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In this paper we present results of thermal neutron scattering experiments on CeAu,Si,,
CeAg,Si,, CePd,Si,, and CeRu,Si,. All compounds except CeRu,Si, show distinct crystal-field exci-
tations. We give a complete set of crystal-field parameters for the Ag, Au, and Pd compounds.

INTRODUCTION

Several groups have intensively studied the bulk prop-
erties of the CeX,Si, series (X denotes a transition met-
al).!”!° It turned out that an exchange of X from the
middle range of the transition-metal row towards the no-
ble metals changes the cerium valence from intermediate
valent (CeRu,Si,) to nearly trivalent (CeAg,Si, and
CeAu,Si,). CeAu,Si,, CeAg,Si,, and CePd,Si, order an-
tiferromagnetically at Ty =10 K,!° whereas CeRu,Si,

. does not show any magnetic order above 30 mK.> In the
Ag- and Au-based compounds the 4f conduction electron
scattering is weaker than in CePd,Si,, but in CePd,Si, it
is still not strong enough to destroy the magnetic order as
in CeRu,Si,. In CeRu,Si, the 4f conduction electron
scattering dominates and no magnetic order develops.
This hierarchy is supported by the systematic increase of
the quasielastic linewidth within the series as determined
in previous neutron scattering experiments with higher
energy resolution!"'? [T /2(Ag)~T /2(Au) < T'/2(Pd)
<I'/2(Ru)]. At high temperatures the quasielastic
linewidth of CeRu,Si, is even larger than in the heavy-
fermion compound CeCu,Si,. At low temperatures its
magl??gic response changes from quasielastic to inelas-
tic.

EXPERIMENT

The CeX,Si, samples (X=Au, Ag, Pd, and Ru) were
prepared by arc melting. The x-ray diffraction pattern
verified that the samples are single phase and crystallize
in the tetragonal ThCr,Si, structure (I4/mmm). The
lattlicz:e5 constants agree with values reported previous-
ly.»*

The experiments were performed with the high-flux
reactor at the Institut Laue-Langevin on the thermal
beam spectrometer IN4. We used incident energies of 50,
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30, and 12 meV, and the corresponding energy resolu-
tions (FWHM) are AE=3.0, 1.8, and 0.75 meV, respec-
tively. The detectors were mounted between 26=10° and
26=100° (26 denotes the scattering angle). Background
correction was determined by measurements on the emp-
ty sample holder and a cadmium plate in the sample posi-
tion. The spectra shown are corrected for background
scattering, absorption, and detector efficiency, with the
statistical error of the spectra given by the scattering
among the data points. For the data fits the magnetic
form factor variation is corrected for each detector and
each channel. The phonon correction was performed by
measuring LaRu,Si, as a nonmagnetic reference com-
pound and by analyzing the Q dependence (Q denotes the
momentum transfer) of the scattering response; the mag-
netic form factor decreases with increasing Q, whereas
the phonon scattering becomes stronger with increasing
Q. In addition, the magnetic form factor of a Ce** ion is
well known, i.e., the Q dependence of the magnetic
scattering is fixed. The Q dependence of the phonon
scattering is determined via the La measurement. Fitting
the low- and high-Q data consistently and taking into ac-
count the phonon scale factor from the La measurement
allows the separation of the magnetic and phonon
scattering. A simple subtraction of the La spectrum was
not favorable because the phonon positions vary due to
the different atomic weights and lattice constants. Fur-
thermore, this. method is problematic because of the
different scattering lengths of the constituents, in particu-
lar the large incoherent cross section of La compared to
Ce.

RESULTS AND DISCUSSION

In a crystal field (CF) with tetragonal point symmetry,
the Hund’s rule ground state with J =3 of a Ce** (4f1)
ion splits into three doublets. At low temperatures only
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transitions from the ground state take place; hence, the
neutron scattering spectra should exhibit two inelastic ex-
citations. At higher temperatures, when the first excited
state is thermally populated, the third transition should
become visible.

Figure 1 shows the 50-meV spectra of CeAg,Si,,
CeAu,Si,, CePd,Si,, and CeRu,Si, for two different
scattering angles. The low-angle data (low Q, left side of
Fig. 1) contain mainly magnetic scattering, whereas
mainly phonon scattering contributes to the high-angle
data (high Q, right side). The phonon scattering is
marked by the hatched areas, and the dashed lines
represent the magnetic scattering. The lines in the
X=Ag, Au, and Pd are the result of quantitative CF
analysis; in CeRu,Si, the magnetic scattering is fitted
with only one Lorentzian line (see the following). The
CeAg,Si,, CeAu,Si,, and CePd,Si, intensities are cali-
brated to the full Ce** cross section via

Umag=ijS(Q,w)deCF(Q)2,u120C=3.9 b, 8}

where F(Q) is the local magnetic form factor and
C=0.605 b/u3. S(Q,w) is given by
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FIG. 1. 50-meV spectra of the CeX,Si, compounds with

X=Ag, Au, Pd, and Ru for low (13.5°<26=32.6°) and high
(67.6° <26 =74.3°) scattering angles. The hatched areas at zero
energy transfer mark the incoherent elastic scattering. The
solid lines in the Ag, Au, and Pd spectra are the result of CF
analysis, for CeRu,Si, see the text. The vertically dashed areas
indicate the phonon contribution, the white areas underneath
are the magnetic scattering.
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where Xy, is the static susceptibility y(Q=0) as mea-
sured in a susceptometer and P(Q,w) is a spectral func-
tion which fulfills

[7 P(Q,0)do=1.

If P(Q,w) can be approximated by a 8§ function, i.e., if
I' /2 <<kyT (T /2 denotes the linewidth) then the integra-
tion in Eq. (1) can be performed from +te==+ . Howev-
er, in the present materials I'/2 is larger than kpT
(I'/2Z kg T) and the upper integration can only be per-
formed numerically. In order to avoid the divergence of
the integration in Eq. (1), € has to be finite.!* Here a
cutoff energy of £e==+500 meV was chosen. Note the
different scales when comparing the X=Ag, Au, and Pd
spectra. The intensity scale of CeRu,Si, is given in arbi-
trary units. For a CF analysis one has to compare inten-
sity ratios of quasielastic and inelastic scattering. There-
fore, we analyzed the magnetically ordering samples (Ag,
Au, and Pd) at temperatures above the ordering transi-
tion. In the ordered state magnon scattering instead of
quasielastic scattering occurs and the CF excitations are
shifted by about 4% towards higher energy transfers with
respect to the nonordered phase.

The spectrum of CeAg,Si, shows two distinct excita-
tions at about 9 and 18 meV. The comparison with the
high-Q spectrum verifies the magnetic character of these
two peaks. These transitions have to be from the ground
state since at 15 K excited states are not populated. The
splittings [1) —[2) and |2) —|3) are nearly equidistant,
and hence at higher temperatures no third line due to the
transition |2)—|3) is observable. The latter is demon-
strated by the 12-meV spectrum of CeAg,Si, at 120 K
(see the upper part of Fig. 2). There the excitation at
about +9 meV is a mixture of the transitions |[1)—|2)
and [2)—|3) (see the following CF analysis).

In CeAu,Si, two inelastic, magnetic excitations at
about 17 and 21 meV are observed (compare low- and
high-Q data in Fig. 1). The hump at about 7 meV is
clearly due to phonon scattering (note the heavy mass of
Au). In a 30-meV measurement both transitions are even
better resolved. For the same reason as in CeAg,Si,, both
excitations have to be from the ground state. At higher
temperatures we observed the transition |2)—|3) as
shown in Fig. 2. Figure 2 shows a 12-meV spectrum of
CeAu,Si, at 150 K (see the following CF analysis).

In contrast to the Ag- and Au-based samples, the spec-
trum of CePd,Si, exhibits only one broad, inelastic peak.
A measurement with an incident energy of 30 meV at 15
K did not provide further information. The quasielastic
linewidth of T'/2~1.2 meV at 30 K in CePd,Si, is about
six times larger than in CeAu,Si,, i.e., due to the stronger
4f conduction electron scattering in CePd,Si, the CF ex-
citations are broadened as well. A comparison of the
low- and high-angle data shows that the peak center
moves towards smaller energy transfers with increasing
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FIG. 2. 12.5-meV spectra of CeAg,Si, and CeAu,Si, for
7°<260=16° and 9°<260=<29°, respectively. The lines result
from quantitative CF analysis. CF denotes the CF excitations
and ph the phonon scattering. The neutron energy-gain side is
depicted for the CeAg,Si, spectrum, and the energy-loss side of
the CeAu,Si, spectrum shows the transition [2) — —|3).

0, i.e., the low-energy tail of the peak is mainly phonon
scattering, whereas the scattering around 19 meV is of
magnetic origin. The assumption of nearly degenerate
transitions |1)—|2) and |1)—|3) of broader intrinsic
width than in CeAu,Si, and CeAg,Si, can explain why
we did not observe a second magnetic excitation (see the
following CF analysis).

The inelastic spectrum of CeRu,Si, looks flat at low
scattering angles. The humps centered at about 15 and
23 meV are due to phonon scattering, as a comparison
with the high-Q data shows. High-resolution neutron
scattering experiments!' have shown that an inelastic
Lorentzian describes the low-energy response of
CeRu,Si, better than a quasielastic line. The dashed line
in Fig. 1 represents a fit with an inelastic Lorentzian line
of the same position (#iw;=0.82 meV) and linewidth
(I'; /72=1.35 meV) as determined from measurements
with better energy resolution at the same temperature.
Including the phonon correction (solid line), we obtain a
satisfying fit without taking into account additional in-
elastic lines due to CF excitations. In Ref. 11 it is point-
ed out that the inelastic line centered at 0.82 meV cannot
be explained by CF splittings. From the high-resolution
data which are calibrated to absolute intensities via a
vanadium standard, we obtain an intensity of the low-
energy response of 1.3 b (£15%). This value is by a fac-
tor of 2 smaller than the full Ce*>" magnetic cross section
(3.9 b) and leads to a reduced magnetic moment of
1.48up. The high-temperature slope of the static suscep-
tibility yields a magnetic moment of 2.37uy (Ref. 5) (full
Ce’" moment: 2.54up). The missing magnetic intensity
strongly suggests the existence of CF excitations. The
latter is supported by specific-heat® and ultrasonic data'’
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which can be fitted with a total CF splitting between 20
and 30 meV. From this, the further possibility of a CF
field splitting larger than our energy window of 45 meV
can be excluded.

A possible explanation for the lack of observation of
CF excitations in CeRu,Si, is the following: From
X=Ag, Pd, and Rh to Ru (these elements are adjacent to
each other in the periodic table) the 4/ conduction elec-
tron scattering becomes stronger, which leads to CF exci-
tations in CeRu,Si, which are so broadened that they are
hidden in the background. However, a comparison with
earlier neutron scattering results on CeCu,Si, (Ref. 16)
shows that this explanation is not straightforward (Au,
Ag, and Cu are above one another in the periodic table).
CeCu,Si, does show distinct CF excitation at about 12
and 30 meV, and its quasielastic line exhibits a width of
I'/2~1 meV at T=5 K. For CeRu,Si, the width of the
inelastic line, I'; /2~1.35 meV at 5 K, is a measure of the
ground-state width, and this value is comparable with the
one of CeCu,Si,.!! This rather suggests that at T=5 K
the 4f conduction electron scattering in CeRu,Si, and
CeCu,Si, is of the same order of magnitude, which
should lead to a comparable CF level broadening. It
might be more informative to compare the temperature
slopes of the quasielastic-inelastic linewidths. In
CeRu,Si, the linewidth increases linearly from T ~0 K to
T=250 K, whereas I'/2 of CeCu,Si, follows a
(@ +bT'"?) law with b<1 so that above T~100 K the
quasielastic linewidth of CeRu,Si, is larger than in
CeCu,Si,. This may indicate that different mechanisms
are involved causing the quasielastic-inelastic as well as
the crystal-field linewidth.

So far our results are in agreement with data from
Grier et al.'” who performed an inelastic neutron scatter-
ing experiment on powder samples using a triple-axis
spectrometer. The quality of their data did not allow a
quantitative analysis of the CF splittings. In the follow-
ing the quantitative CF analysis of CeAg,Si,, CeAu,Si,,
and CePd,Si, will be discussed. Following Hutching’s no-
tation, !* the CF Hamiltonian for a J =2 jon with tetrag-
onal point symmetry is given by

Hc=Bj0%+BJ0%+Bi0}

for ¢ as quantization axis. The squares of the transition
matrix elements and the CF transition energies can be ex-
pressed in terms of the crystal-field parameters BY, B,
and Bj. However, fitting our data we used a different no-
tation given by Walter.!° The latter is an extension of the
Lea, Leask, and Wolff formalism to CF splittings in lower
than cubic symmetry. Within this notation the equi-
valent Hamiltonian is written as

Hep=W (x50 3+x4003+x,409) .

The O ;' are normalized CF operators O,", and the nor-
malization factors are listed in Ref. 18. Because of
S m|Xum| =1 and sgn(x,y)=sgn(W), the three CF pa-
rameters W, x4, and x4, describe the problem
sufficiently. W roughly determines the total CF splitting
and the x,, determine the relative splittings and transi-
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FIG. 3. CF schemes of the CeX,Si, with X=Ag, Au, Pd, and
Cu. The copper scheme is taken from Ref. 19. The arrow indi-
cates where in the sequence the total splitting of CeRu,Si, is ex-
pected.

tion matrix elements. The parameters W and x,,, can be
simply converted into the B/".!° The sign of x,, or B}
changes the symmetry of the eigenstates, but it does not
influence the squared matrix elements. Therefore we can-
not distinguish between the a|+2)+b/F ) and the
a|+3) —b|F ) state (the a and b parameters remain un-
changed).

The relative intensities of the quasielastic and inelastic
lines as well as the positions of the inelastic excitations
are determined by the CF parameters W, x,y, and x44.
The only adjustable parameters left are the quasielastic
and inelastic linewidths. However, from previous high-
resolution measurements with cold incident neutrons, 12
we already know the quasielastic linewidths. Therefore
we did not have to vary the quasielastic linewidths; they
were set to the high-resolution values. There is one pecu-
liarity concerning CeAu,Si,. In Ref. 11 it is pointed out
that above the ordering transition (T =10 K) the quasi-
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TABLE II. Static bulk susceptibility xuu from Ref. 1 and
the total susceptibility, y(Q)/F(Q)?, and van Vleck susceptibili-

“ty, x"V(Q)/F(Q)?% as calculated from the magnetic neutron

scattering intensities resulting from the CF analysis at the
respective temperatures 7.

T Xoulk X(Q)/F(Q?*  x"V(Q)/F(Q)
X (K) (emu/mol) (emu/mol) (emu/mol)
Ag 15 0.018 0.017 0.006
Au 15 0.032 0.039 0.005
Pd 30 0.009 0.011 0.003

elastic scattering contains a Lorentzian and a non-
negligible Gaussian contribution (Ig, /11, ~1.8). The
latter was attributed to critical fluctuations preceding the
magnetic order and is taken into account for the CF
analysis. For particular sets of W, x,,, and x4, we ob-
tained good fits to the data at low- and high-scattering
angles, including the phonon correction as already de-
scribed (see the solid lines in Fig. 1). The dashed lines in
Fig. 1 reflect the pure magnetic scattering as given by the
W, x40, and x4, parameters. In Fig. 3 the corresponding
CF schemes are shown, and in Table I the CF parameters
(for convenience the B, are given as well) and the eigen-
states are listed. The 12-meV spectra of CeAg,Si, and
CeAu,Si, at 120 K and 150 K, respectively, could be
fitted with the same CF parameters as the 50-meV spec-
tra at low temperatures (see the solid line in Fig. 2), only
the inelastic linewidths had to be varied because of the
broadening with increasing temperature. The first and
second excited states in CePd,Si, are exchanged in com-
parison to the other CeX,Si, compounds. This might be
due to the larger uncertainty in the data analysis of the
CePd,Si, spectra which is caused by the broader excita-
tion spectrum (the transitions |1)—|2) and [1)—|3)
are not resolved).

TABLE L. Crystal-field parameters W, x4, and x4 and the corresponding BY, BY, and B as deter-
mined from the CF analysis. The W and B, parameters are given in meV. The |1), |2), and |3)
represent the eigenstates of the ground state, first excited state, etc. The a and b parameters are the fac-
tors of the |2 ) and |+2). The CeCu,Si, values are taken from Ref. 20. In the last line the unit-cell
volumes of the CeX,Si, (X=Ag, Au, Pd, and Cu) are listed in A

CeAg,Si, CeAu,Si, CePd,Si, CeCu,Si,
w —4.310.2 —6.4+0.3 —6.1+0.3 —9.3+0.1
X40 0.04310.01 —0.26+0.02 0.001:+0.002 —0.22+0.07
Xa4 0.933+0.09 0.70+0.04 0.53+0.10 0.70+0.05
B3 —0.0410.11 —0.09+0.10 —0.95+0.22 —0.26+0.10
BY —0.0030.001 0.028+0.003 —0.0001+0.0002 0.034+0.01
B} —0.33+0.03 —0.38+0.03 —0.27+0.06 —0.541+0.04
a 0.730 0.604 0.899 0.83
b 0.684 0.797 0.437 0.56
13) bl£3)—alF) bl£3)—a|F3) B3 blx£3)—a|F3)
12) ES2 EXY) bl£3)—alF3) |+1)
I al+3)+b/F3) al£3)+bl7F3) al£3)+bF3) al£3)+b/F3)
14 192.55 190.17 177.62 167.34
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In order to prove the CF analysis we compare the re-
sulting quasielastic and inelastic intensities with the static
bulk susceptibility Yp,- Although the data are calibrat-
ed to the full Ce3" cross section via integration [see Eq.
(1)], this is a sensible comparison because the inelastic

J

2 fiw
1—exp(—fiw/kygT)

J

and

XE(Q): 1/T|{jlJ,lj>|? Curie contribution ,

X (@)=1/8,1¢jlJ,1k)[?, van Vleck contribution .

Therefore one can prove via the static susceptibility
whether or not the CF analysis yields sensible intensity
ratios. In Table II the susceptometer values Xy, ' the
total static susceptibilities x(Q) (the sum over the Curie
and van Vleck contributions) divided by F(Q)? and the
total van Vleck contribution xVV/F(Q)? (the sum over all
van Vleck terms) are listed for the respective tempera-
tures. The agreement between Yy, and x(Q)/F (Q) is
satisfying. For the Au sample the Gaussian contribution
of the quasielastic line is taken into account.

In Table I and Fig. 3 the CF parameters of CeCu,Si, as
given in Ref. 19 are included for comparison. The total
CF splitting increases from Ag, Au, and Pd to Cu. It is
intriguing that the unit-cell volumes decrease in the same
way as the total CF splittings increase (see the bottom of
Table I). The unit-cell volume of 171.699 A* of CeRu,Si,
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scattering contributes to the static susceptibility weighted
by a factor 1/A; (A, is the transition energy from
|j>—1k)). This becomes apparent when rewriting Eq.
(2) explicitly for a CF split system:?!

S X5(Q)P;(Q,0)]+ 1 zk [1—exp(— Ay /kp DX P (Q )]

J
J#k

lies between the values of X=Pd and X=Cu. Therefore
we expect the total crystal-field splitting AEcg in
CeRu,Si, to be smaller than in the Cu compound but
larger than in CePd,Si, (see the arrow in Fig. 3).

CONCLUSION

The inelastic neutron scattering spectra of CeAg,Si,,
CeAu,Si,, and CePd,Si, exhibit distinct CF excitations,
and we determined the crystal-field schemes and crystal-
field parameters. The resulting magnetic intensities
reproduce the static bulk susceptibility. The total CF
splitting of the CeX,Si, compounds increases in the se-
quence Ag—>Au—Pd—Cuy, i.e., the splitting increases
with decreasing unit-cell volume. We did not observe CF
excitations in CeRu,Si,, but the missing magnetic intensi-
ty strongly suggests their existence. An estimation from
the unit-cell volume of CeRu,Si, leads us to expect a total
CF splitting which is smaller than in CeCu,Si, but larger
than in CePd,Si,, i.e., it should be within the energy win-
dow of investigation.
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