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Neutron scattering shows that non-Fermi-liquid behavior of the heavy-fermion compoundGeghs
brought about by the development of low-energy spin fluctuations with an energy scale of 0.6 meV. They
appear around the antiferromagnetic wave vectgg®) and (003) at low temperatures, and coexist with
high-energy spin fluctuations with an energy scale of 4 meV and a modulation \(602@,0.23%). This
unusual energy dependent structure of(Q,E) in Q space suggests that quasiparticle bands are important.
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Non-Fermi-liquid (NFL) behavior has been investigated spin fluctuations being slowed down by a QCP of an antifer-
in an increasing number al- andf-electron systems in re- romagnetic phase, which would be one of those observed in
cent years:? In usual heavy-fermion systems, although Pd, Rh, or Cu substituted compourtds}’ However, previ-
strong correlation effects df electrons bring about a mass ous neutron-scattering experimefiton single crystalline
renormalizatiorm®/m by a factor of up to a few thousands, CeNi,Ge, disagree with this simple interpretation. The dy-
the systems remain in Fermi-liquidL) states, which are namical susceptibility is well described by the standard form
typically observed a€/T=const angp— py= T? at low tem-
peratures. The large mass enhancement originates from fluc- E
tuations of the spin degrees of freedom of thelectrons IMx(QE) =x(Qlo———" (1)
participating in the quasiparticles. When spin fluctuations are E?+ I'y
slowed down by certain mechanisms, the FL description
breaks down, and NFL behavior appears as, for examplajsed in the spin-fluctuation thectyHowever, the energy
C/TxIn(Ty/T) and p— poe T* with x<2. scalel'3~4 meV~KkgTy shows only a weak) dependence.

A mechanism of NFL behavior is critical spin fluctuations This is in contradiction with the QCP scenario, in which
near a quantum critical poif@QCBP), i.e., a zero-temperature is expected to depend strongly @hand vanish at the anti-
magnetic phase transitiofy (or T¢)=0.2"%Observation of ~ ferromagnetic wave vectdq; =(0.23,0.23%) at T=0.

a QCP requires tuning of the competition between quenching In this communication, we present neutron-scattering
of spin by the Kondo effect and interspin coupling by measurements that reveal a second type of spin fluctuations,
Ruderman-Kittel-Kasuya-YosiddRKKY ) interactions using which are shown to be characterized by a lower-energy scale
chemical substitutions, static pressures, or magnetic fleldsand highly relevant to the NFL behavior. The main part of
Recent experimental studies on critical behavior ofthe measurements was performed on the triple-axis spec-
CeCuy Aup; (Refs. 5,6 posed an intriguing theoretical trometer HER at JAERI, equipped with a FiB2) mono-
question: Is the singularity described by the standard spinehromator and a horizontally focusing F882) analyzer. The
fluctuation theories® or a locally critical quantum phase typical energy resolution using a final energy &
transition?’ For chemically substituted systems, disorders=3.1 meV was 0.1 meMfull width at half maximum
inevitably affect singularities, ranging from perturbative ef- (FWHM)] at the elastic position. Complementary measure-
fects to disorder-driven NFL behavidt€Experiments using ments at lower energies were done on the IRIS time-of-flight
stoichiometric compounds showing NFL behavior withoutspectrometer at RAL, with an energy resolution of 18V
tuning, such as CelGe, (Ref. 9 and YbRhBSI,, X% are thus  (FWHM). Single crystals were grown by the Czochralski
expected to clarify the QCP or other mechanisms of NFL inmethod using isotopi¢®Ni, which is important to avoid the
the clean limit. large incoherent elastic scattering of natural Ni. Four crystals

CeNi,Ge,, which crystallizes in a body-centered tetrago-with a total volume of 2.2 crhwere aligned together and
nal structure(see Fig. 1, is a paramagnetic heavy-fermion mounted in He flow or dilution cryostats. All the data shown
compound with enhance@/T=350 mJ/K mol.!* It shows are converted to the dynamical susceptibility and corrected
Kondo behavior with a temperature scaleTaf~30 K (Ref.  for the magnetic form factor. It is scaled to absolute units by
11) and has a metamagnetic behaviorkg=42 T.22 For  comparison with the intensity of the incoherent scattering
T<5 K, i.e., well belowTy , CeNi,,Ge, exhibits NFL behav- from a vanadium sample.

ior with C/TxIn(To/T) and p— po=T*, where < x<1.5° A number of constanE scans covering an irreducible
CeNi,Ge, also displays superconductivity near the QCPBrillouin zone were performed to search for low-energy
(Ref. 13 which may be spin-fluctuation mediat&t. spin fluctuations atT=1.6 K. ConstanE scans atE

The NFL behavior has been thought to be caused by the=0.75 meV in the HHL) scattering plane sho(gee Fig. 1
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that there are two peak structures arou@e-(331) and
(113), i.e., at reduced wave vectors &5=(330) and ks
=(003). The wave vectok, is the X point in the Brillouin
zone, which also corresponds @-=(330) in Fig. 1, where a

smaller peak is seen. We note that strong intensities were

observed only arounkl, andks in the whole Brillouin zone,
except for the vicinities of th&" point, where the high back-

ing. Possible antiferromagnetic spin configurations modu
lated byk, andk; are illustrated on the left and right sides of
the contour map, respectively, assuming that the spins a
parallel to thea axis.

The spin-fluctuation scattering Bt=0.75 meV is peaked
at the wave vectork, andks, in contrast to that at-4 meV,
which is centered ak; (see Fig. 1 and elongated in the
[110] direction!® This feature cannot be accounted for by the
spin-fluctuation theory of Ref. 3, since the prodw¢Q)I'
of Eq. (1) is predicted to beQ independent. A constant
x(Q)I'q implies that Iy, (Q,E) peaks at & vector where
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FIG. 1. A contour map of constali-scans
taken withE=0.75 meV in the HHL) scatter-
ing plane aff=1.6 K. No data were taken in the
hatched area, due to nonmagnetic background.
Possible antiferromagnetic spin configurations,
depicted on the left and right sides, illustrate low-
energy spin fluctuations with wave vectoks
=(330) (X point) andky=(002), respectively, as-
suming spins along tha axis. The wave vector
k;=(0.23,0.233) is the position where the high-
energy spin fluctuation I{g=4 meV) shows
maximum intensity(Ref. 18.

Refs. 11,18. To fit the additional peak structure below 1.5
meV at T<8 K, we parametrize the data by adding an ad
hoc Gaussian

Imxs(Q.E)= 5X(Q)¢6(E’VQ)2 @
Q

ground prohibited us from measuring the magnetic scatterg(clzeﬂéglt)agsiiiprt?sﬁlgpg];lzs aﬁ(:olﬁqu?r(]t)s ?r?lolg)zg)'ﬁt?;
also possible to describe the data by two Lorentziansfor
rg 1.5 meV, but the long tail of the second Lorentzian dis-
agrees with the data at higher energies. Belowl.6 K, the
energy width[half width at half maximum{HWHM)] of the
low-energy GaussiaifLorentzian) term is 0.7(0.45 meV.
We note that the necessity to include Ef) expresses the
failure of the spin-fluctuation theotyn another way.

Figure 2b) shows that antiferromagnetic correlations,

peaked at integer values df along Q=(33L) at E
=0.75 meV, develop only at low temperatures. The sf@w

I’ is minimum, which excludes the possibility to have othervariation ofAthe intensity can be described by an orientation
peaks in Imy (Q,E) at different energies. The archetypal factor (1+Q?) [see dashed curve in Fig(l8], which im-

heavy fermions CeRi$i, and CeCy, on the other hand, are
in agreement with theQ independent produck(Q)I'q."
The failure of the description of CeMbe, by the spin-
fluctuation theory will be a clue to clarify its NFL behavior.
To investigate the energy response arodnd we per-
formed constan® scans aQ=(331) and time-of-flight mea-
surements with a locus approximately along the liB&l)
for 0.8<L<2.2. We note thak, is close to the antiferro-
magnetic wave vectors of Ce(NiiM,),Ge, with M=Pd

plies that the spins fluctuate predominantly in tie plane.
This spin anisotropy is consistent with the antiferromagnetic
structures of the Pd-doped compouf8ddowever it dis-
agrees with the susceptibility measureméftshich indi-
cate an Ising-like anisotropy along tkeaxis atT~50 K.

To characterize the spin fluctuation kg, constante
scans along (11) and (0Q) are shown in Fig. 3. The simi-
lar intensities between the (L1 and (0Q) scans indicate
that the spin fluctuations are isotropic. The energy spectrum

and Rh? Figure 2a) shows energy spectra in the tempera-at the peak positio®=(1,1,0.7 (see the inset of Fig.)vas
ture range 0.£T<20 K. One can see a pronounced en-also parametrized using Eq¢l) and (2) assumingl'q
hancement of the low-energy spin fluctuations at low tem-=4 meV for the Lorentzian. The energy width of the Gauss-
peratures where NFL behavior in bulk properties becoméan is 0.9 meMHWHM) at 1.6 K. This is slightly larger than
evident. In order to show the relevance of these low-energyhat ofk,, suggesting that the spin fluctuationskathave a
spin fluctuations to the NFL behavior, we measured thesmaller importance for the NFL behavior.

magnetic-field dependence of the intensityeat 0.4 meV.

Finally, we compare the present neutron data with other

The inset of Fig. a) shows a significant reduction in the measurements. The wave-vector dependent susceptibilities
intensity, in agreement with the recovery of the FL behaviory(Q) at Q=(331) (k,), (1,1,0.7 (k3), and (333) (Ref. 23

with applied field® We conclude that the observed enhance-were calculated using the Kramers-Kronig relation from
ment of the low-energy spectral weight is at the origin of thelmy(Q,E), and are shown in Fig.(d) together with the

NFL behavior.

The energy spectrum at=20 K is well described by the x(Q) at Q=(

Lorentzian form of Eq(1) with I'o=4 meV, as reported in
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uniform susceptibilitiesy® and x2. While the susceptibility
) shows aT independent FL behaviog(ks)
reproduces the upturn at low temperaturegofand x2.
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FIG. 3. Constank scans along line®=(11L) and (0Q) taken

with E=0.75 meV afT=1.6 and 20 K. The solid line is a guide to
the eye. The inset shows a const@nscan at the peak positia@

=(1,1,0.7) and a fit to Eqg1) and(2).

observed in bulk properties are crossover effects due to the
antiferromagnetic low-energy spin fluctuations. From the

Im%(Q, E) (107 emu/mole Ce)

1
Q=(12 12 L)

FIG. 2. (a) Constant® scans aQ=(331). Solid lines are fits to
the Lorentzian of Eq.(1) with I'q=4 meV with an additional
Gaussian[cf. Eqg. (2)] for data below 8 K. The inset shows the
magnetic-field dependence of the intensity B0.4 meV. (b)
Constante scans along the lineQ=(35L) taken with E
=0.75 meV. Solid line is a guide to the eye and dashed line is the
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nondivergent behavior of(ky) [see Fig. 4a)] and 1/, [see

Fig. 2@] in the limit T—0, we also conclude that the loca-
tion of CeNbLGe, is slightly off the QCP. This is supported
by the fact that th&/T scaling is not observed in Ce)Ge,;
most easily seen from that the fact the peak position of the
low-energy response is independentTofsee Fig. 2a)]. In
agreement with this interpretation, the recovery of the FL
behavior, i.e.C/T=const has been reportédor some sto-
ichiometric samples at the lowest temperatures0.3 K.

An aspect of the antiferromagnetic low-energy spin fluc-
tuations that cannot be explained by the spin-fluctuation

orientation factor of an anisotropic spin fluctuation in #ieplane, 40 K (b)
for data at 1.6 K. o .~ Observation
P 3 %C’%

Since spin fluctuations dominate the specific heat at Iowg 10 X e .
temperatures, one would like to ask to what extent the ob-g E T T
served low-energy spin fluctuations account for the NFL be-.” ¥
havior of C/T. This can be answered semiquantitatively by = s| g
using the self-consistent renormalizatig8CR theory of o 05 Q=(/2121) k& S -
spin fluctuations, which were applied to several heavy = vQ=(1107) Kk
fermions®* Since C is theoretically calculated from ¢ Q=02172172) 0
Imyx(Q,E) approximated by the Lorentzian form, a contri- 0 10 20 0 5 10
bution from the 4 meV spin fluctuation can be calculated T(K) T &)

using the SCR technique. Figurétshows this part o€/T,
evaluated assuming@ independent’o=4 meV, by a solid
line together with the observe@/T.?? These show rea-
sonable agreement above>5 K. An estimate ofC/T in-

FIG. 4. (a) Temperature dependence of the wave-vector depen-
dent susceptibilityy(Q) and uniform susceptibilitieg® and x?
(from Ref. 21. Error bars ofy(Q) include only statistical errors;
the systematic uncertainty in the absolute normalization can be up

cluding the low-energy spin fluctuations was obtained by reyg 4 factor of 1.5. Dashed lines are guides to the éyeObserved
placing the Lorentzian spectral weight with the observedspecific-heat coefficien®/T (from Ref. 22 compared with model

data® It is plotted by a dashed curve in Figb}, showing a

calculations using the SCR spin-fluctuation thedRef. 3. The

NFL upturn belowT <5 K with almost the same magnitude solid and dashed lines are the SCR evaluations without and with the
as the observe@/T. We conclude that the NFL behaviors low-energy spin fluctuations, respectively.
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theory was addressed in the itinerant-localized dualitywith x,=0.0752 The dynamical susceptibilities of these
theory?® The dynamical susceptibility(Q,E) was derived systems can be, at least approximately, described by a single
in the theory asy(Q.E)™'=xo(E) '~II(QE)-J(Q),  Lorentzian[cf. Eq.(1)] with T'x—0 at the antiferromagnetic
wherex(E) is a local spin susceptibility an#{ Q) the Fou-  Q, in agreement with the spin-fluctuation theoriésThe es-

rier transform of the RKKY interactions. The function sential problem of QCP is to determine the singularity, which
I1(Q,E) reflects properties of the quasiparticle bands, and ignay be different from the mean-field-type solutions of the
usually absorbed intd(Q) by neglecting itsE dependence. Sspin-fluctuation theories. For Cegy Au,,® a detailed
The resultingy(Q,E) "1= xo(E) "1—J(Q) was used as the study of the divergence revealed a significant deviation from
starting assumption in the spin-fluctuation thebowever, the single Lorentzian, which led them to propose an ex-
the development of a particular quasiparticle band can bringended functional form with a nonstandard exponent of
about a non-negligibl& dependence dfi(Q,E), which was ~ @~0.75. On the other hand, for €g, La, Ru,Si, (Ref. 28
discussed in Ref. 26 in connection with two kinds of spinT, stays finite in the limiff—0. In this context, an exactly
fluctuations with energy scales of 5 meV and 0.2 meV in theuned system, e.g., CeNXCPQ(CGeZ (Ref. 16,17 with x
heavy-fermion superconductor WPt We may speculate _q g9 js 5 promising candidate for studying divergent be-
t_hat the enhanced low-energy spin fluctqatlons anq the devigiavior of the Gaussian term of ER).

tion _from the standgrd §p|n-_fluctua_t|on description of |, conclusion, we have identified the low-energy spin
CeNi,Ge, can be explained in this fashion. At present, NOW-g ¢ty ations that lead to the NFL behavior in CgGe,.
ever, other theoretical scenarios will have to be pursued. ray are antiferromagnetic correlations around wave vectors

It is interesting to compare the present results with two 114} and(002) with a characteristic enerav scale of 0.6 meV.
other compounds that are close to QCP and which have beéﬁ2 ) and(003) gy ' '

studied in detail by single-crystal neutron scattering: We wish to acknowledge T. Moriya for valuable discus-
CeCy_,Au, with x,=0.1 (Ref. 6§ and Ceg_,LaRu,Si, sions, especially on the SCR theory.
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