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Magnetic excitations in the heavy-fermion superconductor URu,Si,
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Antiferromagnetic order and fluctuations in the heavy-fermion superconductor URu,Si, have
been studied by magnetic neutron scattering. Below Ty =17.5 K, URu,Si, is a type-I antiferromag-
net with an anomalously small ordered moment of (0.04%0.01)uy polarized along the tetragonal ¢
axis. Dispersive resonant excitations exist in the ordered state with a zone-center gap of 0.43 THz.
The excitations are polarized along the ordered moment and have a large dipolar matrix element,
which suggests that they are coupled transitions between singlet crystal-field-like states. For energy
transfer above 3 THz, peaks have not been identified in the magnetic excitation spectra, but instead
a continuous spectrum of scattering peaked around the ordering wave vector indicates the presence
of overdamped antiferromagnetically correlated spin fluctuations. Upon heating above Ty, the res-
onant excitations abruptly become heavily damped but the magnetic scattering at higher energies
does not change at Ty. Instead, the disappearance of the antiferromagnetic modulation of the
higher-energy scattering coincides with the maximum in the resistivity of URu,Si,.
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I. INTRODUCTION

Although URu,Si, is generally considered a heavy-
fermion system, some of its bulk properties! ™7 are in fact
markedly different from other uranium-based heavy-
fermion systems. It has a large electronic specific heat,
which is approximately linear in T just above T, =17.5
K and which corresponds to! ¥ =180 mJ/(mol K?). A lit-
tle higher above Ty, at about 30 K, there is a maximum
in the electronic specific heat,® which is reminiscent of a
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Schottky anomaly, a signature of conserved local mo-
ments in an anisotropic environment well known from
rare-earth magnetism.>® Below Ty the heat capacity,
apart from an exponential term which shows the presence
of a gapped spectrum, has a linear term' y~50
mJ/(mol K?). This is certainly much larger than that of a
normal metal, but nearly an order of magnetic smaller
than electronic specific-heat coefficients in other heavy-
fermion systems. The bulk susceptibility of URu,Si,
(Refs. 1-3) shows not only features of crystal-field
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magnetism, a Schottky anomaly at about 50 K, and large
anisotropy in the susceptibility with an easy c¢ axis, but
also features of a heavy-fermion system, namely, a large
value of Y as T—0. The temperature dependence of the
resistivity of URu,Si, is qualitatively similar to other
heavy-fermion systems, increasing below room tempera-
ture to a large maximum at the coherence temperature 70
K, followed by a decrease of more than an order of mag-
nitude.>>1% The resistivity is strongly anisotropic and
largest in the plane normal to the easy magnetic ¢ axis.

The main interest in URu,Si, has been that, despite an-
tiferromagnetic fluctuations and order, it undergoes a
phase transition to a strongly anisotropic superconduct-
ing state below 7,=1.2 K.'73 It seems that the magnet-
ic and superconducting properties are closely related in
this compound.!"1?

The present work is primarily concerned with studying
the magnetic properties by characterizing the antiferro-
magnetic ground state and the excitations from it using
neutron-scattering techniques. We find that the blend of
crystal-field and heavy-fermion properties observed by
bulk measurements shows itself as two regimes of mag-
netic fluctuation behavior. There is a regime of sharp
crystal-field-like excitations at low energies for fluctua-
tions propagating in the tetragonal basal plane, whereas
at higher energies and for fluctuations propagating per-
pendicular to this plane the excitations resemble the
broad correlated itinerant magnetic fluctuations observed
in other heavy-fermion antiferromagnets.

A few experimental studies of magnetic fluctuations in
URu,Si, have been reported. Walter et al.!’ performed
inelastic neutron scattering from a powder sample and
showed that the phase transition at Ty =17.5 K is ac-
companied by the development of a gap in the magnetic
excitation spectrum and that the density of low-energy
magnetic excitations is peaked at 2.4 THz. Broholm
et al.'*, by single-crystal neutron scattering, determined
the antiferromagnetic order which develops below
Ty=17.5 K and showed that the low-energy magnetic
excitations are in the form of propagating crystal-field-
like excitations. Note that we use the term ‘“crystal-
field-like” to describe the existence of a sharp excited
state in the magnetic spectrum. Its origin may be
crystal-field splitting of a degenerate multiplet of the total
angular momentum J =L + S or, in metallic systems, the
states resulting from Kondo screening of the J multiplets.

We give a complete account of our single-crystal elastic
and inelastic neutron-scattering data, parts of which we
have already published.'*!> Our investigations focus on
the phase transition at 17.5 K and on the nature of the
low-temperature magnetic fluctuations in URu,Si,. The
paper is organized in four main parts: sample and experi-
mental technique, experimental results, analysis, and dis-
cussion and conclusion.

II. SAMPLE AND EXPERIMENTAL TECHNIQUE

The measurements were performed on a 5-cm-long cy-
lindrical single crystal with a diameter of 0.5 cm, grown
by a specially adapted Czochralski method.!® The as-
grown crystal was annealed for 7 days at 1000°C.
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URu,Si, has the body-centered tetragonal ThCr,Si,
structure with lattice parameters @ =4.124 A and
¢=9.582 A at 4.2 K. Figure 1 shows a sketch of this
structure along with the antiferromagnetic order realized
below T, =17.5 K. Our crystal had an a axis along the
cylinder axis, and the measurements were performed with
momentum transfers in the (£0/) and (hkO0) planes. The
crystal was found to have a substantial amount of stack-
ing faults along the tetragonal c axis, giving rise to weak,
temperature-independent, nuclear rodlike scattering
along this axis. Similar effects were found in another cy-
lindrical single crystal grown along the ¢ axis. The sam-
ple was mounted in a copper can packed with copper
shavings to ensure good thermal contact. The tempera-
ture was monitored using a carbon resistor located inside
the sample can.

The neutron-scattering experiments were performed at
the cold neutron source at the DR3 reactor of Risg Na-
tional Laboratory and at the thermal neutron source at
the NRU reactor of Chalk River Nuclear Laboratories.
We have employed standard triple-axis neutron-
scattering techniques with choices of experimental
configurations to suit our purposes.

Measurements made at Risg were of excitations below
2.4 THz in the (h0!) plane. The (0,0,2) reflection from
pyrolytic graphite (PG) was used as monochromator and
analyzer. Be and/or PG filters were used to suppress
higher-order contamination of the scattered beam. Mea-
surements at Chalk River were made in the (4k0) plane
and at higher energies in the (40/) plane. Fixed scattered
neutron energies in the range 2—-5 THz were used with a
PG (002) analyzer and a Si(111) monochromator. Many
of the scans were performed with a scattered neutron en-
ergy of 3.5 THz to permit the use of the PG filter in the
scattered neutron beam. Measurements in a magnetic
field were performed in the horizontal field magnet cryo-
stat, a Chalk River—Oxford Instruments design, permit-
ting orientation of the field along any crystallographic
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FIG. 1. Diagram on the left shows the crystal structure of
URu,Si,. The one on the right shows the antiferromagnetic
structure of the uranium atoms below Ty =17.5 K.
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direction at low temperature.!” In Table I we summarize
the experimental configurations employed. We will refer
to this table below by the configuration number in the
first column.

III. EXPERIMENTAL RESULTS

In this section we describe the experimental results ob-
tained along with those parts of the data analysis which
may be done with a minimum of assumptions. We de-
scribe the magnetic ground-state properties and the low-
temperature excitations from it, the development of
short-range antiferromagnetic correlations in the high-
energy overdamped response, and finally the antiferro-
magnetic phase transition at T, =17.5 K.

A. Antiferromagnetic order

Figure 2 shows elastic scans along the ¢ * and ¢ * direc-
tions through the forbidden nuclear (1,0,0) and (1,0,2)
Bragg peaks. The data were taken with spectrometer
configuration No. 1 of Table I. The main criterion for
the choice was a good energy resolution and a minimal
A /2 contamination of the beam. The dashed line in Figs.
2(a) and 2(b) indicates the nuclear incoherent background
measured at 60 K, well above the phase transition at 17.5
K. As discussed more thoroughly in Sec. IIIE, the
scattering develops rapidly at T,. We have found similar
scattering at reflections (A0l), where h +I1=2n+1,
h#0. The scattering decreases at high-momentum
transfers. These observations are consistent with an ap-
proximately static and long-range (although not infinite;
see below) antiferromagnetic correlation of the c-axis
components of the magnetic-moment density located at
the uranium sites. The correlations are such that the mo-
ment density associated with each U site is opposed to its
four U neighbors displaced above and below it along the ¢
axis as shown in Fig. 1.

Figure 3 shows the integrated magnetic intensity of a
selection of these antiferromagnetic peaks in the (A0[)
plane, divided by their associated polarization factor.
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FIG. 2. Elastic scans along the a* and ¢* axes through the

antiferromagnetic peaks at (1,0,0) and (1,0,2). The solid circles

are taken without filters as a measure of the instrumental resolu-
tion. The top inset is a scan across the tails of the peak in (a).

The magnetic part of the scattering was found by sub-
tracting the scattering at 30 K from the low-temperature
scattering. The polarization factor associated with spins
polarized along the c axis is the squared basal-plare com-
ponent of the unit vector parallel to the scattering vector.
The data are a measure of the squared Fourier transform
of the magnetic-moment density associated with the anti-
ferromagnetic peaks. This is found to decrease as a func-
tion of momentum transfer with a characteristic half-
width comparable to that found in the insulator UO,
(solid line)."®

To describe the nature of the antiferromagnetic corre-
lations in more detail, we return to Fig. 2. The scans are
taken at various temperatures below 5 K. As we shall

TABLE 1. Spectrometer configurations used in our experiments on URu,Si,. Fourth column is the fixed final energy. Fifth
column is the horizontal collimation in minutes of arc between source and monochromator, monochromator and sample, sample and
analyzer, and analyzer and detector, respectively. Sixth and seventh columns indicate crystalline material and Bragg reflection used
as monochromater and analyzer. Eigth column gives material used as filter before the analyzer. Be indicates polycrystalline berylli-
um cooled to 77 K; PG means a pyrolytic graphite crystal with the ¢ axis along the neutron beam. Last column lists full width at half
maximum of the incoherent energy resolution.

Configuration

No. Reactor Instrument E,/THz Collimation Monochromater Analyzer Filter AE/THz
1 Risg-DR3 TAS6 1.1 60’-49’-52'-66’ PG (002) PG (002) Be+PG 3.6X1072
2 AECL-NRU NS5 3.5 54'-66'-60'-120"  Si(111) PG (002) PG 0.30

3 AECL-NRU N5 4.0 54’-40'-64'-120"  Si(111) PG (002) 0.34

4 AECL-NRU NS5 3.0 40'-60'-60'-120"  Si(111) PG (002) 0.24

5 AECL-NRU NS5 5.0 40'-60'-60'-120"  Si(111) PG (002) 0.46

6 Risg-DR3 TAS7 1.1 20'-open-53'-60' PG (002) PG (002) Be+PG 4.6X1072
7 Risg-DR3 TAS7 1.2 20’-open-open-open PG (002) PG (002) focused Be 6.3X1072
8 Risg-DR3 TAS7 1.2 20'-open-53'-66' PG (002) PG (002) Be 4.6X107?
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FIG. 3. Integrated difference of elastic scattering between
T=5 and 30 K at forbidden nuclear reflection (40I),
h+1=2n+1, h =0. The difference intensity has been divided
by a polarization factor as discussed in the text. Half the
scattering angle is denoted by 6, and A is the neutron wave-
length. The solid line is a smooth interpolation of neutron-
scattering data (Ref. 18) measuring the form factor of UO,.

later show, the evolution of this antiferromagnetic
scattering has essentially ceased at these temperatures,
which are well below T. We may thus regard the data
of Fig. 2 as a measure of the magnetic ground-state prop-
erties of our URu,Si, crystal. Since no part of the spec-
trometer has wavelength-dependent collimation, the in-
strumental resolution for elastic scattering at (1,0,0) and
(1,0,2) can be measured by performing identical scans
with an unfiltered neutron beam containing a significant
amount of A/2 contamination. The scattering in these
scans, also shown in Fig. 2, is resolution-limited Bragg
scattering of A /2 neutrons from the (2,0,0) and (2,0,4) nu-
clear reflections, respectively. Comparing the line shapes
observed for the filtered beam with these data, we con-
clude that the antiferromagnetic peak in our sample is al-
most resolution limited in the basal plane, whereas the
scans along the c¢* axis clearly have a non-Gaussian line
shape that is broader than the resolution function.
Caution is necessary when interpreting these experi-
mental facts. The approximate symmetry of the spec-
trometer about a vertical plane containing the scattering
vector in an elastic-scattering process implies that the
principal axes of the resolution function in the horizontal
plane of momentum space are parallel and perpendicular
to the scattering vector. Furthermore, the momentum
transfer perpendicular to the scattering vector is most
strongly correlated with the energy transfer. This means
that a low-energy isotropic response, due to finite-energy
resolution, will appear broadened along the perpendicu-
lar direction to the scattering vector. In Fig. 2, however,
similar line-shape anisotropies are observed around two
different antiferromagnetic peaks, namely, (1,0,0) and
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(1,0,2). It is thus clear that the anisotropy is related to
the crystalline directions and not to the transverse and
longitudinal direction relative to the scattering vector.

The inset at the top of Fig. 2 further elucidates the rod-
like nature of the scattering. It is a scan in the perpendic-
ular direction (1+¢,0,0.1) across the tail of the peak in
Fig. 2(a). The solid line through the points has the reso-
lution width. It is clear that the tails of the peak along ¢ *
have a rodlike character, remaining almost resolution
limited along the in-plane direction.

To quantify correlation lengths and the size of the or-
dered moment, a model for exponential decay of correla-
tion in only one dimension, namely, along the ¢* axis, is
relevant since the peaks are broadened mostly along that
direction:

(SkSk+r ) ~exp(—k.r.) . (1)

The corresponding Fourier-transformed correlation func-
tion is!®
sinh(k,c)

cQce — c\2
(875%0=(5% cosh(k.c)—cos(g.c) * @

To compare with the measured neutron intensities, the
cross section was convoluted with the spectrometer reso-
lution. The independently measured flat nuclear in-
coherent background and a resolution-limited Gaussian
describing the weak contamination of A /2 nuclear Bragg
scattering were also added. The lines through the data of
Fig. 2 are the results of least-squares fits of this model to
the data. The inverse correlation lengths deduced from
scans around (1,0,0) and (1,0,2) are indistinguishable
within experimental accuracy: «.(1,0,0)=(9.8+0.4)
X103 A" and «.(1,0,2)=(8+1)x10 3 A",

Applying the same formalism to the scan along the a*
direction, we deduce inverse correlation lengths of
Kk,(1,0,0)=(3.2+0.2)X1073 A7 and «,(1,0,2)=(1.7
4+0.3)X107* A~'. Thus the anisotropy in the correla-
tions is about a factor of 4. Since the antiferromagnetic
scattering along a* is just barely broader than the resolu-
tion widths, the determination of the in-planar correla-
tion is somewhat uncertain. As discussed in the last
paragraph of Sec. IV A, there is a reason to believe that
these results for the correlation lengths are not intrinsic
to URu,Si,, but rather arise from defects such as stacking
faults in our sample.

The size of the moment was obtained by normalization
of the magnetically scattered neutron intensity to the in-
tensity associated with the known cross section of the nu-
clear (1,0,1) Bragg peak. Since the scattering angle for
the (1,0,0) and (1,0,1) reciprocal lattice points are similar,
we can neglect the variation of the spectrometer resolu-
tion function in this comparison. We found from Fig.
2(a) that (S¢)=(0.04+0.01)uyz. To access the energy
scale associated with this antiferromagnetic scattering,
we performed energy scans at various momentum
transfers displaced along the c axis from (1,0,2) at T =4.2
K. All these scans had an energy width below 0.02 THz,
which is close to that of a Bragg peak. Any finite-energy
scale related to this antiferromagnetic scattering is thus
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more than an order of magnitude less than that of the
zone-center spin-wave gap (see below).

B. Low-energy propagating excitations

The excitations from this weak antiferromagnetic
ground state were studied by inelastic magnetic neutron
scattering using standard triple-axis techniques. Figure 4
shows energy scans at T=1 K << Ty at various fixed-
momentum transfers along (1,£,0). In contrast to other
antiferromagnetic heavy-fermion systems,?° well-defined
peaks as a function of energy occur in all these scans.
The data of Fig. 4 are in fact resolution limited. This was
in general found to be the case when the deviation of
momentum transfer from an antiferromagnetic zone
center q was in the basal plane. In contrast, as shown in
Fig. 5, for q=(0,0,&)||c*, there is a broadening and a pre-
cipitous decrease in intensity of the peak when |q| in-
creases. In both sets of data the excitation energy de-
pends on q and the energy and momentum transfer at
which peaks occur define the dispersion relation for the
magnetic excitations. In Fig. 6 we show the dispersion
relation along three high-symmetry directions deter-
mined from constant-Q scans such as those of Figs. 4 and
5.

By studying the integrated intensity of equivalent mag-
netic excitations in different Brillouin zones, we found
that the magnetic excitations are polarized along the
tetragonal ¢ axis and have a form factor typical for 5f
electrons. We shall refer to the inelastic scattering as lon-
gitudinal since it is polarized along the ordered moment.
Normalizing the spin-wave scattering at (1,0,0) to the
longitudinal-acoustic-phonon scattering close to (2,0,0)
yields a large transition-matrix element of
gupl{0lJ?1)|=1.2up."® The wave-vector dependence
of the integrated spin-wave intensity divided by the polar-
ization and form factor of the response is shown in Fig. 7.

The longitudinal nature of the response and the large-
ness of the inelastic transition-matrix element as com-
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FIG. 4. Constant-Q scans along the (1,—¢,0) direction
showing resolution-limited magnetic excitations in the basal
plane. The data were obtained with configuration No. 2 of
Table I. Solid and open symbols are used for clarity of presen-
tation. The lines are guides to the eye.
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FIG. 5. Constant-Q scans along the (1,0, —§) direction. The
intensity of the spin waves decreases precipitously with increas-
ing &, and their width increases. The data were obtained with
configuration No. 3 of Table I. Solid and open symbols are used
for clarity of presentation. The lines are guide to the eye.
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FIG. 6. Measured dispersion of excitations in URu,Si, along
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results of the fit described in the text.
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pared with the elastic scattering from the ordered mag-
netic structure suggest that the excitations are between
two singlet states. To corroborate this conclusion we per-
formed constant-Q scans at (1.5,0,0) in zero magnetic
field and in a field of 3 T applied along the ¢ axis. This is
the “soft” magnetic axis along which the ordered mo-
ment and low-energy magnetic excitations are polarized.
If the excited state was degenerate with an associated di-
polar matrix element gug|(1|J%[1')|=2up, the excita-
tion would be split by an amount gugl{1|J71')H
~2upH =0.1 THz in an applied field of 3 T. The result
of the measurement is shown in Fig. 8. No broadening
beyond the resolution width of 0.4 THz occurs upon ap-
plication of H =3 T. This result confirms that the inelas-
tic peak arises from transitions between two singlets. The
temperature dependence of the antiferromagnetic Bragg
peak intensity under the same two conditions of applied
field is shown in Fig. 9. The size of the ordered moment
is reduced by as much as 25% in a 3-T field, although the
temperature dependence is unchanged. This reduction in
the size of the ordered moment is also characteristic of
singlet ground-state systems with induced moment order-
ing. The applied field suppresses the moment on the anti-
parallel sublattice, which reduces the molecular field on
the parallel sublattice more than the external field
enhances it. This leads to an overall reduction of the or-
dered moment.

C. Overdamped response

We now consider the low-temperature magnetic excita-
tions at energies well above the propagating excitations
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FIG. 8. Constant-Q scan at (1.5,0,0) in zero field and with
H =3 T applied along c¢. The lack of any broadening or split-
ting confirms that the spin waves arise from transitions between
two singlets.
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FIG. 9. Temperature dependence of the (1,0,0) antiferromag-
netic Bragg peak intensity in zero field and with H =3 T applied
along c.

described above. Figure 10 shows four constant-Q scans
taken with the experimental configuration No. 4 of Table
1. With this configuration we could resolve the cross sec-
tion associated with the low-energy dispersive excitations
discussed above and still obtain an appreciable count rate
from the high-energy continuum response which we shall
now discuss.
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FIG. 10. Low-temperature energy scans at four different re-
ciprocal lattice points taken with configuration No. 4 of Table I.
Solid points in (a) are reduced by a factor of 10. The lines
through the data are guides to the eye. The dashed line is the
background as measured with the analyzer turned away from
reflection. The peaks in (b) and (c) arise from a spurious process
involving third-order neutrons.
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Figure 10(a) shows a constant-Q scan at the antiferro-
magnetic zone center Q=(1,0,0). Apart from the low-
energy zone-center excitation, discussed in Sec. III B, the
count rate from 1 to 5 THz is clearly well above the back-
ground. To investigate the origin of this scattering, we
performed a similar scan [Fig. 10(c)] at (3,0,0). The
translational symmetry of the uranium lattice ensures
that the magnetic scattering has the same spectrum here
as at (1,0,0). Apart from a spurious process involving
higher-order neutrons, the level of scattering at (3,0,0)
has decreased significantly as compared with that at
(1,0,0). This observation is consistent with the scattering
at (1,0,0) being primarily magnetic in origin. The de-
crease in the scattering at larger momentum transfer
reflects the decrease in the magnetic form factor. Phonon
scattering, on the other hand, is proportional to the
square of the momentum transfer and therefore increases
with increasing Q.

An energy scan at (0,0,3.5) is shown in Fig. 10(d). Be-
cause of the dipolar nature of the magnetic neutron
scattering, the only contribution to the magnetic scatter-
ing at this momentum transfer arises from the spin com-
ponents in the basal plane of the tetragonal structure.
We conclude that there is no magnetic scattering from
basal-plane spin components in the investigated energy
region. With respect to the tetragonal uranium lattice,
Q=(0,0,3.5) is symmetrically equivalent to
Q=(1,0,0.5). As shown below, the scattering at (1,0,0.5)
is reduced by a factor of 2 from that at (1,0,0). Had the
scattering been isotropic, one would expect the
Q=(0,0,3.5) scan to be similar to the (1,0,0) scan, albeit
reduced by a factor of 2. The complete absence of
scattering at Q=(0,0,3.5) therefore shows that there is a
strong anisotropy in the high-energy excitation response;
i.e., the scattering arises from magnetic fluctuations
oriented along the ¢ axis and the ordered moment.

Figure 10(b) shows an energy scan at Q=(1,0,1).
Since this is an allowed nuclear Bragg peak of the body-
centered tetragonal structure, the magnetic scattering
here arises from in-phase fluctuations of the magnetic-
moment density associated with each uranium atom.
Apart from the higher-order spurious process at an ener-
gy transfer of around 2.4 THz, there is very little magnet-
ic scattering in the form 1.2 to 4.8 THz. The spectrum of
Fig. 10(a) is thus specific for flucturations of the same
symmetry as the static antiferromagnetic order described
in Sec. IIT A.

Figure 11 shows a constant-energy scan at an energy
transfer of 4.1 THz. Momentum transfer is varied along
the (1,0,&) direction through the antiferromagnetic zone
center (1,0,0). The scan connects the energy scans at the
top of Fig. 10. The high-energy response decreases when
varying momentum transfer from probing antiferromag-
netic fluctuations at (1,0,0) to ferromagnetic fluctuations
at (1,0,1) and (1,0, —1). From the width of the peak in
this scan, we conclude that the correlation length associ-
ated with the magnetic fluctuations probed in Fig. 10(a) is
only about one lattice unit.

To illustrate the crossover from the low-energy propa-
gating response to the high-energy overdamped response,
Fig. 12 shows data from both regions of energy and
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FIG. 11. Constant-frequency scan at 4.1 THz in the ordered
phase of URu,Si, through the antiferromagnetic zone center at
(1,0,0). The data were obtained with configuration No. 5 of
Table I. The dashed line is the background measured with
analyzer turned. The solid line is a guide to the eye.

momentum transfer taken with configuration No. 4 of
Table I. The data are displayed in a three-dimensional
(3D) perspective as a function of energy transfer and
momentum transfer along the (1,0,§) direction. The
data should be studied with reference to the dispersion
relations of the propagating excitations shown in Fig. 6.
The peak at 0.5 THz corrresponds to the divergent
response at the minimum zone-center energy. At slightly
higher energies around 1 THz, a double-peak structure
emerges, corresponding to the two equivalent directions
of propagation, (1,0,§) and (1,0, —§). The asymmetry in
the data at this energy is due to a resolution effect. Final-
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FIG. 12. Prespective view of the scattered neutron intensity
vs energy transfer and momentum transfer along (1,0,5). The
data are taken in the ordered phase at 7=>5 K. The asymmetry
in the double-peak structure is due to a resolution effect. The
solid lines are guides to the eye. Solid and open symbols are
used for clarity of presentation. At v=0.5 THz the data plotted
as triangles which define the hatched region has been reduced
by a factor 10.
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ly, above 1.2 THz the continuous spectrum of antifer-
romagnetically correlated spin fluctuations emerges. The
data of Fig. 12, in which both a divergent and a continu-
ous part of the spectrum are resolved, prove that the
broad part of the response does not arise from unresolved
sharp features such as high-velocity spin waves. Finally,
we note that similar high-energy features have been ob-
served at other high-symmetry points in the (#0!) plane,
but are currently not as well documented as the scatter-
ing described above.

D. Development of antiferromagnetic correlation
below T~ 100 K

We now turn to the temperature dependence of the
high-energy antiferromagnetic fluctuations. Figure 13
shows the energy scan at (1,0,0) for three different tem-
atures. As discussed in detail in Sec. IIIE, the low-
energy propagating response becomes heavily damped
above the phase transition at Ty =17.5 K. From Fig.
13(b) it is, however, evident that the intensity of inelastic
scattering beyond 1.5 THz remains almost unaffected by
this transition to temperatures as high as 40 K. This
rules out the interpretation of the continuous high-energy
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FIG. 13. Energy scans at the antiferromagnetic zone center
at three different temperatures obtained with configuration No.
4 of Table I. Solid symbols have been reduced by a factor of 10.
The dashed line is the background as measured with the
analyzer turned away from reflection. The full lines are guides
to the eye.
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response as arising from two-magnon scattering or hav-
ing significant contributions from the incomplete resolu-
tion of the intense low-energy peak at 5 K. Had this been
the case, the high-energy scattering would undergo sub-
stantial changes at the 17.5-K phase transition. Upon
raising the temperature from 40 to 80 K, the inelastic
scattering decreases slightly and most predominantly at
low energies. Recall that from the fluctuation dissipation
theorem, the inelastic magnetic neutron scattering is pro-
portional to

S(Q,v)=[1+n(v)]x"(Q,v), (3)

where Y''(Q,v) is the imaginary part of the generalized
susceptibility characterizing the response of the magnet
to spatially and temporally varying external fields. The
detailed balance factor 1+n (v)=[1—exp(—Bhv)] ! in-
creases roughly proportional to T =1/kgp for v<1.5
THz upon heating from 40 to 80 K. The near tempera-
ture independence of the inelastic scattering in this ener-
gy range therefore implies that Y''(Q,v) is decreasing
substantially upon heating, thus compensating this effect.

To quantify this development we fit the data at 40 and
80 K to the single imaginary pole susceptibility
X(Q,v)=xoIl'g/(I'g—iv). This form has been the suc-
cessful basis of similar analysis in a variety of heavy-
fermion and itinerant magnets. The solid lines in Fig. 13
are best fits of (3) to the data with the independently mea-
sured background added. At both temperatures the sim-
ple form for x”(Q,v) adequately accounts for the data,
and we find that the characteristic energy scales for mag-
netic fluctuations at Q=(1,0,0) increases from 1.910.1
THz at 40 K to 3.5+0.3 THz at 80 K. Our fits also
determine the ratio

X(1,0,0L(1,0,0(T =40 K)/x(1,0,0)T (1,007 =80 K)
=0.9%0.1,

implying that the product X(; 0,010, is only weakly
temperature dependent between 40 and 80 K. Although
the single imaginary pole susceptibility can account for
the magnetic fluctuations above T, the inelastic magnet-
ic scattering below T is not simply a superposition of
such scattering with that associated with dispersive
crystal-field levels. Figure 12 clearly shows that at v=1
THz the inelastic magnetic scattering is exhausted by
crystal-field-like excitations with no indications that the
weakly Q-dependent scattering which dominates at v=2
THz persists.

The increase of the fluctuation rate at the antiferro-
magnetic zone center upon heating is an indication that
the antiferromagnetic correlations of the magnetic fluc-
tuations depicted in Figs. 11 and 12 decrease at higher
temperatures. To establish this we have measured two
characteristic points in (g,v) space as a function of tem-
perature. The results are illustrated in Fig. 14. This
figure shows the scattered neutron intensity at an energy
transfer of 1.9 THz at Q=(1,0,1) and (1,0,0). The two
reciprocal lattice points correspond to the extremal
points in the scan displayed in Fig. 11. From Fig. 14 it is
clear that, whereas the inelastic scattering at Q=(1,0,0)
decreases slightly with increasing temperature, the
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FIG. 14. Scattered neutron intensity vs temperature at an en-
ergy transfer of 1.9 THz and scattering vectors (1,0,0) and
(1,0,1). The dashed line is the analyzer-turned background.
The solid lines are guides to the eye. The data were taken with
configuration No. 4 of Table 1.

scattering at Q=(1,0,1) increases rapidly such that
above 100 K the intensity at the two reciprocal lattice
points becomes similar. Antiferromagnetic correlations
of the high-energy overdamped response thus only are
apparent below 100 K. It is interesting to note that the
development of antiferromagnetic correlations roughly
coincides with the temperature below which the resistivi-
ty of URu,Si, begins to decrease.

E. Antiferromagnetic phase transition

The weak elastic antiferromagnetic peaks described in
Sec. IIT A appear at temperatures below the phase transi-
tion at Ty =17.5 K.! Figure 15 shows the temperature
dependence of the integrated intensity of 6-20 scans
through the antiferromagnetic peak at (1,0,0). The data
were obtained using configuration No. 6 of Table I, this
provides minimal A /2 contamination and an energy reso-
lution of 4.6X 10~ 2 THz, which discriminates against the
large inelastic cross section when the spectrometer is set
for elastic scattering. As described later in this section,
this inelastic magnetic scattering is heavily damped and
extends all the way to v=0 above Ty. Within the resolu-
tion volume of this experiment, the inelastic scattering
extrapolated to v=0 throughout the temperature region
covered only contributes a count rate less than 5% of the
low-temperature antiferromagnetic peak intensity. The
temperature-dependent scattering studied here is a dis-
tinct, approximately elastic, component of the antiferro-
magnetic zone-center scattering even in the immediate vi-
cinity Ty.

Figure 16 shows data taken at Q=(1,0.4,0) where the
intensity of the magnetic excitation is largest above T.
The excitation spectrum develops from a broad hump of
antiferromagnetically  correlated, heavily damped,
response in the paramagnetic phase to an almost
resolution-limited peak which is largely unaffected by the
superconducting phase transition at T, =1.2 K.

12 817

H 0
] o
—~

©-26 INTEGRATED INTENSITY (countsA¥min)
n
o

(@]

o
o
n
o
o
o)

FIG. 15. Integrated elastic magnetic scattering at (1,0,0) as a
function of temperature. The ¢* axis was perpendicular to the
scattering plane in this experiment.
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FIG. 16. Constant-Q scans at (1,0.4,0) in (a) the paramagnet-
ic, (b) the antiferromagnetic, and (c) the superconducting phase.
The data in (a) were obtained with configuration No. 7, that of
(b) and (c) with configuration No. 8. Data taken with different
configurations have been normalized and plotted so that
equivalent cross sections correspond to the same height over the
background. The solid lines in (a)—(c) are fits as described in the
text, and (d)-(f) show the temperature dependence of the three
parameters obtained from fits to data similar to (1). The lines
through these points are guides to the eye.
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We have summarized a series of scans similar to Fig.
16(a) as a function of temperature on the right-hand side
of the figure. Here we show the temperature dependence
of the amplitude A, damping I' [full width at half max-
imum (FWHM)], and first moment A, of a resolution- and
background-corrected Lorentzian response which de-
scribes the data well. The abrupt temperature depen-
dence of I" and A at Ty coincides with the anomaly at
this temperature in the heat capacity.

IV. ANALYSIS AND DISCUSSION

It is clear from Sec. III B that the low-energy magnetic
excitation spectra in URu,Si, at low temperatures bear
striking similarities to those of conventional rare-earth
systems. Here it is usual to treat the 4f electrons as
essentially perfectly localized and subject to interatomic
correlations, which constrict their motion within the
Hund’s rule ground-state multiplet.?! Also, many of the
bulk properties of URu,Si, seem to be governed by the
same underlying physics as is known from rare-earth
magnetism.?> We mention briefly the strongly anisotrop-
ic susceptibility and its Schottky-like anomaly at 50 K,!
and the high-field magnetization data,’ which show step-
like magnetization increases in the field around 35 T.

There are, however, as described in Sec. III C, features
in the high-energy magnetic response which cannot be
explained by conventional spin-wave and crystal-field
theories. Features in the bulk properties, such as the
heavy-fermion linear specific-heat term [y =50
mJ/(mol K?)] (Ref. 1) and the increasing resistivity as
temperature is decreased from room temperature, also
suggest that we cannot accommodate the properties of
URu,Si, within this simple model. However, we believe
that despite these important discrepancies, we can use the
conserved local-moment model as a means of parametriz-
ing dispersion relations and gap energies and convenient-
ly relating these to some key bulk properties.?*?3 To
some extent this can even be done without relying on as-
sumptions known to be doubtful.

A. Applying crystal-field theory to URu,Si,

One can argue that the resonant low-energy spin
response proves that there exist in URu,Si, dipolar mo-
ments whose size is an approximately conserved quantity
in the motion of the unpaired 5/ electrons. The absence
of broadening or splitting of the magnetic excitations
upon application of a field shows that the ground and
first excited states are both singlets. This means that an
even number of electrons must be accommodated in 5f
states of the U atom. An uneven number would give rise
to a Kramers-doublet ground state. Of the two ioniza-
tion levels in which uranium most frequently occurs, U**t
and U3, we can therefore exclude the latter and con-
clude that two S5f electrons remain essentially localized
about each uranium atom. The corresponding Hund’s
rule ground-state *H, is ninefold degenerate. From
group theory two rigorous results are available. First,
electrostatic interactions with tetragonal symmetry split
the 3H, state into five singlets and two doublets. Second,
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the only allowed longitudinal transitions within these
seven energy levels are between singlet states. The latter
result is consistent with our experimental data.

Although a singlet ground state has no moment, in-
teractions between sites can cause mixing between the
ground and first excited states, resulting in an induced
moment transition.?* The magnitude of the ordered mo-
ment then depends on the balance between the intersite
interaction and splitting of the levels. To model our low-
energy resonant magnetic excitations data, we consider
only the two lowest-lying singlet states. A singlet-singlet
level scheme as described by Wang and Cooper?® has al-
ready been used with some success to describe the bulk
magnetic and thermal properties of URu,Si,.2%2

In the random-phase approximation the interacting
susceptibility of the singlet-singlet model in the ordered
state is given by

_ 28a?fy,

2__ 2
(Dq @

X @) @)

The wave-vector dependence of the spin-wave energy is

w,=[A*—4a’AJ(q)fy]'?, (5)

where A is the splitting of the two singlets,
a=gup|(0/S*T1)|, and
fo1 =tanh(BA/2) . (6)

The tilde indicated renormalization of parameters from
their value in the paramagnetic state caused by the mag-
netic ordering. J(q) is the Fourier transform of the in-
teractions between sites:

J(q)= X J(r;)expliq-r;) . (7)
J

The imaginary part of (4), to which the neutron-
scattering cross section is proportional, is

Im[ 1im+)(flz(a)+is)]

e—0

—a’f 8w, ~0)=8e, )] . ®)

In order to characterize adequately the observed disper-
sion and intensities of the excitations, seven exchange
constants are required. The lines in Fig. 6 and 7 are the
result of the fit. The agreement for the dispersion is quite
good, and the intensities are in fair agreement. The value
for the splitting of the singlets, A, is 2.4 THz (~115 K),
in good agreement with the value extracted from
specific-heat measurements (130 K).>?’

The dependence of the extracted exchange constants
on distance is shown in Fig. 17. They are ferromagnetic
at large distances, but antiferromagnetic at short dis-
tances. Such an oscillatory behavior for the spatial
dependence of the exchange constant is expected for the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction in
a metallic antiferromagnet. For example, the line in Fig.
17 corresponds to the conventional spherically symmetric
RKKY interaction
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FIG. 17. Distance dependence of the exchange constants de-
rived from the spin-wave data. The line is the standard spheri-
cally symmetric RKKY interaction with kr=0.3 A .

J(r)= A[cosx —(sinx)/x]/x? (x =2kgr), 9)

where kz=0.3 A7,

It is also possible to calculate the matrix-element-
weighted spin-wave density of states for the singlet-
singlet model:

’ K ~ 2
plo)x ¥ T1—af580o—0w,) . (10)
g “q

Figure 18 shows the results of this calculation using our
data. This calculation does not take into account the
broad spectrum of magnetic excitations at higher ener-
gies and, therefore, must be regarded as a first approxi-
mation. Also shown in Fig. 18 is the observed real part
of the infrared optical conductivity.? The similarity be-
tween the matrix-element-weighted density of spin-wave
states and the infrared measurement, which probes
charge excitations, suggests that the spin and charge fluc-
tuations are strongly coupled together in this system.

Calculated from neutron data
4000F T=4.2K

[~ Infrared

DENSITY OF STATES
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Q
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FIG. 18. Calculated spin-wave density of states (thick line).
The thin lines are the measured real part of the infrared optical
conductivity (Ref. 28) at 2 and 20 K. The similarity between the
two suggests that the magnetic excitations are strongly coupled
to the charge excitations.
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The same conclusion is reached when comparing the in-
frared optical conductivity data to the unweighted spin-
wave density of states: p(w) =< ¥ 8(0—w,).

The singlet-singlet model gives a reasonable description
of the low-temperature resonant magnetic excitation
spectrum, but as we show in the following, it falls short in
accounting for other important magnetic properties of
URu,Si, such as the small ordered moment and bulk sus-
ceptibility. By normalizing the resonant inelastic mag-
netic scattering at (1,0,0) to longitudinal-acoustic-phonon
scattering near (2,0,0), we find that!’

7~4~—~2f01z24p§ . an
@(1,0,0)

Inserting @y 9,0)=0.43 THz, A=2.4 THz, and fy, =1,
we obtain a=1.2up. The fact that the ordered moment
is almost two orders of magnitude smaller than this can-
not be accounted for by the singlet-singlet model. Solv-
ing the self-consistent mean-field equations for the or-
dered moment at T =0 yields?

(myo)=a(l—1/9})1"%, (12)
where
4J (qy)a®
,7:720 _ (13)

In this expression a@ and A are the transition-matrix ele-
ment and energy splitting of the singlet levels in the
paramagnetic state. These are related to the renormal-
ized parameters which we may deduce from the mea-
sured dispersion relation by @=a /7 and A=nA. Insert-
ing in (13) and solving for 1/7?%, we obtain

2

4J (qp)a?
1 _Mlawa? , 14

7 A

@40

A

where (5) evaluated at q=q, has been used in the last
equality. Substituting (14) into (12), we obtain

(0]
<mqo>=a7"° . (15)

Inserting previously quoted experimentally determined
values yields the mean-field estimate of the ordered mo-
ment, {m,,) =0.2up, which is nearly an order of magni-
tude larger than the measured ordered moment.

There are several possible origins of this discrepancy.
First, the statics and dynamics of singlet—ground systems
is still an open subject,*® and in particular only few exper-
imental realizations exist. In Pr;Tl, which is a ferromag-
netic singlet-triplet system,?’ the random-phase approxi-
mation (RPA) and mean-field theory reproduced the mea-
sured dispersion in the ordered state given the experimen-
tally determined magnitude of the ordered moment. On
the other hand, in PrSb, a singlet-triplet system which is
a type-I antiferromagnet at high pressures, the phase-
transition does not proceed through a soft-mode transi-
tion as predicted by RPA theory.?! To our knowledge
URu,Si, is the first antiferromagnetic singlet-singlet sys-
tem to be discovered. It may therefore well be that the
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lack of consistency between the dynamic and static as-
pects of our model calculation lie in the inadequacy of

the RPA and mean-field approximations rather than the °

singlet-singlet model itself.

A second possible explanation within crystal-field
theory is that the singlet-singlet level scheme is in fact
oversimplified. Our neutron-scattering experiments only
show evidence for two low-energy crystal-field levels, but
that does not rule out the existence of resonant levels
which are not coupled to the ground state by the dipolar
operator and therefore are unobservable by our experi-
ments. The temperature dependence of the bulk suscepti-
bility of URu,Si,, which shows a maximum at T =50
K~3Ty, in fact cannot be reconciled with a singlet-
singlet level scheme: In a singlet-singlet system the sus-
ceptibility in the paramagnetic regime is a monotonically
decreasing function of temperature through its depen-
dence on the population difference of the two levels. At
least three dipolar active levels are required to give rise to
a susceptibility maximum in the paramagnetic state. A
low-energy crystal-field scheme which does have a max-
imum in the susceptibility above T and is consistent
with our neutron-scattering data consists of three sing-
lets, A,, A,, and A4,, with forbidden dipolar transition
between the ground- and excited-state singlets of 4, sym-
metry. The highest-lying singlet can thus only be ob-
served by neutron scattering as transitions from the excit-
ed state A4, when a significant population exists in the ex-
cited state. The cross section corresponding to this tran-
sition would only be appreciable in a temperature interval
from about 50 to 150 K. Although Fig. 13 does not show
any sharp level in this regime, disfavoring this scenario,
we have not made an exhaustive search for a cross sec-
tion of this nature.

Finally, it is possible that the phase-transition at
Tn=17.5 K cannot be viewed as a simple rearrangement
of crystal-field levels inducing an antiferromagnetic mo-
ment in the ground state. In particular, a variety of data
including our high-energy magnetic neutron-scattering
results suggest that we must regard the singlet levels as
effective levels resulting from the hybridization of 5f
electrons with itinerant electrons. The modification of
this hybridization could well be an integral part of the
phase transition, in which case crystal-field theory is
clearly an inadequate model.

Not only the small magnitude of the antiferromagnetic
moment is anomalous, but the antiferromagnetic correla-
tions are two dimensional since the correlation length
along the ¢* axis remains finite down to the lowest tem-
perature (0.6 K) accessed in this experiment. As previ-
ously mentioned, we observed temperature-independent
rodlike nuclear scattering along the ¢* axis of our crystal,
indicating the presence of stacking faults. Most likely,
such crystalline imperfections are responsible for limiting
the antiferromagnetic correlation length along the ¢ * axis
of our sample. This interpretation is consistent with re-
cent resonant magnetic x-ray- and neutron-diffraction ex-
periments,*? which find a longer antiferromagnetic corre-
lation length along the c¢* axis in a higher-quality
URu,Si, single crystal. The elastic magnetic rodlike
scattering above T, =17.5 K may also have its origin in
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the stacking faults of our sample. The scattering corre-
sponds to a finite static ferromagnetic polarization of
planes perpendicular to the ¢* axis, the relative orienta-
tion of the polarization of different planes being parallel
or antiparallel at random. This result may be related to
the weak ferromagnetic phase transition which was found
by magnetization experiments in some URu,Si, but
shown to be absent in higher-quality samples.>?

B. High-energy response

Whereas a large part of the low-temperature suscepti-
bility arises from the big dipolar matrix element between
the ground state and excited singlet states, the low-
temperature linear specific-heat term! of y=50
mJ/(molK?) is a signature of a continuous density of
states which cannot be reconciled with the resonant
responses characteristic of crystal-field systems in their
ground state. As shown in Sec. III C, there are over-
damped excitations above the crystal-field excitations,
which presumably are responsible for the linear specific-
heat term in URu,Si,. The characteristic energy of this
response is roughly an order of magnitude above that of
the overdamped response of, for example, U,Zn,;.2° The
coefficient to the linear term in the specific heat, y, of
URu,Si, is about an order of magnitude lower than that
of U,Zn;;. The characteristic energy and y~! thus
roughly scale for these compounds, as expected if the
magnetic neutron scattering probes the magnetic fluctua-
tions of the heavy quasiparticles.

The high-energy response in URu,Si, corresponds to a
large  susceptibility, Imy;0)(2.4 THz)~3X107?
(emu/mol unit cells) or, equivalently, 4u% /THz per unit
cell.’® Converting to a fluctuating moment by integration
of the spectrum, we estimate the amount of moment par-
ticipating in these fluctuations to be 0.6up/(unit cell).'
The overdamped response thus has an associated fluc-
tuating moment smaller but comparable to that of the
low-energy resonant response at (1,0,0). Also, it has the
same axial anisotropy as the low-energy response. We
speculate that the broad response is the signature of the
hybridization of the f electrons with conduction elec-
trons at the Fermi level. This speculation is based on the
fact that the overdamped magnetic fluctuations have the
same anisotropy and form factor as the sharp f spin
waves, yet exhibit the continuous spectrum characteristic
of conduction electrons in a metal.

Resistivity data for URu,Si, further support this
idea.!® The resistivity is largest and most strongly tem-
perature dependent in the basal plane of the tetragonal
structure. This may be because a current in the basal
plane is perpendicular to, and therefore scattered more
strongly by, the moments which fluctuate only along the
c axis. Also, it is interesting to note that the antiferro-
magnetic correlations build up (Fig. 14) just above the
temperature at which the basal-plane resistivity passes
through a maximum, followed by a low-temperature de-
crease by over an order of magnitude. This result is con-
sistent with the reduction in resistivity being a conse-
quence of the development of antiferromagnetic correla-
tions.
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V. CONCLUSIONS

The mixture of crystal-field and heavy-fermion charac-
teristics which is found in the bulk properties of URu,Si,
manifests itself in the magnetic excitations at low temper-
atures which show a crossover between a low-energy re-
gime of dispersive crystal-field excitations and a high-
energy spectrum of overdamped antiferromagnetic fluc-
tuations. While the presence of sharp magnetic excita-
tions in URu,Si, is unique for heavy-fermion systems, the
qualitative behavior of the inelastic neutron scattering at
higher-energy transfers bears some resemblance to that
observed in other heavy-fermion systems.

The energies and intensities of the low-energy crystal-
field excitations are well described by the singlet-singlet
model, as is the direction of the ordered moment and the
entirely longitudinal symmetry of the excitations. The
ordered moment of (0.04%0.01)up is, however, reduced
by an order of magnitude from what this simple model
predicts. It is perhaps not the primary order parameter
of the phase transition at T =17.5 K, which is accom-
panied more clearly by a marked decrease in the damping
of low-energy magnetic fluctuations resulting in the de-
velopment of a set of sharp dispersive spin waves. A
small antiferromagnetic moment has also been observed
in other heavy-fermion systems. In UPt; the ordered mo-
ment is (0.021+0.01)upz and occurs at the wave vector
corresponding to the lowest-energy magnetic fluctua-
tions.>* It is, however, important to note that there is a
gap in the low-energy excitation spectrum of URu,Si,,
whereas this is not the case for UPt;. Concomitantly,
only in URu,Si, is the development of the small ordered
moment associated with an entropy change of order R.
These minute ordered moments may be dependent on im-
purities and defects, but the absence of a larger ordered
moment, despite the proximity to criticality which they
imply, is an unresolved problem. It seems that the cou-
pling between the f and conduction electrons results in a
modification of the U*" environment in such a way that
the on-site and intersite energies scale together in the or-
dering of uranium-based heavy-fermion systems.
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The damping of the crystal-field excitations propaga-
ting along the ¢* axis and the broad spectrum of over-
damped antiferromagnetic fluctuations at higher energies
shows that the f-electron motion is not simply governed
by interatomic correlations. The high-energy response
may be thought of as the magnetic excitations of quasi-
particles which have a large f electron contribution, as is
experimentally shown by the longitudinal character of
the excitations and the f-electron-like form factor. The
itinerant nature of the quasiparticles, on the other hand,
is demonstrated by the onset of a large resistivity de-
crease as the magnetic fluctuations of the quasiparticles
become antiferromagnetically correlated.

Crystal-field effects are clearly of importance in under-
standing heavy-fermion systems. In URu,Si, the tetrago-
nal symmetry leads to a singlet ground state which
renders what looks like a heavy-fermion system at high
energies into an effective crystal-field system at low ener-
gies and temperatures. The phase transition at 17.5 K
may ultimately be understood in terms of an f-electron
localization which occurs in the low-energy regime. It
results in crystal-field-like dynamics much like in mixed
valence systems, although in the heavy-fermion case only
spin degrees of freedom are involved.
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