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Magnetic neutron scattering and crystal-field states in CeCu,Si,
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The energy-loss spectra of CeCu,Si, and LaCu,Si, have been determined using neutrons of
high incident energy. The magnetic part of the low-temperature spectra of CeCu,Si, consists of
a quasielastic line and two inelastic lines at 12.5 and 31 meV resulting from transitions between
the Kramers ground state and two excited crystal-field doublets of Ce3* in tetragonal symmetry.
When positions as well as intensities of the inelastic lines are used, the crystal-field level scheme
can be derived. The temperature dependence and magnitude of the quasielastic linewidth sug-
gest that the contribution of Kondo-type spin fluctuations to the spin dynamics of CeCu,Si,
predominates over that of valence fluctuations. No indication of any magnetic ordering in

CeCu,Si, was found by neutron diffraction down to the mK range.

I. INTRODUCTION

The low-temperature behavior of the tetragonal
compound CeCu,Si, poses some challenging prob-
lems to experimentalists as well as theorists: accord-
ing to its bulk properties, CeCu,Si, may be classified
as a nearly magnetic, strongly interacting Fermi sys-
tem, which has been found to undergo a second-
order phase transition around 0.5 K.! Although
some of the phenomenologically related Ce interme-
tallics like CeAl, (Ref. 2) are known to order antifer-
romagnetically, it has been concluded from (i) the
vanishing of the electrical resistivity, (ii) a large, stat-
ic Meissner effect, and (iii) the temperature depen-
dence of the critical magnetic field, that CeCu,Si, as-
sumes a superconducting state below 7, =0.5 K.!

There are two possible mechanisms which could
explain the low-temperature formation of ‘‘Fermi-
liquid effects’’ in such a Ce intermetallic, i.e., valence
fluctuations® and the Kondo effect.* CePd; (Ref. 5)
and CeSn; (Ref. 6) may serve as typical examples of
homogeneous intermediate valence (IV) compounds
while CeAl; (Ref. 7) and CeAl, (Ref. 2), for which
no valence fluctuations could be found, may be con-
sidered as examples of ‘‘Kondo-lattice’’ systems.? As
has been stated earlier, CeCu,Si, seems to be close to
the borderline between IV compounds and Kondo lat-
tices.” This point of view has been supported by re-
cent experiments: while room-temperature measure-
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ments of both the 3d and 4d x-ray photoelectron
spectra!® and the x-ray absorption edge!! of the Ce
ions show (within an experimental resolution of
=10%) that only the Ce’* configuration and no Ce**
configuration is present in CeCu;Siy; from lattice-
parameter measurements, an increase of the average
Ce valence by a few percent is inferred upon cooling
the system down to helium temperature.'? This latter
observation supports results of the nuclear quadru-
pole resonance!® which reveal an “‘intermediate”’
electric-field gradient at the Cu sites in CeCu,Si,.
Measurement of the magnetic neutron scattering is
an appropriate tool to further characterize the status
of CeCu,Si,. It was found that IV compounds like
CePd; and CeSn; show an almost temperature-
independent half-width I'/2 of the central (‘‘quasie-
lastic’’) line in the neutron scattering spectra, while,
for instance, CeAl; (Ref. 14) exhibits a temperature
dependence of I'/2(T) similar to that found earlier
for the dilute Kondo alloy CuFe.* We note that this
difference in phenomenological behavior of IV and
Kondo systems is — at least — qualitatively traced by
corresponding theoretical results.!® There exist furth-
er important differences between the two types of
materials: (i) the residual (7 —0) value of I'/2.is
20-25 meV for CePd; and CeSn; and < 0.5 meV for
CeAl;," peinting to a characteristic valence-
fluctuation temperature of the order 200 K for the
former compounds and to a characteristic spin-
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fluctuation (‘“‘Kondo’’) temperature of only a few K
for CeAls; (ii) while no inelastic magnetic lines due
to crystal-field (CF) transitions could be resolved for
both CePd; and CeSns,!” such CF contributions were
seen in the neutron scattering spectra of CeAly.!

Preliminary magnetic neutron scattering of
CeCu,Si, has been measured by one of the authors.®
These experiments were initiated to determine the
temperature dependence of the quasielastic linewidth
I'/2(T) and were therefore performed with neutrons
of low incident energy, i.e., 3.53 and 12.6 meV.
Although no CF-transitions could be detected in the
low-temperature energy-loss spectra up to an energy
transfer of 8 meV, an inelastic magnetic contribution
(Lorentzian at 26 meV with half-width 12 meV) had
to be assumed in order to obtain a reasonable fit of
the high-temperature (220—300 K) energy-gain spec-
tra. The existence of CF-transitions in CeCu,Si, has
also been inferred from measurements of the elec-
tronic transport properties.’

In order to directly observe such CF-transitions
and thus to obtain unambiguously the temperature
dependence of the quasielastic linewidth we have per-
formed new neutron scattering experiments on
CeCu,Si; and LaCu,Si, employing sufficiently high
incident neutron energies. In addition, we have
measured the neutron diffraction on CeCu,Si, well
above and below the transition temperature 7, =0.5
K in order to search for a possible magnetic structure
in the low-temperature phase of this compound.

II. EXPERIMENT

LaCu,Si; and CeCu,Si, samples were prepared by
induction melting and subsequent pulverization under
argon atmosphere. The CeCu,Si, sample was identical
to No. 4 used for previous bulk measurements."!°

Inelastic neutron scattering experiments were made
using the IN4 time-of-flight instrument at the high-

flux reactor of the Institut Laue-Langevin (ILL), Gren-

oble, providing an incident neutron energy of 51 meV.

Measurements of the neutron diffraction were per-
formed with aid of the multidetector instrument D1b
at ILL in the same way as in previous work on CeAl,
(Ref. 20) as well as CeAl; and Ce;Al;,.2' The sample
was filled in a cylindrical Cu cell with inner (outer)
diameter of 8(9) mm and 60 mm length. This cell
was attached to the mixing chamber of a *He-*He di-
lution refrigerator. The lowest temperature accessible
was 20 mK, as measured by two carbon resistors, lo-
cated on different sides of the Cu cylinder and pre-
calibrated by means of a °CoCo nuclear orientation
thermometer.

III. RESULTS AND DISCUSSION

Figure 1 shows the energy-loss specira of CeCu,Si,
taken at 10 and 100 K and LaCu,Si; at 100 K. These
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FIG. 1. Scattering law for average scattering angle 6 =14°
as a function of energy transfer Zw as obtained for CeCu,Si,
(a) and (b) and LaCu,Si; (c) by IN4 instrument (full cir-
cles). Solid lines represent a fit to the data points as
described in the text. The difference spectrum (triangles)
CeCu,Siy (T'=10 K) minus (0.72)LaCu,Si, (7 =100 K)
shows the existence of the inelastic magnetic line around
Fw=12.5 meV, which is masked by phonon scattering in the
original spectrum. The dashed line represents the difference
between the fit spectrum of CeCu,Si, (7'=10 K) and 0.72
times the fit spectrum of LaCu,Si, (7=100 K). The factor
0.72 is estimated from the different nuclear coherent scatter-
ing lengths of CeCu,Si, and LaCu,Si, and the different pho-
non population at 10 and 100 K, see text.

spectra represent an average of 13 counters,
corresponding to an average scattering angle §=14°,
They were obtained from the measured time-of-flight
spectra after both correction for background and ab-
sorption and transformation to an energy-transfer
(fw) scale. The scattering law S(fw, 8) is given in
absolute intensities as obtained by calibration with a
vanadium standard. The spectrum of LaCu,Si, indi-
cates nuclear-incoherent, elastic scattering and
phonon-inelastic scattering centered around fw =15
meV (§=14°). Using the coherent scattering
lengths?? and the masses of Ce and La, the phonon
contribution to the spectrum at 100 K is estimated to
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be smaller by =20% for CeCu,Si, than for LaCu,Si,.
A further 10% reduction at 10 K is caused by the
usual phonon-population factor.

After subtraction of this phonon part from the
spectrum of CeCu,Si, as measured at 10 K, we are
left with considerable intensity in the energy range of
5 to 40 meV [see dashed line in Fig. 1(a)]. This in-
tensity must be due to magnetic scattering. We have
refrained from extracting the magnetic scattering in-
tensity from the low-energy (< 5 meV) spectrum,
which is dominated by the nuclear-elastic, incoherent
contributions when using the IN4 instrument. How-
ever, from previous work at the D7 instrument using
neutrons of low incident energy E, (3.53 meV) and
rather high-energy resolution AE/E, (0.3 meV), we
know the half-width of the quasielastic magnetic line,
i.e., [/2=1 meV at T=10 K.® We, therefore, con-
clude the magnetic intensity for energies > 5 meV to
be inelastic in origin.

Evidently, this inelastic magnetic part of the spec-
trum consists of a well pronounced peak at fw=31.5
meV and, in addition, a less pronounced, albeit clear-
ly visible, peak at fw =12 meV. These two contribu-
tions can be reasonably well fitted by two Lorentzians
centered at fw=kg(135 +£15) and k(360 +20) K.
We attribute them to the two CF transitions from the
ground-state doublet, |0), to the excited doublets,
[1) and |2), as expected for Ce’* ions on tetragonal
sites. The ratio of the intensities for the two transi-
tions is found from this fit to be 1:3.4. We note that
the energy of the |0) —|1) transitions is in satisfac-
tory agreement with the temperature (100 K) where
the resistivity has a peak when plotted versus tem-
perature.” No structure in the p(T) curves of
CeCu;Si; is known so far to correspond to the
|0) —]2) transition, simply because this is to expect-
ed to happen near 400 K, i.e., outside the tempera-
ture range of the transport experiments conducted
hitherto.

At 100 K, the position of the low-energy inelastic
line, which is obtained after subtraction of the pho-
non line derived, as explained above, from the
LaCu,Si, spectrum [Fig. 1(c)] remains unchanged,
while the high-energy inelastic line appears shifted
somewhat toward lower energies [Fig. 1(b)]. This re-
flects the fact that a finite part of the Ce ions are in
the first excited CF state, so that transitions
[1) —|2) with E, — E; =kz(220 K) can contribute to
the energy-loss spectrum.

In the following, we want to discuss quantitatively
the measured spectra of CeCu,Si, in terms of CF
theory. The CF Hamiltonian for a rare-earth ion
with tetragonal site symmetry is

Hep=BY03 + B)OJ + B{0} + B{O? + B¢O§ , (1)

where the c axis of the tetragonal cell has been
chosen as quantization axis. For Ce** (J = %) the

last two terms can be omitted.?> The operators O
and the coefficients B/ are as defined by Hutchings.?
By diagonalization of Eq. (1), one can express the
matrix elements | (#n|J,|m )|? of the component of the
total angular momentum operator J perpendicular to
the scattering vector Q as well as the CF energies E,
as functions of the CF parameters BY, B, and B{.
By simultaneously fitting the ratio of the intensities
of the two inelastic lines, | (0]J/,|1)]%/](0]/,]2)}%, and
the splitting energies, £, and £, (E;=0) to the mea-
sured values, we find the CF level scheme shown in
Fig. 2 (with the CF parameters as noted in the cap-
tion). The matrix elements and CF energies as calcu-
lated with aid of the wave functions given in Fig. 2
agree well with the corresponding values as obtained
from the measured spectra (cf. Table I). On the
basis of this level scheme, the magnetic part of the
neutron scattering spectra can be calculated and com-
pared to the measured spectra of Fig. 1. As dis-
cussed in Ref. 5, the double differential magnetic
cross section is given by (: solid angle)

1.91r,

e _1
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if one can assume that (i) the magnetic moments of
the ions show relaxation behavior and (ii) no spatial
correlations between them exist. In case of a CF-
split ground state of Ce**, we may substitute in Eq.
(2) (Ref. 24)
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FIG. 2. Crystal-field level scheme of Ce3* in the tetrago-
nal compound CeCu,Si, as obtained from the measured
spectra of Fig. 1 and by diagonalization of Eq. (1), yielding
BY=-3.0%10, By =—04 £0.1, B§ =—0.25 £0.05, and
the transition energies and matrix elements as collected in
Table I (for details see text).
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TABLE L. Matrix efements M,,, =| (n|J,|m ) |? and transition energies & w,, as calculated and as measured, respectively (for

details see text).

calc meas
Transition M gale M meas L (K) - (K)
kB /\'B
n=0—m=1 1.61 1.65 139 135 +15
n=0—m=2 5.1 5.6 364 360 +20
n=1—m=2 37 225

with
1 "CXP( _"[wmn/kﬂ T)
ﬁw'“n

x L( T io—fw,, )

an(h—w’ T) -

Qb)

Here L(T,,,,kfo—fiw,,) are normalized Lorentzians,
with linewidths [full width at half maximum
(FWHM)] T,,,, fw,,, = E,—E,, the CF-transition ener-
gies, p, =exp(—E,/kgT)/Z, where Z is the partition
function, £,(Q) the local magnetic form factor, k;,k,
the wave numbers of the initial and final states of the
neutron, r, the classical electron radius, and wg the
Bohr magneton. For I',,, —0, the double differential
cross section reduces to that given by Birgeneau?® for
sharp, i.e., infinitely lived, CF levels. If one folds
(ki/k)d*a/d Q d(kw)] with the instrumental reso-
lution function, one-can calculate the scattering law
S(#w, 0) (see Fig. 1). Using the widths I',,, as ad-
justable parameters, and employing the nuclear-
elastic and phonon-inelastic contributions as dis-
cussed above, we obtain a very good fit of the
CeCu,Si, spectra as shown by the solid curves in Fig. 1.
In the absence of spatial correlations between mag-
netic moments, the local susceptibility X,(7) should
coincide with the static bulk susceptibility. This has,
in fact, been observed for the IV compounds CePd;
(Ref. 5) and CeSn; (Ref. 6). However, in the case
of CeCu,Siy, X;,(T) as determined from the CF level
scheme and employed in the above fit procedure
exceeds considerably the static bulk susceptibility
X, (T) as measured.?® While at helium temperatures
X,(T) is dominated by the Curie part of the CF
ground state, [0), X,,(7) may be approximated by a
Curie-Weiss law.2® If we introduce a ‘‘temperature-
dependent Curie-Weiss temperature,” 8(7T), we can
write in the whole temperature range up to 300 K

T
T+o(T) ° ®
As shown in Fig. 3, we find 6p=60(7 —0) =40K, a
rather strong increase of #(7) up to 100 K and some
flattening off at higher temperature.
Since the local susceptibility is found to be larger
than the bulk susceptibility, one could be tempted to

Xm( T) = X/( T)

infer antiferromagnetic correlations between the Ce*
magnetic moments. From the value 8, =40 K one
would then expect an antiferromagnetic phase transi-
tion at or below this temperature. As mentioned in
the Introduction, a phase transition takes place in
CeCu,Si; at 7. =0.5 K, but has been attributed ac-
cording to bulk measurements to the onset of super-
conductivity rather than antiferromagnetism.' This
conclusion is strongly supported by the results of our
neutron-diffraction experiments. Figure 4 shows the
diffraction pattern of CeCu,Si; at T =1.5 K, and the
difference between the patterns, which were obtained
after counting for 12 h in each case at T =0.02 and
1.5 K, i.e., well below and above T, respectively. At
low temperature, there is no indication of either an
increase in intensity at the nuclear Bragg reflections
(peaks in the 1.5-K pattern) or additional magnetic
Bragg reflections. This experiment confines the aver-
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FIG. 3. Temperature dependence of phenomenological
Curie-Weiss temperature 8 as defined by Eq. (3) (solid line)
and of half-width of quasielastic line divided by kg for
CeCu,Si,. Energies of incident neutrons used: £4=3.5
meV (0) and 12.4 meV (@) (Ref. 6), Ej=51 meV (@)
(this work). - Also shown is I'/2kg(T) for CeSn; (Ey=3.5
meV, Ref. 6) and Cey 7Lag3Al, (Eg=3.5 meV, Ref. 28).



23 MAGNETIC NEUTRON SCATTERING AND CRYSTAL-FIELD . .. 3175

T
5ok CeCuS1; T=15K

L

Difference (T=0.020K)-(T=1.5K) |

COUNTS (103)

o- FWM

1 1 L i

S 5 25 h
6 35

FIG. 4. Neutron diffraction results of CeCu,Si, as ob-
tained by multidetector instrument D1b. Top: diffraction
pattern at T =1.5 K; bottom: difference of diffraction pat-
terns at 7=0.02 and 1.5 K (note change in vertical scale).

age Ce moment in any ferromagnetically or antifer-
romagnetically ordered phase of CeCu,Si; at very low
temperatures to be @ < 0.1up.

The neutron-diffraction results of Fig. 4 also sug-
gest that the discrepancy between the local and bulk
susceptibilities as found above helium temperature
cannot be caused by antiferromagnetic correlations
between the Ce ions, but indicates correlations
between the 4 f electron of Ce’* and the conduction
electrons mediated by ‘‘Kondo-type’” spin fluctua-
tions. For dilute Kondo alloys, the Curie-Weiss tem-
perature may be correlated to the characteristic spin-
fluctuation temperature, Tk, i.e., Oy =4.5T¢.?’ On
the other hand, the spin-fluctuation temperature of
CeCu,Si; may be read off the residual half-width of
the quasielastic neutron line, I'/2(7 —0). In Fig. 3
is plotted the temperature variation I'/2kz(T) ob-
tained from the present neutron scattering experi-
ments as well as from a reanalysis of the previous
data,® which was done employing both positions and
intensities of the CF transitions as given above. In
fact, we find I'/2kz(7T —0) =10 K, i.e., a spin-
fluctuation temperature about four times smaller than
the Curie-Weiss temperature ©,. In addition, we find
the temperature dependencies of I'/2kz and @ to be
quite similar.

For comparison we also show in Fig. 3 ['/2kz(T)
for the IV compound CeSn; (Ref. 6) lacking, within
experimental error, significant temperature variation
as well as for Lag;Ceg7Al,%® a well-defined Kondo
system.? In the latter, the Ce** ions experience —in
time average —a cubic site symmetry by which the
J =% state is CF split into a I'; ground-state doublet

and an excited I'y quartet®® separated from I'; by
kg+100 K. The structure in the ['/2kz(T) curve of
this system around 70 K has been attributed to an in-

crease of the relaxation rate of the Ce’* magnetic
moments when excited CF levels become populat-
ed.?® A similar, albeit structureless, temperature
dependence of the relaxation rate is found for
CeCu,Si; and, as we have mentioned before, is traced
by the thermal variation of the phenomenological
Curie-Weiss temperature (7).

IV. CONCLUSION

We have observed by means of inelastic neutron
scattering experiments with high-energy neutrons
transitions between the crystal-field sublevels of the
J =% configuration of Ce** in CeCu,Si;. The wave

functions and energies of the CF levels could be
derived from our experiments. Knowledge of the
inelastic contributions allowed us to obtain accurately
the quasielastic part of the magnetic neutron scatter-
ing spectra. The size of the half-width I'/2 of the
quasielastic line of CeCu,Si, is close to that of typical
Kondo systems on the one hand, but considerably
smaller than that of typical IV systems on the other.
Also, instead of being almost independent of tem-
perature as in IV systems, I'/2 depends on tempera-
ture as in Kondo systems. Our results suggest that,
while valence fluctuations evidenced by other experi-
ments!?> 13 apparently contribute only a small part to
the qugsielastic linewidth of CeCu,Si,, if at all, the
relaxation behavior of Ce is predominated in this
compound by Kondo-type spin fluctuations. Our ex-
periments prove that a peak in the temperature
dependence of the resistivity as previously observed
for CeCu,Si, at 100 K (Ref. 9) is caused by CF ef-
fects. We expect to find additional structure due to
the highest CF doublet in the p(T) curve by extend-
ing the temperature range of the resistivity measure-
ment to 7 > 300 K. This experiment is in prepara-
tion. On the other hand, the present work disproves
our previous explanation of a pronounced p(7T) peak
at 20 K as being due to CF splitting, too.” Rather,
we now believe that this peak indicates the formation
of a low-temperature, coherent state of Ce scattering
centers, which is to be expected in the translationally
invariant lattice of an intermetallic compound.

No magnetic structure could be detected in the
neutron-diffraction pattern of CeCu,Si, well below
the transition temperature 7, =0.5 K. This lends ad-
ditional support to the existence of a superconducting
low-temperature phase in CeCu,Si, as concluded
from previous macroscopic experiments.!
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