeGyAu, , plotted asC/T vs ;T for
competlthn of the KondO, gffect and RKKY interactidn B=0.3 and 0.5 T in the immediate vibinity of the field tuned QPT.
may be viewed as competition of frequency-dependent locadyjig jines serve as guide to the eye.
fluctuations andj-dependent intersite fluctuations. For com-
parison with experiment, we introduce the effect of magnetic . . : . L .
field as a variation of the inverse staggered susceptibility a¥'S'bIe in p(T), with Ty vz_;mlshmg afoP_”‘*’c% Kbar, in
described by the parametgs. We thus assume that the iso- reasonable agreement with the speC|f|c-he_at res_ults. There
tropic model given in Ref. 13 is appropriate at comparatively2® 'th.ree further features that deserve attention: FII’St,. there is
small fields, ignoring the detailed field dependence of longi-® distinct change of curvature @f(T) aboveTy asp in-
tudinal (amplitudé and transverse fluctuations. Furthermore,C'€@ses. This may be attributed to a strong increase of the
the model ignores the effects of spin-orbit coupling, which inWidth of the Kondo resonance with pressure and of the con-
general, may be quite strong in lanthanide compounds. comitantp(T) ‘maximum observed in Iattlce—coherent HFS,
By using the full finiteT expression for the specific heat &S &lS0 seen in pure Ceg:’& The associated change of cur-
C, Eq. (4.5 of Ref. 12, we obtain a good fit f#=0.5 T vature renders a comparison p{T) over an extended
with the parametery,=0.01,y,=8, andT,=2.8 K. This ange for differentp difficult. However, we can nonetheless

expression yields a loW- asymptotic dependend®/T= v, extract a lineail dependence gi(T) over a limitedT range
—a’T%5 Even the data foB=0.7 T, may be fitted very abovepc_. _Th_e lower e_ndI'FL_ of thatT range marks the onset
well by y,=0.032, an unchangeg, and a slightly changed ©f Fermi-liquid behavior with ar® dependence of. T is
To=2.9 K. On the other hand, the best possible fit Bor S€€N to increase linearly with mcregsungﬁg. 5). Althpugh
=0.3 T (yo=0.02,y,;=10, andT,=2.9 K) is clearly less experiments were not performed directly at the critical pres-
satisfactory. The fits are indicated in FigbRby solid lines. ~ SUré: a careful comparison of tfiedependence at 4.1 with

It is remarkable that the agreement reaches as high as 4 Kat at 7.0 kbar allows us to draw some unambiguous con-
although the range of validity, in principle, is constrained tociusmn; for the critical pressure. For both pressures, the
temperatures well below the Kondo temperature. A similatVell-defined onset of magnetic order &~30 mK and
analysis, though purely qualitative, has previously been peff€mi-liquid dependence &ty ~30 mK, respectively, are

formed for CeCy,Ag, s, Where the limiting behavio€/T close to the lower limit of our experimental range of 15 mK.
= y,—a/Tos Was repbr,ted to be in good agreement with On the other hand, the quasilinear variationpgf) in the

experimenf Indeed, our data foB=0.5 T also follow this param.agnetic regime is not sens_itive to pressure over this
low-T behavior forT<0.2 K as expected, see Fig. 3. Again, small interval, a'_"_d allqws comparison W'th.the field depen-
the agreement foB=0.3 T is clearly less satisfactory. dence at thg critical field. AIthoug_h experiments were not
However, only a model going beyond the various aIOIOrOXi_performed directly aip., the quasilinea dependence of
mations employed here, addressing the field dependenddT) for p=7 kbar does resemble that p(T) for x = 0.1
over a large range, is expected to show if the behavior nedt P=0.

. . r_ 71 .
B. may indeed be interpreted as a field-induaaeantum Second, the coefficie®t’ =25 1€} lef is a factor of
phase transition. two smaller than that fox=0.1 whereA’=52.9 puQ cm,

while pg is 25% larger:®!’ This is to be contrasted with the
C(T) behavior where pressure tuning leads to a quantitative
recovery of the coefficiers at the quantum critical point as
Figure 4a) shows the electrical resistivity(T) for sev-  for x=0.1 andp=0. Although the quasiparticle relaxation
eral pressurep. Here,p was measured with the electrical rate at the pressure-tuned quantum phase transition is re-
current along the direction. The increase below 0.22 K at duced by a factor of two, the qualitative consistency(it)
ambient pressure signals the onset of antiferromagnetic oend the quantitative agreement 6{T) suggest that the
der. A detailed discussion of the interplay of magnetic ordenverall spectrum remain unchang€drhe quasilineap(T)
and transport leading to the rise pfT) below Ty for cur- is a distinguished feature of the 2D-fluctuation scenario dis-
rent directions with a nonvanishinQ component is given cussed above in conjunction with the specific Héathird,
elsewherd. The decrease 6fy with increasingp is directly  the residual resistivity, depends strongly op, i.e., much

D. Electrical resistivity
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95 , T in very good agreement with the QGL scenario. Fr
-, B(T) =0.7 T, aT*® it still is satisfactory, although the data at
.......:'-.,.. 0 low T are better described by & behavior leveling off

*oe, e, towards a linea dependence. This behavior has been ob-
— 90 Sttt o served similarly for CeCGibAgy5.2° The main point, how-
é 01T ever, is the clear distinction of the resistivipy T) for pres-
S cosensassssssaseeoeec? sure tuning vs field tuning the QPT, i.e., fpr and B,
o o 04T respectively. This point is emphasized in Figc)where the

&1 vesese® | different T dependencies op(T) are clearly visible. As

..........o--"z)‘; T noted above, th& dependence ip tuning is clearly linear as

seen also in concentration tuning. This difference is in line
with that observed irC/T for p andB tuning, as discussed
above. However, only a qualitative comparisiorp¢T) with

the QGL modet for the T>0 limit is appropriate due to the
presence of the coherence maximum at several K. The large
values ofpg,, in comparison to the temperature dependent
partAp(T)=p(T)— po, may additionally indicate a large in-
coherent background so that the resistivity effectively only
probes a tiny part of the low-lying spectrum of excitations by
comparison with the heat capacity.

p (nQcm)
(wogst) d

FIG. 4. (a8 Electrical resistivity p vs temperatureT of

CeCuy; Aug » for various hydrostatic pressures=0, 1.3, 2.4, 3.5, IlIl. CONCLUSIONS

4.1, 7.0, 8.1, 9.3, and 9.8 kbérom top to bottom. Solid arrows ) .

indicate the Nel temperaturer, open arrows the crossover tem- | ne different behavior ofC(T) and p(T) at the QPT

peratureT, below whichp exhibits aT? dependenceb) p vsTof ~ tuned byB or p presents strong evidence for pronounced

CeCu sAu, , for various magnetic fieldB. (c) Comparison of thg  differences in the fluctuation spectra. The pressure-tuning re-

dependence gf near the magnetic-nonmagnetic transition obtainedSults suggest that the strongly anisotropic fluctuation spec-

by field tuning 8=0.4 T) and pressure tuning&7 kbar). Al-  trum observed fox=0.1 at ambient pressure that can be

though in(c) p is not the critical value, data may be compared asmodeled by quasi-2D fluctuations prevails. A detailed inves-

outlined in the text. tigation of the energy dependence of the critical fluctuations
for x=0.1 has revealed an unexpected energy-temperature

more strongly than may be anticipated by the simple supscaling of the dynamic susceptibility 1(q,E)=c~ [ f(q)

pression of magnetic order. This indicates that the locak-(—iE+aT)“]. Such a scaling is not expected for a QPT

strains and local variations of the electronic structure as inwith Gaussian fluctuations. In addition, the scaling exponent

troduced by alloying, which depend strongly on whether aa=~0.75 is quite unusual, and(q)—O0 in quasi-one-

particular Ce atom has a local environment of only Cu atomslimensional regions of critical fluctuatiorsn the reciprocal

or of Cu atoms with exactly one free atom at the@site’®  ac plane. The critical dynamics exhibitin§/T scaling

is reduced by pressure. thereby appears to be independengpf.e., it emerges as a

Turning to the effect of a magnetic field @ifT), we first  local property? Very recently, this analysis was extended to

note that its effect o, is rather small compared to that of static magnetization measurements that were shown to ex-

p [Fig. 4(b)]. Furthermore, the best fit fgr(T) =po+A"T™  hibit field-temperature scaling with the same anomalous ex-

yieldsA”"=6.8 u Q cm K~ ™ andm=1.48+0.03 wheremis  ponenta.??
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Hints why pressure tuning in CeguAu, is similar to A further point of theoretical interest concerns the differ-
concentration tuning while field tuning is not, may be soughtent behavior ofC and p at the pressure vs concentration-
in the underlying microscopic mechanisms. For instancetuned QPT, suggesting that the relaxation rate of quasiparti-
pressure reduces the volume and thus destabilizes the mages is considerably smaller in the former case, while the
netic moments by increasing the hybridization betweén 4 gverall low-energy excitation spectrum as determinedCby
electrons and conduction electrons, compensating the effegémains unchanged. Inelastic neutron-scattering studies un-
of lattice expansion upon Au doping of pure CeCOn the  der pressure and in a magnetic field, as well as uniaxial stress

other hand, a magnetic field, besides breaking magnetic oktudies, are highly desirable in order to qualify the findings
der, also tends to suppress the Kondo singlet state, thus agf the present study.

tually stabilizing the magnetic moments. Pressure and field,

moreover, differ in that pressure acts as an isotropic means

of tunmg.the QP_T while magnetic field is not isotropic. The ACKNOWLEDGMENTS
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