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SPIN FLUCTUATIONS IN THE HEAVY FERMION SYSTEM
CeCuyGe; PROBED BY NUCLEAR MAGNETIC RESONANCE

N. Biittgen, R. Bohmer and A. Loidl

Institut fiir Festkorperphysik, Technische Hochschule Darmstadt, 64289 Darmstadt, FRG

83Cu nuclear magnetic resonance (NMR) has been studied in the
Kondo lattice CeCuyGey (T* =~ 6K, Ty = 4.1K), to obtain informa-

tion on local magnetic behavior. The relaxation measurement of

the excited %Cu (I =3/2) nuclear spin system is mainly dominated

by inter-site magnetic interaction of RKKY type with a vanishing

on-site contribution of Korringa type relaxation. This behavior is

demonstrated by the very similar temperature dependences of the nu-

clear relaxation rate 1/T) and the dynamic structure factor S(Q,w)

from quasielastic neutron scattering.

In heavy fermion systems the formation of
electronically highly correlated states leads to
new and exciting paradigms in solid state phy-
sics [1]. Many of the fascinating effects occu-
ring in cerium or uranium based heavy fer-
mion systems are due to a delicate balance
between a RKKY type of magnetic interac-
tions (inter-site) and the hybridization of the
4f or 5f electrons with delocalized band states
(on-site) [2]. Small hybridization usually yields
magnetically ordered ground states while a
strong hybridization leads to the formation
of fluctuating valence states. At intermediate

hybridization strengths, heavy fermion super-
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conductivity, heavy fermion band magnetism

or non—fermi liquid behavior can be found.

The spectral density of electronic fluctua-
tions can be studied using quasielastic neu-
tron scattering and magnetic resonance tech-
niques. These methods which operate on vastly
different frequency scales have been employed
in order to study the spin fluctuation rates in
CeCuyGeq. This compound is isostructural to
the prototype heavy fermion superconductor
CeCu,Siy [3]. CeCuyGey exhibits a charac-
teristic Kondo lattice temperature T* =~ 6K.
Below Ty = 4.1K, the localized 4f moments



exhibit an incommensurably modulated ma-
gnetic order [4]. At pressures > 70kbar super-
conductivity has been found [5]. In the follo-

wing we focus attention, first on the result of
our nuclear magnetic resonance studies of the
Cu probe in CeCuyGes and in the reference
compound LaCuyGe;. Subsequently compa-
rison with results from quasielastic neutron
scattering is made in order to draw conclusi-
ons concerning a possible spatial localization

of the density of states at the Fermi level in

CeCugGeg.

The experiments were carried out using the
pulsed spectrometer BKR 322 S modified in
order to allow control of pulse sequences and
magnetic fi
ter. The sa.mples were prepared by repeated
arc melting of the highly pure (> 99.99%) me-
tallic ingots in the appropriate proportions.
Subsequently the samples were powdered to
grain sizes < 40pm. X-ray diffraction showed
that the samples crystallized in the ThCr,g
structure, with no signs of impurity phases.
The powdered samples were immersed into a
paraffin matrix. Except for the measurement
shown in Fig. 1(a) all subsequently repor-
ted measurements were performed with grain
oriented samples using radio—frequency coils
made of silver. The alignment of the grains
with respect to the tetragonal axis was achie-

ved in the center of a 5T superconducting ma-

gnet.

In Fig. 1 we present the field swept powder
anactra of hoth conner isatones in CelCu, (o,
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Fig. 1(a) shows the spectrum of the unori-
ented sample and Fig. 1(b) of the oriented
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Fig. 1. (a) Powder spectra of CeCu,Ge, taken at T =
4.2K > Txn. The spectra are composed from two qua-

drupolar split powder patterns due to 8*Cu and ®Cu

resonances in CeCu,Ge,. (a) Unoriented powder spec-
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(b) Oriented powder spectrum taken at a spectrome-

ter frequency of 51.4MHz. The difference between the
frequencies of the satellite lines is twice that of the diffe-

rence obtained in the unoriented powder spectrum [see

(a)]-

one. The data were
echo sequence 7/2—7p—mn, with the inversion
echo pulse being 10us long. The pulse spa-
cing, Tp = 50us, was adjusted to minimize
the interference of the echo intensity with the
effects of acoustic ringing. The Cu spectra
(I = 3/2) are split by quadrupolar effects as
may be expected from the symmetry (4m2) at
the Cu-site. The two largest peaks in Fig. 1
correspond to the —1/2 « 1/2 transitions of

the %Cu and the 63Cu isotopes. The satelli-
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to be €2¢®Q/h = (5.08 £ 0.33)MHz for %Cu
and €2¢®Q/h = (5.42 £ 0.30)MHz for ®*Cu.
The ratio of both values is in good agreement
with the ratio of the quadrupole moments,
5Q/%Q = 0.92 [6]. The quadrupole coup-
ling constant for 53Cu is larger by a factor of
1.2 with respect to the room temperature va-
lue [7]. A similar increase of the quadrupole
coupling constant with decreasing temperatu-

res has also been reported for Ce?’Al, [8].

For the measurements shown in Fig. 1(a) a
copper coil has been used to apply the radio—
frequency pulses. Therefore magnetization has
also been picked up from the nuclear spins lo-
cated in the coil and leads to a resonance peak
at field approximately 0.83% larger than the
central lines. Spurious peaks appear also in
the spectrum of the oriented powder which
was taken using a silver coil. Since our X-
ray investigation showed no signs of impurity
phases, at present we can not explain this
feature. It may be possible that these re-
sonances can be attributed to an unoriented
residual. The central line of the unoriented
Ce%CuyGe, powder pattern was recorded at
several temperatures below Ty = 4.1K. Here
the central peak shows a dramatic broadening
which is largest at the lowest temperature. At
T = 1.78K the full width at half maximum
amounts to about 0.21T (not shown). Since
below Ty CeCuyGey exhibits an incommen-
surably ordered magnetic structure [4] these
broad lines can be attributed to a wide distri-

bution of transferred hyperfine fields.

Measurements of the spin-lattice relaxa-

tion time Tj were carried out using the in-
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version recovery sequence augmented by an
echo pulse (r—t—7/2—71p—n). In order to
facilitate the analysis of the magnetization re-
covery data, i.e. M (t), we have studied orien-
ted powders. The measurements using orien-
ted powders allowed a selective stimulation of
either the satellite or the central transition.
For dominating magnetic relaxation proces-
ses the magnetization measured at a satellite
line recovers slower than at the central line
[9] which is observed for CeCu,Ge, (Fig. 2).
The solid and dashed lines in Fig. 2 have been
calculated using the theoretical expressions of
the recovery of the central (¢) and satellite (s)

transitions [9]:
Mc(t) = 11_0 [e—2Wt +9 e—12Wt] (1)

My(t)= 5 [e 456 4g e (2)

The spin-lattice relaxation rate W =1/T) =
115s~! thus deduced in the vicinity of T* ~
6K is by a factor of 260 larger than in the
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Fig. 2. Magnetization recovery for the central -1 &
3 (o) and the satellite 3 & 1 (A) transitions of the
Ce®3Cu;Ge; oriented powder at T ~ 7.5K. The lines
are calculated using equations (1) and (2). Due to their
multiexponentiality both decay lines exhibit a slight cur-

vature.
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isomorphous compound LaCu,Ge, [1/T1T =
(0.073 £ 0.02)s7'K~!]. The inset of Fig. 2
shows a typical measurement of M(t) in a
double logarithmic representation. In this plot,
equation (1) represented as solid line is seen
to give a good description of the biexponen-

tial magnetization recovery.

The temperature dependence of the spin—
lattice relaxation rate 1/T; in CeCuyGe; is
presented in Figure 3 (circles). For T > 10K
the rate 1/T) decreases with increasing tempe-
rature. This temperature dependence is cha-
racteristic for heavy fermion systems in the
paramagunetic regime (7' > T*), if the addi-
tional Korringa type contribution of the rela-
xation rate from conduction electrons can be
neglected. The very small Korringa constant
in LaCuyGes justifies this assumption. Below

10K the rate is almost constant, rises sharply
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Fig. 3. Spin-lattice relaxation rate ®3(1/T}) (o) mea-
sured at the central transition and dynamic structure
factor S{Q,w) for w — 0 (O) from neutron scattering
plotted double logarithmically versus temperature 7.
Except in the vicinity of Ty (marked by an arrow) ex-
cellent agreement between both quantities is obtained.
The inset shows an estimate of the electronic relaxation
rate I'yayrr < 1T xo and compares it to the quasielastic
neutron scattering line width (HWHM) [4].

in the vicinity of the Néel temperature and
drops off rapidly for T < Ty. The low tem-
perature behavior is reminiscent of the spin-
lattice relaxation rate in CeAls [11] and re-
flects the slowing down of the spin fluctuation
rate as the order parameter of the incommen-
surably modulated phase increases. In the
vicinity of the magnetic phase transition the
NMR data show a distinct maximum which
may be attributed to critical fluctuations on
the time scale set by the Larmor frequency of

the resonance experiment.

The paramagnetic behavior of 1/7} thus
seems to be dominated by an inter—site in-
teraction of RKKY type. It can be descri-
bed using the fluctuation dissipation theorem,

which may be written as [10]

T 243

2
1 _ 7nkBTZ |AQl2ImX(Q,wO) . (3)
Q “o

Neglecting the Q-dependence, equation (3)
may be written as 1/7} «x T'xo/wolnvur [12],
where a purely relaxational ensatz for the dy-
namic susceptibility with wy < I' has been
used. Here xq is the static susceptibility which
has been deduced from bulk measurements
and reveals a Curie-Weiss type behavior, i.e.
xo « 1/(T — 0) [4]. Tymr is the magnetic
relaxation rate of the cerium ions and in the
limit 7 — 0 it can serve as a measure of the

hybridization strength.

Via equation (3) the spin lattice relaxation
rate 1/T) probes the imaginary part of the
dynamic spin susceptibility x(@Q,w,) which is
also accessible by quasielastic magnetic neu-

tron scattering experiments, albeit in a diffe-



rent frequency range. In Fig. 3 we have also
plotted the dynamic structure factor
S(Q,w) =

T A0 3

"ID/‘-\W,W, . (4)
1 - ezp[-(hw/kpT)]
0.2meV/h < kpT/h)

the dynamic structure factor becomes

For low frequencies (wy =

S(Q,wp) x T - Imx{(Q,wp)/wo . (5)

Figure 3 indicates that the proportionality bet-
ween 1/T7 and S(Q,w) is verified experimen-
tally. This observation corroborates the con-
clusion that the NMR experiment predomi-
nantly probes the dynamic susceptlblhty of

the cerium ions via inter-site

the RKKY type.

the electronic relaxation rate I'yygr by using

However, if we calculate

ture dependence with almost no residual rate
for T — 0, in clear contradiction with the re-
sults of quasielastic neutron scattering (inset
in Fig. 3) [4]. This behavior has also been
observed in other NMR experiments, e.g. on
CeCus,Si, [13] and at the moment we have no
explanation for this result. In order to get the
pure cerium relaxation rate I'yyg, the Kor-

ringa type contribution due to the conduction
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electrons has to be subtracted from the nu-

clear magnetic relaxation rate. However, this

t>
3
W
-4

correction has P
sible explanation is that the line width I', as
observed in neutron scattering experiments,
in part is due to magnetic correlations and
hence, that the on-site hybridization is overesti-
mated. The significant disagreement may pos-
sibly also be explained by the fact that crystal

field effects have not been taken into account.

In conclusion, we have performed a detai-
led NMR investigation of CeCuaGes. The most
important result is that for T > Ty the copper
nuclei predominantly probe inter-site interac-
tions and hence, measure the dynamic suscep-
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b
tibility of still 1
Ty and at low frequencies (< 0.1meV) a gap
opens in the spin density due to magnetic ex-

citations.
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