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NMR study of the heavy-fermion alloy CgCu ;_,Ni,),Ge,
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A detailed %3Cu NMR investigation is presented for the heavy-fermion systet€Cge ,Ni,) ,Ge,, focus-
ing especially on the alloying induced transition from magnetic order to pure Kondo-like behavior. The
broadening of the resonance line and the temperature dependence of the spin-lattice relaxatidn eate 1/
studied in full detail. We provide experimental evidence for the appearance of heavy-fermion band magnetism
for concentrationx=0.6 andx=0.7. Forx=0.8 the spin-lattice relaxation rateTl/follows a logarithmic
temperature dependence which we interpret as a fingerprint of a non-Fermi-liquid behavior. Fifiallig 1/
compared to the dynamic structure fac&Q,w) as determined in inelastic-neutron-scattering experiments.

I. INTRODUCTION with neutron-scattering results of the dynamic structure fac-
tor given in Ref. 4.
Despite the enormous progress that has been made in the

knowledge of heavy-fermion system&lFS),! many phe- Il. MODEL CALCULATIONS
nomena in these highly correlated electron systems are far
from being fully understood. One of the issues of present
interest is the behavior of HFS close to the borderline fro
the magnetic, RKKY-interaction dominated regime to the
pure Kondo regios.Specifically, at this separation line non-

In order to derive a semiquantitative analysis of the tem-
erature dependence of the spin-lattice relaxation ratgit/

FS, in the following we present some simplified calcula-
tions that take into account the most prominent and impor-

tant interactions that will play a role in the compounds under
Fermi-liquid behavior may appear due to the fact that the consideration. Furthermore, these results should allow to elu-

phase transition into a magnetically ordered state is pushe date the comparison of the NMR results with neutron data.
towardsT=0 K and significant deviations in the susceptibil- |, a4gition to the Korringa relaxation rate that is usually

ity may show up’ The easiest way to fine-tune the compet-gpserved in normal metals without localized magnetic mo-
ing Ruderman-Kittel-Kasuya-YosidéRKKY) and Kondo-  ments, the experimental spin-lattice relaxation rate in HFS
like interactions is by changing the volume of the unit cell by || be enhanced due to spin fluctuation effects. As suggested

alloying. by Lysaket al,'® we write
Ce(Cu;_4Ni,) ,Ge, is a well characterized heavy-
electron system that reveals a transition from local-moment (TyH=(T He+ (T Hy. (1)

magnetism to a pure heavy-fermion behavi@reCuyGe, re-
veals a characteristic Kondo-lattice temperatilife~6 K
and undergoes a transition into a modulated magnetic strug-
ture with a partially Kondo-compensated moment at
TN=4._1 K3 At hydrostatic pressures above 7Q _kba_Lr magnetic (Ty 1) = wﬁ3ye72A2fN(EF)2kBT, )
order is suppressed and bulk superconductivity is indfced.
CeNi,Ge, belongs to the class of nonmagnetic heavy FermiwhereAy is the transferred hyperfine coupling aN¢E() is
liquid systems withT* ~30 K.” In the mixed crystals, with the density of electronic states at the Fermi level. Hence, for
increasing nickel concentrationthe magnetic order changes HFS the Korringa relaxation may also provide an access to
and experimental evidence has been provided for the appeahe hybridization-enhanced density of states at the Fermi
ance of heavy-fermion band magnetigiFBM) close to level. The second term in E@l) is due to spin fluctuations
x=0.52 In heavy-fermion band magnets the spin degrees oWhich will be transferred via the RKKY interaction from the
freedom are transferred into the band states and a Stoner tyfmal moments to the site of the NMR nucleus. It has been
of magnetism of the heavy quasiparticles is establi§Heid.  pointed out by Co¥ that for nuclei with low atomic num-
nally, close to x=0.75 magnetic order is completely bers the pure dipolar coupling may dominate the RKKY ex-
suppressefi A schematicx, T-phase diagram is presented in change.
Fig. 1. From the fluctuation dissipation theorem the contribution
In this communication we report the results of a de-(1/T,); for nuclear relaxation may be deduc¥d:
tailed NMR study of the 3Cu spin-lattice relaxation
in Ce(Cu;_Ni,),Ge,. Some preliminary results on 1 yeksT ,IMx(Q,wo,T)
CeCuyGe, have been reported earliein this work special (Ty )f_ 2 |Ae( Q) e €
emphasis is given to concentrations close100.75, where
magnetic order vanishes and the system passes into the purbe effective coupling between the localizednoment and
Kondo regime. In addition we try to compare our NMR datathe nucleus at site is given by

The Korringa relaxation represents the contribution to
uclear relaxation which originates from the contact interac-
ion with conduction electrons and is giventby
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—— 30 wherewy is the probing frequency of the NMR experiment.
Furthermore we describe the absorptive part of the dynamic
spin susceptibility by a purely relaxationahsatz

ol’
|mX=XoW- (6)

T (K

I" is the magnetic relaxation rate apg is the static suscep-
tibility. Taking into account that the nuclear Larmor fre-
quencywy<I', we can write

Ty (K)

Ce(Cu,_,Ni,),Ge,
0 1 L L 2 | ! L A L 0 (TI 1) f x kBT

Xo
0 05 1 I

)

In Fig. 2 a model calculation using E¢R) and Eq.(7) is
shown. FOIT>T*, x, is the Curie-Weiss type static suscep-

FIG'.l' x,T-phasc_e diagram of G:@ul__lex) ZC.;ez‘ revealing tibility with a Curie-Weiss temperaturé= J2T* .24 Follow-
two antiferromagnetic phases. Magnetic order is completely sup:-

: 15 ]
pressed close t&=0.75. The evolution of the Kondo-lattice tem- I?]g Coxet 3"’ ?sqgare z;;)é()ft] degendencedogg_em_lﬁerature of
peratureT* as a function of nickel concentration is shown by thet e magnetic relaxation r as been used. For< 17, we

dashed line. assumed that the magnetic relaxation rate, as well as the
static susceptibility are independent of temperature.
In neutron-scattering experiments the double-differential
Aei(Q) =D Aj(nexpiQ-r). (4) ~ cross section measures the dynamic structure factor
j S(Q,w,T). For magnetic neutron scattering this scattering
function is proportional to the imaginary part of the dynamic
A will depend on the momentum transfér and includes — susceptibility’
the coupling of thef spin to those of the conduction elec-
trons and the form factors related to the hyperfine fields. Imx(Q,w,T)
Application of Eg.(3) requires a direct calculation of the S(Q,T)= l-exd —(hwlkgT)]" ®
: wlkgT)]
absorptive part of the dynamic susceptibility y{Q, wq,T)
and of the effective hyperfine couplinges. The probing
copper nuclei are tetrahedrally coordinated by tlieighs.
Hence the calculation ohs+ would require one to sum over

For temperaturekgT>% w, and again neglecting th@ de-
pendence Eq8) yields

contributions from the four next-nearest cerium neighbors s(w,'r)ockB_T|mX(w,T)_ (9)
with a distance of 3.24 A. These calculations are beyond the how
scope of the present work. With the relaxational susceptibility of Edq6) the dynamic

Under the most naive assumption for this low number ofstrycture factor is determined by a Lorentzian line centered
nearest cerium atoms we neglect &ylependences. In this 4t zero frequency. The linewidth is determined by the mag-
case Eq(3) can be replaced by netic relaxation ratd& and the area of the Lorentzian line by

the static susceptibilityyg. On the basis of Eq5) and Eq.
_y.  keT (9), the results of spin-lattice relaxation and neutron-
(T, )focw—olmX(wO,T), (5 scattering measurements for low energies are expected to
trace one another, at least in the spin fluctuation regime
where the Curie-Weiss type of the static susceptibility holds.
10 ——
| spin-fluctuation ] Ill. EXPERIMENTAL DETAILS AND RESULTS

\/\dominated T
i ! The Cé&Cu;_,Ni,),Ge, samples were prepared by arc
T~ Korringa 5 1 melting the stoichiometric quantities usirg99.99% pure
. ] constituent elements in an argon atmosphere. For the NMR

5 e - experiment, the samples were crushed to powder, smaller in
size than 40um. After powdering, the samples were sub-
jected to a further heat treatment for five days at 900 °C.
i X-ray-powder diffraction showed that the samples were
I e (1T )k | single phase with the Thg3i, structure in the whole com-
T position range. Increasing Ni concentratiorat the copper
) .5 10 site leads to a linear reduction of the volume of the unit cell,
whereas the site symmetry at the copper probe remains un-
disturbed.

FIG. 2. Model calculation for the temperature dependence of the The samples were immersed into a paraffin matrix. With
nuclear relaxation rate, according to E@). T>T*:T'x\T,x, the exception of th&=0.7 sample, all measurements were
«C/(T+\2T*); T<T*:I'~consty,~ const. performed on grain-oriented powder samples. Orientation

heavy-Fermi
liquid

/T, (arb. units)
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FIG. 3. Powder spectra of both copper isotopes taken at tem- H (kOe)
peratures >T) . (@) Quadrupole split pattern of unoriented powder )
of CeCyGe,. Results obtained after grain orientation are reported
elsewherdRef. 9. The dashed peaks are due pick up of signal from
elementary Cu in the radio frequency cdih) Powder pattern of

Ce(CysNig5),Ge, where the quadrupole splitting is wiped out . . . ..
(se(e tlg;?)t 092G a pole SpIting P satellite transitions. The single central transition®€u has

been excited for the relaxation experiment.

procedure was achieved using a superconducting magnet 'N€ temperature dependence of the spectral line for
(>5 T). The sample with the concentratiarn-0.7 has been  ©€(Cl.Nio5,Ge is shown in Fig. 4 and reveals a drastic

measured unoriented, in order to show that the lack of quad2roadening of the resonance line for temperatiresTy .
rupole splitting of the Cu I(=3/2) powder pattern, which This behavior results from an inhomogeneous broadening
was observed for all nickel-doped samples, is not due t§U€ tO an incommensurate magnetic QVGé@) as has been
grain orientation. The NMR measurements were performe§Stablished by neutron-scattering expriméridzue to the IC

by a phase-coherent pulsed spectrometer in the temperatu?gucwre the copper sites experience a wide distribution of
range from 1.6 to 180 K. Except for the measurements of théransferred hyperfine fields resulting in a broaq resonance
sample CeCiGe, the radio frequency coil was made of sil- line. The temperature dependence of the full width at half
ver. The spectra were measured by field sweeps using stafl@Ximum(FWHM) of the resonance line for several nickel
dard spin-echo detectionm(2-7o-, 75=70 us). In order goncgntratlonx is shown in Fig. 5. Fok=0 andx=0.5 the

to obtain the spin-lattice relaxation tim&, the echo train linewidths strongly increase belowy~4 K. However, al-
was augmented by a preceding inversion pulse being=0 €ady for the sample witk=0.6 with a magnetic phase tran-
long. The correct value of; was obtained from a biexpo- sition temperature close to 3.5 K, the linewidth remains al-
nential fit to the longitudinal nuclear magnetization recovery™OSt constant, s_lmllar to the behavior in the nonmagnetic
over four decades in time. The ratio of the biexponential®mpound withx=0.8. This behavior could indicate a tran-
decay rates of the excited central transition was given by th&!tion into the regime of HFBM or it signals an almost fully
solution of the master equation for a nuclear spin system

FIG. 4. 53Cu resonance line shape in the paramagnetic and mag-
netically ordered phase of Ce(g€4Nigs).Ge, (Ty~4 K).

with 1=3/2.18 3 : : : :
Figure 3a) shows the powder spectrum of CeGe,. Z ox<0 -
The spectrum is split due to first order quadrupole effects as < F 8 x=05]
expected for the symmetry (@) at the copper sittSecond g ’r . i:%‘.?-_
order shifts of the central transition are estimated to be about s [ v x=081
25% of the observed linewidth, and therefore are beyond the § 1L ]
resolution of the experiment. In contrast to the results in T I :
CeCuyGe,, all nickel doped samples reveal no quadrupole [ ]
splitting of the powder pattern, although the site symmetry aof .
(4m2) at the copper probe is conserved. The absence of a e I ]
guadrupole splitting is demonstrated for tive 0.5 sample in [ ]
Fig. 3(b). The substitution of copper by nickel leads to a o B S T T —T

distribution of the charge density and hence to a correspond- T (K)

ing distortion of the electrical field gradietEFG) at the

copper site. Obviously the nuclear quadrupole interaction FIG. 5. %Cu linewidth (FWHM) vs temperatureT in
with this distribution of EFG’s wipes out the shift of the CeCu,_,Ni,),Ge,. The lines are drawn to guide the eye.
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FIG. 6. Spin-lattice relaxation raf¥(1/T,) vs temperaturd in 1 10 ®) 100

Ce(Cu;_Ni,) ,Ge, .

FIG. 7. (a) Spin-lattice relaxation raté*(1/T;) vs temperaturd
. ) for x=0.7 andx=0.8 samples. The line indicates a logarithmic
Kondo compensation of the ordered moments. And indeedemperature dependend) Absorptive part of the dynamic sus-
in neutron diffraction experiments, no indications of ceptibility Imy(w,,T)*1/T,T according to Eq(5).

magnetic Bragg reflections could be detected in
Ce(Cy3Niggr),Ge. From the nonobservability of the IV. ANALYSIS AND DISCUSSION
magnetic reflection an upper bound of @ghas been esti-

mated for the ordered momeht.

Figure 6 shows the temperature dependence ofa _ In this section we ‘compare _the present NMR resqlts
spin-lattice rate T, on a double logarithmic scale. For with results as obtained by inelastic-neutron-scattering

T=10 K all relaxation rates reveal only weak temperatureexperimentﬁ:5 Figure 8 shows the spin-lattice relaxation rate
(&losed symbolsfor x=0 (a), x=0.5 (b), x=0.6 (c), and

dependences. This observation suggests the dominance . S X
P 99 x=0.8 (d) in double-logarithmic representations. These

RKKY type interactions which are transferred via hyperfine .
coupling to the copper nuclei and provides experimental evi!\”vIR results are compared with the temperature dependence

dence for the spin-fluctuation reginisee Fig. 2 Figure 6 of the dynamic structure fact@®(Q,w) as determined at a

. . . ) m ring fr ncyv =24 Hz in inelastic-neutron-
nicely documents the increasing compensation of the ordereéjeasu g frequencyy 0 G elastic-neutro

L : cattering experiment@pen symbols*® x=0 (a), x=0.5
moment with increasing (at T=10 K, 1/T; decreases by a (b), x=0.6(c), andx=1 (d). In these experiments a summa-
factor of 4 whenx is increased fronk=0 to x=0.8). For ' |

. o tion over Q has been obtained by using polycrystalline
concentrations &x=<0.7, anomalies in T/; reveal clear samples and time-of-flight techniques.

evidence for the onset of magnetic order at low temperatures. at first glance the overall agreement of the spin-lattice
The anomalies are rather sharp fo=0.5, but are rounded re|axation time and the dynamic structure factor is astonish-
for x=0.6 andx=0.7. The strong increase of T/ in  ingly good. Figure 8 reveals that the temperature dependence
CeCuyGe, close toTy possibly originates from critical spin
fluctuations close taTy.° For x=0.8, the relaxation rate
continuously decreases far<40 K. It is important to note
that 17T, vs T for x=0.8 never reveals a linear dependence, 100
as it is expected for a pure heavy-Fermi liquid. 50
To elucidate this behavior in more detail, the spin-lattice
relaxation rate foix=0.7 andx=0.8 are shown in a semi-
logarithmic representatioriFig. 7). For comparison with
theoretical predictions we plottedTl/ vs log,oT [Fig. 7(a)]
as well as IT, T vs log,oT [Fig. 7(b)]. According to Eq(5),
(T,T) " corresponds to the dynamic susceptibility if Kor-
ringa processes can be neglected. It is evident that the spin-
lattice relaxation time for Ce(GuNi, g),G6&, reveals a loga-
rithmic temperature dependence over one decade in 5
temperature. An extension of these measurements to even
lower temperatures would be highly desirable. The experi-
mental results fox=0.7 reveal the onset of moment com- |G, 8. Comparison of nuclear relaxation rat@L({closed sym-
pensation foff~20 K (maximum value in 1/) and a mag-  bols) and scattering amplitud®(Q, ») (open symbolsfrom inelas-
netic phase transition close to 2.5 K. We interpret thistic neutron scattering/{ w, = 0.3meV).(d) The dashed and solid
magnetic phase transition deep in the Kondo-compensatéehes indicate power law dependences with exponents 1 and 2/3,
regime as a clear signature of HFBM. respectively.

A. Comparison with inelastic-neutron-scattering experiments

200 — : : — 200
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creases almost by a factor of(e Fig. 1L Hencea should
decrease continuously from 0.1%=0) to 0.11 k=0.8), a
behavior which is only roughly resembled in Fig. 9. For
temperaturesT<T* a temperature-independent residual
linewidth is expected for aS=1/2 Anderson model
theoretically'® The observed linear temperature dependence
of I'yur at low temperatures deviates from the theoretically
expected finite residual relaxation rdfet® This deviation
most likely stems from a distribution of crystal field levels
which originate in the site disorder of the nickel and copper
ions.

—reaqT ®

Tnwr (arb. units)

hd, " PR I S S " i " " " PR
0 100 200 100 200
T (K) B. Non-Fermi-liquid behavior

) ) _ Finally we want to comment in more detail on the tem-
FIG. 9. Magnetic relaxatlon rqte derived from NMR measure-perature  dependence of the dynamic susceptibility in
ment I'ywr*T1Txo . The solid lines were calgulated using a Ce(Cu;_Ni,) ,Ge, for x=0.8 andx=1 as shown in Fig. 7
square-root dependence of the magnetic relaxation rate. and Fig. &d). Theoretically non-Fermi-liquid behavior is ex-

pected to occur close to a quantum phase transitibat can

of the dynamic susceptibility scales for all frequenciesyisg occur in multichannel Kondo systethsr in impurity
v<.250 GHz and forT>Ty . Significant deviations appear gysiem? In the former two cases the bulk susceptibility is

for T<Ty. For x=0 both techniques, which operate on expected to behave according toy(T)«C(T)/T
vastly different frequency scales, detect the opening ofagag_m(T/T*)_ In disordered Kondo systems the low-
in the magnetic excitation spectrum. This is indicated by thecemperature thermodynamics also deviate from a Fermi-
strong decrease of T{, as well as ofS(Q,®) below Tn.  |iquid behavior and are characterized by a diverging suscep-
However, already fox=0.5 a spin gap opens on the fre- yiijity and a specific heat rising faster than Theoretically
quency scale of the NMR experimeftlosed symbols but  the scaling relation between the static and the dynamic sus-
not at the GHz frequencies as probed by neutron scatteringaptipilities has yet to be established. Preliminary results re-
(open symbols For x=0.6 [Fig. 8c)] both data sets signal yea| that the spin-lattice relaxation rate follows aT L/
the transition into a heavy-fermion regime far<20 K. .703(T/T*) dependence assuming a logarithmic diver-
However, strong spin fluctuations dominate the spm-lattlcegence of the Sommerfeld coefficieny=C/T.23 We
relaxation rate which are suppressed #orTy. The dy-  pglieve that the temperature-independent linewidth for

namic structure factor decreases continuously towards IO"(’ﬁe(Cu, Nios),G6, (see Fig. 5 provides evidence against
temperatures and reveals the presence of a strong on-signdo disordef*

Kondo effect suppressing all intersite fluctuations at the ce- The dynamic structure factd¥(Q,w) in CeNiGe, fol-
rium site. This indicates that strong hybridization yields ajgys a power-law behavior, but V\;ith an exponent2/3

strongly enhanced density of electronic states atftis#e, pich is significantly below the value of unity as expected
but RKKY-type interactions can still be detected at the copyo 54 Fermi liquid. It is interesting to note that in this com-

per site. We specula_te that= O.6lrepresents the borderline pound also the Sommerfeld coefficiep(T) increases con-
between the magnetism of localized moments and HFBM. in qysly with decreasing and zero field results could not

Finally, Fig. 8d) shows the results for samples in the fully pe explained with as=1/2 impurity Kondo model. Clearly
established Kondo regime. For<30 K and decreasing tem- qre experimental and theoretical work is needed to eluci-

peratures I, and S(Q,w) both exhibit a continuous de- st the non-Fermi-liquid behavior in @2y, Ni,) ,Ge,.
crease. However, as has been demonstrated in Fig. 7, the

spin-lattice relaxation rate follows a logarithmic temperature

dependence, while the dynamic structure factorxferl can

be described by a power-law behaviS(Q,w)=T¢, with

ax2/3 [solid line in Fig. §d)]. For a pure Fermi liquid both We have presented a detailed NMR investigation of the

quantities should depend linearly on temperature. To demorkeavy-fermion system G€u;_,Ni,) ,Ge, where the pure

strate that the deviations from Fermi-liquid behavior are in-compounds reveal local-moment magnetisk=0) and a

deed significant, the dashed line in FigdBindicates a lin- nonmagnetic, heavy-fermion ground state=(1). The con-

ear temperature dependence. centrationsx=0, 0.5, 0.6, 0.7, and 0.8 have been investi-
Using the experimentally observed spin-lattice relaxationgated. For all compounds, we measured the temperature de-

rate and the static susceptibilittésf Ce(Cu;_,Ni,) ,Ge, pendence of the resonance line and of the spin-lattice

we calculated the magnetic relaxation rhtg,g on the basis relaxation rate.

of Eq. (7). The results are shown in Figs(a®-9(d), where From these experiments we conclude that the samples

I'nur is plotted as a function of temperature. For high tem-with concentrations &x<0.5 are characterized by local-

peratured’\yr(T) closely follows a square-root dependencemoment magnetism. The compounds with-0.6 and 0.7

as theoretically predicted by Coat al'® The prefactora belong to the class of heavy-fermion band magnets. This

depends on the degeneracy of the ground multiplet and ogonclusion is drawn because the magnetic phase transition in

(VT*) "5 In the concentration region investigat&d in-  these samples develops deep in the Kondo-compensated re-

V. SUMMARY AND CONCLUSION
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gime. Finally, Ce(Cy.Nigg,Ge, reveals a logarithmic in- square-root dependence at high temperatures, but an almost
crease of the spin-lattice relaxation rate indicative for nonlinear dependence on temperature Tor: 0.
Fermi-liquid behavior.

In addition we presented a detailed comparison of the
spin-lattice relaxation rate with the dynamic structure factor
as determined in inelastic-neutron-scattering experiments. We are grateful to F. Fischer for help with sample prepa-
The calculation of the magnetic relaxation rate using resultsation. This work was supported by the Deutsche Fors-
from NMR and bulk susceptibility measurements reveals ahungsgemeinschaft within Sonderforschungsbereich 252.
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