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Anomalous paramagnetic neutron spectra of some intermediate-valence compounds
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Magnetic neutron spectra as a function of temperature are presented for the inter-

mediate-valence compounds CePd3, CeSn3, CeBel3p YbCu2S12 and TmSe. All compounds
show the normal local 4f form factor but a broadened magnetic energy spectrum with an
overall width of about 7 to 30 meV and with very little temperature dependence (except
TmSe). Closer analysis reveals a residual crystal-field spectrum in YbCu2Si2 which may
also underlie the spectra of the other compounds. A detailed description of the data
analysis is given.

I. INTRODUCTION

The present paper describes an extended investi-

gation of thc energy dependence of the paramag-
netic neutron cross section of several intermediate-
valence compounds. Some results of this investiga-
tion have appeared in preliminary form else-

where. '

Certain intermetallic rare-earth (RE) compounds
exhibit the so-called intermediate-valence (IV) or
valence fluctuation phenomenon. A large body of
data suggests that in such con1pounds two neigh-

boring ionic configurations of the 4f shell are in-

volved in an essential way. For Instance, I.»& x-ray
absorption spectra and x-ray photoemission spec-
tra clearly demonstrate the coexistence of two ion-

ic configurations in two resolved, corresponding
spectra. On the other hand, the Mossbauer spec-
trum shows a single peak at an intermediate posi-
tion rather than two peaks corresponding to the
respective normal configurational isomer shifts.
The Mossbauer result excludes static coexistence of
the two configurations. It follows that the mixture
must be dynamic with a n1ixing energy intermedi-

ate between the configurational energy differences
observed in the x-ray (1 eV) and the Mossbauer
(10 eV) measurements. With the exception of
TmSe, all known intermediate-valence compounds
are paramagnetic at T~O K. This conclusion fol-
lows from the behavior of the static susceptibility,
from the absence of hyperfine splitting in the
Mossbauer spectra, and from the absence of mag-

netic Bragg peaks in the neutron data.
On the other hand, the static susceptibility often

shows a large negative paramagnetic Curie-%ciss

temperature and a broad maximum near a tem-
perature whose value far exceeds the possible mag-
netic ordering temperature. This effective tem-

perature is therefore interpreted as a measure of
the effective mixing energy.

The configurational mixing process via emission
and absorption of a conduction electron leads to lo-
cal magnetic and charge fluctuations with in gen-
eral different time scales. * Such fluctuations
can be observed experimentally by inelastic scatter-
ing of appropriate probes (neutrons, electrons, or
photons) in the energy range of the fluctuations.
Judging from the static susceptibility the magnetic
fluctuation energy is a few hundred Kelvin or less.
This makes inelastic IQagnetic neutron scattering of
thermal neutrons an ideal tool to measure the mag-
netic fluctuation spectra of IV compounds. Ther-
mal neutrons do not only have the right energy
range, but also a nearly ideal wavelength (2 A) at
that energy for optimal spatial coupling to the lo-
cal 4f magnetization which varies in space over
distances of order 0.5 A.

Since IV compounds are usually paramagnetic at
T +0 K, one may t—ake the magnetic spectrum of
stable 4f shells in the high-temperature regime as a
guide to predict the qualitative behavior of the
magnetic IV spectra. In general, the paramagnetic
regime is characterized in the neutron cross section

by quasiclastic Lorentzians centered at Pm =0 and

by inelastic crystal-field (CEF) transition lines.
The temperature dependence of the quasielastic
linewidth of the CEF ground state of a stable 4f
shell at tcn1pcIaturcs SIQall coIQparcd to thc energy
of the first-excited CEF state is given by the Kor-
ringa relation' I /2(T) =ak&T with a of order
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10 —10, i.e., the linewidth of the low-temper-

ature paramagnetic spectrum is usually very small

compared to the thermal energy. At intermediate
temperatures the spectrum becomes complicated,
but should merge into a broad Lorentzian again at
sufficiently high temperatures. 's The linewidth is
due to the interaction with the conduction elec-
trons. In the configurational mixing process this
interaction is especially strong and temperature in-

dependent at low temperatures. We therefore ex-

pect the paramagnetic neutron scattering to look
similar to that from the stable 4f configuration,
but with exceptionally large and essentially
temperature-independent linewidth.

The experiments reported here and previously'
were undertaken to detect this large abnormal tem-

perature dependence of the paramagnetic neutron

scattering cross section. This paper describes the
original data on CePd3 (Ref. 1) in more detail and

reports similar measurements on several other sys-

tems: CeSn3, CeBe~3, and YbCu2Si2. Moreover,
the magnetically ordering compound TmSe was
studied with respect to its paramagnetic behavior
above 4 K.

Here P(Q, fm, T) is a spectral function which must

fulfill the relation

I P(Q, fico, T)d(Ace) =1,
and X (Q, O, T) is the static susceptibility which can

be factorized as

(3)

X'(Q, O, T)=+ (Q, T)X'(0,0,T), (4)

X„(T)=pi~(T)psA(T) .

Finally with (1), (2), and (4) one can write the
scattering amplitude as

S(Q,~,T)=— +'(Q, T)X„(T)
2 pg

(5)

where F(Q, T) is a magnetic form factor and

X (0,0, T)=X„(T)is the static bulk susceptibility as
measured in a Faraday magnetometer. The separa-
tion of the dynamic susceptibility into the static
susceptibility and the spectral function [Eq. (2)] is
more complicated for the crystal-field case (see

Sec. II D). One can define a local magnetic mo-

ment p~ by writing

II. THEORY

or with (5) as

XP(Q, fuu, T) ~ fico, (6)
e

—PACE

The paramagnetic scattering law for unpolarized
neutrons is given by' ' '

2

S(Q, fico, T)= X"(Q, fico, T)2' pg

1

1 —exp( Pfico )—
&o d'o.

k& d(fico)dQ

Here S is the scattering amplitude per magnetic
ion, dier/d (fico}dQ the double differential cross
section, gN ———1.91, r, =2.8&(10 ' cm is the
classical electron radius, ps ——eA'/mc the Bohr
magneton, P=(ks T) ', and fico=Eo Ei. Eo is-
the energy of the incident and E~ the energy of the
scattered neutrons (for the neutron energy gain fico

is negative). X"(Q,irico, T) is the imaginary part of
the dynamic susceptibility (per magnetic ion). For
incident energies sufficiently small compared to
Hund's rule, spin-orbit coupling the Kramers-
Kronig relation gives a relationship which can be
written as follows:

X"(Q,%co, T) =X'(Q, O, T)P(Q, %co, T)ficoir . (2)

S(Q,%co, T)= , (ger, )—F(Q, T)pi (T)

XP(Q, fico, T)

We will define the total magnetic cross section

(bulk) by

o,s 4nrd(——irico)S. (Q =O, fico, T)

and the local magnetic cross section X~ by replac-
ing the bulk susceptibility by the local part only,
i.e., that fraction of om, s which one obtains by ex-
trapolating the local magnetic form factor to
Q =0. Let us discuss three special cases of RE
ions without crystal-field splitting and finally the
crystal-field case.

A. Curie case

The Curie susceptibility of a stable RE ion in a
metal is given by

(T}=gsJ(J+1)Ps/3ks T .

Here J and gz are the total angular momentum and
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the Lande g factor of the Hund's rule ground state.
This formula is valid in the absence of crystal-field

splittings when the thermal energy is small corn-

pared to the intraconfigurational multiplet split-

ting, and when ion-ion interactions are negligible.
In this case

I'/2 of the Zeeman levels are still small compared
to the thermal energy AT. The first part of Eq.
(12) is still valid, and the total magnetic cross sec-
tion becomes

o,s=4~ , (gN—r,) p, T/(T 8)—

Pl =gzJ(J+1) (10) =X) T/(T —8) . (12')

and the spectrum is a Lorentzian centered at
iso=0 with a width given by the Korringa relation

I'/2(T)=4n[N(EJ;)J, „(gg 1)]—ksT

=—akgT .

J,„ is the exchange integral and N(EF ) is the den-

sity of conduction-electron states at the Fermi lev-

el. Usually

N(EF)J,„(g~ 1)=10—2&& 1,
so that on an energy scale kIi T the spix:tral func-
tion P(Q, Ace, T} behaves nearly like a 5 function
and the total magnetic cross section becomes, with

irido/[1 —exp( Pfau )]~1/P—

and Eqs. (6) and (8)—(10),

ger,
0mag =4~ X„(T)ksT

2 pg

=4ir 6(gNr. ) pi
1

(12)

Here the local magnetic cross section is indepen-
dent of temperature as long as p& does not depend
on temperature. Note that in this case the total
magnetic cross section is identical to the local
magnetic cross section [Eq. (12)] and independent
of temperature in accordance with the fact that in

the Curie case the bulk susceptibility is equivalent
to the local susceptibility.

8. Curie-Weiss case

If magnetic interactions between the ions are
present, the susceptibility shows Curie-Weiss
behavior in the paramagnetic region, i.e.,

1
41r 6 (gNre }ploc (13)

While the local magnetic cross section is tempera-
ture independent (as long as the local magnetic
moment is temperature independent), the total
magnetic cross section becomes temperature depen-
dent [Eq. (12')], which is due to the temperature
dependence of the form factor.

Since the total magnetic cross section O,g as well
as the static bulk susceptibility are defined for
Q~O, the relationship between om, s and X„will
be the same as in the Curie case [Eq. (12)]. How-

ever, in the Curie-Weiss case there is now a differ-
ence between the total magnetic cross section o,s
(Q~) and the local magnetic cross section Xi
[Eq. (12'}]. In the presence of interactions local
correlations exist between neighboring ions even in
the paramagnetic region. These correlations be-

tween neighbors are temperature dependent and
will cause deviations of the measured form factor
Ei(Q) from the free-ion form factor (local form
factor) in the region Q & 1/a (where a is the
nearest-neighbor distance), i.e., near Q~, but not
for large Q values.

In the case of ferromagnetic (antiferromagnetic}
short-range interactions the paramagnetic bulk sus-

ceptibility is larger (smaller} than the local suscep-

tibility expected for a free local moment. The
difference is given by the factor T/(T 8) with—
8&0 (8&0). Similarly, the measured form factor
will increase (decrease) for Q~0 in those systems

compared to the local form factor. Therefore in

the Curie-Weiss case the scattered intensity for lo-

cal measurements is not given by the static bulk

susceptibility as described by Eq. (12), but with

Eqs. (9') and (12') by

Xi~——4m — X„kg ( T—0")1 8%re

2 pg

X„(T)=pi ps/3k'(T —8), (9')
C. IV case

where p~ is given by Eq. (10) and 8 is the Curie-
Weiss temperature. For temperatures large com-
pared to the ordering temperature, the linewidths

In the IV compounds three questions were open
before starting our experiments:
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(1) Is the anomalous static bulk susceptibility

mainly of local nature' ?

(2) What is the energy dependence of this local
scattering?

(3) Can one obtain some information about the
valence of the IV ion by neutron scattering?

In IV compounds the quasielastic linewidth I'/2
becomes larger than the thermal energy AT for
temperatures smaller than the so-called fluctuation

temperature TsF (to be seen later). Then the

quasielastic line can no longer be approximated by
a 5 function. Therefore the local cross section
must be described by the full expression

'~

gw
Xi ——2n Xi (T)

PB

X I ~P(Q,Re, T)d (%co) .
~ -gSru

(14)

The local susceptibility Xi can be obtained by fit-
ting the neutron scattering measurements with Eq.
(6} using the local magnetic form factor and as-

suining, for instance, a Lorentzian spectral func-
tion. The values obtained in this way can then be
compared with the bulk susceptibility measured in
a Faraday magnetometer.

To obtain a value for the valence one has to
know the local magnetic cross section, i.e., one has
to perform a measurement of the cross section at
all energies, or, since this is impossible (our mea-

surements do not extend beyond 50 meV of incom-

ing energy or beyond about 30 meV of energy gain
for T =300 K), one has to calculate the local mag-
netic cross section by solving the integral in Eq.
{14}with a spectral function, which makes certain
assumptions about the energy dependence at exper-
imentally jnaccessible high-energy regions. For the
latter procedure one may assume a Lorentzian, but
this spectrum is physically unrealistic at very high
energy transfers. Analytically the temporal corre-
lation function e i' i

i' underlying the Lorentzian
power spectrum has a singular derivative at t =0
which causes the integral over the first moment of
the power spectrum RcoP (%co) to diverge. Physical-

ly this high-energy region is not described properly
by the exponential correlation function because it
implies that parts of the system can move arbi-
trarily fast. A natural cutoff for the Lorentzian at
high energies would be the bandwidth of the con-
duction electrons, which unfortnately is unknown.
Another procedure to mend the difficulties with
the Lorentzian is to use a Gaussian at high ener-
gies. We have analyzed the data either with a cut-
off or with a combination of a Lorentzian at low
energies and a Gaussian at high energies.

D. CEF case

As already mentioned at the beginning of Sec. II [after Eq. {4)]the scattering law [Eq. (6)] must be modi-
fied for inelastic transitions, e.g., CEF transitions. This can be done by splitting the static susceptibility into
Curie and Van Vleck terms:

2 XRLP(Q, Au), T}
1

e —PPko p2
(15a)

2 gX, P (Q,%co, T)+ —, g Xg(1—e )P„(Q,fico d„,T) . (15b—)

Here

2

X, = gyp i (m iJ, lm) /i, (16)

is the Curie susceptibility of the mth level and

i(n i J, im) /'
VV 2PBgJPm (17)

is the Van Vleck susceptibility due to the transition from energy eigenstates ER to E~. Then

(18)
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and

p =e /Z. (19)

The factor —, in front of the Van Vleck term is due to the double counting of each transition: first by the

summation over all n and m with num and sceond by the expression 1 —e . The function P„~(flu} is
still normalized to one [Eq. (3)] and can be a function like a Lorentzian, a Gaussian, a 5 function, etc. Be-
cause of Eq. (18) b,~ =0. In this case the following expression is valid:

1-e "-
lim =1 .

0 Ph

So Eq. (15b) becomes

2 —&~mm

gJ'p 1&m I J, lm) I'
p T mm

—Pb„

+ X psg~p I &nIJ. Im& I'
m+n Nm

P(Q, fico 6,T—)

P (Q, fico 5„,T)—

In the limit of very small linewidth and using the 5 function one obtains

gj g p I & n
I J,

I
m ) I

i5(irico —b,„).
m, n

(20)

2I &n
I J, liii) I =1&n I

J Im ) I

for cubic symmetry and using Eq. (20) instead of (15b), Eq. (6) now becomes

s(Q fm, T)= , (err, ) E—(QT)g~ Xp I & ii
I

J'
I
iii & I

'5(~ —~ .} .
m, n

(6')

This approximated formula is normally used for crystal-field analysis (see Brigeneau's).

The matrix elements and the energy levels can be obtained by diagonalization of the crystal-field Hamil-

tonian. For a system with a p-fold symmetry this Hamiltonian is given by

min(2L, 2J) I

HcEF= g g ~101
I &0 m =0

(21)

with I =2k, m =pk; k CN. Later on we shall discuss CEF effects in the tetragonal IV system YbCuiSii.
Therefore, we write down here only the formalism needed for a RE system (L =3}with tetragonal symme-

try (p =4). One then has

IIcpp =B202+B404+B404+B606+B606 . (2

With the transformation of variables (similar to that used by Lea Leask and Wolf' in the cubic case),

4=—(1—lail —lxil —lail —lx41} X IX I
& I

3

0 NX] 4 NX2 0 NX3 4 NX4
B4 —— , B4 —— , B6—— , B6——

60 '
12

'
1260 '

60
one obtains from Eq. (22},

002 x &04 x204 x306 x4060 4 0 4

&cEx =~ (1—lxi I

—l&21 —I» I

—IX41}
3

+
60

+
12

+ 1260+
L

(23)

(24)

The parameters 8' and x
&
—x4 must be determined

by fitting the line positions and intensities of the
measured inelastic neutron scattering spectra.

In normal metals, where the linewidths are

I

determined by Ruderman-Kittel-Kasuya- Yosida
(RKKY} type of magnetic relaxation and by
Coulomb scattering of conduction electrons, the
width of the quasielastic and inelastic neutron
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transition are small compared to the transition en-

ergies. ' In intermediate-valence metals there is an
additional line broadening due to the finite config-
urational lifetime, which affects both quasielastic
and inelastic transitions and remains finite at
T~O. A discussion of crystal-field effects in an
IV compound will be given in Sec. IV D.

III. EXPERIMENTAL PROCEDURE
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The neutron scattering experiments were per-
formed on the time-of-flight (TOF) spectrometers
D7 (cold neutrons, Eo 3 5——me. V) and the IN4
(thermal neutrons, Es 12.5 m——eV, 51 meV) at the
Institute Laue Langevin (I. L. L.) in Grenoble be-
tween 1.5 and 300 K. Additional experiments were
performed on TmSe with thermal neutrons on the
triple-axis spectrometer IN8 at the I. L. L. in the
temperature range 2—120 K.

A schematic drawing of the TOF spectrometer
D7 is shown in Fig. 1. Most of the measurements
were performed on this instrument since the neu-

tron flux at D7 is 2 orders of magnitude higher
than that at IN4. The D7 spectrometer consists of
a graphite monochromator, a chopper, and 32 He
detectors with collimators. The IN4 spectrometer
has a double monochromator with rotating crystals
taking over the function of a chopper.

The systems which were studied are listed in
Table I. All systems are classified into three
groups: the IV systems (with unstable 4f shell),

graphite
beam stop ~ monochromatorI cold

H 15 source

tube

ann monitor

slit system

chopper disc

shieldihg

detector
bank 1

FIG. 1. Horizontal sectional drawing of the D7 spec-
trometer at the I. L. L. in Grenoble.



7488 HOLLAND-MORITZ, WOHLLEBEN, AND LOEWENHAUPT

U= UCd+ T( Ubo„—UCd) (25)

where T is the measured transmission of the sam-

ple. For calibration of the absolute cross section a
measurement of a vanadium standard was done

[cT,"„,=4.98 b (Ref. 18)]. All samples were mea-
sured as powders in a flat rectangular box of
aluminum.

Figure 2 illustrates various steps of the pro-
cedure adapted for data evaluation. TmSe at 120
K is used as example. Figure 2(a) shows the origi-
nal TOF spectra of the sample in the aluminum
box, of cadium in the box, and of the empty box.
Figure 2(b) shows the spectrum of TmSe corrected
for background using Eq. (25) and for energy-

the reference systems without 4f electrons, and the
reference systems with a stable 4f shell. The
RPd3, RSn3, and RCu2Siz samples were prepared
by melting the constituents together in their
stoichiometric weight ratio in an argon atmosphere
using a rf-induction furnace with a cold copper
crucible. Weight losses were negligible (less than
0.5%) except for YbCuisi2. Because of the high
vapor pressure of ytterbium weight loss during
melting was considerable in this compound.
Therefore, ytterbium was taken with 4% initial
surplus weight. The melting procedure was repeat-
ed several times until the total surplus was eva-

porated. The RBe~3 samples were prepared by
Meyer at the University of Strassbourgh and the
RSe samples by Bucher at the University of Kon-
stanz. All samples were checked by x-ray diffrac-
tion and the resulting lattice parameters are listed
in Table I.

The scattered neutron intensities measured at the
detectors consists of background signal, i.e., the
part scattered by the environments of the sample
(sample holder, cryostat parts, etc.) and of the sam-

ple signal itself. The background signal has two
parts, one absorption independent and the other ab-

sorption dependent. The absorption-dependent

background scattering is that part of the environ-
ment scattering which occurs after the beam has
passed the sample, i.e., it depends on the transmis-
sion of the sample. Therefore, the measurement of
the einpty sample holder (Ub,„) is not the correct
background signal. The absorption-independent
part of the background can be obtained directly by
a measurement, in which the sample is replaced by
a strong neutron absorber like cadmium ( Ucd).
Then the total background signal U, which must
substracted from the spectrum obtained with the
sample, is given by (see Ref. 2).

dependent real absorption in TmSe using the ex-
pression for an infinite plate:

(p(E i )/cos28) —Ic(EO )

—p(EO)d —p(E& )d/cos28
e —e

X
(e )—

p(E& )d/cos28 ~/2

X(e )—

p,(E& )d/cos28 + ~/2 (26)

shown in Fig. 2(e). After correction for the form
factor the functions X",R, and P have normally no
further 8 or Q dependence. Residual 8 or Q
dependence can, however, be expected in the
linewidth at very small Q values (Q &0.5 A ').

The analysis of broad quasielastic lines is limit-

with + for 28 & 90'. Here p is the energy-depen-

dent linear absorption coefficient, Eo and Ei are
the energies of the incident and scattered neutrons,
respectively, 28 is the scattering angle, and d is the
effective thickness of the sample. Because the ab-
sorption of thulium is rather large, the intensity in
Fig. 2(b) is much larger than in Fig. 2(a). The
hatched area is the elastic nuclear incoherent
scattering. In the next step the spectrum is
transformed from the TOF scale to the energy
scale. Furthermore, the spectrum is multiplied by
ko/ki and corrected for the energy-dependent effi-
ciency of the He detectors (A =aloe

0 ~). In
Fig. 2(c) this scattering law S(8,fico) is plotted [see
Eq. (1)]. The difference between S(8,fico) and

S(Q,fico) comes from the Q fico de-pendence' ' for
a given angle. The spectrum consists of a broad
quasielastic line which has a Q dependence con-
sistent with a magnetic form factor and the elastic
incoherent scattering (hatched area). The width of
the latter peak at flu =0 is given by the instrumen-
tal resolution. Dividing the magnetic scattering
law by the Bose factor 1/[1 —exp( —Pfico)] one ob-
tains the imaginary part of the dynamic suscepti-
bility X"(8,fico, T) [see Eq. (1)]. After further
division through the local form factor
F2(8)=F~(Q,%co) and P, one obtains the imaginary
part of the temperature-normalized dynamic sus-

ceptibility for Q =0 g"(O,fico, T) as shown in Fig.
2(d). The coordinate of the minimum is a direct
measure of the linewidth I'/2. Finally a division

by fico leads to [see Eq. (6)]
2

R (8,fico, T)=— g„(T)P(8,fico, T),
2 pg

(27)
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ed by two factors, namely the sample temperature
and/or the incident energy of the neutrons (see Fig.
3).

(i) At eau &0 (energy gain for outgoing neutrons)
the temperature is the critical point. When the
thermal energy k~ T becomes smaller than about
I /4, the scattering intensity at the energy-gain side
approaches the noise because of the behavior of the
Bose factor.

(ii) At the energy-loss side the Bose factor is not
critical since it goes to one for T~O. Here the
limiting factor is the incident energy because the
neutrons cannot lose more than the incident energy
to the sample.

The physical reason for these two limits is obvi-
ous. On the energy-gain side the neutron can take
energy from the sample of order ks T (i.e., not at
T =0 K), while on energy-loss side the neutron can
always produce excitations in the sample with en-

ergies up to the incident energy.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

A. RPd3

In the RPd3 intermetallic series of compounds
there is at least one IV compound, CePd3. We
have studied this compound together with YPd3
and LaPd3 as diamagnetic reference compounds
and TbPd3 and ErP13 (Refs. 19 and 20) as

representative magnetic RPd3 compounds with a
stable 4f shell. A large part of these results was

reported previously. ' A11 the experiments on the

RPd3 compounds were done on the D7 spectrome-
ter with an incident energy of the neutrons of 3.5
meV. This incident energy turned out to be appre-
ciably smaller than the magnetic quasielastic
linewidth of CePd3 (I /2=20 meV). Therefore, no
information about the energy dependence of the
abnormal magnetic scattering in CePd3 can be ob-

tained in energy loss, and the analysis on the ener-

gy gain is restricted to temperatures of about 100
K and more because of the Bose factor (see Sec. II
and Fig. 3).

Figure 4 is a modified version of Fig. 1 in Ref.
1. The analysis was improved by adding together
the counts of appropriate groups of detectors at
angles around 2' —20'. All three compounds show

incoherent elastic scattering at fico=0 due to nu-

clear isotopic and/or nuclear-spin disorder. This
contribution to the cross section is set apart by
shading for YPd3 and CePd3. At finite energies

the scattering in YPd3 can only be due to phonons.
The phonon spectrum shows intensity between —6
and —20 meV which has nearly vanished in the
background at 145 K. Very little scattering is ob-

servable between —1 and —6 meV in YPd3. In
contrast CePd3 shows considerable intensity in this
window and also below the phonon peak. The in-

tegrated intensity in CePd3 between —1 and —6
meV decreases with increasing Q as shown in Fig.
5. Also shown in this figure is the theoretical 4f '

-50 -40 -30 -20 -10 0 10

300

20 30 40 50

2-

0
-50 -40 -30 -20 -10 0 10

t

20 50

Ep I Ia aI,
40

ENERGY TRANSFER I mpV )

FIG. 3. Schematic drawing of the temperature dependence of the scattering cross section due to a temperature-

independent quasielastic Lorentzian.
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FIG. 5. Q dependence of the magnetic scattering in
CePd3.
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FIG. 6. Energy spectra for CePd3, YPd3, and for
their difference at fixed momentum transfer Q.

form factor(' which is consistent with the mea-
sured Q dependence. However, the momentum
transfer in our window is unfortunately not large
enough to see F (Q)~0 for Q-+ ao as, e.g., in
Ce„Th& „alloys (triple-axis spa:trometer or in
YbCu2Si2 (TOF, to be seen later). Figure 6 shows
constant Q plots of the CePd3 and YPd3 spectra at
240 K for the Q regions from 1.65 to 2.35 A
and 3.15 to 3.85 A ', respectively, for averaged
values of Q=2 and Q =3.5 A '. Clearly at
Q =3.5 A ' the scattering is much larger than at
Q =2 A ' in both compounds, i.e., the scattering
here is dominated by phonons in both cases. The
lowest part of Fig. 6 results when one substracts

1.0
C5

C3

~ 0.5-
0
C) Tb Pd3

00
I I I

1 2 3
MOMENTUM TRANSFER Q($")

FIG. 7. Q dependence of the quasielastic scattering
(0) and of the inelastic scattering around 5 meV (~) in
TbPd3.

the pure phonon spectrum of YPd3 from the mea-
sured spectrum of CePd3 for the same temperature
and momentum transfer Q, with a correction fac-
tor of 0.8, which takes into account the different
nuclear cross sections and masses of cerium and
yttrium. Obviously there remains a large contribu-
tion to the neutron cross section in CePd3 which
decreases monotonically with increasing energy
transfer and decreases only very slightly with in-
creasing momentum transfer Q. Note that the
spectrum for the larger momentum transfer (3.5
A ') looks different (especially near 10 meU) from
that for 2 A ' even when including the modifica-
tions due to the Q dependence of the magnetic
form factor (full lines). This is probably due to the
simplicity of the phonon subtraction procedure,
which does not consider possible changes in the
phonon density of states between YPd3 and CePd3.

The neutron scattering in TbPd3 is more than 1

order of magnitude stronger than in CeP13. Most
of the scattering is concentrated in the quasielastic
line. Its maximum value increases with decreasing
temperature. Its linewidth decreases accordingly,
such that the integrated intensity remains nearly
temperature independent. A crystal-field transition
is visible at —5 meV as seen previously by Furrer
and Purwins. Figure 7 shows the Q dependence
of the scattering in TbPd3 at 240 K. The Q depen-
dence is consistent with the theoretical 4f form
factor and very close to the Q dependence of the
abnormal scattering in CePd3 between —1 and —6
meV. The increase of the maximum value of the
quasielastic peak between 240 and 30 K is smaller
than the factor 8, expected on the basis of the Kor-
ringa relation. This is partly but not entirely due
to the instrumental resolution (0.3 meV) of the D7
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spectrometer.
Figure 8 shows the temperature dependence of

the quasielastic linewidth for TbPdi corrected for
the experimental resoultion. This linewidth still
does not extrapolate to zero for T +0 b—ecause of
the existence of crystal-field transitions which can-
not be resolved here, but have been detected in di-
lute alloys of Tb„Yi Pdi. For the compound
TbPds the slope of I'/2(T) is about 10 meV/K
(see Fig. 8) giving a Korringa coefficient a=10 ~

[see Eq. (11)]. This is a very small value, but one
consistent with the very small magnetic ordering
temperature of TbPdi, TN-3. 9 K.

Summarizing the preliminaries we have control
over the phonons via the reference compound
YPd& and can set apart the abnormal magnetic
scattering in CePdq against the normal magnetic
scattering in TbPds. The Q dependence of the
magnetic scattering of TbPdi and CePds are nearly
identical and indicate a well-localized 4f magneti-
zation in both cases.

We now turn to the energy dependence of the
magnetic scattering in CePdq. In Fig. 4 the heavy
lines are fits according to Eq. (6) assuming the
simplest possible relaxation behavior, i.e., a
Lorentzian as spectral function P(fico). For CePds
we assume a single Lorentizian as spectral function
P(Q, %co, T). Such simple fits, which of course in-

clude folding with the instrumental resolution, re-
sult in numbers for two parameters: The linewidth
I"/2 and the intensity Xi (0,0, T) [see Eq. (6)].
Figure 9 shows the temperature dependence of I'/2
thus obtained. This type of figure was the aim and
is the central result of magnetic neutron scattering
experiments on IV compounds. It shows that there
is a drastic distinction in the magnetic relaxation

of such compounds with respect to the thermally
driven weak (Korringa) relaxation in RE com-
pounds with a stable 4f shell (Fig. 8). While in the
latter case the linewidth above the magnetic order-
ing temperature is of order of 10 —10 ks T, in
CePdq it is about 220 K and essentially indepen-
dent of temperature between 100 and 300 K. This
means that the linewidth becomes arbitrarily large
compared to k~T at T~ and is equal to AT at
about 220 K. The relaxation time in CePdq is
about 10 ' sec. Although we could not detect
magnetic scattering below 100 K (because of the
Bose factor) we can put a lower limit I'/2 & 6 meV
at 30 K.

Table II compares Xi~(0,0, T) with the measured
static bulk susceptibility. In their range of overlap
both measurements are in agreement. This means
that the static susceptibility is dominated by the
contribution of the total 4f electrons and that oth-
er contributions, e.g., Sd 6s Pauli susceptibility
from conduction elix:trons, can only be a small
fraction of the bulk static susceptibility. Equation
(12), which was derived for the Curie limit
(I'/2 « kii T), is still valid in this case too.

It is well known that cubic intermetallic com-
pounds with cerium in a sufficiently stable 4f con-
figuration show crystal-field splittings of order 10
meV. CEF splittings were also observed in the IV
alloy Ceo 9 „La„Tho ~. The question arises
whether such crystal-field splitting should be con-
sidered in our spectra. %e expect that if there is
crystal-field splitting, i.e., if the internal structure
of a given configuration is preserved in the config-
urational motion, individual crystal-field levels
should keep their relative positions but will be
broadened. Therefore, if the relaxation is fast
enough (I'/2 & 6, 6 is the overall crystal-field

05-' I

l /2=kBT

E pg

& 0.3-

c3 02.

z 0 t Tb Pdp

I

3000 &00 200
TEMPERATURE {Kj

FIG. 8. Temperature dependence of the quasielastic
linewidth for TbPd~. The measured linewidth is small
compared to the thermal energy k&T.
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linewidth for CePdq (single Lorentzian fits).
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TABLE II. Comparison of local susceptibility obtained from neutron scattering with the
bulk static susceptibihty.

Sample gi (10 3 emu/mol) gb~q{ 10 emu/mol)

CePd3

CeBe~3

300
240
190
170

300
220
170

1 +03
1.5 +0.2
146+0.15
1.55+0.15

2.2 +0.4
2.34+0.3
1.98+0.2

1.25
1.39
1.49
1.57

1.S9
2.23
2.38

splitting), R s111glc Lol'ciltzlall will sllfflee. Howev-

er, in our case I'/2 is nearly equal to the normal
crystal-field splitting. The fit with a simple
Lorentzian I'/2=20 meV turns out to be identical
within experimental scatter up to our limiting ener-

gy transfer to a fit where one assumes a doublet
and a quartet at energy distance 5=10 meV and
each multiplet with a width I'/2=13 meV. Thus
the single I.orentzian does not constitute a umque
interpretation. The question arises vrhether some
other way can be found to make a choice between
the two types of spectra.

As discussed in Sec. II [Eq. (14)] the total mag-
netic cross section is, in principle, capable of
measuring the valence. Table III shows the tem-

perature dependence of the valence (here the frac-
tional 4f ' occupation) as determined from
Xl (0,0, T) assuming a Lorentzian and using cut-
offs at E,=0.5, 1, and 2 eV. The table contains
values cxtl'Rctcd by R fit with R slllglc Lorentzlan
(columns 1, 2, and 3) and with the above crystal-
field spectrum (columns 4, 5, and 6). Note that
while the fits with and without crystal fields are
coincident within experimental error and in the
measured energy-transfer range, the total cross sec-
tions come out different. The reason is that with
crystal fields the linewidths are smaller than
without so that the extrapolation of the spectrum
beyond our limiting energy transfer contains more
iiltcllslty wltllollt, thaii with crystal fields. Thc

TABLE III. Valence extracted from various experimental methods (see text). E, is the cutoff energy for the interga-
tion (Eq. 14).

4f occupation number
Neutron scattering

Compound T without CEF with CEF
(K) E,=O.S eV E,=1 eV E,=2 eV E,=O.S eV E,=1 eV E,=2 eV

Lattice parameter I-~~1 edge

CePd3 300
240
190
145
100
23

CeBe)3 300
220
170
120

CeSn3 300
220
170
120

Column

0.63
0.62
0.62
0.62
0.55

0.93
0.94
0.98
0.98

1.01
1

0.99
0.89
1

0.7
0.7
0.71
0.73
0.64

1.15
1.18
1.17
1.08

1.03
1.07
1.15
1.18
2

0.77
0.79
0.81
0.84
0.75

1.29
1.34
1.36
1.27

1.12
1.2
1.32
1.39
3

0.6
0.59
0.57
0.57
0.48

O.S9
0.89
0.9
O.S7

0.97
0.94
0.91
0.8

0.66
0.65
0.65
0.66
O.S6

1.08
1,08
1.07
0.95

0.98
1.O
1.05
1.04
5

0.72
0.73
0.74
0.75
0.65

1.2
1.22
1.22
1.1

1.06
1.11
1.19
1.21
6

O.SS
0.52
0.49
0.47
0.45

0.8
0.76
0.71
0,67

0.9
0.88
0.84
0.8
7

0.775
0.76
0.745
0.735
0.725

0.9
0.88
0.855
0.835

0.95
0.94
0.92
0.9
8

0.77

0.71

&0.9
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values obtained with crystal-field spectra are in

better agreement with values obtained by other
methods, e.g., with the valence extracted from lat-
tice parameters using the usual interpolation
(column 7) or using the model discussed in Ref. 30
(column 8) or the valence measured directly by the

Lni x-ray absorption edge (column 9). We see
that not only the choice of spectrum but also that
of the cutoff affects the value of the valence. We
cannot justify any of the cutoffs on the basis of
neutron scattering alone. Thus Table III should

only be viewed to offer some stones to the mosaic
of valence determinations through different experi-
mental methods. It seems that only via such a mo-

saic one can finally arrive at reliable values for the
valence of IV compounds.

IDa1n phonon contr1bution 1n this coIDpound comes
at very high frequency (above 2S meV), mainly be-
cause of the small mass of the beryllium. This al-
lows to extract the magnetic scattering near fico=0
without any problems. Figure 11 shows the
linewidth as function of temperature as extracted
from such data under the assumption of a single
Lorentzian. Table II shows again a comparison
between the static bulk susceptibility X„(T) (Ref.
31) and Xi~(0,0, T) as extracted here. Again as in
CePdi the agreement is quite satisfactory, i.e., the
static bulk susceptibility is dominated by the local
4f magnetization. Table III shows again the
valence as a function of temperature obtained from
these data by various methods of analysis.

ENERGY TRANSFER (meV )

-50 -~0 -30 -20 -10 0

M

4.5

E 3.0

3
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T =300K
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r J

~s', 4' ' e
e

~ e

~ r

-50 -4 0 -30 -20 -10 0

7.5 1 I I

YBe,3
T =3QQK

B. EBei3

Figure 10 shows the energy spectra of CeBeiq,
YBei3, and the difference spectrum at 300 K. The

C. E.Sn3

Figure 12 shows the energy spectra of CeSni,
LaSni, and the difference spectrum at 300 K.
Note that the phonons in the RSn3, are very much
softer than in the RPdi so that the best window
for magnetic scattering is above —20 meV. Obvi-
ously the proper phonon subtraction procedure is
much more important here. As in E.Pd3 the mea-
surements were performed with cold neutrons (D7)
and therefore no sufficiently accurate numbers can
be obtained for I /2 below 100 K. The linewidth
as a function of temperature is shown in Fig. 13.
Since the phonons dominate the spectrum between
0 and —20 meV it was not possible to indepen-
dently extract gi (O, O, T) and I'/2(T) from the
neutron scattering data alone with sufficient accu-
racy. We therefore used g(0,0,T) from the static
bulk susceptibility to obtain the values of I'/2
shown in Fig. 13. This procedure seems justified
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FIG. 10. Energy spectra of CeBe~3, YBe$3 and of
their difference taken with Eo——3.5 meV at a scattering
angle of 28=20' and at room temperature. The full linc
is a single Lorentzian fit.

0 t00 200 300
TEVPERATVRE(K)

FIG. 11. Temperature dependence of the quasielastic
hnewidth for CeBe~3 (single Lorentzian fit). The point
at T=70 K is open because of its large uncertainty.
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in view of the agreement between the bulk suscep-
tibility and the independently determined

XI (0,0, T) from neutron scattering data alone in

the case of Cepd& and CeBeis. Table III again
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FIG. 13. Temperature dependence of the quasielastic
hnemidth for CeSn3 (single Lorentzian fit). The point at
T=70 K is open because of its large uncertainty.
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FIG. 12. Energy spectra of CeSn3, LaSn3, and of
their difference taken with Eo ——3.5 meV at a scattering
angle of 28=20' and at room temperature. The full line
is a single Lorentzian fit.

shows the valence as a function of temperature ob-
tained by various methods of analysis.

D. RCu28iq

In Ref. 3 we reported data on diffuse magnetic
neutron scattering as function of temperature on
YbCuiSi2, with I.aCuiSlg as a reference. The main
result of this paper was the clear proof of the ex-
istence of a finite width I'/2 if the quasielastic line
at thermal energies k&T « I /2. This result,
which in the meantime was also obtained for
YbCuAl, is very important because it shows that
the quasielastic line of finite width is a property of
the ground state and not due to the thermal relaxa-
tion. In order to obtain this type of result one
needs to measure at sufficient low temperature
(ktt T « I /2). Because of the Bose factor this
implies that one cannot Ineasure in energy gain and
that the measurements must be done on the
energy-loss side with an incoming neutron energy
E0 & I /2. Since all measurements on Ce com-
pounds reported in Secs. IVX—IVC were done on
D7 with an incoming energy of about 3.5 meV (an

energy small compared to the linewidth found in
these experiments), it was not possible to establish
there the existence of fast relaxation in the limit
k&T« I /2. The measurements on YbCuzSiz re-

ported in Ref. 3 were done on the IN4 spectrome-
ter with an incoming energy Eo——12.5 meV, some-
what larger than the width I /2=6 meV found at
T=5 K (see Fig. 3). In order to check whether
there are inelastic lines due to residual crystal-field
transitions at higher energy transfer we have ex-
tended the measurements on YbCuzSi2 to an in-

coming energy of about 51 meV (IN4). In the fol-
lowing we report on measurements with all three
incoming energies at temperatures between 5 and
300 K. The emphasis will be on an evaluation of
the measurements with 51 meV, since they give
clearest information of crystal-field effects. The
analysis will be done in three steps: Separation of
phonon and magnetic scattering, extraction of the
magnetic form factor, and analysis of the energy
dependence of the magnetic scattering.

Separation of magnetic and phonon scattering

Figures 14 and 15 show the energy dependence
of the neutron cross section at small and large
scattering angles (28 = 17;69') for I.aCuiSi2 and

YbCu2Siq, respectivdy, at 7=250 K and Eo——51
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meV. For I.aCu&Siz me observe the usual dastic
incoherent scattering peak (hatched area) and pho-
non scattering at finite fico with maximum intensi-

ty at 10 and 15 meV. Positions and intensities of
the several phonon peaks are listed in Table IV
taken from fits shown in Figs. 14 and 15 by the
drawn-out lines. Note that the ratio of the low
phonon energy of YbCu2Siz and the average value

FIG. 14. Energy spectra of LaCuzSi~ taken with
Eo ——51.5 meV at T =250 K for two different scattering
angles.

0
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ENERGY TRANSFER (mev)

FIG. 15. Energy spectra of YbCu~Si~ taken with
Eo——51.5 meV at T=250 K for two different scattering
angles. The full line is a complete fit (phonon plus
magnetic). The dashed line is a single Lorentzian fit of
the magnetic part.

of the two low phonon energies of I.aCu2Si2 is
equal to the square root of mass ratio
QML, /Mvb, i.e., this phonon contribution is
mainly due to RE atoms. Furthermore, in the pre-
vious analysis of the data taken on the IN4 with
an incident energy of 12.5 meV (Ref. 3) we had no

TABLE IV. Fit results for the phonons in YbCu2Si2 and LaCuqSi2 at T=250 K.

Sample 28=17'
I /2 (meV) I (b) 5 (meV)

28=69'
I /2 (meV)

LaCu2Si2 11.2
17.2
32.7
37.7
45

2.8
2.8
2.83
1.3
0.09

0.71
1.02
0.25
0.15
0.03

11.6
17.3
32.2
37.3
45-

2.4
2.4
1.3
1.9
0.1

1.52
2.38
0.48
0.57
0.27

YbCu2Si2 I
2
3
4-

5

37.2
40.25
44.9

6.0

2.2
2.2
0.04

0.22
0.26
0.036

12.8

36.7
40.27
44.9

1.7
1.7
0.05

0.23
0.88
0.37
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problems with phonon scattering, because in this
experimental setup we could only measure up to an
energy loss of about 10 meV, i.e., in this case we
did not see any phonon scattering. For the experi-
ment with Ep =51.5 meV we have plotted the
scattering intensity around 13 meV against
momentum transfer Q for angles between 8' and
140' in a double logarithmic plot for both
LaCuqSi2 and YbCu2Si2 at 250 K in Fig. 16. The
horizontial error bars arise from the fact that the
counts of (maximally) four detectors around the
chosen angle and the counts in a main phonon en-

ergy window 8 —18 meV wide were added up in
order to reduce the noise. For both substances one
can distinguish between a high and a low Q region.
For both regions one obtains a cross section
a(Q) =CQ", however, with different exponents for
LaCuzSiz, n=0. 5 for Q & 5 A ' and n=1.95 for
Q & 5 A '. The last exponent is near the expected
value of 2 for the Q dependence of phonon scatter-
ing. We do not know why the exponent n at small

Q has unexpectedly a smaller value. This cannot
be due to simple background effects; perhaps
multiple-scattering processes can be the reason.
For YbCu2Siz the scattering intensity is nearly Q
independent at small Q. At high Q, however, the
plot goes asymptotically against o(Q) =CQ" with

again n=2 Therefor. e, one can be quite sure that
phonon scattering is dominant in both compounds

at large Q. The ratio C(Yb)/C(La) =o(Yb)/
cr(La) 2.4 extracted at large Q is close to the one
expected from the different nuclear cross sections
of ytterbium and lanthanum which for identical
phonon spectra should be 2.3 assuming a vibration
of the RE atoms only. However, the detailed
values of this ratio depend also on differences of
the phonon spectra about which we have no fur-
ther information. The factor C(Yb)/C(La) as
determined here was used later in the separation of
magnetic from phonon scattering at various incom-

ing energies, energy transfers, and temperatures.
For small Q values, however, the ratio Er(Yb)/o(La)
goes to a value of about 4.5. This additional
scattering intensity of YbcuzSiz must be due to
magnetic scattering.

2. Magnetic form factor

Figure 17 shows the magnetic form factor ex-

tracted from the scattering cross section of
YbCuzSiz after subtracting the phonon contribu-
tion. The data were taken with an incoming ener-

gy of 51 meV. The drawn-out line is the theoreti-
cal 4f ' form factor. ' The agreement of our ex-

perimental points with the theoretical form factor
out to the highest Q values, where the magnetic
scattering vanishes, is very satisfactory. The data
were actually taken in an energy window, where

the phonon intensity is largest. The good agree-
ment of the magnetic contribution with the
theoretical 4f form factor therefore is an indica-
tion for the reliability of the phonon subtraction
procedure.

5810 —
z

5

53810
C)
C3

/C Qy'

a 10

1.0

AIN T=250K

SS T= SK
-0.5

I
C.Qo. t.6

I
C.Q ] ]IL~ I

105 ~W I / I I I I I I I I

2 3 4, 5 6 78910
MOMENTUM TRANSFER Q (A )

FIG. 16. Double logarithmic plots of the scattering
intensity in the energy window 8 —23 meV (energy gain)
vs momentum transfer from the spectra of YbCu2Si2
and LaCu2Si2 at T=250 K. The full line is a guide to
the eye. The dashed line shows the behavior of
LaCu2Si2 and the dashed-dotted line the extrapolated
behavior (Q~ oo ) for YbCuzSlg.

X
0.5- —0

1

10
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0 2 4 6 8

MOMENTUM TRANSFER Q(A")

FIG. 17. Q dependence of the scattering intensity of
the difference spectrum [YbCuzSiz] —2.4[LaCuzSiq] for
the same energy window as in Fig. 16. The experimen-

tal points agree quite well with the theoretical 4f" form

factor.
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3. Energy dependence of the magnetic

scattering

In a first step the energy-dependence magnetic
scattering was extracted at low Q from the data of
YbCu2Si2 taken with 51-meV incoming energy by
subtracting of the energy-dependent phonon contri-
bution of LaCuqSi2 multiplied by the factor
C(Yb)/C(La). Such spectra show a smooth energy

dependence superimposed by sharp peaks and dips
at positions of the phonons in LaCu2Si2. These

sharp structures are obviously due to small shifts
of the phonon peaks in YbCuzSiz with respect to
those in LaCuqSi2. In the next step one quasielas-

tic line of Lorentzian shape was fitted through the
difference spectrum. This fit (including the elastic
line) is shown in Fig. 15 (dashed line). The differ-
ence between the fit of the difference spectrum and

the measured spectrum represents now the phonon
scattering distribution of YbCuzSi2.

The quasielastic linewidths for all three experi-

ments (Eo ——3.5, 12.5, and 51.5 meV) obtained with

single Lorentzian fits are plotted versus tempera-
ture in the upper part of Fig. 18. The magnetic
cross section [Xi~ao+I~T; see Eq. (12)] obtained

from these single-line Lorentzian fits (e.g., Fig. 15,
dashed line) are listed in Table V for the data tak-
en with Eo ——51.5 meV. There are two problems
with such single-line fits: First the quasielastic
linewidth obtained from the data taken with

Eo ——51.5 meV strongly differs from those taken
with Eo ——3.5 meV (Fig. 18, upper part). Second,
the cross section from the data taken with Eo
=51.5 meV at temperatures above TsF is 2 times
larger than expected from a broadened set of eight
Hund's-rule ground-state Zeeman levels (trivalent
ytterbium, see Table V). In short, single-line fits
do not yield consistent results from measurements
with different incoming energies. Here, therefore,
the question clearly arises whether single-line fits
are appropriate.

The magnetic cross section is obtained by in-

tegrating the Lorentzian from minus to plus infini-

ty. It turns out that for single-line fits such as
those with Eo ——51.5 meV more than half of the
total intensity comes from an energy range which
is inaccessible to experiment, i.e., a considerable
part of this number is based on an extrapolation to
high-energy transfer. The fact that the cross sec-
tion of a single Lorentzian comes out to be twice
too large is then a clear indication that we are ex-
trapolating the wrong curve. Let us assume that
the spectrum consists not just of a single quasielas-
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FIG. 18. Temperature dependence of the quasielastic

linewidth I'/2 for YbCu~Si2. The upper part shows the
results of single Lorentzian fits, while the lower part
shows the results of the fits with the crystal-field

scheme shown in the inset of the lower part.

0
0

TABLE V. Local magnetic cross section of YbCu2Si2
obtained from single Lorentzian fits. Note that because
of X~ ——P~ T and the nearly temperature-independent
static susceptibility at low temperatures, X~ decreases
for decreasing temperatures. As a comparison the local
magnetic cross section of a free Yb3+ ion is given.

250 120

Xi
(b)

24.5 17.7 0.95

X)~(Yb +)
(b)

12.54 12.54 12.54

tic line, but of a quasielastic and an inelastic line,
the latter centered at an energy comparable to or
smaller than the width of both lines. The inelastic
line would then not manifest itself by a separate
peak and the spectrum could be mistaken for a
single-line spectrum with a total width I /2. How-
ever, the width of either line (I'i/2, I'2/2) would
then be smaller than I /2. If one then compares
the cross sections of both fits (one of the single line
with I /2, the other with two lines I'i/2, I 2/2
& I'/2), the cross section of the single line will

come out larger than that of the double-line spec-
trum.

The fact that the quasielastic linewidth at low
temperatures extracted from the data with Eo
=51.5 meV is much larger than that extracted



7500 HOLLAND-MORITZ, WOHLLEBEN, AND LOEWENHAUPT 25

70-

—60—

so-I

3
~. 30—
CD

20-

10—

Yb Cu2 SIq

T = 250K

re= IT'I

ENERGY

-20
TRANSFER (meV}

0 20
I I I I

0 (Pp0
p 0

0
00

000
0
0

40

0
n

-40
I I

Yb Cu2 Si2

60 — T SK
E

:" so-I 2e= IT'I

E
40—

3
(p 30—

20

10—

-20 0 20 40
I I ' I I I I

phon on

0
0

CEF. ) phone

from the data with Eo ——3.5 meV can also be ex-

plained in a picture of several lines. Let us assume
a multiline spectrum for high temperatures. One
then observes a mixture of quasielastic and inelas-
tic lines with both thermal (51.5 meV) and cold
(3.5 meV) neutrons. At low temperatures an in-
elastic line at about 20 rneV is only detectable with
thermal neutrons, not with cold neutrons. There-
fore, at low temperatures and with cold neutrons

one can only observe the quasielastic line resulting
in a less broad spectrum compared to high tern-

peratures, while at low temperatures with thermal
neutrons one still observes a mixture of quasielastic
and inelastic scattering, i.e., a broad spectrum even

at low temperatures.
These two problems tell us that we are dealing

with a multiline spectrum rather than with a single
quasielastic line. Apparently the widths of all

these lines are so large that it is difficult to distin-

guish a magnetic line individually. Only the low-

0 20

ENERGY TRANSFER (meV}

FIG. 19. Energy spectra of YbCu2Si2 taken with

Eo——51.5 meV at a scattering angle of 17' for T=250
and 5 K. The full line is the magnetic spectrum ob-
tained from a complete fit (magnetic and phonon)
shown in Fig. 15. In the low-temperature spectrum the
quasielastic (dotted line) and the three inelastic excita-
tion lines (dashed lines) are shown separately.

temperature spectrum of YbCu2Si2 (T=5 K) in
Fig. 19 shows, in comparison with the spectrum at
T=250 K, a direct indication for a magnetic exci-
tation at about 31 meV. There are two reasons for
this statement. Firstly, there is no peak visible in
the energy range from 23—35 meV at high tem-
peratures and large Q values (see Fig. 15, lower
part). Secondly, the scattering intensity in this en-

ergy range increases with decreasing temperature,
which is typical for a magnetic excitation starting
from the ground state but is in contrast to phonon
scattering.

The most natural cause for a magnetic multiline

spectrum is of course crystal-field splitting. In
tetragonal RCu2Si2 compounds the CEF splittings
are in fact rather large, larger than in cubic sym-
metry. In CeCu~Siz for instance an overall split-
ting of 31 meV was found by inelastic neutron
scattering. i3 Moreover the anisotropy of the static
susceptibility of single crystals3 proves that CEF
effects must survive the valence fluctuation in

YbCuqSi2.
The data published earlier (Eo——3.5 and 12.5

meV) were already analyzed with a multiline spec-
trum, namely one quasielastic and one inelastic
line. Ho~ever, the new data with Eo ——51.5 meV
do not yet fit this spectrum consistently. Thus all
data had to be reanalyzed.

In a tetragonal crystal field the J= —, Hund's-

rule ground state will split into four doublets.
Line positions and transition probabilities are de-
fined by five independent crystal-field parameters
(see Sec. II D). Obviously it is difficult to obtain a
unique set of parameters from fits to spectra which

do not even show individual lines because of their
large broadening. %e have assumed that all levels
have the same width (quasielastic linewidth) and
that for the transitions the linewidths are larger by
a factor of 1.35. Moreover we have required con-
sistency of the analysis for the data of the three in-

coming energies and that the cross section be that
expected from the static susceptibility. In a sense
therefore the fits can be said to yield five parame-
ters on a basis of four independent measurements.
The analysis yields two most likely sets of CEF
parameters, namely either 8'=2.5+0.3 meV,
x i

———0.41+0.1, x2 ——0.07+0.05, x3 ——0.15+0.05,
x4 ——0.13+0.05, or 8'= —2.5+0.3 meV,
x

~
——0.41+0.1, x2 ———0.08+0.05, x3 ——0.15+0.05,

or x4 ——0.12+0.05. Both versions have an approxi-
rnate energy-level sequence of 0—18—23—31 meV
(see inset of Fig. 18, lower part). The hatched
areas indicate the errors for the positions of the en-
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ergy levels. The lower part of Fig. 18 shows the
quasielastic linewidth versus temperature extracted
from all three experiments. This linewidth is near-

ly temperature independent and coincides within
scatter for all three experiments. The decrease of
the linewidth from the upper to the lower part of
Fig. 18 is rather dramatic. It demonstrates that re-
liable linewidths can only be obtained from a rath-
er volumious set of data taken at different incom-
ing energies. Where such work has not been done
(e.g., Figs. 9, 11, and 13 for Ce compounds) the
numbers given for the linewidths should only be
taken as upper limits.

E. TISe

TmSe has a special status among the IV com-
pounds since it orders antiferromagnetically at
TN-3. 5 K. Most of the inelastic neutron scatter-
ing data have been shown and discussed in several
earlier papers. ' ' Here we wish to mention a
feature of the data which seems quite significant to
us, but was heretofore not yet mentioned in the
literature. The main and well-known features of
TmSe are the following: At temperatures above
100 K the spectrum looks like a single quasielastic
line with I'/2=6. 5 meV, while below 100 K it
splits into an inelastic and a quasielastic line. The
position of the inelastic line shifts from 6 meV at
60 K to 10 meV at 10 K (see Fig. 20; squares),
where it has a width of about 2 meV. The width
of the quasielastic line decreases linearly with tem-
peratures below 100 K with I /2=k&T. At 3.5 K
the width then is sufficiently low to admit magnet-

ic order at a temperature which is quite in line
with that of magnetically stable Tm compounds,
e.g., TmS.

The important and yet unmentioned point is that
if one tries to extract Xst(T) from the local magnet-
ic cross section Xi~ using Eq. (12}one does not
reproduce the measured static susceptibility of
TmSe. This procedure on the other hand has so
far resulted in good agreement between neutron
data and susceptiblity in all other IV compounds.
If one, however, uses Eq. (13) with 8=—50 K one
finds good agreement between the local magnetic
crass section and the bulk susceptibilities in TmSe
too: The local magnetic moment extracted from
the neutron data and the effective moment from
the high-tempetature susceptibility are then identi-
cal within the experimental error [p„rf=(6.32
+0.1 }pii].

As discussed in Sec. II, Eq. (13) must be applied
if the form factor at Q-+0 is different from the
fully local 4f form factor, i.e., if there are magnet-
ic carrelations between RE sites. Apparently in
TmSe some type of effective antiferromagnetic in-
teraction is present which decreases the Q~O form
factor with decreasing temperature away from the
local value. TmSe is the only known IV system in
which any such magnetic correlation effects have
been observed so far. These correlations apparent-
ly exist at room temperature. We wish to point
out that the energy of that correlation (8=—50
K) cannot be due to simple RKKY iinteraction,
whose energy is more than 1 order of magnitude
smaller (scaling the spin interaction of TbSe to
TmSe via the de Gennes factor one arrives at a
RKKY energy of about 5 K which agrees reason-
able well with the measured Neel temperature}.
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FIG. 20. Temperature dependence of the quasielastic
linewidth (O) and of the position of the inelastic line

(0) in TmSe.

V. CONCLUSION

In this paper we have presented the detailed
analysis of the energy and momentum dependence
of the neutron scattering cross section of several
IV compounds. In all compounds we find within
the limited experimental resolution a completely
normal spatial distribution of the 4f orbital and
spin magnetization, i.e., the local 4f form factor
without any magnetic correlations between RE
sites strong enough to be detectable, except TmSe.
(Measurements with a higher resolving method
have found an abnormal form factor in CeSni at
low temperatures. } On the other hand the energy
dependence of this magnetic scattering was found
to be abnormal in every case. The anomaly con-
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sists in a wide spread in energy without any out-
standing features like crystal-field transitions. In
first approximation the energy dependence can be
viewed as a nearly temperature-independent quasi-
elastic Lorentzian distribution in all cases except
for TmSe at low temperatures. However, in some
cases (YbCuiSi2) the quasielastic linewidth thus ob-
tained depends on the incoming energy of the neu-
tron at a fixed temperature (see Fig. 18, upper
part). This together with certain problems with
the total magnetic cross section leads to the inesca-

pable conclusion that such a spectrum consists not
of a single quasielastic line but of one quasielastic
and several inelastic lines, each with a smaller
width than the above single Lorentzian. We inter-

pret such multiline spectra as strongly broadended
crystal-field spectra. The CEF transition lines can-
not be distinguished directly in the spectrum.
There are several such multiline spectra which fit
the data even under the restrictions given by the
crystal-field symmetry. In the compounds other
than YbCu2Si2 the neutron data can be interpreted
with a single-line or with a multiline CEF spec-
trum; the neutron experiment cannot distinguish
between these possibilities.

Recent theories" ' try to establish correla-
tions between neutron quasielastic line and the
characteristic temperature which appears in the
temperature dependence of the static susceptibility.
The theory of Kuramoto and Miiller-Hartmann"
also connects the magnetic linewidth directly with
the valence. We wish to point out that since the
individual linewidth of multiline spectra are small-

er than that of the single-line analysis used in Figs.
9, 11, and 13 and elsewhere' ' and since all
spectra probably have an underlying multiline
(CEF) structure, the numbers from those figures
are very likely overestimates of the true linewidth.
The only reasonably final linewidths in this paper
are those of YbCu2Siz. This fact inust be borne in
mind when comparing theory with our experiment.
There are other data which after careful analysis
can distinguish between single and multiline CEF
spectra, namely those which measure the tempera-
ture dependence of the valence via x-ray diffrac-
tion, capacitive thermal expansion, ' or 1.»& x-
ray absorption. Future interpretation of the neu-

tron scattering spectra will have to be consistent
with their analysis.
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