PHYSICAL REVIEW B 74, 024406 (2006)

Inelastic neutron scattering from UPd,Al; under high magnetic fields
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A study of the inelastic neutron scattering response of the antiferromagnetic superconductor UPd,Al; over a
wide range of external magnetic fields and temperatures is presented. We confirm that there is an inelastic pole
characteristic to the superconducting state alone, and that it disappears above the superconducting critical field
B,,. Quasielastic scattering becomes apparent in fields just below B, (7). At higher fields our results shed light
on the normal magnetic state out of which the superconductivity develops at low fields: in the normal mag-
netically ordered state, the inelastic response scales as a Fermi liquid at all magnetic fields studied, with
quasielastic scattering increasing significantly in the vicinity of the moment rotation transition (4.2 T at 0 K).
In addition, the energy gap of a dispersive excitation present in the ordered state at all temperatures increases
in an external field. At high magnetic fields, additional scattering is seen at ~4 meV energy transfer at

(00 Q;) for all Q;.

DOLI: 10.1103/PhysRevB.74.024406

I. INTRODUCTION

UPd,Al; is an antiferromagnetic superconductor; the su-
perconductivity develops inside the ordered magnetic phase
(T.=1.8 K, Ty=14.3 K) and both phenomena are generated
by the same electronic states.! The interplay between the
magnetism and the superconductivity is a matter of lively
debate, and the superconductivity in UPd,Al; is clearly
unconventional.? A signature of this is seen by inelastic neu-
tron scattering at the antiferromagnetic zone center Q
=(0 0 0.5), indicating a possible link between the antiferro-
magnetism and the superconductivity.3-

In this paper we report on neutron inelastic scattering ex-
periments investigating the dynamics at the antiferromag-
netic zone center of UPd,Al; as a function of applied mag-
netic field. The motivation was to examine how the response
function changes as the superconducting state is destroyed
by the external magnetic field, and then compare these
changes to those already reported when the temperature is
raised through T,..>-® However, this effect appears to be in-
terwoven with field-dependent changes of the magnetization
dynamics in the normal (magnetically ordered) state. We find
that an external magnetic field has a significant impact on the
normal state response, and this is reported in detail. To ad-
dress these issues, the paper is organized into three major
areas: (a) the superconducting state, (b) the normal state re-
sponse at the antiferromagnetic zone center, and (c) the dis-
persion of the normal state response.

Figure 1 is an illustration of the hexagonal chemical unit
cell for this material, which has lattice parameters a=b
=5.35 A and ¢=4.185 A in ambient conditions. In the mag-
netically ordered state the ferromagnetic basal planes are
stacked antiferromagnetically up the ¢ axis, giving a propa-
gation vector g=[0 0 0.5]. The magnetic moment associated
with each uranium site is 0.85u.”8 The crystal used was that
from Ref. 5, aligned to the a”-c” scattering plane, with the b
axis vertical and parallel to the applied magnetic field. When
the magnetic field is applied parallel to ¢, no transitions are
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observed up to the maximum field measured, 35 T.!

Figure 2(a) shows the phase diagram for UPd,Al; as a
function of temperature and applied magnetic field parallel to
the b axis (the parameter space explored in this work).>!”
When a magnetic field is applied, T decreases by less than
1 K, prior to a metamagnetic transition at 18 T. The gray
line indicates the moment rotation illustrated in Fig. 1. In the
high field phase the moments lie perpendicular to the applied
field, along the " axis pointing towards the next-nearest
neighbors.

The other panels of Fig. 2 are typical inelastic responses
at the antiferromagnetic zone center for the three regions of
the phase diagram (paramagnetic, antiferromagnetic, and
antiferromagnetic-superconducting).3%!2!3 The paramag-

FIG. 1. (Color online) The structure of UPd,Al;. The atoms
with arrows are U, the intercalating plane Al, and the remainder Pd.
The arrows on the uranium ions are representations of the magnetic
dipole positions and directions. The hexagons are projections of the
basal plane, with the reciprocal space axes a" and b* marked as
dotted lines in the left-hand hexagon. In this study, an external
magnetic field B is applied parallel to the b axis. The black arrows
in the right-hand hexagon show one of the possible low-field mag-
netic domains. Above a temperature dependent applied field (see
Fig. 2) the moments rotate to lie along the a” axis (the gray arrows)
(Ref. 9).
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FIG. 2. (a) A schematic representation of the (B, T) phase dia-
gram for UPd,Al; with Bllb, from data in Refs. 9 and 10. The
dashed line denotes the onset of superconductivity inside the anti-
ferromagnetic phase. The gray line marks the moment rotation tran-
sition illustrated in Fig. 1. At 18 T, there is a metamagnetic transi-
tion. Panels (b)-(d) are representations of the neutron inelastic
response at the antiferromagnetic zone center at different points in
the (B, T) phase diagram. (b) is the paramagnetic response, (c) is the
response of the normal antiferromagnetic state, and (d) is the re-
sponse in the superconducting state.

netic response consists of a single quasielastic pole, focused
in momentum space around the antiferromagnetic zone cen-
ters. This has been observed out to 80 K, over five times
higher than T). For descriptive purposes the normal state
antiferromagnetic inelastic signal is conceptually split into a
quasielastic pole and an inelastic (dispersive) response. Simi-
larly, the signal in the antiferromagnetic-superconducting
state is split into two inelastic features, one corresponding to
that observed in the antiferromagnetic normal state, the other
appearing at smaller energy transfer. It should be emphasized
that the whole response is strongly localized in momentum
space at the antiferromagnetic zone centers.

The experiments were carried out on the three-axis spec-
trometers IN8 and IN14 at the Institut Laue-Langevin (ILL),
according to the desired energy window, in a range of sample
environments. Experimental parameters are given next to the
appropriate data.

II. THE SUPERCONDUCTING STATE
A. Experimental results

The (B,T) phase diagram has been established for our
sample using a mutual inductance technique inside the same
5 T cryomagnet used for the inelastic neutron scattering ex-
periments (Fig. 3). The critical field at lowest temperatures is
about 3.3 T, in accordance with the literature for a field ap-
plied perpendicular to c.?

The inelastic neutron scattering experiments were per-
formed using the cold-neutron three-axis spectrometer IN14
at the ILL equipped with a 5 T cryomagnet. Using fixed final
energy k,=1.15 A-! and a horizontally focusing pyrolytic
graphite (PG) (002) analyzer in conjunction with a PG(002)
monochromator, 60’ collimation and a Be filter in the inci-
dent beam the energy resolution was 0.06 meV half-width
half-maximum (HWHM). The inelastic response at several
fields and temperatures is shown in Fig. 4.
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FIG. 3. Experimental (B, T) phase diagram of the superconduct-
ing state in the sample of UPd,Al; used in the neutron spectroscopy
measurements, measured from the susceptibility using a mutual in-
ductance technique. Measurements were taken by sweeping the ap-
plied magnetic field parallel to the b axis at a fixed temperature. The
bars indicate the full width of the anomaly observed as a function of
magnetic field.

At low temperatures and low fields, a strong inelastic sig-
nal exists, centered at ~0.35 meV, in conjunction with a
broader inelastic feature at higher energies. As B, is ap-
proached, the low-energy inelastic feature broadens and ap-
parently shifts to lower energies (by ~0.05 meV over 2.5 T),
within the precision of the experiment, before disappearing.
This is consistent with the earlier work of Metoki et al.*
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FIG. 4. (Color online) The inelastic response of UPd,Al; at Q
=(0 0 0.5) as a function of magnetic field, measured on the cold
neutron three-axis spectrometer IN14 (ILL). The 2.5 K data (closed
points) have been temperature scaled and overlaid with the data at
0.3 and 1.4 K at a given field to estimate the normal antiferromag-
netic response as compared with the measured response (open
points). The lower row of panels shows additional measurements
made at 0.3 K, illustrating the disappearance of the inelastic pole
associated with the superconducting state. The lines through the
open points are fits described in the text.
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TABLE 1. The center of mass and half-width half-maximum of the low- and high-energy inelastic poles
seen in the superconducting state, as obtained from fits described in the text. \ is included for completeness.

Magnetic field Center of mass 1 HWHM 1 Center of mass 2 HWHM 2 A
(T) (meV) (meV) (meV) (meV) (arb. units)
0.05 0.35+0.01 0.27+0.01 1.70+£0.05 0.56 0.04
0.42 0.32+£0.02 0.31+£0.01 1.66+0.05 0.56 0.04
0.83 0.32+£0.01 0.33+£0.01 1.63+0.05 0.56 0.04
1.25 0.28+0.01 0.33+£0.01 1.66+0.05 0.56 0.04
1.67 0.27+0.02 0.38+0.01 1.59+0.05 0.56 0.04
2.08 0.21+£0.07 0.45+0.15 1.66+0.05 0.56 0.04
B. Analysis 2.08 T at 0.3 K). The development of quasielastic scattering

After instrumental effects have been accounted for, the
measured response gives the scattering function S(Q,w),
which is related to the imaginary part of the dynamic mag-
netic susceptibility x:

Q)
1 —exp(— % wlkgT)

5(0,w) X'(Q.0.7). (1)

When comparing measurements made at a given Q the form
factor f2(Q) can be neglected. y=x'+iy" represents a causal
process, and using the Kramers-Kronig relations x”(7)
=7mwx(w,T) if x(w,T) is an even function of w.>'*

To analyze the spectral response, a primitive model would
be to split the observed dynamical susceptibility into two
distinct incoherent components, x= X+ x»2. At this level, the
independent contributions can be assigned to a low, i, and a
high energy part, x,.'* A mean-field coupling between the
two contributions is then adopted, to give the full 5f neutron
scattering amplitude, in an attempt to restore some of the
correlations present. The (dynamical) coupling constant A is
assumed to be independent of the energy and momentum
transfers observed in a given experimental setup. The two
contributions are generated from the conceptual split of the
total magnetization M =M+ M, where M ;= x,(H+\M,) and
M,=x,(H+\M,). The appropriate mean-field form for the
dynamic susceptibility is therefore

_ X1+ X2+ 2 e
l—)\2)(1X2

The measured response of the superconducting state has
been fitted using two coupled (A=0.04) inelastic poles
(treated as damped harmonic oscillators), taking into account
a flat background (25 counts) and the temperature factor. The
weight and width of the high-energy pole are fixed, and its
center of mass allowed to vary (see Sec. III B). At the same
time the weight of the low-energy pole was fixed, leaving the
energy linewidth and center-of-mass as free parameters. The
results of this fit are given in Table I and in Fig. 4 for B
=2.08 T at 0.3 K.

At higher fields, quasielastic scattering is clearly observ-
able, both above and below B,,, but is not included in the
model. This might account for the apparent broadening of the
low-energy inelastic pole as the field is the increased (e.g.,

)

inside the superconducting state has previously been ob-
served in zero field on changing the temperature.’

To model this, x; was split into a quasielastic and an
inelastic part. Following Ref. 14 they were assumed to be
uncoupled, with spectral weight from the inelastic part being
diverted into the quasielastic portion in increasing quantities.
This gives the fits illustrated in Fig. 4 at 2.92 and 3.33 T
(with 43 and 51% quasielastic contribution, respectively).
Fitting the data at fields =2.08 T does not lead to unique
solutions. Finally, the values at 4.19 T and 5 T can be fitted
with a 100% quasielastic contribution as if in the normal
state (see Sec. III).13

The quasielastic contribution present at any temperature
clearly increases with magnetic field. In the normal state
(see, e.g., at 5 T), this increased contribution scales with
temperature (see fourth column in Fig. 4). This increase ap-
pears to be a characteristic of the normal state at a given
field. To investigate this further, the normal state was studied
in higher fields.

III. THE NORMAL STATE

As discussed above, the magnetic field changes the nor-
mal state properties: at 5 T and 2.5 K the quasielastic com-
ponent is stronger than at zero field (first row in Fig. 4). The
measurements on IN14 were therefore extended to higher
fields using a 15 T cryomagnet. At fixed k;=1.5 A1, using a
horizontally focusing PG(002) analyzer in conjunction with a
PG(002) monochromator, 60’ collimation and a Be filter in
the incident beam, the energy resolution was 0.1 meV
HWHM.

The magnetic order described by Kita ef al.® at 6 T was
confirmed up to 15 T. The intensity of the Bragg peak at
(0 00.5) is unchanged with increasing field, whereas the
(1 0 0.5) reflection drops to (43+10)% of its initial intensity
in the magnetic field on crossing the moment rotation tran-
sition (Fig. 2). This is consistent with the model of Kita et al.
for which a drop to 38% is expected.

For the inelastic part of the experiment, the antiferromag-
netic zone center at (1 0 0.5) was chosen for study. Changes
in the low-energy (quasielastic) response are clearly observ-
able (Fig. 5). The right-hand panel gives an overview as a
function of applied magnetic field at 1.9 K. The intensity of
the quasielastic response increases up to 4 T, and then de-
creases, becoming very broad and flat by 13 T. This decrease
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can also be seen in the high-resolution data at 0.3 K (Fig. 4)
on comparing the response at 4.19 T with that at 5 T, indi-
cating that this observation is independent of the supercon-
ducting state. The inelastic response, centered at 1.4 meV at
0 T, moves to 2.5 meV at 15 T (not shown in Fig. 5). Above
4 meV there is little change as a function of field.

Figure 6 shows similar data taken at (1 00.5) at T
=20 K at 0, 4, 9, and 13 T. The signal appears purely quasi-
elastic, with the intensity declining monotonically as a func-
tion of increasing magnetic field. Beyond 3 meV energy
transfer there is no measurable field-induced difference.

At AE=0.3 meV the momentum space width in the two
accessible directions ¢ and ¢” does not change under applied
magnetic field, and that of the inelastic excitation only starts
to increase slightly at the highest applied fields used (above
9 T). The field and temperature induced changes at Q, are
therefore modeled solely in the energy domain.
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250 FIG. 5. (Color online) The
magnetic field dependence of the
inelastic response at @=(1 0 0.5)

in UPd,Al; at 1.9 K, in the nor-
mal antiferromagnetic state, as

measured on IN14 (ILL). The left-
hand panel shows four individual
data scans as a function of energy
transfer, taken at 0, 4, 9, and 13 T.
These curves are separated by 150
counts to improve visibility. The
fits are described in the main text.
The right-hand panel is an inter-
polated color plot in (B, T) space,
made using these (and additional)
curves. Measured data points are
marked by dots. The color scheme
has been selected to highlight the
0 inelastic excitation and the quasi-
elastic response. The white space
marks the resolution cutoff.
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A. The quasielastic component of the response

In the paramagnetic regime at 20 K, the response appears
to be quasielastic, and bulk measurements! indicate that the
system has Fermi-liquid-like properties. A Langevin model,
based on the time taken for the system to return to equilib-
rium after a random perturbation, was applied. This time is
characterized by the energy linewidth T' of the quasielastic
signal, with self-consistency enforced by setting ['=Cy!
where C is a constant at Q, and y is estimated using the
measured data.

To model the data, a flat background of 20 counts was
added to the Langevin contribution, together with a wave-
vector-independent incoherent elastic contribution (0.1 meV
HWHM). The energy resolution was estimated from the in-
coherent elastic scattering. The parameters obtained here are
therefore not comparable with those obtained in Ref. 5,
where a 4D resolution ellipsoid was applied. Rather, they

=50 FIG. 6. (Color online) The

magnetic field dependence of the

inelastic response at @=(1 0 0.5)
200 in UPd,Al; at 20 K, in the para-
magnetic normal state, as mea-
sured on IN14 (ILL). The left-
hand panel shows four individual
data scans as a function of energy
transfer, taken at 0, 4, 9, and 13 T.
These curves are separated by 100
counts to improve visibility. The
fits through these curves are de-
scribed in the main text. The right-
hand panel is an interpolated color
150 plot in (B,T) space, made using
these curves. Measured data
points are marked by dots. The
color scheme matches that in Fig.

150

= 4100

Intensity (counts MN 400)

4 5. The white space marks the reso-

lution cutoff.
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FIG. 7. The effect of applied magnetic field on the quasielastic
energy half-width (open points) and the inverse intensity of the
non-Bragg response (closed points) at (a) 20 and (b) 2 K. The
dashed arrow in (b) indicates B, (3.3 T), and the solid arrow the
moment rotation transition (4.2 T). Panel (c) shows the center of
the (high-energy) inelastic pole as a function of applied magnetic
field at 2 K. The closed points are taken from the data shown in Fig.
5, measured at @=(1 0 0.5). The open points are taken from (high-
resolution) data illustrated in Fig. 4, measured at @=(0 0 0.5). The
lines are described in the text.

illustrate the trends in the response. For the paramagnetic
state data, the fits in Fig. 6 were obtained with C=72 meV
and a quadratic dependence of the energy linewidth I'(B) on
the applied magnetic field (I'=1"y+aB? where I'j=0.6 meV
and @=0.00319 meV T~2). The energy linewidth parameters
are shown in Fig. 7(a).

For the antiferromagnetic state, the mean-field coupling
model [Eq. (2)] is required. Assuming that the material re-
mains Fermi-liquid-like, the linewidth T'; of the quasielastic
part of the response ();) should still obey ['=Cx~!, but y
now includes a damped harmonic oscillator for the inelastic
component x,. A flat background of 15 counts at 1.9 K and
an estimated elastic contribution were included. The value of
C obtained from the paramagnetic data was used. The inelas-
tic pole x, was assumed to have a constant amplitude (104
arbitrary units) and half-width at half maximum (0.64 meV)
over all magnetic fields, with a shifting center of mass. As
the spectrometer setup had changed, the coupling constant
was reevaluated, and set to A=0.042. This value was then
applied at all energy and momentum transfers studied in this
setup.
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The two fitted parameters (the center of mass of the in-
elastic pole, and the quasielastic energy linewidth) are illus-
trated in Fig. 7. The quasielastic energy linewidth has a mini-
mum close to 4 T.

In Fig. 7, the energy linewidths at both 2 and 20 K are
compared with the inverse intensity, as estimated by sum-
ming over the inelastic energy window measured, and cor-
recting for background. This intensity / is a crude measure of
the dynamic susceptibility at Q, and 1/I should be propor-
tional to the energy linewidth. The magnetic field depen-
dence of these two quantities is the same at both 2 and 20 K,
reinforcing the reliability of the chosen model.

The behavior seen in Fig. 7(b) is reminiscent of a transi-
tion at 4 T. It therefore seems that the changes in the quasi-
elastic linewidth (and intensity) are directly related to the
moment rotation at 4.2 T (Fig. 2). As there is no change in
the observed width in momentum space, the spatial correla-
tions remain unaltered but the time correlations increase
close to the moment rotation.

This model describes the data successfully and confirms
that the magnetic correlation function of UPd,Al; as mea-
sured here is consistent with Langevin (Fermi-liquid-like)
behavior over a large range of the parameter space from 1.9
to 20 K and 0 to 15 T.

The near coincidence of B, and the moment rotation field
[Fig. 2(a)] hampers the study of the influence of an external
magnetic field on the superconducting state. To resolve this
issue, two possibilities present themselves. First, one might
apply the external field parallel to the b axis, as in this case,
the single domain state is formed at much lower magnetic
fields (0.6 T).” However, due to constraints imposed by the
size of the sample chamber in the available cryomagnets, this
would necessitate the growing of a new single crystal. A
second option might be to apply a magnetic field parallel to
¢ using a horizontal cryomagnet, as in this case there are no
domain reorientations. The results presented in this paper
were chosen to allow direct comparison with the data of
Metoki et al.'* and show that the moment rotation transition
has an (unanticipated) effect on the antiferromagnetic inelas-
tic response. The effects of this transition should be consid-
ered when analyzing other (bulk) measurements.

B. The dispersive inelastic component of the response

We now turn to the most striking feature in Fig. 5—the
shift of the inelastic pole to higher energies as the magnetic
field is increased [Fig. 7(c)]. The data from Fig. 5 are supple-
mented with high-resolution data (0.06 meV HWHM) mea-
sured at (0 0 0.5) below 5 T, although here the measured
inelastic pole has less apparent intensity due to the geometri-
cal constraints on the cross section. The origin of this inelas-
tic feature has long been the subject of debate, and has been
alternately labeled as a spin wave or as part of a magnetic
exciton.

The energy gap minimum at ), increases monotonically
with field. Cooper et al.'® have developed a spin wave theory
for hexagonal close-packed rare-earth metals including the
effects of anisotropic exchange, axial and hexagonal aniso-
tropy, and external magnetic fields. This can be applied to
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UPd,Al; (a case IV structure in the notation of Cooper ef
al.). In the model used, the lattice may be treated as a Bra-
vais lattice without affecting the acoustic spin wave branch
of interest.'® Hexagonal anisotropy is necessary to give a
gapped spin wave excitation. Including both the hexagonal
anisotropy and a magnetic field parallel to b is nontrivial;
Cooper et al. use a modified perturbation procedure and con-
clude that the energy gap of the excitation should vary qua-
dratically with the magnetic field. The line in Fig. 7(c) is a fit
to a function of the form c+aB? where B is the applied
magnetic field. ¢ represents the effect of the hexagonal an-
isotropy at zero field, and places the spin wave center of
mass at 1.44+0.05 meV; a=(5.2+0.2) X 107> meV T2

The moment rotation does not affect the quadratic depen-
dence of the dispersion on the magnetic field in the model
described, but might affect the frequency via the hexagonal
anisotropy; however, a single quadratic dependence appears
to fit the data accurately. As an aside, a change in a magnetic
structure like the rotation seen here is often ascribed to a
“spin-flop transition.” In such a transition, the spin-wave ex-
citations develop an imaginary frequency in applied mag-
netic field. To stabilize the system, the magnetic structure
changes. For this to occur, the frequency of the excitations
would have to decrease towards O meV as 4T is ap-
proached. Experimentally this is not observed, and from the
theory of Cooper et al. it is not expected because the excita-
tion gap increases with external field.

Finally, as mentioned above, the inelastic feature has also
been attributed to a magnetic exciton developing in a crys-
talline electric field (CEF) scheme, with the dispersion de-
veloping through magnetic exchange, using the mechanism
first developed for an anisotropic paramagnet by Becker,
Fulde, and Keller.!” The field-induced changes in the pole
position of the excitation might then be brought about by (i)
a decrease in the coupling between hypothetical localized
and itinerant states, pulling the excitation upwards in energy,
or (ii) a shift in the CEF energy level of the localized states
due to the external field. Given an appropriate symmetry, this
could lead to Zeeman splitting of the level, with one level
eventually becoming the new ground state at ~4 T. There
are several problems with this interpretation. No inelastic
pole is seen in the paramagnetic state, although dispersive
CEF excitations are still possible in the paramagnetic state.!”
This apparent absence could be due to significant broadening
of the excitation. However, localized quasielastic scattering
is still visible at 20 K, and, unlike the data at 2 K, the energy
linewidth does not decrease at 4 T. This decrease would be
expected even for a broadened inelastic excitation if the crys-
tal field levels underwent Zeeman splitting.

C. The dispersion of the inelastic response in the normal state

To complete the picture, the inelastic response away from
the magnetic zone center was examined over a larger energy-
transfer range, on the thermal-source three-axis spectrometer
IN8. Two sets of data, sampling two different Brillouin
zones, were taken at both low and high fields.

(i) For @=(0 0 Q;) where 1.0<Q;<15at0and 11.6 T
using a 12 T cryomagnet. The spectrometer was operated at
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FIG. 8. Constant-energy transfer neutron spectra at 3 K in (a) 0
and (b) 11.6 T applied magnetic field. The curves are offset by 200
counts. The lines in both (a) and (b) are fits of the zero-field data in
panel (a). Details are given in the text.

fixed k;=2.662 A1, providing optimal flux with a vertically
and horizontally focusing PG(002) monochromator.

(ii) For @=(0 0 Q;) where 0.5<Q;<1.0at0 and 12.5 T
using a 14.9 T cryomagnet. The spectrometer was operated
at fixed k;=2.662 A1, A vertically and horizontally focusing
Si(111) monochromator was used.

In both cases, a vertically and horizontally focusing
Si(111) analyzer was used, with a PG filter to suppress third-
order contamination and a radial collimator along kf, to cut
out incoherent scattering from the aluminum window of the
cryomagnets.

The inelastic response in zero field away from the mag-
netic zone center is given in Ref. 18. At 3 K the inelastic
pole at ~1.4 meV at Q, is well defined close to the antifer-
romagnetic zone center, and broadens rapidly in both mo-
mentum and energy space. Away from @, the momentum
space width of the excitations observed seems to be more
susceptible to changes in the external magnetic field. Since
the scattering profile along the ¢” axis is simpler than that in
the basal plane'* the experiments have focused on the dis-
persion along c".

Some examples of the data at high and zero field are
shown in Figs. 8 (constant-energy scans) and 9 (constant-Q
scans). Figure 8 illustrates the steepness of the dispersion in
zero field (103+4 meV A2, assuming quadratic behavior),
with several cuts across the inelastic excitation. The disper-
sion of the inelastic excitation at high applied magnetic field
has a stiffness 67+4 meV A~2. The lines in both panels are
Gaussian fits of the O T data, assuming an excitation of equal
weight on either side of the magnetic zone center. At 11.6 T,
the excitation is slightly broader in momentum space, with a
lower peak intensity. This may be due to the small shift
upwards in energy transfer, combined with the presence of
the additional scattering, broadening the excitation seen in
the constant-E cuts. Note that at ~4 meV, the background
level appears to be higher at 11.6 T.

Figure 9 shows constant-Q scans at several positions at 0
and 11.6 T. In these cuts, the inelastic excitation is no longer
clearly visible; indeed it is difficult to assign any of the fea-
tures unambiguously. Nevertheless, several broad trends can
be noted.
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FIG. 9. Constant-Q scans at 3K at 0T
(closed points) and 11.6 T (open points). Under
each scan, there is the subtraction Iy t—1I¢6 1-

300} - %

The lines at (0 0 1.30) and (0 0 1.45) are fits of
the difference between two Lorentzian line
1300 shapes representing the dispersive inelastic pole
at the two fields. At (0 0 1.00) and (0 0 1.15)
only one Lorentzian line shape is included in the
fitting; the O T Lorentzian has been set to zero.

Intensity (Counts / MN 4500)

2 4 6 8 10 2 4 6
Energy transfer (meV)

In zero field from (0 0 1.3) to (0 0 1.0) there is an in-
crease in the observed scattering between 4 and 10 meV en-
ergy transfer, although this intensity decreases as we move
away from the antiferromagnetic zone center. This appears to
have evolved from the dispersive inelastic excitation. At
(0 0 1.0) the boundaries of this scattering are more difficult
to discern as a signal was noted at 11 meV; this has been
attributed to an optic phonon, due to the intensity changes
observed on changing the temperature (measured up to
120 K). Unfortunately, the instrumental background in this
region could not be obtained. In the absence of this informa-
tion, this scattering is assumed to be electronic in origin.

The differences between the zero- and high-field data are
shown in Fig. 9. An S-like curve characteristic of a shift in
excitation position is observed. The differences were fitted
by taking the difference of two inelastic excitations at
(00 1.45) and (0 0 1.3). At (0 0 1.15) and (0 0 1.0) the dif-
ference between the low- and high-field scans arises from an
excitation in the high-field state alone.

The low-field behavior is illustrated in Fig. 10(a), where
fits to the excitations are shown with the measured half width
(in momentum or energy space accordingly). The filled
circles represent excitations seen directly in the data, and the
open circles excitations seen in the difference plots (Fig. 9).
The gray ellipses represent the broad features described
above.

On applying a magnetic field, there are several clear
changes in the spectra (Fig. 9). The overall behavior is illus-
trated in Fig. 10(b), using the same conventions as in Fig.
10(a). The most notable change is the increased scattering
seen at ~4 meV at (00 1) and (0 0 1.15) in high fields.
Taking the difference of the zero- and high-field data sets
picks out an excitation in the high-field state at ~4 meV
energy transfer, although the signal is broad and weak (Fig.
9).

The appearance of additional scattering in a high applied
magnetic field is of great interest. Several explanations are
considered here.

(i) A redistribution of the broad inelastic response seen at
0 T. This is unlikely as there is no change in the scattering
observed for AE>6 meV, where the bulk of this broad re-
sponse is located. In addition, the high-field excitation has a
relatively well-formed (Lorentzian) line shape (Fig. 9).

(ii) The quasielastic intensity at Q, diminishes in high
fields; at 11.6 T it contains little spectral weight. If the spec-
tral weight were redistributed throughout the zone, this
would account for the lack of change in the specific heat
capacity on raising the external field. Part of the spectral
weight may then appear as an excited crystal field level.

10 T T T T T
S
2 of 1 i
S o | 8 B
7] [ ] o
C
S 4l | " |
= 2 % % &
=
YR
w @oT ﬂ (b)116T
O1.00 1.25 1.50 1.00 1.25 1.50

(00 QL) (r.lu.)

FIG. 10. Representations of the inelastic response as a function
of scattering vector and energy transfer at 3 K in (a) zero field and
(b) high applied magnetic field. The solid black error bars indicate
the half width (in either momentum or energy space) of a peak, as
determined by fitting data similar to that seen in Figs. 8 and 9. The
bars shown are representative; for a given point the width can be
found by extrapolation. The closed points were taken directly from
data, and the open points from comparisons of the zero- and high-
field data. Some of the measurements were made in a different
Brillouin zone, and have been mapped appropriately. The gray el-
lipses correspond to intensity maxima, measured from one esti-
mated minimum to another.
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As only two field points have been measured, it is not
known if the development of this feature is gradual or abrupt.

IV. SUMMARY AND CONCLUSIONS

A series of neutron inelastic scattering experiments has
been carried out on a single crystal of UPd,Al;. The original
objective was to study in detail how the magnetic response at
the antiferromagnetic zone center Q changed in an external
magnetic field, in particular on passing through B.,. One
reason for doing this was to ascertain whether or not the
response function behaved in the same way as when the su-
perconductivity is quenched by heating through T, studied
in earlier work.>® It is clear that the inelastic response at
~0.35 meV that appears below T,. is no longer present
above B,,, and that quasielastic scattering is seen inside the
superconducting state (Fig. 4). However, our understanding
of the evolution of this quasielastic scattering is hampered by
apparent changes in the magnetization dynamics of the sys-
tem. As the external field is increased, the low-energy scat-
tering (<0.5 meV) appears to increase, reaching a maximum
at ~4.2 T (Fig. 5), and then decreases monotonically. Based
on the analysis in this paper, we believe that the increase in

PHYSICAL REVIEW B 74, 024406 (2006)

the quasielastic scattering arises from dynamics associated
with the rotation of the moments, and not from the loss of
superconductivity.

The normal antiferromagnetic and paramagnetic states
were found to display Fermi-liquid-like behavior in external
magnetic fields up to 13 T. The external magnetic field also
leads to a shift in the excitation gap of the “high-energy”
inelastic pole of the form expected from spin-wave theory
[Fig. 7(c)]. Away from the magnetic zone center, a broad,
weak response is seen along the [001] direction in the Bril-
louin zone at zero field as well as in high field. In high fields,
an additional response is seen at 4 meV, and possible origins
for this response are discussed.
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