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Abstract. A quasiclastic neutron scattering study has
been performed on UCu, ;. ,Alg_,, a system which reveals
an alloying-induced transition from magnetic order to
heavy-fermion behavior. The magnetic response can be
described by a broad quasielastic Lorentzian for all con-
centrations. No crystal field excitations could be detected.
Remarkably, the linewidth decreases with increasing hy-
bridization strength and seems to be no measure of the
Kondo lattice temperature T*. In addition, electron spin
resonance (ESR) experiments were performed which re-
vealed that, even in the heavy-fermion regime, spin fluctu-
ations play an important role. Both experimental findings
are in distinct contrast to cerium-based heavy fermion
systems.

1. Introduction

In the last decade, heavy-fermion (HF) compounds have
attracted much interest due to their unusual physical
properties. Concerning Ce-based HF compounds, the val-
ence state of the Ce ion is known to be Ce®>* with an
electronic 4f! (J = 5/2) Hund’s rule configuration. De-
pending on the symmetry of the crystal, this sixfold degen-
erate level is split into either three doublets or a doublet
and a quartet. At temperatures below the Kondo lattice
temperature T*, the degeneracy is lifted by the Kondo
effect giving rise to the typical HF effects. The low temper-
ature properties can often be described by Fermi-liquid
theory. For U-based HF systems the situation is much
more unclear. For many systems it is not well established,
whether the 5f electrons are of itinerant character and
therefore can best be described by conventional band
structure calculations, or whether they are strongly local-
ized allowing for a single-particle description. Further-
more, the valence state of the U ion usually is not known
and even if so, it is by no means clear whether the
Sf-electrons can be described by the total angular

momentum J or if the 5f-electrons should be handeled
within a band-theory approach. For the light actinide
compounds the importance of including spin-orbit coup-
ling in any theories addressing systems that order with
small magnetic moments has been demonstrated and in
principle the neutrons are capable of determining spin and
orbital moments separately [1].

UCu,.4Alg_, are intermetallic compounds which
reveal an alloying induced transition from an antiferro-
magnetically ordered state (x < 1.25) to a nonmagnetic
HF-liquid state (x > 1.25) [2,3]. The size of the ordered
moment close to the phase boundary between antiferro-
magnetic order and the Kondo regime was estimated to
be smaller than 0.25 ug [4]. Traditionally, such a behavior
has been understood within the framework of Doniach’s
phase diagram [5]. The electronic specific heat reaches
100 mJ/mol K? in the magnetically ordered state and
almost 800 mJ/mol K? for the nonmagnetic homologues.
Magnetic susceptibility and electrical resistivity measure-
ments [2,3], as well as a neutron diffraction study [4]
pointed towards a local moment description. It is impor-
tant to note that UCuy, +,Alg _, reveals a very low concen-
tration of uranium ions per unit cell [5]. Hence, the
nearest neighbour distance between two mutual U ions is
well beyond Hill’s limit, i.e. direct overlap of the 5f shells
can be definitively excluded. Therefore, UCu, . Alg_, is
ideally suited to test the importance of the spin-orbit
coupling in systems that order with small magnetic mo-
ments.

II. Experimental results and discussion
11.1. Neutron scattering experiments

The samples were melted in an arc furnance and sub-
sequently annealed for five days at 750°C. Since
UCuy . ,Alg_, forms peritectically, the annealing proced-
ure is essential to get single-phase material. Polycrystal-
line samples with concentrations x = 0.25, 0.5, 0.75 and
1.5, approximately 40 g each, have been prepared and
investigated. The inelastic neutron scattering experiments
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were performed using the time-of-flight (TOF) spectro-
meter IN4 at the high-flux reactor of the ILL, Grenoble.
The incident neutron energy was selected to either 17 meV
or 69 meV with corresponding energy resolutions of
0.8 meV and 3.4 meV, respectively. In addition, the
spectra of an empty sample holder, a cadmium plate and
a vanadium standard have been recorded to correct for
background and detector efficiency. The measurement for
the vanadium standard allowed for a calculation of the
intensities in absolute units. Since we are interested in the
magnetic scattering contributions only, it is important to
take proper account of the phonon part of the scattered
intensities. To do so, the isostructural but nonmagnetic
reference compound ThCu, sAl; s has been measured. In
the latter compound the phonon spectrum has been ap-
proximated by five Gaussians at energies of approxim-
ately 13, 22, 30, 36 and 43 meV. To describe the phonon
part of UCu,;,Alg_, the positions and widths of the
phonon modes were kept fixed, whereas the intensities
were allowed to vary. However, the integral over all
phonon intensities was constrained to its corresponding
value according to the mean scattering-length approxima-
tion. For details of the correction procedures see [6]. After
treating the phonon part in this way, the magnetic
quasielastic scattering contributions were fitted assuming
a single Lorentzian line wheighted by the detailed balance
factor. The experiments with an incident neutron energy
of 17 meV confirmed the results of the investigation using
neutron energies of 69 meV, but gave no new physical
insight. Hence, the presentation of the data will be limited
to the latter.

Figure 1 shows the corrected TOF-spectra of
UCus sAlg 5, converted to an energy-transfer scale, at
different temperatures. This compound stays paramag-
netic down to the lowest temperatures. Three different
scattering processes contribute to the dynamic structure
factor S(Q, w), namely the nuclear incoherent scattering
(narrow elastic peak at zero energy transfer), scattering
due to phonons and finally, the magnetic scattering
(shaded areas). The phonon contributions have been de-
termined from the reference compound as described
above. The magnetic scattering can be described by
a single broad quasielastic Lorentzian, weighted by the
detailed balance factor (solid line). Even at 5K the mag-
netic scattering is only a small fraction of the total
scattered intensity (dashed line). Hence, the magnetic
intensities, as well as the widths are tainted with relatively
large errors. From the temperature dependence of
S(Q, w) and from the comparison with the non-magnetic
reference compound we concluded, that the data reveal no
indications of crystal field excitations. This holds true
even in the weak hybridization limit (x < 1). Despite the
large uncertainties, the data provide some evidence that
the width of the quasielastic line narrows with decreasing
temperature.

Figure 2 shows the spectra for UCu,,,Alg_, as a
function of concentration x in the paramagnetic regime
at T = 50K. Already a first inspection of Fig. 2 shows
that the width of the quasiclastic Lorentzian line is
similar for all compounds, despite the fact that the hybrid-
ization strength, according to bulk measurements,
strongly increases with increasing x. The increase of the
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Fig. 1. Dynamic structure factor S(Q, w) vs energy transfer for
UCugs sAlg s at three different temperatures. The dashed lines char-
acterize the total scattered intensities. The solid lines (dashed area)
are due to the magnetic scattering only. The phonon contributions
have been calculated using measurements of a non-magnetic refer-
ence compound. The incident neutron energy was 69 meV

hybridization between the 5f electrons and the band states
which is indicated by the strong increase of the electronic
specific heat [2,3], is reflected by the reduction of the
magnetic ordering temperature and concomitally by a re-
duction of the ordered moment, which is completely sup-
pressed for x > 1.25 [4]. From transport data it was
suggested that the Kondo-lattice temperature increases
from T* ¥ 0K (x = 0.25) to T* ~ 50 K (x = 1.75) [2,3].
Obviously, the linewidths of the quasielastic scattered
magnetic intensities, which in Ce compounds roughly can
be taken as a measure of T*, in UCu,,,Alg_, are not
correlated with the hybridization strength. This is true,
even if large error bars in the half width I" are taken into
account. To elucidate this behavior in more detail, we
fitted the data for all x and at all temperatures as outlined
above and as shown in Figs. 1 and 2.

The results of the temperature dependences of the
linewidths I' (HWHM) are plotted in Fig. 3 and are listed
in Table 1. The values are subject to large error bars for
two reasons: i.) Because of the large absolute values of the
linewidths and the limited range of the energy transfer,
any variation of the linewidth has only a weak influence
on the fit quality. ii.) The transformation of the time-of-
flight (TOF) scale into an energy-transfer scale involves
a factor t3. Consequently, the uncertainties become larger
for high values of TOF, giving rise to considerable scatter-
ing of the data points for high energy transfers. The
consequence is again a weak dependence of the fit quality
on the linewidth. For T > Ty, I exhibits a slight decrease
for all concentrations (empty symbols), however pointing
towards a large residual width for T=-0. I' increases
slightly below Ty (T < Ty: full symbols), probably due
to the presence of overdamped magnetic excitations.
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Fig. 2. Dynamic structure factor vs energy transfer in UCuy, +,Alg —, for concentrations x = 0.25, 0.5, 0.75 and 1.5, in the paramagnetic regime
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Fig. 3. Temperature dependence of the quasielastic linewidth
I' (HWHM) in UCu, +,Alg . The lines are drawn to guide the eye.
Empty symbols are used for T > Ty, while full symbols indicate
temperatures T < Ty

A similar behavior has been found in U,Zn,, [7]. Only
for x = 1.5, the compound in which no long range mag-
netic order develops down to the lowest temperatures,
I' decreases linearly with a residual width of approxim-
ately 12 meV. In general, the quasielastic linewidth in
uranium compounds is of the order of 10 meV. Quite
often, this value is much larger than the magnetic correla-
tion energy kgTy and changes only slightly when passing
through the magnetic transition temperature. The temper-
ature dependence of I' in the strong hybridization regime
is in clear disagreement with the behavior as observed in
cerium-based HF-compounds. In those, I” scales with \/ T
for T > T* with a residual linewidth of order of the
Kondo-lattice temperature for T < T* [8]. The magnetic

Table 1. Line width I' (HWHM) of UCu,, ,Alg_, as function of
concentration and temperature. For each x the magnetic ordering
temperature is indicated

T(K) 5 20 50 100
x=025 Tx=37K

I'(K) 400 (150) 400 (150) 350 (50) 370 (70)
x=0.5 Ty =35K

I'(K) 300 (50) 300 (50) 300 (50) 340 (60)
x=075 Tx=27K

I'(K) 300 (50) 200 (50) 220 (70) 400 (50)
x=15 no order

I'(K) 140 (50) 160 (40) 160 (50) 280 (50)

relaxation rate I' in UCus sAls s reveals a “normal”
Korringa-type of behavior, however, with a large residual
linewidth. It is well known that the 5f electrons in the
actinide systems behave different compared to rare earth
compounds. The uranium 5f-electrons are rather extended
and the strength of the spin-orbit coupling is comparable
to the crystalline electric field energies. Indeed, form-fac-
tor anomalies have been found experimentally [9, 10] and
were explained theoretically [11] to arise due to the fact
that the spin and orbital moments evolve separately, op-
pose each other and compensate at low Q values. It has
been pointed out that it may be important to include this
spin-orbit coupling in any theories and interpretations
addressing to systems that order with small magnetic
moments [9].

To compare our results in UCu, . ,Alg_, with bulk
measurements, we calculated the static susceptibilities. In
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addition, we analyzed the magnetic intensities as a func-
tion of wave vector Q. In a first step we analyzed the
magnetic intensities as function of momentum transfer.
In principle, the integrated intensities should be propor-
tional to the square of the neutron magnetic form factor.
Of course, due to the average over the Brillouin zone by
measuring polycrystalline samples, as well as due to the
large error bars and possibly some variations of the scat-
tering law in dependence on momentum transfer, this
analysis cannot be considered as a quantative form-factor
measurement. Nevertheless, the Q dependence of the mag-
netic intensities directly reflects the magnetic density of
states in reciprocal space and therefore may give support
to either a local-moment description or to a rather band-
like (itinerant) form of magnetism. Figure 4 shows
the result of such an analysis. Obviously, the magnetic
intensities do not follow a smooth fall-off with increasing
momentum transfer (solid line in Fig. 4). In contrast
for x = 0.25 and x = 0.5, clear indications of a maximum
occur at around SA~!. However, we believe that this
anomalous dependence of the magnetic intensities can be
interpreted by the assumption of magnetic correlations.
And indeed, a momentum transfer of 4A ~1-6A ! corres-
ponds to the Q values of the first magnetic Bragg reflec-
tions [4]. The fact that the anomaly is smeared out
with increasing x yields additional support for this inter-
pretation. However, it should be noted that a maximum in
the magnetic intensities as a function of momentum trans-
fer close to 4A~! has been reported for uranium com-
pounds and was interpreted as a cancellation of contribu-
tions due to the orbital and the spin moments [9, 10].
On the basis of our present data, it is impossible to
obtain more and clearer informations about the details of
the electronic configuration of the uranium ions of
UCuy +,Alg_,. Further investigations using polarized
neutrons and single crystalline material are highly
warranted.

In a second step we wanted to determine the static
susceptibilities and to compare the results with those
obtained from bulk measurements. The magnetic neutron
scattering cross section is proportional to X"(Q, w), the
imaginary part of the generalized susceptibility. Integra-
tion along o and performing a Kramers-Kronig trans-
formation yields and zero-frequency bulk susceptibility
[12]. Bulk measurements of the magnetic susceptibilities
have been performed employing a SQUID magnetometer.
The results of the different experiments are compared in
Table 2. With the exception of the low-temperature values
(T =5K and T = 20 K) for the sample with x = 0.25, the
agreement is at, or even below, the 10% level for all
measurements. In view of the fact, that part of the experi-
ments have been performed in the antiferromagnetically
ordered state and bearing in mind the large uncertainties
of the linewidths, this agreement is very satisfying. Small
macroscopic moments, but finite microscopic magnetiz-
ation densities would be further indications of an inter-
mediate coupling scheme [9]. However, due to the strong
antiferromagnetic correlations between different U ions,
one also would expect that the local moment sensed by
neutron scattering experiments is found to be larger than
the bulk susceptibility. This is a further explanation for the
cases of disaccord, namely x =0.25 at T=5K and

Table 2. Comparison of the real part, zero frequency magnetic
susceptibility of UCu, , ,Alg _,, measured by either neutron scatter-
ing experiments (N) or by a SQUID-magnetometer (SQUID). The
values of the susceptibility are given in units of 10~8 m3/mol

T(K) 5 20 50 100
x =0.25 Ty =37K
XN 5.19 4.54 5.09 421
Xsqup 2.74 3.33 4.47 3.76
x=05 Ty =35K
XN 3.64 3.89 4.57 3.86
Xsquip 3.69 3.82 5.41 4.28
x =0.75 Ty =27K
XN 5.23 6.79 7.17 5.71
Xsquip 4.75 597 6.40 4.89
x=15
XN 7.89 6.95 597 5.19
Xsquip 8.92 7.99 6.57 5.08
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Fig. 4. Integrated magnetic intensities as a function of momentum
transfer in UCuy+,Alg— in comparison with the neutron magnetic
form factor of U** (corresponding to the lowest solid line in the
plot) within the dipole approximation (taken from the tables of
magnetic form factors, ILL note 1988, by P.J. Brown). The experi-
mental values have been normalized to 1 at the lowest Q values

T = 20K, respectively. This compound displays the
weakest hybridization and the highest Néel temperature
and consequently should reveal the strongest magnetic
correlations. It should be noted that the Curie-Weiss
temperatures, deduced from bulk measurements, vary be-
tween — 129 K and — 172 K. Such large values are typi-
cal for Ce- based intermediate valence compounds. Never-
theless, the quasielastic linewidth always exceeds the
Curie-Weiss temperature, especially for concentrations
with strong hybridization.

11.2. Results of the electron spin resonance (ESR)
experiments

To gain further insight into the complex magnetic behav-
ior of UCuy +,Alg_, we performed Gd-ESR experiments
in compounds with concentrations x = 0.75 and x = 1.75
doped with 2%, 5% and 10% Gd, respectively. ESR



experiments provide detailed informations on the local
dynamical susceptibilities. Gd substitutes for U and in
Gd-ESR measurements the linewidth at resonance ab-
sorption is determined by the electronic density of states
at the site of the ESR probe and by the dynamical suscep-
tibility of the 5f system. In the case of localized 5f mo-
ments, the spin dynamics of the U subsystem is probed via
RKKY-type of interactions and is summed over contribu-
tions from all neighbouring U sites [13].

The experiments were performed using a standard cw
technique with a VARIAN-spectrometer operated at
9.3 GHz and magnetic field sweeps from 0 < H < 10 kOe.
The modulation frequency was 100 kHz. Figure 5 shows
the temperature dependence of the linewidth of the ab-
sorption lines AH, which in metals can be taken as
a measure of 1/T;, the spin-lattice relaxation time. Both
compounds behave like normal metals for temperatures
T > 70 K, with a Korringa-like (linear) increase of the
relaxation rate of order AHH/T = 10 Oe/K with increas-
ing temperatures. But both compounds exhibit an unusual
large residual linewidth AH,, (it is determined by an extra-
polation of the high-temperature Korringa behavior of
AH towards T = 0). The residual linewidth decreases with
increasing Cu concentration x and hence, seems to be
determined mainly by internal magnetic fields. The
smooth increase of AH in UCuy ;5Al; ,5 for T <70 K
indicates the onset of spin-fluctuation effects. Finally, at
T = 30 K, which is close to the magnetic ordering temper-
ature, the absorption line is too broad to be observed,
exceeding a width of 10 kG. In this regime, static magnetic
order, which is short ranged above and long ranged
below Ty, leads to an inhomogeneous broadening of the
absorption line. Astonishingly, also the linewidth in
UCus 55Alg.55 steadily increases below T = 60K,
revealing the importance of spin fluctuations even far
below T*. This observation is rather unusual for
heavy-fermion compounds, where one expects a pure Ko-
rringa behavior with a significantly enhanced slope for

T < T*. This experimentally observed increase of
UCu,,, Alg_,
T
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Fig. 5. Temperature dependence of the Gd-ESR linewidth at reson-
ance absorption in UCu4,Alg—, for x =0.75 and 1.75. The
linewidth corresponds to the spin-lattice relaxation rate. At high
temperature AH(T) follows a normal metallic Korringa-type of
behavior
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the linewidth towards low temperatures has to be at-
tributed to an inhomogeneous broadening due to frozen
spin configurations and could point towards a spin-glass
type of behavior. But it may also be attributed to the
rather delocalized 5f-electron wave functions and may
indicate a characteristic feature of Uranium-based heavy
femion systems. To test the possible influence of the Gd
substitution, we also have performed magnetic suscepti-
bility measurements on the Gd doped compounds [14].
No significant doping effects were detected for x = 0.75.
For x = 1.75, 2% and 5% Gd doping induced magnetic
order at T=3.5K and 5.5 K, respectively. Hence, we
cannot exclude that a spin-glass type of behavior is in-
duced by the ESR probe itself at low temperatures. But we
do not believe that the increase of the linewidth below
70 K can be explained by the Gd substitution. We believe
that the unusual behavior of AH(t) is due to the more
extended character of the 5f electrons and due to the fact
that ESR experiments are especially sensitive to intersite
fluctuation effects. The broad quasielastic linewidth ob-
served in the neutron scattering experiments also points
towards sizable exchange interactions giving rise to dis-
persion effects.

III. Conclusions

In this paper detailed quasielastic neutron scattering stud-
ies on the ternary compounds UCu, ;. ,Alg _, are reported.
Mixed crystals with Cu concentrations 4 + x = 4.25, 4.50,
4.75 and 5.5 were investigated. The quasielastic line can be
approximated by a Lorentzian line shape, indicating ex-
ponential decays of the spin correlations. Any more de-
tailed analysis (see e.g. Ref. 12) is hampered by the large
phonon contributions (Fig. 1). One important result is
that the HWHM for T — 0, which in Ce compounds can
be taken as a measure of the Kondo-lattice temperature is
almost anticorrelated with T*(x) [3] (see Fig. 2
and Table 1). Furthermore, we observed characteristic
anomalies in the Q-dependence of the magnetic intensities
which probably indicate magnetic correlations. Finally,
we performed Gd-ESR experiments in which we measured
the temperature dependence of the linewidth AH of
the resonance absorption for two samples with concentra-
tions x =0.75 and x = 1.75. From these experiments
we find a strong increase of the linewidths with decreas-
ing temperatures. For the sample with x = 0.75 this
increase indicates local magnetic order. For x = 1.75
the increase of the linewidth can not be explained by
a typical heavy-fermion behavior. It may be due frozen-
in magnetic correlations (spin-glass type of behavior)
or due to the extended wave functions of the 5f electrons
responsible for a itinerant type of magnetism. Further-
more, also the temperature dependences of the width of
the quasielastic scattered intensities. e.g., the increase
in linewidth with decreasing temperatures that has
been detected for the compounds with concentrations
x =025 and 0.75 and the large residual linewidth
characteristic for all compounds investigated, may
signal dispersion effects due to magnetic interactions. Dis-
persion effects could also explain the anomalous concen-
tration dependence of the magnetic relaxation rate I'. In
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conclusion, these quasielastic neutron scattering and ESR
experiments provide further experimental evidence that
on the microscopic level Ce- and U-based HF systems
behave rather different, as has been recently pointed out
by Steglich et al. [15].

This work has been supported by the BMFT under the contract
number 03-LO3 DAR (A5-K02) and by the SFB 252
(Darmstadt/Frankfurt/Mainz/Stuttgart).
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