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Temperature-dependent neutron scattering experiments with incident energies in the range 3-50
meV have been performed on polycrystalline samples of the heavy-electron system YbXCu,, as well
as the stable 4f-moment compounds ErXCu, and the nonmagnetic reference materials LuXCu,,
with X =Au, Pd, and Ag. The quasielastic linewidth of the YbXCu, compounds is determined as a
function of temperature. For YbAuCu, a quantitative crystal-field analysis is applied to the ob-
served inelastic response, while the data for the strongly 4f-delocalized compound YbAgCu, are
discussed in terms of a possible crystal-field interpretation and various theoretical models for

heavy-electron systems.

INTRODUCTION

At low temperatures the heavy-electron metallic com-
pounds and alloys exhibit a rich variety of phenomena,
ranging from localized moment formation through Kon-
do and intermediate-valence behavior to magnetic and
superconducting ordering. Although the origin of these
anomalous properties is not yet fully understood, they are
related to hybridization of the 4f electrons with the
conduction-band states and the associated many-electron
dynamics in the proximity of the Fermi level. Among the
heavy-electron materials rare-earth compounds contain-
ing Ce and Yb have been the subject of numerous investi-
gations. Recently, a new series of heavy-fermion Yb
compounds YbXCu, with X =Ag, Au, and Pd were re-
ported by Rossel et al.! with effective electron masses as
high as ~60m, (where m, is the mass of the free elec-
tron). Inelastic neutron scattering probes the energy and
wave-vector-dependent dynamic susceptibility, which
provides information concerning low-lying excitations
above the ground state. Model calculations for heavy-
electron systems predict that the f electronic levels de-
scribed by a crystal-field potential will be strongly renor-
malized because of the highly correlated electron ground
state. Therefore, it is of interest to examine to what ex-
tent the results of neutron experiments are consistent
with models describing electronic correlations and/or
crystal-field effects.

In this paper we present results of inelastic neutron
scattering experiments on the isostructural compounds
YbXCu, and ErXCu, with X=Au, Pd, and Ag. The
Yb-based compounds show strong electronic correlations
in specific heat, resistivity, and static susceptibility mea-
surements.! Within the field of heavy-fermion, Kondo, or
intermediate-valent materials, the YbXCu, compounds
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are ideally suited for comparison with theoretical models
because of the cubic site symmetry of Yb ions in the
AuBejy structure. Furthermore, the interaction between
Yb magnetic moments should be weak because of the
large Yb-Yb distances (=5 A). The stable 4f-moment
Er compounds are measured as references to assist in
determining of the influence of electronic correlations of
Yb on the quasielastic and/or inelastic magnetic scatter-
ing response. We chose the Er series as the magnetic
reference since Er* %, in contrast to Tm>", has the advan-
tage of being a Kramer’s ion (half-integral total angular
momentum) so that the crystal-field schemes are easier to
determine. Furthermore, Er is preferable to other
Kramer’s ions such as Dy and Nd, since it is closer to Yb
in the periodic table.

YbAuCu, and YbPdCu, appear to order antiferromag-
netically at 0.6 and 0.8 K, respectively, whereas
YbAgCu, does not show any sign of ordering down to
0.45 K.! The electrical resistivity p of all three Yb com-
pounds shows only a small temperature dependence
above 80 K. Below 60 K the resistivity of YbAgCu, falls
rapidly and at T <28 K it follows a T? power law below
28 K, which is characteristic of Fermi-liquid behavior or
spin fluctuations. The resistivity of the Au- and Pd-based
Yb compounds exhibits Kondo-like behavior with a
minimum located at about 85 K for X=Au and ~60 K
for X=Pd. At about 1 K, p of YbAuCu, and YbPdCu,
displays a sharp maximum that is associated with the on-
set of magnetic order.! The magnetic susceptibility Xy,
of YbAuCu, and YbPdCu, follows a Curie-Weiss law.
For T =30 K the inverse susceptibility 1/x,, deviates
only slightly from linearity. In contrast to the X=Au
and Pd samples, YbAgCu, shows a susceptibility typical
of materials with an unstable 4f shell (see Fig. 10): for
T > 100 K, xpux €xhibits Curie-Weiss behavior, then goes
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through a maximum at T'=35 K and reaches a constant
value for T—0. Specific-heat measurements' of the
YbXCu, compounds yield large linear coefficients y of
245 mJ/mol K? for YbAgCu, and 200 mJ/mol K? for
YbPdCu,, in addition to the magentic ordering contribu-
tion at low T in the latter compound.? In a double loga-
rithmic plot of y versus Y, the values for YbAgCu, fall
within the cluster of other heavy-fermion compounds.
For YbPdCu,, however, the susceptibility appears to be
too large with respect to y (i.e., it deviates strongly from
the linear y /x =1 relation).

The static susceptibility of the ErXCu, samples indi-
cates ferromagnetic ordering transitions between T=35
and 10 K. This temperature range is in agreement with
temperatures we obtain from de Gennes scaling from
Yb** to Er*' under the assumption that ordering and
Curie-Weiss temperatures are comparable.

EXPERIMENTAL

The polycrystalline YbX Cu, samples were prepared by
melting the pure elements in a scaled Ta tube, whereas
the magnetic reference compounds ErXCu, and the non-
magnetic reference compounds LuXCu, (X=Ag, Au, and
Pd) were prepared by arc melting. Bulk susceptibility
measurements were performed to verify that the magnet-
ic properties of our samples are the same as reported in
Ref. 1. Susceptibility measurements on the Er samples
indicated ferromagnetic order as mentioned earlier. X-
ray and neutron-diffraction measurements show that all
samples crystallize in the AuBes structure (space group
C15b or F-43m) and that they are single phased, except
the Pd-based samples, which contain other impurity
phases. The Bragg lines of YbPdCu,, ErPdCu,, and
LuPdCu, are strongly broadened, which might be due to
the presence of several disordered R,_,Pd,,  Cu, phases
(R=YD, Er, and Lu) with space group C15. In a disor-
dered sample with space group C15 the cubic-site sym-
metry of the rare-earth ions is destroyed, with attendant
consequences on the inelastic magnetic spectrum. The
room-temperature lattice constants of the Yb samples
agree with tye ones given in Ref. 1 (a =7.0696, 7.0519,
and 7.0396 A for X =Ag, Au, and Pd). For ErXCu, we
obtain a=7.098, 7.072, and 7.064 A for X=Ag, Au, and
Pd, respectively.

The double differential cross section for paramagnetic

scattering as measured with unpolarized neutrons is given
by

(|k;| /|k;d%0 /dQdwo=NS(Q,0)

_ AN
[1—exp(—fiw/kpT)]

X”(Q,w) ,

where N is the number of magnetic scatterers, k; and k,
are the initial and final neutron wave vectors, S(Q, ) is
the scattering function, 4 =1(gyr, /pg)* is the coupling
between the neutron and electron spin, and y''(Q,w) is
the imaginary part of the dynamic susceptibility. From
the Kramers-Kronig relation x¥'(Q,®) can be expressed in
terms of the static susceptibility y(Q) and a spectral func-
tion P(Q,w)
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X' (Q,0)=1ox(Q)P(Q,0) .

The static susceptibility y(Q) is related to the static bulk
susceptibility Y, (susceptometer value) via the local
magnetic form factor F(Q), x(Q)=|F(Q)|*Xpux- P(Q,®)
is a spectral function which, in accordance with the
Kramers-Kronig relation, must fulfill the normalization
condition [* P(Q,0)dw=1. When describing relaxa-

tion processes P(Q,w) is usually assumed to be Lorentzi-
an. In the presence of crystal-field splittings P(Q,w) is
described by a series of Lorentzians centered at #iw=0
(quasielastic) and t#w; (crystal-field excitations). How-
ever, in compounds with strong 4f-conduction electron
scattering P(Q,w) shows deviations from a quasielastic
Lorentzian line shape as reported previously’ ® and as
discussed later.

The neutron measurements were performed on three
different time-of-flight (TOF) spectrometers, each best
adapted for a different incident energy, thus permitting
an investigation of the quasielastic as well as the inelastic
parts of the spectra. The instruments are located at the
Intense Pulsed Neutron Source (IPNS) at Argonne Na-
tional Laboratory, and at the High-Flux Reactor at the
Institut Laue-Langevin (ILL) in Grenoble, France. In
Table I we list the instruments, their location, the respec-
tive incident energies E, and energy resolutions AE [full
width at half maximum (FWHM) at elastic position] and
the lowest available temperatures during the experiment.

At each of the instruments, the background scattering
was determined by measurements with the empty sample
holder and a cadmium plate in the sample position. All
spectra shown are treated with the same data correction
and fitting routines that include energy- and angle-
dependent absorption as well as detector efficiency
corrections. The data are calibrated for absolute units of
cross section with reference to a vanadium standard.
Furthermore, for IN6 the rapid change of the resolution
function with energy transfer due to the time focusing is
taken into account in the data treatment. The statistical
error in the spectra is reflected by the scatter in the data
points. For the phonon correction the nonmagnetic
reference compounds LuXCu, (X=Ag, Au, and Pd) were
measured. In Fig. 1 a LuAuCu, and a LuAgCu, spec-
trum are shown for incident energies of E;=40 meV and
E,=3.14 meV, respectively. Since the phonon scattering
is rather weak in comparison to the magnetic scattering,

TABLE 1. E, incident energy, AE energy resolution at elas-
tic position, and T lowest reachable temperature for the time-
of-flight (TOF) spectrometers employed.

TOF AE (meV)
Instrument Location E, (meV) FWHM T (K)
HRMECS IPNS 40 1.2 > 15

IN4* ILL 50 2.8 >5

IN4® ILL 17 0.75 >5

IN4? ILL 12.5 0.65 >5

IN6 ILL 3.14 0.09 >1.5

?Double graphite monochromator version.
®Single graphite monochromator version.
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FIG. 1. Spectra of nonmagnetic reference compounds: (a)
energy-loss side (of the neutron) of the LuAuCu,-spectrum
(HRMECS), scattering angle 6 within —7°<26=<19% (b)
energy-gain side of the LuAgCu, spectrum (IN6), 17° <26 < 34°.

it does not show much structure at either energies, and
the phonon corrections were performed by simply sub-
tracting the observed intensities for the Lu-based samples
allowing for the different scattering lengths of Yb and Lu.
The data were corrected for the magnetic form factor of
Yb** and Er’" for each energy channel and fixed detec-
tor angle, after which several detectors have been
grouped together in order to improve statistics. We
present further the results in the form of the scattering
function S(Q,w) versus energy transfer and indicate the
incident energy employed for each of them.

RESULTS FOR THE Yb COMPOUNDS

The Hund’s rule ground state (*F, ,) of an Yb*" ion in
a cubic crystal field splits into two doublets (I'y and
I';) and one quartet (I'g). Transitions between the two
doublets are forbidden ({ [4x|J,|;)=0), leaving us with
only two transitions (I'¢«>I'g and I';«>g), with the result
that at low temperatures only one excitation is observable
if the ground state is a doublet and two are observable if
the ground state is the 'y quartet.

YbAuCu,

In Fig. 2 we show the IN6 [Fig. 2(a)-2(c)] and
HRMECS spectra [Figs. 2(d)-2(f)] for YbAuCu, for the
same temperatures. At a first view the YbAuCu, spectra
appear to contain only a quasielastic and one inelastic

line at any temperature, with the linewidths of the latter
increasing with rising temperature. However, integration
of the spectra obtained on HRMECS suggests that it con-
tains the full cross section of the *F,,, ground state of
Yb** so that no further excitation outside the covered
energy window is expected. We have performed a fit of
the data with a quasielastic and one inelastic Lorentzian
spectral component from which the resultant quasielastic
linewidth as a function of temperature is shown in Fig. 3.
A further result from the fits is that the position of the in-
elastic peak is strongly temperature dependent, i.e., the
center moves to lower energies with increasing tempera-
ture (see Fig. 4). Such a strong temperature dependence
of the inelastic line can only be explained under the as-
sumption that the 15 K spectrum contains only one in-
elastic excitation, which takes place from the ground
state. With increasing temperature a second excitation
with slightly lower transition energy arises (from the first
excited state to the next higher level) with a progressively
increasing spectral weight and thus shifts the total inelas-
tic spectrum towards smaller energy transfers.

We conclude that the ground state is one of the two
doublets, I'¢ or I';, since only one inelastic excitation is
observed at T=15 K. We performed a quantitative
crystal-field analysis based on the Lea, Leask, and Wolf
formalism® and obtain crystal-field parameters W and x
that fit the IN6 and HRMECS data consistently at each
temperature (see lines in Fig. 2). It was assumed the two
inelastic lines have the same widths and that only one
quasielastic linewidth exists (see Fig. 3). Note that all
linewidths are significantly larger than the instrumental
resolution. We determined from the intensity ratio of
quasielastic to inelastic scattering that the I'; doublet is
the ground state and that the I'y quartet is the first excit-
ed level. The ratios of the squares of the inelastic and/or
quasielastic matrix elements are

(Tl I 12/1( Tl T =28
and
(L5, 1T 2 /I(T, I, 1T [P=1.36 .

In Fig. 5 the resulting crystal-field scheme is shown. The
corresponding crystal-field parameters are

W =—0.225%+0.004 meV and x = —0.945+0.005 .

These parameters fit the YbAuCu, data at all tempera-
tures. It should be mentioned that we can fit the data
reasonably when assuming a I'y ground state and nearly
degenerate I'; and I'¢ levels, but in order to fit the 50 and
100 K spectra we have to allow for a temperature-
dependent W parameter (between 15 and 100 K W in-
creases by ~10%).

We mention a peculiarity of the quasielastic spectrum
at low temperatures: for T'< 10 K the quasielastic spec-
trum cannot be fit with a single quasielastic Lorentzian.
We obtain better fits if an additional Gaussian is includ-
ed. The deviation from a purely quasielastic Lorentzian
line shape is demonstrated in Fig. 6(a). The low-energy
magnetic scattering centered at about 0.25 meV and the
tail of the spectrum (from 1.0 to 1.5 meV) cannot be fit
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FIG. 2. YbAuCu, spectra: (a)-(c) energy-gain side of the E,;=3.14 meV data (IN6) and 17° <26 < 30°; the quasielastic scattering
is shown as the black area in the inset of (a); (d)-(f) energy-loss side, E; =40 meV (HRMECS) and —7°<260 <10°. The inset lines,
marked with the multiplication factors, are due to incoherent elastic scattering. The solid lines are results of quantitative crystal-field
analysis. The shaded areas in the IN6 spectra (a)—(c) point out the contribution of the two crystal-field transitions.
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FIG. 6. Spectra of the magnetic YbXCu, compounds,
X=Au, Pd, and Ag, and the nonmagnetic reference sample Lu-
AgCu, for T=1.5 K and E;=3.14 meV (IN6).

FIG. 7. Quasielastic linewidth of YbXCu,, X=Pd, and Au,
below T=15 K. The full symbols represent the Lorentzian
width, the open symbols the Gaussian.

simultaneosly with one Lorentzian, although the inelastic
scattering due to crystal-field splittings is taken into ac-
count. With decreasing temperature the Gaussian contri-
bution becomes stronger. For 7 =1.5 K the ratio of the
integrated intensities amounts to 0, /0 g, ~1.58. The
linewidth of the Gaussian is larger than that of the
Lorentzian as shown in Fig. 7 (triangles).

YbPdCu,

The YbPdCu, spectra are depicted in Fig. 8 for various
temperatures and three different incident energies. A
comparison of the YbPdCu, and the YbAuCu, spectra
shows that the quasielastic scattering for the Pd-based
sample is narrower, while the inelastic scattering is
broader than for YbAuCu, [for the quasielastic scattering
compare the insets in of Figs. 8(a) and 2(a)]. In Table II
quasielastic and inelastic linewidths are listed for similar
temperatures for the two compounds.

The quasielastic and inelastic spectral weights of
YbPdCu, are comparable with the respective weights of
YbAuCu, so that the same crystal-field level scheme is as-
sumed, although the smaller quasielastic but larger in-
elastic linewidth in YbPdCu, seems to be a contradiction.
However, earlier we have pointed out that the YbPdCu,
sample exhibits a non-negligible amount of impurity
phases. Since each Yb®* jon experiences a crystal-field
splitting corresponding to its respective lattice environ-
ment, the spectra may be interpreted as the superposition
of different crystal-field splittings, corresponding to the
different impurity phases. Therefore, it was impossible to
perform a quantitative crystal-field analysis for this sam-
ple. Instead, the spectra are fitted with a simple quasi-
elastic and inelastic Lorentzian.

The quasielastic linewidth as function of temperature is
given in Fig. 3 (squares). For T'<10 K the quasielastic
line shape deviates from a Lorentzian [see Fig. 6(b)], so
that an additional Gaussian is included in the fit, as be-
fore in YbAuCu,. The Gaussian is broader than the
Lorentzian (see Fig. 7, squares) and at 7=1.5 K the ratio
of the integrated intensities is 0, /0 G,,=2.3.

YbAgCU4

The magnetic excitation spectrum for YbAgCu, (Fig.
9) is markedly different from the spectra of YbAuCu, and
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FIG. 8. YbPdCu, spectra: (a)—(c) energy-gain spectra with £,=3.14 meV (IN6); the quasielastic scattering is shown as the black
area in the inset of (a); (d) energy-loss spectra with E;=12.5 meV (IN4) and (e) E,=50 meV (IN4). The inset lines, marked with the
multiplication factors, are due to incoherent elastic scattering. The solid lines are fits with one quasielastic and one inelastic
Lorentzian. The vertically hatched areas in the IN6 spectra represent the inelastic contribution.

YbPdCu, as expected since its bulk susceptibility is high-
ly anomalous and very different from those of the other
two. The differences in the dynamic susceptibility be-
come most obvious when we compare the IN6 data at
T=1.5 K (see Fig. 6): YbAgCu, shows only negligible
scattering at small energy transfers in contrast to the Au-
and Pd-based samples. The small amount of scattering
from YbAgCu, in this energy range is comparable with
that from the nonmagnetic reference LuAgCu,.

For T >75 K the YbAgCu, data can be fit with only

TABLE II. Quasielastic I'/2 and inelastic T, /2 linewidth
half width at half maximum (HWHM) of YbAuCu, and

YbPdCu,. The respective temperatures are given in
parenthesis.

X I'/2 (meV) I', 72 (meV)
Au 035 (T =15 K) 0.93 (T =15 K)
Pd 0.23 (T=5 K) 332 (T=5 K)

one quasielastic Lorentzian that contains the total Yb**
(*F, ,,) magnetic cross section within an uncertainty of
10%. The quasielastic linewidth is about a factor 4 larger
than for the two other samples (see full circles in Fig. 3).
With decreasing temperature (7 <75 K) the quality of a
quasielastic fit becomes progressively worse, as demon-
strated in Figs. 9(d)-9(g); the dashed lines in the spectra
(obtained with E;=40 meV) represent the best quasielas-
tic fit possible. Furthermore, the obtained quasielastic
linewidth T'/2 shows a rather unusual temperature
dependence below 75 K; for T <75 K I'" /2 increases with
continuously decreasing temperature (see full circles in
Fig. 3).

%\lternatively, if we attempt to represent the spectral
response for 7 <75 K by using a single inelastic
Lorentzian, we obtain good fits with essentially the same
parameters for HRMECS and IN6 data (see solid lines in
Figs. 9(d)-9(g)). In addition, the linewidth of the inelas-
tic Lorentzian yields a more sensible temperature depen-
dence, namely, below 75 K the inelastic linewidth T, /2
joins continuously with the quasielastic width (for T > 75
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FIG. 9. YbAgCu, spectra: (a)—(c) energy-gain with E,=3.14 meV (ING6); the inset in (a) demonstrates the small amount of low-
energy scattering in comparison to Figs. 1(a) and 8(a); (d)—(g) energy-loss spectra with E,=40 meV (HRMECS). The inset lines,
marked with the multiplication factors, are due to incoherent elastic scattering. The solid lines in the spectra (d)-(g) represent an in-

elastic Lorentzian fit, the dashed lines a quasielastic fit.

K) and TI';/2 reaches a finite value for ' -0 K. For
T =55 K the inelastic line is centered at hw; =3.0 meV.
With decreasing temperature its position moves towards
larger energy transfers such that its energy and width are
comparable at T =15 K. The static susceptibility
¥(Q)/|F(Q)|? calculated in absolute units from the quasi-
elastic (7'=75 K) and inelastic (T <75 K) Lorentzian fits
agree very well with the static bulk susceptibility at all
temperatures (Fig. 10).

RESULTS FOR THE Er COMPOUNDS

The Hund’s rule ground state of Er** (J=1) with
cubic-site symmetry splits into two doublets (I'g and I';)

and three quartets (I'{", T'¥, and T'{»). All transitions
are allowed except I'¢—I'; so that at most nine transi-
tions are observable. In Fig. 11 the ErXCu, spectra
(X=Ag, Au, and Pd) are shown for two different incident
energies. The data obtained with 17 meV incident energy
yield information up to 15 meV energy transfer. Addi-
tional measurements carried out with E;=67 meV at
T=50 and 100 K verified that no excitations of observ-
able intensity exist in the energy range from 15 to =50
meV.

It is often useful in determination of crystal-field
schemes to identify the excitations from the ground state.
For that purpose, measurements at temperatures small
compared to the crystal-field splitings between the lowest
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two levels are necessary. Although we measured down to
very low temperatures (1.5 K), we were not able to deter-
mine the ground-state excitations, since the onset of mag-
netic order, which lifts the degeneracies, further prevent-
ed a proper analysis of the T=1.5, 3, and 5§ K data. In
the extreme case, i.e., in the presence of a high internal
magnetic field, the ground state would be the m;= —2
Zeeman state. At temperatures reasonably high above
the ordering transition, i.e., at T=15, 20, or 30 K (see
Fig. 11), all the crystal-field levels are already populated
so that transitions from the ground state are not
identifiable. Furthermore, due to the internal molecular
field the broadening of the intrinsic linewidths in these
concentrated compounds (in contrast to diluted systems)
prevents the peaks from being well resolved. As a result
we could not determine crystal-field schemes by fitting
the data. The solid lines in Fig. 11 indicate fits with one
quasielastic and several inelastic Lorentzians carried out
to represent the data. For 7=15 K the quasielastic
linewidths are I'/2=0.11, 0.13, and 0.05 meV for
X=Ag, Au, and Pd, respectively.

As described later, however, we could fit the data for
ErAuCu, to a crystal-field scheme by scaling the crystal-
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E,=314 meV } L E,=17.5 meV 4
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FIG. 11. IN4 (b), (d), and (f) and IN6 (a), (c), and (e) spectra of ErXCu,, X=Ag, Au, and Pd with E;=17 and 3.14 meV, respec-
tively. The arrows mark identical energy transfers in the IN4 and IN6 spectra. The solid lines represent fits with the quasielastic and
inelastic lines. The dashed line in the ErAuCu, spectra results from the calculated crystal-field parameters.
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FIG. 12. Crystal-field scheme and crystal-field parameters of
ErAuCu,, calculated from the crystal-field parameters of
YbAuCu,.

field parameters of Yb’* in YbAuCu, to Er** in ErAu-
Cu, (see Fig. 12). From the overall results we can make
the statement that the total crystal-field splitting de-
creases in the sequence Pd— Au— Ag within the ErXCu,
series.

ErAuCu,

For diluted systems it has been shown in the past that
the crystal-field parameters A4;" are roughly the same for
Yb3' and Er371. 191! This allows us to calculate the Lea,
Leask, and Wolf parameters W and x for Er’t in ErAu-
Cu, from the corresponding values of Yb’" in YbAuCu,
assuming that the crystal-field parameters A;” are identi-
cal for Yb*t and Er'". The 4" can be expressed in
terms of W and x by

AS=[B,F(4){r*) ] 'xW
and
A=[y,F(6){r®)]'0—|xhW .

The Stevens factors 3; and y,, the expectation values
(r') and the factors F(I) are listed in the literature (see,
for example, in Ref. 7).

Using the values of x and W obtained for YbAuCu, for
the I'; ground state (see Fig. 5), the listed values for f3;,
v, {r'), and F(I), and assuming identical A" for Er**
and Yb*" in the compounds RAuCu, (R=Yb and Er),
we obtain

W =0.0087 meV and x =0.7311 .

The dashed line in the spectra for ErAuCu, [Figs.
11(c)-11(d)] corresponds to a crystal-field fit with the
values of x and W given earlier. This fit is quite remark-
able, although not perfect, considering the dramatic vari-
ation of the transition-matrix elements between the vari-
ous crystal-field levels of Er’" with varying x.!2 On the
other hand, a fit with crystal-field parameters calculated
from W and x values belonging to a I'g ground state in
YbAuCu, yields neither correct energy positions nor in-
tensity ratios. Therefore, the fairly good agreement of
the crystal-field fit to the ErAuCu, spectra resulting from

the I'; ground-state parameters of YbAuCu, asserts the
correctness of the crystal-field scheme of YbAuCu,
shown in Fig. 5.

DISCUSSION

YbAuCu, and YbPdCu,

For T =15 K the quasielastic linewidths of YbAuCu,
and YbPdCu, are about 4 times larger than those of the
corresponding Er compounds. Furthermore, the width
of the quasielastic line at T=250 K, the T dependence of
I'/2 (roughly a T'/? power law), and the existence of
crystal-field excitations compare with the neutron
scattering response of other concentrated Kondo systems
such as CeAl, !> CeBg,'* CeInCu,,'* CePd,Siy,° etc.,
which order magnetically. The Gaussian contribution to
the quasielastic scattering in these two samples for 7 < 10
K is understood as a precursor of the magnetic order tak-
ing place below 1 K.

YbAgCu,

For T =15 K the magnetic spectral width of YbAgCu,
is about 80 times broader than the quasielastic linewidth
for ErAuCu,. At higher temperatures (7=250 K) the
quasielastic line of width I'/2~8 meV is a factor of 4
broader than in YbAuCu, and YbPdCu,. Hence, we con-
clude, in agreement with bulk measurements of Rossel
et al.,! that YbAgCu, is the compound with the most
unstable 4f shell in the series investigated.

We already pointed out that fits with only one quasi-
elastic line yield neither a satisfactory quality of fit nor a
sensible temperature dependence of the linewidth for
T <75 K, whereas we found that an inelastic Lorentzian
describes the data better. The phenomenon of a quasi-
elastic spectrum becoming inelastic below a certain tem-
perature has been observed in several Ce (Refs. 3—-6) and
Yb compounds,”’ however, the exact interpretation of
such a spectral response is still a subject of discussion.
The compounds which show this type of behavior have in
common an anomalous temperature dependence of the
static susceptibility, i.e., X, is Pauli-like at low T, goes
through a maximum, and becomes Curie-Weiss-like at
high temperatures. In the following, the results for
YbAgCu, data are discussed in terms of the usual
crystal-field interpretation as well as with reference to
models, describing the dynamic susceptibility of materials
with unstable 4/ moments.

Crystal field

The possibility that YbAgCu, spectra represent excita-
tions within the crystal-field-split Hund’s-rule ground
state of Yb>™ cannot be excluded. For example, the spec-
trum for T=15 K and E;=40 meV can be fit with a qua-
sielastic and an inelastic line and spectral weights con-
sistent with the crystal-field analysis of the YbAuCu,
data, i.e., if we assume the x parameter to be the same as
for YbAuCu, and fit W, we obtain a crystal-field scheme
with a I'; ground state, the 'y quartet 9.3 meV above the
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ground state, and the I'g 7.2 meV above the I'g level. The
resulting W parameter is twice as large as for YbAuCu,
(W =-—0.54 meV and x=const=—0.945). In order to
fit the high- [see Fig. 9(d)] and low-energy range [see Fig.
9(a)] simultaneously a quasielastic linewidth of I'/2>8
meV has to be assumed. The inelastic linewidths are
comparable with the quasielastic width.

Within such a crystal-field interpretation the tempera-
ture dependence of the YbAgCu, spectra can be under-
stood in the following way: below 75 K the quasielastic
linewidth is comparable with the crystal-field splitting,
and the excitation from the ground state to the first excit-
ed level can be resolved. However, above 75 K the quasi-
elastic line becomes broader than the crystal-field split-
ting so that the quasielastic line smears out the inelastic
scattering. In addition, the transition from the first excit-
ed to the highest crystal-field level becomes stronger with
increasing temperature. Consequently, no discrete peaks
are observed. This may explain why the spectrum can be
fit to a pure quasielastic distribution at high tempera-
tures. For this analysis a knowledge of the crystal-field
parameters of ErAgCu, would be quite useful since we
should expect a fit with crystal-field parameters (for Yb**
in YbX Cu,) calculated from the ones for Er** in ErXCu,
(analogously to YbAuCu, and ErAuCu,) could help to
prove or disprove the cyrstal-field interpretation.

Comparison with models of 4 f compounds
having unstable 4 f configurations

In the following the YbAgCu, data are discussed in
terms of theories describing the magnetic relaxation be-
havior of 4f unstable materials. Several theories predict
that the magnetic scattering function, which is quasielas-
tic at high temperatures, becomes inelastic below a cer-
tain temperature. These theories are based on the Ander-
son model in the limit U— o (U =4f-4f Coulomb
repulsion). A characteristic temperature 7, can be deter-
mined from the line shape of the dynamic susceptibility
X" () for T—0 and from the temperature dependence of
the energy width of y''(w).

Bickers et al.' predict a deviation of the line shape of
the magnetic scattering from a quasielastic Lorentzian
for T <T, (T,=position of the Kondo resonance mea-
sured from the Fermi level). First of all, the quasielastic
linewidth I' /2 decreases with decreasing temperature.
When the spectrum is fit to a quasielastic distribution at
all temperatures, i.e., even for T < T, then T, shows a
minimum at T =T, and increases again with decreasing
temperature. The temperature T, of the minimum of the
quasielastic linewidth of YbAgCu, can be considered to
represent a characteristic temperature (7, =75 K).

Within Schlottmann’s model'® the magnetic scattering
is quasielastic at high temperatures and at low tempera-
tures centered around the characteristic energy ho=E,,,
where E., is the excitation energy of a 4f electron into
the conduction band. We obtain E,,/ky=T,=103 K
for YbAgCu,, if the position of the inelastic peak at T =5
K is identified with the characteristic energy. The spin-
relaxation rate is given by the width of the spectrum, and
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FIG. 13. YbAgCu, spectra at T=5 K with Ey=50 and 12.5
meV (IN4). The inset lines are due to elastic incoherent scatter-
ing. The spectra are fitted with an analytic function for y" () in

the limit T—0, given by Kuramoto and Miiller-Hartmann (see
text). Both spectra are fitted with the same parameters.
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from Schlottmann’s calculations a nearly temperature-
independent relaxation rate is expected. This agrees with
the YbAgCu, data quite well: the relaxation rate of
YbAgCu, is represented by the quasielastic linewidth
I' /2 at high temperatures and by the inelastic one I'; /2
below 75 K. I' /2 passes over smoothly into I'; /2 and the
total tempeature dependence is very weak (see Fig. 3, full

TABLE III. Characteristic temperatures of YbAgCu, deter-
mined from the neutron scattering data, the bulk susceptibility
Xou( T =0), and the linear coefficient of the specific heat.

Characteristic temperature

T,=75 K

Minimum of I'/2 vs temperature,
Bickers et al (Ref. 15) (neutron data,
forced quasielastic fit)

Position of inelastic hump,
Schlottmann (Ref. 16)

(neutron data at T=35 K)

E../k;=103 K

Analytic function of y"'(w) E. /kz=96 K
Kuramoto et al (Ref. 17)
(neutron data at T=5 K)

Xbulk(Tzo)’ Eex/k8=92 K

Ramakrishnan and Sur (Ref. 18)
Linear coefficient y of C,,
Ramakrishnan and Sur (Ref. 18)

E./ky=112 K




circles for T > 75 K and open circles for 7 <75 K).

Kuramoto and Miiller-Hartmann'’ give an analytic
function for y''(w) at T =0, which we have fit to the
YbAgCu, data at T =5 K. The variables in this function
are the ratio of the 4f occupancy to the degeneracy of the
ground state (n,/N) and the characteristic energy param-
eter E., (position of the normalized 4f level relative to
the Fermi level). In Fig. 13(a) the 50 meV spectrum is
shown for T=5 K, fit with the analytic function. The
low-energy part of the spectrum (<6 meV) was excluded
from the fitting range, since, as the authors of Ref. 13
point out, their analytic function underestimates the real
spectrum by as much as 20% for A —0 [compare the 12
meV spectrum in the bottom part of Fig. 13(b)]. The re-
sulting fit parameters are

a=0.147 (£15%), E. /ky=96 K (£8%) .

From the value of a assuming 4f occupancy n,=1 we
obtain a degeneracy N of the ground state of

N=6.8 (£1.0).

Within the uncertainty, this value of N is consistent with
the full degeneracy of 2J +1=8 of an Yb** ion.

Ramakrishnan and Sur!® have calculated thermo-
dynamic properties of intermediate-valent materials and
expressed the bulk susceptibility y., and the linear
coefficient of the specific heat for T=0 in terms of an en-
ergy parameter E., (E, =energy difference of the renor-
malized 4f levels).

Xbulk(Tzo)z_f“gﬁ‘nf/Eex ’
y:%ﬂnka /E, ,

Heq being the effective magnetic moment. We have calcu-
lated E., from the susceptibility (Fig. 10) and the value of
y given in Ref. 1 [xpu(7 =0)=0.025 emu/mol and
y =245 mJ/mol K?] and obtain E,, /ky =92 and 112 K,
respectively.

The characteristic temperatures determined from neu-
tron scattering, the bulk susceptibility and the linear

41 NEUTRON SCATTERING EXPERIMENTS ON YbXCu, AND. ..

1749

coefficient of the specific heat are listed in Table III. The
relatively good agreement amongst the variously deter-
mined values for the characteristic temperatures (ener-
gies) suggests that the observed magnetic response of
YbAgCu, could be understood in terms of an
intermediate-valent (single-ion model).

CONCLUSION

The quasielastic linewidth of the magnetically ordering
compounds YbAuCu, and YbPdCu, follow roughly a
T'/?2 power law with a width of about 2 meV at T=250
K, and both compounds show crystal-field excitations,
which are broadened because of interactions between 4 f
and conduction electrons. For YbAuCu, the crystal-field
scheme and crystal-field parameters have been deter-
mined (I"; ground state), asserted by the crystal-field fit of
the ErAuCu, spectra. Because of some impurity phases
no quantitative crystal-field analysis could be performed
for YbPdCu,.

The magnetic spectral width of the magnetically
nonordering compound YbAgCu, is almost temperature
independent (8 meV), however, the spectral shape
changes from quasielastic at high temperatures (7 >75
K) to inelastic below =75 K such that at T=15 K the
width and energy of the inelastic peak are comparable.
The magnetic response of YbAgCu, has been discussed in
terms of a crystal-field interpretation as well as in terms
of theories, based on the Anderson model, which calcu-
late ¥''(w) for materials with an unstable 4f shell. These
models yield, in agreement with the specific heat and bulk
susceptibility, a characteristic temperature of E., /kp
~100 K.
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