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The dynamic susceptibility x”(AE), measured by inelastic neutron-scattering measurements, shows a broad
peak centered at E,,,,=15 meV for the cubic actinide compound URu,Zn,, and 7 meV at zone center and at
the (1/2, 1/2, 1/2) zone boundary for the rare-earth counterpart compound YbFe,Zn,,. For URu,Zn,,, the
low-temperature susceptibility and magnetic specific-heat coefficient y=C,,,/T take the values x
=0.011 emu/mole and y=190 mJ/mole K> at T=2 K. These values are roughly three times smaller, and
E,.. is three times larger, than recently reported for the related compound UCo0,Zn,, so that y and 7y scale
inversely with the characteristic energy for spin fluctuations, Ty=E,,,/kg. While x(T), C,,,(T), and E,,,, of
the 4f compound YbFe,Zn,, are very well described by the Kondo impurity model, we show that the model
works poorly for URu,Zn,, and UCo0,Zn,,, suggesting that the scaling behavior of the actinide compounds
arises from spin fluctuations of itinerant 5f electrons.
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I. INTRODUCTION

An important property of heavy-fermion (HF) materials is
a scaling law whereby the low-temperature magnetic suscep-
tibility x and specific-heat coefficient y=C/T vary as 1/7;.
Here kgTy is the spin-fluctuation energy scale which can be
directly observed as the maximum E,,,, in the dynamic sus-
ceptibility x¥”(AE), measured through inelastic neutron scat-
tering (INS). Such scaling receives theoretical justification'™
from the Anderson impurity model (AIM), where the spin-
fluctuation temperature T, is identified as the Kondo tem-
perature Tx. This model assumes that fluctuations in local
moments dominate the low-temperature ground-state proper-
ties of HF materials. For 4f electron rare-earth intermediate
valence HF compounds, the AIM appears to give an excel-
lent description of much of the experimental behavior, in-
cluding the temperature dependence of the magnetic contri-
bution to the specific heat C,,,,,, the susceptibility y, and the
4f occupation number ny, as well as the energy dependence
of the INS spectra "(AE) of polycrystalline samples.>° This
is true despite the fact that the rare 4f ions are not impurities
but form a lattice. Under these circumstances, properties
which depend crucially on the lattice periodicity, such as
transport or de Haas—van Alphen signals, behave very differ-
ently from the predictions of the AIM. The quantities C,,,q,
X. np, and x"(AE), however, depend primarily on the spin
fluctuations, which are sufficiently localized in these rare-
earth compounds that coherence appears to have only a mi-
nor effect at low temperature.’

It is reasonable to apply the AIM, which assumes local
moments, to rare earth compounds where the 4f orbitals are
highly localized and hybridize only weakly with the conduc-
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tion electrons. On the other hand, in uranium compounds, the
5f orbitals are spatially extended and form dispersive bands
through strong hybridization with the neighboring s, p, and d
orbitals. Photoemission spectroscopy in 4f electron systems
shows clear signals from local moment states at energies
well below the Fermi level; the weak hybridization between
the f electron and the conduction electron leads to emission
near the Fermi energy e that can be described in the context
of the Anderson impurity model as a Kondo resonance.® In
5f electron systems, no local states are seen, but rather broad
5f band emission is observed near €,. The Anderson lattice
model is sometimes employed to understand the f-derived
band in actinide systems® while in some systems itinerant-
electron band models are employed.!® Hence, despite the
common occurrence of scaling, we might expect differences
between the uranium and the rare-earth-based heavy-fermion
materials in the details of the thermodynamics and the spin
fluctuations. Nevertheless, we have recently shown'! that the
temperature dependence of the susceptibility and specific
heat of the actinide compound UCo,Zn, are strikingly simi-
lar to those seen in the rare-earth compound YbFe,Zn,,
where Kondo theory does an excellent job of fitting the data.®
It is thus of interest to test whether a local moment AIM/
Kondo description, which has been shown to give excellent
agreement with the data for the Yb compound (see Ref. 6
and also Fig. 3 of this paper), may also be valid for 5f HF
compounds.

To accomplish this, we present herein the results of INS
experiments on polycrystalline URu,Zn,, together with re-
sults for the magnetic susceptibility and specific heat of
single-crystalline samples. We also present the INS data on
single crystal YbFe,Zn,,. Both compounds belong to a new
family of intermetallic compounds RX,Zn,, (R=Ilanthanide,
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Th, and U; X=transition metal) (Refs. 6 and 12—15) which

crystallize in the cubic CeCr,Aly type structure (Fd3m
space group).'>! In this structure, every f atom is sur-
rounded by 16 zinc atoms in a nearly spherical array of cubic
site symmetry, which leads to small crystal-field splittings.
Because the R-atom content is less than 5% of the total num-
ber of atoms, and the shortest f/f spacing is ~6 A, these
compounds are possible candidates for studying the Ander-
son impurity model in periodic f electron compounds.

II. EXPERIMENT DETAILS

The crystals were grown in zinc flux.%!" The magnetic-
susceptibility measurements were performed in a commer-
cial superconducting quantum interference device magneto-
meter. The specific-heat experiments were performed in a
commercial measurement system that utilizes a relaxational
(time constant) method. For URu,Zn,,, we performed inelas-
tic neutron scattering on a 40 g powder sample on the low-
resolution medium-energy chopper spectrometer (LRMECS)
at IPNS, Argonne National Laboratory, on the high-
resolution chopper spectrometer (Pharos) at the Lujan center,
LANSCE, at Los Alamos National Laboratory, and on the
time-of-flight disk chopper spectrometer (DCS) at the NIST
Center for Neutron Research. For YbFe,Zn,, the INS spec-
trum was obtained for two coaligned crystals of total mass
8.5 g, using the HB-3 triple-axis spectrometer at the high
flux isotope reactor at Oak Ridge National Laboratory
(ORNL); the final energy was fixed at E;=14.7 meV, and
the scattering plane was (H,H,L). The data have been cor-
rected for scattering from the empty holder but have not been
normalized for absolute cross section. For the Pharos and
LRMECS measurements of URu,Zn,,, we used the nonmag-
netic counterpart compound ThCo,Zn,, to determine the
scaling of the nonmagnetic scattering between low Q and
high Q; for YbFe,Zn,, we measured at Q=(1.5,1.5,1.5)
and (4.5,4.5,4.5) and assumed that the phonon scattering
scales as Q°.'7 Assuming that the magnetic scattering scales
with the O dependence of the 4f or 5f form factor, we sub-
tracted the nonmagnetic component to obtain the magnetic
scattering function S,,,,,(AE).> 1819

III. RESULTS AND DISCUSSION

The magnetic susceptibility x(7) and the specific heat
C/T of URu,Zn,, are displayed in Fig. 1 and compared to
the data reported earlier for UCo0,Zn,. Fits of the data to a
Curie-Weiss law [Fig. 1(a)] at high temperature give the ef-
fective moments w,r=3.61+0.005 wuz for URu,Zny, and
3.44+0.011 up for UCo,Zny, The Curie-Weiss tempera-
tures are #=—145*0.5 K and -65=*=2 K for the Ru and Co
cases, respectively. For URu,Zn,, the magnetic susceptibil-
ity x(7) increases monotonically as the temperature de-
creases to the value y(2K)=0.0111 emu/mole. At 2 K, the
susceptibility of UCo0,Zn, is about 0.0372 emu/mole, which
is 3.3 times larger than for the Ru case. The specific heat is
plotted as C/T vs T in Fig. 1(b). For URu,Zn,, C/T has the
magnitude =190 mJ/mole K? at 2 K. At low temperature
C/T follows the T? behavior expected for a phonon contri-
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FIG. 1. (Color online) (a) Magnetic susceptibility x(7) for
URu,Zny. The lines are Curie-Weiss fits. (b) Specific heat C/T vs
T of URu,Zn,. Insets: susceptibility and specific heat of UC0,Zn,;
the data are from Bauer et al. (Ref. 11).

bution, which permits the extrapolation of the Sommerfeld
coefficient to the value y=188 mJ/mole K?. From the inset
to Fig. 1(b), it can be seen that for UCo,Zn,,, ¥(2K) is ap-
proximately 500 mJ/mole K?> while at T,,=4.1 K, y
=558 mJ/mole K?; these values are 2.6 and 2.9 times larger
than for URu,Zn,, respectively.

As mentioned above, the characteristic energy for spin
fluctuations can be determined from the inelastic neutron-
scattering experiments. In Fig. 2 we plot the Q-averaged dy-
namic susceptibility x”(AE) of URu,Zn,, as a function of
energy transfer AE. This is determined from the scattering
function through the formula Smag=A[n(AE)
+11A(Q)X'(AE), where [n(AE)+1]=1/[1-exp(-AE/kgT)]
is the Bose factor and f2(Q) is the U 5f form factor. Both the
Pharos data and the LRMECS data for y”(AE) for URu,Zn,,
exhibit broad peaks with peak position E,,, at an energy
transfer AE=15 meV. A widely used function for the in-
elastic neutron-scattering spectra entails a Lorentzian power
function?%-2!

1

" o L - -
X'(AE) = x (O)AE<27T>[[(AE—EQ)2+F2]

1
TIAE+Ey)+ r?]]'

Using this function, the fitting results in the parameters
Ey=124 meV and I'=8.9 meV, giving E,,=15.3 meV.
Fits of the data for UC0,Zn,, to the Lorentzian power func-
tion (Fig. 2, inset) give Ey=2.2 meV and I'=4.8 meV, for
which E,,,,=5.3 meV. We note that these values of E,,,, are
nearly equal to the values of kz8 derived from the high tem-

perature susceptibility; i.e., the temperature scale for the sup-
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FIG. 2. (Color online) Low-temperature dynamic susceptibility
X" vs AE of URu,Zn,. Error bars in all figures represent *ao. (a)
Pharos data at T=7 K (E;=35 meV). (b) LRMECS data at T
=10 K (E;=60 meV). The lines represent Lorentzian fits with E
=124*0.6 meV and '=8.9*+0.8 meV. Inset: low-temperature
dynamic susceptibility of UC0,Zn,; the data are from Bauer et al.
(Ref. 11). The line is a Lorentzian fit with Ey=2.2*+0.5 meV and
'=4.80.2 meV. The arrows indicate the peak positions predicted
by the AIM for N;=10 (See Table I).

pression of the moment is identical to the energy scale of the
spin fluctuation.

Given that Y2 K)go/ Y2 K)r,=2.6, that
X2 K)eo/ x(2 K)g,=3.3, and that E,,,.(Ru)/E,,,.(Co)=2.8,
we see that at low temperature these compounds exhibit a
factor of 3 scaling of y, 7y, and E,,,, to an accuracy of about
10-15 %.

The scaling laws represent the relationship between the
energy E,, and degeneracy 2J+1 of the primary,
Kondo-type?? spin fluctuation and the low-temperature spe-
cific heat and moment. Two aspects of the physics can affect
the applicability of such scaling: crystal fields (discussed fur-
ther below) and magnetic correlations. The latter can make a
contribution to the low temperature specific heat and suscep-
tibility over and beyond that of the primary spin
fluctuation.”® It is very plausible that the low-temperature
peaks in C/T and x seen in UCo,Zn,, represent the onset
of such correlations. This creates some uncertainty as to
the correct value of the scaling ratios [e.g.,
YT ) co! Y2 K)gy=2.9] without invalidating the basic
concept of scaling.

We next examine whether such scaling arises due to the
applicability of the AIM to these actinide compounds. Before
doing so, we first check the validity of the AIM for the rare-
earth 4f compound YbFe,Zn,,. We apply Rajan’s Coqblin-
Schrieffer model,? which is essentially the AIM in the Kondo
limit (n,= 1) for large orbital degeneracy. In Fig. 3, we com-
pare the data for C,,,o(7) and X,,.,(T) (where the data for
LuFe,Zn,, has been subtracted to determine the magnetic
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FIG. 3. (Color online) (a) Specific heat C,,,,(T) [from Torikach-
vili et al. (Ref. 6) and (b) magnetic susceptibility X,q,(T) for
YbFe,Zn,,. (c) The inelastic neutron-scattering spectra of
YbFe,Zn,, at two different Q in the Brillouin zone. The nonmag-
netic scattering has been subtracted, as described in the text. The
results show little Qdependence. The lines are fits, for the J=7/2
case, to Rajan’s predictions for C,,,, and ¥,,,, and to Cox’s predic-
tions for x"(AE)/x"(E,q4)- In all three cases, there is only one
common adjustable parameter 7}, set to the value 69 K to give the
best agreement with experiment.

contribution) to Rajan’s predictions for the J=7/2 case.’ In
these fits, the only adjustable parameter is a scaling param-
eter Ty; we find that the value 69 K gives the best agreement
with experiment.

To fit to the dynamic susceptibility x"(AE) we use the
results of Cox et al.,* obtained using the noncrossing ap-
proximation (NCA) to the AIM. This calculation, which was
performed for the J=5/2 case, gives the peak position of the
dynamic susceptibility at low temperature as E,,,,
=1.36kzT5%" (see Fig. 5 in Cox et al.*). The scaling tempera-
ture Tg”x is related to Rajan’s scaling temperature 7, via
T5**=T,/1.15 (see the caption of Fig. 2 in Cox et al?).
Hence for the J=5/2 case, we have E,,,,=1.18kgT},. In the
absence of comparable theoretical results for other values of
J, we will assume that this relationship between 7\, and E,,,,,
is approximately true for the J=7/2 and 9/2 cases; the error
is probably of order 20%. For YbFe,Zn,,, we then expect
E,..=7 meV.

In Fig. 3(c) we compare the predicted line shape (as de-
termined from Fig. 4 in Cox et al* using the value E,,,,
=7 meV) to the data for YbFe,Zn, at zone center and at the
(1/2, 1/2, 1/2) zone-boundary point. The near identity of the
spectra at these two Q suggests that the spin fluctuations
have only a very weak O dependence, i.e., that they are
essentially localized. As mentioned in Sec. I, this is a neces-
sary condition for the applicability of the AIM to periodic
HF compounds. It is clear from Fig. 3 that the N;=8 AIM in
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FIG. 4. (Color online) (a) Magnetic susceptibility x(7), (b) mag-
netic specific heat C,,,,,(T), and (c) entropy S,,,,,(T) for URu,Zny;
the insets show the same quantities for UC0,Zn,, (Ref. 11). The
lines are fits using Rajan’s predictions for J=9/2. The open sym-
bols in (b) and (c) represent data corrected for the energy of the
Einstein mode at 8 (7) meV in the U (Th) compounds (Ref. 24). (d):
The dynamic susceptibility x"(AE)/ x"(E,...) of URu,Zn,; the in-
set shows the data for UCo,Zny,. The lines are obtained using
Cox’s results, as explained in the text.

the Kondo limit does an excellent job of fitting the suscepti-
bility x(T), magnetic specific heats C,,,, and characteristic
energy E,,,, of this rare-earth compound.

Turning now to the actinide compounds, we note that Ra-
jan’s calculations® for a 2J/+1 Kondo impurity give the fol-
lowing zero-temperature limits for the specific heat, and
magnetic susceptibility:

Yo= 7TJR/3T0,

Xo0= (2J+ 1)CJ/27TT0,

where R is the gas constant and C; is the Curie constant. To
test these scaling laws, we first note that uranium has a pos-
sible 5f3 state for which J=9/2 and Merr=3.62 up (C,
=1.64 emu K/mole) or a possible 5¢> state for which J=4
and p,=3.58 pp (C;=1.60 emu K/mole). The high-
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temperature Curie-Weiss fit of x(7) for URu,Zn,, gives an
experimental value for the Curie constant close to these free
ion values. In what follows, we choose J=9/2 but we note
that the analysis is not significantly different for the J=4
case. We estimate 7, from the low-temperature value for v,
and then determine y,. To estimate E,,,. we use the above-
stated rule E,,,,=1.18T,, which as mentioned we expect to
be correct here to 20%. The calculated results are listed in
Table I, along with the similar results for J=5/2 and J
=1/2.

From Table I, we can see that the expected values for
and E,,,. are closer to the experimental values for the J
=9/2 case than for either the /=5/2 or 1/2 cases. In Fig. 4
we compare the experimental data to the predictions (solid
lines) for the temperature dependence of x(7) and C,,
(where the data for the corresponding Th compound have
been subtracted to determine the magnetic contribution®*)
in the J=9/2 case. For the energy dependence of
X'(AE)/ X'(E,,.,) at low temperature, we utilize the results of
Cox et al.,* as outlined above. Again, there is only one ad-
justable parameter, (), which is determined from the low-
temperature specific-heat coefficient as equal to 208 K for
the Ru case and 70 K for the Co case. The fits are very poor
in several respects. First, no peak is observed in the suscep-
tibility of URu,Zn,, as expected on the basis of the AIM/
Kondo model for J=9/2; furthermore the peak that is ob-
served in UCo,Zn,, occurs at a temperature 7%, that is a
factor of 2 smaller than expected. Similarly, for both com-
pounds the peaks in the specific heat occur at temperatures

oy that are much smaller than expected (see Table I). Even
more significant is the fact that the magnitude of the specific
heat is much smaller than expected. Hence there appears to
be a very serious discrepancy between the data and the
Kondo model.

In Ce (Yb) HF compounds, the J=5/2 (7/2) AIM calcu-
lations fail to describe the data when the Kondo energy Tk is
smaller than the crystal-field splitting. Indeed, in our previ-
ous paper,'! we attempted to compare the data for UC0,Zn,,
to the predictions of the AIM calculated using the NCA. The
calculation assumed mixed valence between the /=4 and 9/2
states, and assumed that a large crystal-field splitting resulted
in a sixfold degeneracy (effective J=5/2 behavior) at low
temperature. In that work, we measured the inelastic neutron
spectrum of UCo,Zn,, to energy transfers as large as 100

TABLE I. Experimental and theoretical values of key quantities for URu,Zn,, and UC0,Zn,,. The values for the scaling temperature 7,
are obtained using y,x=188 mJ/mol K? for URu,Zny, and 7,,,,=558 mJ/mol K? for UC0,Zn,,. For J=9/2 and 5/2, the Curie constant
used in the calculation is the 5f° free ion value while for J=1/2, C, is obtained from the Curie-Weiss fit to the low-temperature magnetic

susceptibility.

TO Tﬁll}( X O T;:lax EVH(UC

(K) (K) (oie) (K) (meV)

Ru Co Ru Co Ru Co Ru Co Ru Co

Experiment 6.8 7.1 0.0111 0.0372 7.0 16.5 5.8
J=9/2 208 70 36.5 12.1 0.0125 0.0378 39.2 13.0 21.3 7.1
J=5/2 116 39 344 11.3 0.0135 0.0412 30.3 10.2 11.9 39
J=1/2 23 7.8 20 6.8 0.0245 0.0402 2.4 0.8
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FIG. 5. (a) The INS spectra of URu,Zn,, and ThCo,Zn,, taken
on Pharos with incident energies E;=400 and 700 meV. The dia-
mond is the estimated magnetic scattering x”, obtained as described
in the text. (b) The INS spectra of URu,Zn,, in the energy range
0.1-4 meV taken on DCS with incident energies E;=2.3 and 7.1
meV. The near equality of the high-Q and low-Q scattering suggests
that all the scattering observed in this energy range is due to
background.

meV but saw no additional excitations beyond the one at 5
meV. To confirm whether crystal-field excitations are present
in URu,Zn,, we measured that compound together with
ThCo,Zn,, on Pharos using large incident energies. In Fig.
5(a) we show the INS spectra for energy transfers up to
AE=550 meV. The results exhibit no sign of crystal-field
excitations beyond the one at 15 meV. Given that the J
=9/2 (8/2) states should exhibit several excitations in a crys-
tal field but that none are observed over such a broad energy
range in either compound, we think it extremely unlikely that
the discrepancies between our data and the predictions of the
AIM/Kondo model arise from crystal fields. Indeed, we
would like to point out that well-defined crystal fields are
almost never seen in metallic uranium-based heavy-fermion
compounds. What is universally seen is a single broad
Kondo-type magnetic excitation peak, similar to what we see
in URu,Zn,, and UCo,Zn,y,. In certain very heavy com-
pounds, additional low-energy (1 meV or less) peaks due to
magnetic correlations are observed, as discussed further be-
low.

Hence, while the J=7/2 AIM works extremely well® for
the susceptibility and specific heat and also reproduces the
characteristic energy E,, of the neutron spectrum of
YbFe,Zn,,, however, for the actinide compounds considered
here, namely, URu,Zn,, and UC0,Zn,, the J=9/2 (or J=4)
AIM works well only for the low-temperature scaling but
very poorly for the overall temperature dependence of x(7)
and C(7); in particular, the theory badly overestimates the
entropy. For calculations based on smaller values of N, the
characteristic energy E,,,, is badly underestimated by the
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theory (see Table I). These results suggest that the physics
responsible for the low-temperature heavy mass behavior in
these actinide compounds is not that of local moments sub-
ject to the Kondo effect, as for the 4f electron compounds.
Furthermore as we have argued that crystal-field/magnetic
fluctuations, etc., are not likely to be the reasons behind the
failure of the AIM in the description of the 5f compounds
studied here, the most likely remaining candidate is that of
itinerant 5f electrons subject to correlation enhancement.

In further support of this itineracy, we note that when
uranium compounds such as UPd; exhibit local moments,
then intermultiplet excitations can be observed at energies
near 400 mev; no such excitation is seen for metallic com-
pounds such as UPt;.?> The lack of such excitations in the
Pharos data [Fig. 5(a)] for URu,Zn,, gives further evidence
that the 5f electrons are itinerant, not localized, in that com-
pounds.

Given these considerations, we believe the characteristic
INS energies of 5.3 and 15.3 meV that we have observed in
UCo0,Zny, and URu,Zn,, represent Kondo-type?? spin fluc-
tuations of itinerant electrons as observed in many uranium
compounds such as UBe,3,2® UPt;,2” and USn;.?®

Since the peaks observed in C,,,,(T) for both the Ru and
Co cases and in x(7) for the Co case occur at a much lower
temperature than the characteristic temperature E,,,./ kg, they
are very probably associated with low temperature magnetic
correlations, which exist only in the vicinity of some critical
wave vector Qy, and which yield only a fraction of R In 2
for the entropy. In this regard, the behavior is similar to that
of UBe|3 or UPt;, where Q-dependent antiferromagnetic
fluctuations occur on a much smaller energy scale (~1 meV
for UBe;3; and 0.2 meV for UPt;) than the scale of the
Kondo-type?? fluctuations [13 meV for UBe,; and 6 meV for
UPt; (Refs. 26 and 27)]. Such antiferromagnetic fluctuations
are large only in the vicinity of the wave vector Qy and
contain only a small fraction of the spectral weight compared
to the Kondo-type fluctuations. Hence, it is not surprising
that the polycrystalline averaged INS spectra in Fig. 5(b)
shows no obvious excitation in the energy transfer range
0.1-4 meV; careful measurements on single crystals are re-
quired to reveal such low-energy, low-spectral-weight
Q-dependent magnetic fluctuations.

IV. CONCLUSION

The static and dynamic magnetic susceptibility and the
specific heat of URu,Zn,, and YbFe,Zn,, compounds have
been presented. The results show that the AIM works very
well to describe the magnetic susceptibility, specific heat,
and dynamic susceptibility well of the compound YbFe,Zn,,
where the 4f electrons are localized. In the actinide com-
pounds URu,Zn,,(UCo,Zn,,), however, the fits to the AIM
temperature dependence are very poor even though the low-
temperature scaling behavior expected for a J=9/2 Kondo
impurity was observed. An associated problem is that the
magnetic entropy generated by 20 K is too small compared
to the expected value. These results suggest that the spin
fluctuations in these actinide compounds arise from itinerant
rather than localized 5f electrons. Antiferromagnetic fluctua-
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tions may affect the specific heat. While our neutron scatter-
ing results for a polycrystalline sample saw no signs of these
fluctuations in the 0.1-4 meV range, they may be observable
as a small spectral weight signal in single-crystal experi-
ments.
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