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636%Cu NQR-NMR relaxation measurements in CgCuAu, for x=0, x=0.1, andx=0.8 are used to
derive insights on temperatu@) and magnetic-fieldH) dependences of the spin dynamics around the
qguantum critical poin{QCP). The relaxation rate W/ is related to thek integrated, low energy, generalized
susceptibilityy(k,w,H,T—0). Forx=0 a Fermi-liquid behavior is detected, while for 0.8 the temperature
dependence of & is the one expected for a nearly antiferromagnetic metal orderifig=a®.2 K. Instead, for
x=0.1, around the QCP, a response function of the form suggested by neutron scattering, namely of two-
dimensional character with anomalous exponent and ) scaling, is found to explain the main experimental
findings. An effect is observed in the low-temperature rangeHfarl T, with a crossover to a gapped phase
for the spin excitations at a field-dependent temperature.
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One of the most fascinating issues in recent years hagendence of the magnetic hyperfine interaction with the elec-
involved the spin dynamics and the low-energy excitations irtrons and in this way one has access to the magnetic response
strongly correlated metals undergoing a quantaero tem-  function over all the Brillouin zone.
peraturg phase transitioh? Heavy-fermion metals, in par- The samples have been prepared by argon arc-melting the
ticular, have been found to be driven through a quantunelements on a water cooled copper hearth with a tungsten
critical point (QCP at the crossover between a Fermi-liquid electrode, with zirconium as getter. To grant good homoge-
(FL) paramagnetic metal and an antiferromagnei#d-)  neity the buttons were turned over and remelted several
metal. The intermetallic alloy CeGu,Au, is considered the times. Weight losses were generally smaller than 0.5%. The
prototype of these systems. In fact Cg@a heavy-fermion alloys were then annealed in a furnace at 1000 K for 170 h
paramagnet, with a Kondo temperatifig=6 K, which in  and finally water quenched. The samples have been carefully
the low-temperature range displays FL behavidtor x ~ characterized by x-ray diffraction, SQUID magnetization
>0.1, instead, the compound is a weakly correlated ARmeasurements, and by the search of a possible broadening
metal which orders at a temperatufg increasing linearly —and/or shift of the NQR lines. All the data confirmed the
with increasingx, up toTy=2.3 Kforx=1. In CeCy AUy, excellent quality of the samples and the absence of detect-
the FL and long-wavelength paramagnons scenario is aba@ble magnetic impurities. To ensure a better penetration of
doned and the QCP is attainé@he quantum phase transi- the rf the samples were crushed to powders.
tion is believed to result from the competition between the In Fig. 1(a) the 53®Cu NQR spectrum between 5 and 12
Kondo effect, which tends to screen the Ce magnetic moMHz in CeCy is reported. Figure (b) shows the effect of
ments and the long-range RKKY interaction favoring an or-Au for Cu substitution on thé3Cu NQR line at about 11.3
dered magnetic state. In principle, also an external magnetigHz. In the x=0 sample the full width at half intensity of
field H can be used to tune the system around the QCP and tais line is about 26 kHzfor comparison see Refs. 7 anil 8
suppress the AF state far>0.1. It should be remarked that in spite of the broadening due to

Relevant insights on the magnetic fluctuations near théattice stresses and to the electric-field gradients distribution
QCP have been derived from inelastic neutron scattérfng. induced by Au at the Cu sites, the resonance line at 11.3
In particular, a response function of two-dimensiof2D) MHz (used in all NQR relaxation measuremenssill re-
character, with rods in the reciprocal space for energy arounrhains well resolved with respect to other lines, thus granting
hw=0.1 meV, with anomalous critical exponent ana/T) lack of contamination in the relaxation recovery laggee
scaling, has been conceived. However, the role of a stroniter on. The recovery of thé®3Cu NQR echo signal after
magnetic field and, in particular, the low-energy spin excita-saturation of the resonance line was found strictly single ex-
tions (Aw<0.1 meV) hardly detectable by neutron scatter-ponential, from which the relaxation rateTi/~=2W was ex-
ing have not been explored. This is the main aim of thetracted. In Fig. 2 the temperature dependence of the NQR
present report, where insights on the generalized susceptibitelaxation rates is reported. The data Tor1 K in CeCy
ity x(k,w,H,T—0) are obtained by means 6f°Cu NQR-  are from Ref. 7, while the results for the samplexat0.1
NMR relaxation measurements in CeCuAu,, for x=0,  below 1 K are taken from the recent paper by Walsteiial°
x=0.1, andx=0.8, in the low-temperature range, in external  One should remark that in this latter repdtie relaxation
magnetic fields fronH =0 (NQR) up toH=12 T. The spin- rate 1T, is defined as /. Furthermore the measurements
lattice relaxation of the Cu nuclei is driven by the time de-have been carried out by the above authors on the NQR line
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v (MHz) FIG. 2. ®3Cu NQR relaxation rates I{=2W in CeCy_,Auy
for x=0, x=0.1, andx=0.8. The low-temperature data far=0
L 1 ; ! L (A) are from Ref. 7, while those for=0.1 (O) from Ref. 9. The
(b) dashed line is the best fit behavior according to a power I&W 2
] x=0.8 i o«(T—Ty)" with the critical exponenn=—0.2. The solid lines
correspond to Eq3) in the text fora=1 and fora=0.7.
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z other hand, thanks to the high sample quality, our measure-
5 ments could be carried out on the single line around 11.3
. MHz, with full irradiation by the rf sequence saturating the
= o1 I NQR levels, thus granting a recovery described by a single
§, X=U. I exponential, with no spectral diffusion at short times.
= ] i The effect of the external magnetic field on 2W, on
B approaching the QCP in CeCsAug 1, is reported in Fig. 3.
'T;.. In the presence of the field the recovery laws are modified
E X= 100 - N 1 L 1 L | N | N 1 L | L 1 L 1 L 1
4 L ] a o a
£
: T T T ¥ T T T T 104 L
11.0 11.2 11.4 116 11.8 12.0 3
] a A R
v (MHz) ] & & o
~ 20 & 9
FIG. 1. ®3%Cu NQR spectrum in CeGua). The different Cu £ 13 & e * o m o F
sites have been labeled according to Ref. 8. In @@rof the figure 2] g '
the modification of the resonance line around 11.3 MHz upon Au A o o
for Cu substitution is evidenced. Far=0.1 andx=0.8 the spec- 7 2
trum is obtained from the envelope of the spin echo amplitude 017 3
recorded at different irradiation frequencies, while ¥e¢ 0 the di- ] A l
rect Fourier transform of half of the echo is reported. ] .
0.01 & 0
at 6.25 MHz[_see spectrgm in Fig.(@] and therefore a dlf-_ 100 20 300 400 500 600 700 800 %00 1000
ferent hyperfine factord“ has to be taken into account in T (mK)

comparison of the dat&. Moreover, in comparing our data

with those in Ref. 9, it should be stressed that these authors g, 3. Temperature dependence of the relaxation rates in
have observed at short times spin-diffusion effects and noncecy Au, , in the presence of the magnetic fiett for (0J) H
exponential recoveries. Most likely this phenome%isndue =0, from Ref. 9; (\) H=6.7T; (O) H=98T; (®) H

to a simultaneous irradiation of two NQR linsee spectrum  =11.2 T. In the inset two typical NMR and NQR recovery plots of

in Fig. 1(@)], the broadening in the Au substituted samplesthe nuclear magnetization, after a saturating rf pulse sequence, are
preventing the separation of the two components. On theeported. Notice the different horizontal scale for the two plots.
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and in order to extract the relaxation rates we used the law: el e el
for Zeeman perturbed NQRfor field such that®3yH/2zx

<11.3 MHz) or for quadrupole perturbed NMh the op-

posite limit and then by taking into account the superposition 100
of adjacent lines Some modifications in the hyperfine ]
coupling term A? (see later on have to be expected.
These changes do not have any effect on the temperatur

dependence. T;
Now we analyze the experimental results fa/2n term -
of the generalized spin susceptibility. One Ha3 R AL
=
2 "(K, =~ 104 ’

2W= ;—NkBTAZE w : (1) E 1 &0 \ [
K / L
! ol | H=OT(NQR) | ~ & }

w
where the hyperfine coupling terd has been assumdd ; o H=1T AT
independent(as appropriate for itinerant pseudoparti¢les 1 m H=673T T
and scalar, whilew,, is the measuring frequency. 1 " A H=97T
For thex=0.8 sample the behavior o#/2 as a function of o

. . H=112 T
temperaturgFig. 2) is not far from the one expectEdfor T, _ — _
weakly coupled AF metal. A power law of the form\2 ol i 10
o«(T—Ty)" with Ty=2.2 K and critical exponem=—0.2 T (K)

describes rather well the experimental data, in correspon-
dence to the critical slowing down of the spin dynamics on G, 4. %Cy relaxation rates, scaled B, for CeCu Aug;
approaching the ordering temperature. For Gethe FL be-  approaching the QCP at different external fidltte raw data are in
havior, expected fof <Ty, is practically obeyed, as noticed Fig. 3. A normalization of the hyperfine factor has been performed
in a preceding work.Those results, including echo dephas-in order to account for the irradiation of different lines related to the
ing and temperature dependences up to 300 K, will be disvarious sitegRef. 8] and comparison with the theoretical behav-
cussed elsewheré.Here we focus on the temperature andiors according to Eq(3) in the text, with an effective temperature
field dependences of\® for x=0.1, in the low-temperature given by Eq.(5) (solid lines for representative values of the field
range. H=0,H=1T,H=6.73 T, andH=9 T). One should remark the
From inelastic neutron scattering data, combined withdeparture of the data foF<T*(H) (arrows. The dash-dotted line

heuristic argumenté~®a response function of 2D character tracks the behavioweexp (—A/T) for A(H=6.73 T)=0.6 K (see
has been envisaged, text). The occurrence of the gapped phase is confirmed also by the

data at 9.7 and 11.2 T.

(T—iwl/a)®
c

X250 (k,,T)=kg +f“<k,T>} (2)

It is evident that the experimental results fbr~0 indicate
a#1, as already noticed from neutron scatterifig.

Fora# 1 a numerical integration is required to derivé/2
from Egs.(1)—(3). The line in Fig. 2 has been obtained in
correspondence tax=0.7, again A=3.8 kOe andTl 5¢
=(1.5x10°T)rads * and foré=3 at T=1 K. This value
f the correlation length is close to the one derived from
eutron scattering, where it was foﬁn62=(w0/kBTqé)
with (w/q3) =10 meV A?, yielding £=10//T A. Further-

with an anomalous exponeat~ 1, (w/T) scaling and renor-
malized Curie-Weiss constant From Eq.(1), by using Eq.
(2) with an expansion of “(k,T) in even powers of] start-
ing from the critical wave vector, under the condition that all
the excitation frequencieB =I5 remain larger tham,,
one derives the relaxation rate. First we refer to the case oﬁ
zero external field and one has

5 BZ [1+(q&)2*] 2 more it is noted how bels 1 K the critical frequency could
W= y—kBT A — 2 (3)  hardly be detected by means of neutron scattering, because
2N 2> a® kgTet! of resolution limits.

Now we discuss the effect of the external magnetic field.
Since close to quantum criticality the only scale, for both
energy and field dependence of the response function, is tem-
perature, one can reformulate the derivation leading to Egs.
(3) and (4) through Eq.(2), by substitutingT with an effec-

Y S(St1)  gp i i
W= —— 42 4) t|\{e tgmperatureTeff(H). The most stra|ghtforwar_q gener-
87 aT  14+¢2 q% alization for the effective temperature around a critical point,
including the effect of the field fs

where @T)“=T5 is the critical frequency and(T,H=0)
is the correlation length. In the assumptia 1, from 2D
integration of Eq(3) over the Brilluoin zone one would have

(qp a Debye-like wave vectoprwith the correlation length

given by &(T,H=0)=(1/\/T) In(T¢/T) (in lattice units.

In Fig. 2 the solid line fora=1 corresponds to Ed4), for Terr(H)=[ T2+ (gug H/Kg) M= [ T2+ (Tinag 212
a=10"Yrads 'K~ ! and.4=3.8 kOe(according to Ref. B (5)
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By considering first the case=1 (for simplicity of discus- typical of a system with a gap in the spin excitations. As an
sion), in the presence of the field instead of H¢) one  order of magnitude one has(H=6.7 T)=0.6 K.
derives The breakdown below* of the quantum critical suscep-
tibility in the form given by Eq.(2) suggests an intriguing
(QWIT) o [(T?+ Tha EX(TH)T L (6)  three-dimensional,x,H) phase diagram around the QCP,
. . . . . since forT—0 andH—0 quantum criticality again holds.
This equation, and therefore the choice Ty, is qualita- One could speculate that the gap originates from a field ef-

tively supported_by Fhe e_xpgrimental dgta. The trend of thefect on the spectral density reminiscent of the one yielding a
results reported in Fig. 4 indicates practically no field depenyecrease in magnetoresistivifyin this scenario the bell-

dence forT>Tp,,q. For strong field Eq(6) yields W/T)  shaped form ofT* (H) would result from the competition
temperature independehtand decreasing asH/ approxi-  petween the increase of the splitting of the spin-up and spin-
Eatew as observed in Fig. 4 in the temperature range 0.5—down subbands and the decrease Witiof the Kondo tem-

: erature.

The solid lines reported in Fig. 4 are the theoretical be-p Summarizing, from®Cu NQR-NMR spin-lattice relax-
haviors obtained from numerical integration of Efj) hav-  ation measurements around the quantum critical instability in
ing used forT, including in (T,H), the effective tempera- CeCuy jAu, ;different insights in the low-energy spin excita-
ture given in Eq.(5). As it appears from the figure the tions and correlated spin dynamics have been achieved. In
experimental results are rather well justified by the behaviorgeneral the 2D character of the magnetic fluctuations, the
derived for representative valuesteéf for temperature above anomalous critical exponent, and the energy/temperature
a given temperatur@* (H). Below this temperaturéabout  scaling suggested by neutron scattering are confirmed by our
200 mK forH=11 T and 600 mK fotH=6.7 T) a drastic data, based on thk-integrated low-energy response func-
departure of the data from the theoretical behavior is obtion. Different aspects involving the effect of an external
served, with a sudden decrease &W/Z on cooling. As it  magnetic field in the low-temperature range, where the criti-
appears from Fig. 4 below* (H) W takes a temperature cal frequency is below neutron scattering resolution limit, are
dependence approximately of the foMdcexd —A(H)/T],  pointed out by our results.
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