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Spin and lattice excitations in the heavy-fermion superconductor UNi2Al3
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Inelastic neutron scattering measurements have been carried out on the heavy fermion superconductor
UNi2Al3 . This hexagonal material orders magnetically into an incommensurate structure, characterized by the

ordering wave vectorQord5(1/26t, 0, 1
2) with t;0.11, belowTN54.6 K and then superconducts belowTC

51.2 K. For energies above 2 meV, we observe quasielastic magnetic neutron scattering both near (0, 0,n/2)
and in ridges alongH of the form (H, 0,n/2), with n odd. This scattering has a characteristic energy width of
;6 meV, and evolves on a temperature scale of;80 K, which is close to the coherence temperature of this
heavy fermion metal. High energy resolution measurements, below 2 meV, show the spectral weight of these
fluctuations to evolve from the commensurate wavevector (0, 0,n/2), with n odd, to the material’s incommen-
surate ordering wave vector as the energy of the fluctuations decreases. This observation is particularly inter-
esting in light of the fact that UNi2Al3’s isostructural sister heavy fermion superconductor, UPd2Al3 , orders
into a commensurate antiferromagnetic structure with this same (0, 0,n/2) wave vector. A search for inelastic
magnetic scattering associated with the superconducting phase transition, as has been observed in UPd2Al3 ,
revealed no additional scattering at the incommensurate ordering wavevector and energies above 0.10 meV.
Measurements of the low-lying acoustic phonons were also performed, and show zone boundary energies lying
in the range 10–13 meV.

DOI: 10.1103/PhysRevB.66.174520 PACS number~s!: 74.70.Tx, 75.25.1z, 63.20.Dj
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INTRODUCTION

The magnetic and superconducting properties of he
fermion metals have been at the forefront of metals phy
research since the discovery of this group of~primarily! ura-
nium and cerium based metals in the late 1970s.1 Their ther-
modynamic and transport behavior is clearly exotic, and
be characterized as arising from quasiparticles with v
large effective masses; hence their name. However, t
ground state properties are also of great interest. The gro
state which has attracted the most attention is that in wh
antiferromagnetism and superconductivity exhibit mic
scopic coexistence at low temperatures. This occurs for
uranium-based heavy fermion metals: UPt3 ,2–4 URu2Si2 ,5–7

UPd2Al3 ,8–11 and UNi2Al3 .12–15

On cooling, all four of these materials undergo phase tr
sitions to an antiferromagnetic state~at ;6 K,2 17 K,5 14.5
K,8 and 4.6 K,12 respectively! before become superconduc
ing ~at ;0.5, 1.2, 2.0, and 1.2 K, respectively! at lower tem-
peratures. The ordered moment appearing at the lowest
peratures in UPt3 , URu2Si2 , and UNi2Al3 (;0.02mB ,2

0.04mB ,6 and 0.21mB ,9,10 respectively! is sufficiently small
to generate speculation16 that the antiferromagnetic orde
which they display is either nontrivial, involving multispi
rather than dipolar ordering, or parasitic, due to some o
symmetry breaking whose origin is as yet unclear. Rec
studies appear to eliminate the possibility of non-dipole
dering, at least in URu2Si2 .17 However, one recent Si NMR
study18 suggested spatially inhomogeneous antiferrom
netism in URu2Si2 under pressure, while a second19 suggests
0163-1829/2002/66~17!/174520~9!/$20.00 66 1745
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the presence of an additional order parameter beyond
previously detected spin order.6,17

These antiferromagnetic heavy fermion superconduc
possess, in fact, three relevant temperature scales. In add
to TN andTC , they display a coherence temperature wh
separates a high temperature regime in which they are r
tively poor metals and have resistivities which are on
weakly temperature dependent, sometimes characteristic
semiconductor, from a low temperature regime in which th
resistivity rapidly decreases with decreasing temperature
the case of UNi2Al3 , the subject of the present study, th
coherence temperature is roughly 80 K.15

Superconductivity and antiferromagnetism in UPd2Al3
~Ref. 8! and UNi2Al3 ~Ref. 12! were discovered only rela
tively recently. The literature for UPd2Al3 is much more ex-
tensive than that which exists for UNi2Al3 , as single crystals
of UNi2Al3 have been much harder to grow. Both terna
metals crystallize into theP6/mmmhexagonal space grou
and the uranium atoms lie on a simple hexagonal latt
Neutron scattering measurements on UPd2Al3 ~Refs. 9 and

10! show that it orders into a simple,Q5(0, 0, 1
2) antiferro-

magnetic structure in which the moments lie within the ba
plane in ferromagnetic sheets that are antiparallel to thos
adjacent basal planes. All measurements9–11 show a substan-
tial ordered moment at low temperatures,;0.85mB per U
atom. This value is much larger than that in UPt3 or
URu2Si2 , but still much reduced compared with the effecti
moment of 3.2mB per U atom derived from high temperatu
susceptibility data.8 Previous elastic neutron scatterin
measurements13,14 on a single crystal of UNi2Al3 show that,
©2002 The American Physical Society20-1
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B. D. GAULIN et al. PHYSICAL REVIEW B 66, 174520 ~2002!
below TN54.6 K, it orders into an incommensurate antife

romagnetic state characterized by theQord5( 1
26t, 0, 1

2) with
t;0.11, ordering wave vector. These results show the m
netic structure to be described by an almost longitudinal s
density wave, wherein the moments lie along neare
neighbora directions in the basal plane, and are modula
in magnitude from site to site, with a maximum amplitude
(0.2160.1)mB . This long range order is well described
being due to the 5f electrons on the uranium site with n
evidence of magnetism associated with the nickel site.

In this paper we report on inelastic neutron scattering
sults, primarily on the spin dynamics of UNi2Al3 . The spin
excitations in the other three uranium-based heavy ferm
superconductors have been rather extensively studied
neutron scattering techniques. Both UPd2Al3 ~Ref. 9! and
URu2Si2 ~Ref. 6! show well defined spin wave excitations,
least belowTN , and in that sense they are quite conve
tional. In the case of URu2Si2 ,6 the spin excitation spectrum
is gapped, and longitudinal in polarization, consistent w
the spins being polarized along the uniquec axis in this
body-centered-tetragonal material. The spin excitations
heavily damped for wave vectors with a significant comp
nent alongc* , even at the lowest temperatures, and s
waves at all wave vectors broaden quickly for temperatu
near to and aboveTN . As already mentioned the spins in th
ordered state of UPd2Al3 lie within the hexagonal basa
plane, and the spin wave spectrum is gapless. Re
measurements22,23 on spin excitations in UPd2Al3 showed
pronounced effects on this spectrum on entering the su
conducting phase, belowTC;2 K, indicating a fundamenta
role for the spin fluctuations in mediating the supercondu
ing state.

The spin excitation spectrum in UPt3 is quite different to
that described for UPd2Al3 and URu2Si2 . No propagating
spin wave excitations exist at any wave vector, althoug
quasielastic continuum of scattering with a characteristic
ergy width of ;5 meV is observed, which is maximum a
wave vectors such as~0, 0, 1! corresponding to antiferromag
netic correlations between hexagonal closed packed b
planes. The temperature dependence of this scattering is
that all wave vector dependence is gone by;30 K, which
corresponds roughly to its coherence temperature.2

A comparison between UNi2Al3 and UPd2Al3 is particu-
larly interesting as these two systems are both isostruct
and quasi-isoelectronic. Palladium sits directly below nic
in the periodic table. The conduction electron density
UPd2Al3 should be slightly lower than that in UNi2Al3 , as
the UPd2Al3 displays hexagonal a and c lattice paramet
that are;4% and;3% larger than those which UNi2Al3
displays.

The heavy fermion state20 is often described as being re
lated to a lattice Kondo problem in which the competi
tendencies of the conduction electrons to screen out l
magnetic moments at the uranium site is balanced by
tendency of the conduction electrons to be polarized by
local moments and to mediate RKKY interactions, there
enhancing the local moments. Both of these tendencies
increasing functions of the density of quasiparticle state
17452
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the Fermi energy, g(eF), and hence the density of quasipa
ticles, but they are quite different functions of g(eF). At low
values of g(eF) the tendency to RKKY interactions wins ou
and an ordered magnetic state is stabilized. Such a pictu
fully consistent with the antiferromagnetic structures d
played by UNi2Al3 and UPd2Al3 , in which a conventional
state with relatively large local moments is present at l
temperatures for the lower electron density compou
UPd2Al3 .

While the larger ordered moments in UPd2Al3 are consis-
tent with this picture, the very different ordered structur
one commensurate with the lattice and the other incomm
surate, remains quite mysterious for two metallic compou
which, otherwise, have so much in common. In this paper
will describe inelastic neutron scattering measureme
which show the spin fluctuations do indeed have much
common in the two materials. The differences between
magnetism in the two occurs on energy scales less thanTN

;4.6 K for UNi2Al3 ; for energies beyond;TN , the spectral
weight for the fluctuations in UNi2Al3 moves clearly to the
commensurate wave vector at which UPd2Al3 orders.

EXPERIMENTAL DETAILS

Measurements were carried out at the High Flux Be
Reactor of Brookhaven National Laboratory~BNL! in four
separate experiments using two different triple-axis sp
trometers, and at the research reactor of the National Inst
for Standards and Technology~NIST! using the SPINS cold
neutron triple axis spectrometer. All measurements were
formed with pyrolytic graphite~0, 0, 2! serving as both
monochromator and analyzer. Although there are differen
in the four BNL configurations, the energy resolution in a
four experiments was similar,;1.5 meV@full width at half
maximum~FWHM!#.

The experiments on SPINS at NIST used low energy n
trons from a cold neutron guide, and a novel multi-crys
analyzer. These measurements employed only geomet
collimation to take advantage of the focussing analyzer at
SPINS beamline. The energy resolution was improved
0.15 and 0.10 meV~FWHM!, depending on whether fina
neutron energies of 3.7 or 2.5 meV were used, respectiv

The experiments were performed on the same high qua
single crystal sample13,14 of UNi2Al3 used in prior elastic
neutron scattering studies. This crystal was comprised
three large closely aligned grains, having a total mos
spread of 1.5°. As already described this crystal displays
simple hexagonal crystal structure and lattice parameter
4.2 K of a55.204 Å andc54.018 Å. In order to access
wide range of temperatures from above the coherence t
perature;80 K, to belowTC;1.2 K, conventional flow cry-
ostats, a3He cryostat with a 6-T vertical magnetic field, a
well as a dilution refridgerator, were employed. In all th
experiments, the crystal was mounted in a helium excha
gas with its (H, 0,L) plane coincident with the scatterin
plane, thus allowing access to the ordering wave vector.
0-2
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SPIN AND LATTICE EXCITATIONS IN THE HEAVY- . . . PHYSICAL REVIEW B 66, 174520 ~2002!
LOW RESOLUTION QUASIELASTIC MAGNETIC
SCATTERING AT LOW TEMPERATURES

Initial measurements were made in which the inelas
scattering spectrum was examined around the incomme
rate antiferromagnetic ordering wave vector. These meas
ments were made in constant-k i geometry, and are shown i

Fig. 1. Constant-Q5(0.61, 0,1
2) energy scans were taken

temperatures of 2, 19, and 120 K. They clearly show a d
matic rise in the inelastic intensity on the neutron ene
gain side of the scan~negative energies!, while the intensity
on the neutron energy loss side~positive energies! is roughly
temperature independent over this range of temperatu
This identifies the low energy~less than 5 meV! component
of the scattering as arising from inelastic fluctuations, as
posed to background as one may have concluded from
servation of the neutron energy loss side alone. There wa
evidence for propagating magnetic modes, such as
waves, which would be identified as inelastic peaks in
spectra. The dynamic structure factor for neutron scatte
can be written as

S~Q,\v!5
1

p F12expS 2
\v

kBTD G21

Im x~Q,\v!. ~1!

The relative temperature independence of the inelastic s
tering in neutron energy loss shown in Fig. 1 is rather
markable as it implies that the temperature dependence o
imaginary part of the dynamic susceptibility, Imx(Q,\v)
compensates for the temperature dependence of the
population factor, over a range of\v/kBT from ;0.14 to
27.5. The lines drawn in Fig. 1 are fits of the data to Eq.~1!
with

FIG. 1. Constant-k i measurements, at the antiferromagnetic
dering wave vector~0.61, 0, 0.5!, are shown for three temperature
one below and two well aboveTN . These data clearly show the
mally activated inelastic scattering on the neutron energy gain
~negative energies!, while the scattering on the neutron energy lo
side is essentially temperature independent between 2 K and at least
120 K. The solid lines are fits as described in the text.
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Im x~Q,\v!5
x0G\v

~~\v!21G2!
, ~2!

andG51.5, 2.5, and 3.8 meV for 2, 19, and 120 K, respe
tively. These fits assume a constant background, and h
been corrected for the varying analyzer sensitivity, wh
goes askF

3 cot(uA).
Constant-energy scans were performed with the ene

transfer set at 2 and 5 meV with the purpose of investigat
theQ dependence of the quasielastic scattering shown in
1. These, and all subsequent measurements, were perfo
in a constant-k f geometry. What was found was both inte
esting and unexpected. Representative constant energy s
at 2-meV energy transfer and 4 K are shown in the t
panels that make up Fig. 2. The bottom panel shows a s
along (0, 0,L) and clear peaks are seen in this quasiela
scattering at (0, 0,n/2) with n odd. Scans were also mad
through the peak at~0, 0, 1

2!, but in the perpendicular direc

tion, alongH in scans of the form (H, 0, 1
2). Together these

scans show that there is a relatively well-localized distrib
tion of quasielastic scattering around~0, 0, 1

2!. Other mea-
surements show similar distributions of quasielastic scat
ing around~0, 0, 3

2! and ~0, 0, 5
2!.

However, scans of the form (0.54, 0,L), as shown in the
top panel of Fig. 2, reveal another source of quasiela
scattering which extends out inH, as a ridge of scattering
along (H, 0,n/2) with n odd. This scattering is weaker tha
that observed at (0, 0,n/2), but is still clearly observed

-

e

FIG. 2. Constant energy transferDE52 meV measurements a
T54 K of the form ~0.54, 0,L! ~top! and ~0, 0, L! ~bottom! are
shown. These measurements show theQ dependence of the quas
elastic scattering, which is composed of diffuse scattering at~0, 0,
1
2 ! and equivalent wave vectors as well as in ridges along~H, 0,12 !
and equivalent wave vectors. The solid lines are Lorentzian fit
the peaks intended as guides to the eye.
0-3
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FIG. 3. ~Color! A color con-
tour map of the inelastic scatterin
with DE52 meV taken at 2 K.
The inelastic features at~0, 0, 1

2!
and equivalent wave vectors a
well as in ridges along~H, 0, 1

2!
and equivalent wave vectors ar
evident. This map was constructe
using scans of the form (H0, 0,L)
with seven different values ofH0 ,
and of the form~H, 0, L! with L
5

1
2 and 3
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above background. All of the scattering observed, except
that precisely at the magnetic ordering wavevector,Qord

5( 1
26t, 0, 1

2), was inelastic in origin. Elastic scatterin
scans carried out with pyrolitic graphite filters in both inc
dent and scattered beams to reduce the possibility of hig
order contamination, showed no intensity above backgro
either at (0, 0,n/2) with n odd, or alongH in scans of the
form (H, 0,n/2), with the aforementioned exception of pr
cisely at the ordering wavevectors,H50.39 and 0.61. Elastic
scans made on the SPINS cold neutron triple axis spectr
eter also bear this out at high energy resolution~that is with
the elastic scattering condition enforced at a higher to
ance!. This data will be discussed later.

Constant-energy measurements of the form (H0, 0,L)
with the energy transfer set at 2 and 5 meV were carried
for seven different values ofH0 , between 0 and 1.0, as we
as scans of the form (H, 0,n/2) with n5 1

2 and 3
2, all at a

temperature of 2 K. These were combined so as to form
contour map of this quasielastic scattering. The data is qu
tatively similar at 2 and 5 meV, but the scattering is stron
at 2 meV. The resulting contour map derived from the 2-m
data is shown in Fig. 3. One can clearly see both the lo
ized scattering around (0, 0,n/2) with n odd, and that which
extends out along (H, 0,n/2) with n odd. The scattering a
(0, 0,n/2) is identified as magnetic, as it clearly decrease
intensity asn increases. The magnetic neutron scatter
cross section is sensitive to only those components of
ment which lie in a plane perpendicular toQ. These are the
same for all values ofn at (0, 0,n/2), so its only expectedn
dependence is that of the magnetic form factor, which fa
off for increasinguQu.
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The scattering which extends out along (H, 0,n/2) is
more difficult to be definitive about. The relationship b
tweenQ and the crystallographic lattice is more complicate
and this makes the identification of its nature more difficu
It is made more difficult still by interference with a mu
tiphonon background, which is a strongly increasing funct
of uQu. However, as will be discussed later, on lower ene
scales, accessible in cold neutron experiments, and at
peratures of the order ofTN and below, this band of scatte
ing develops structure as a function of H, peaking up n
the ordering wavevectors at H50.39 and 0.61. Thus we con
clude that this scattering is also magnetic in origin.

Constant-Q measurements were carried out in constantk f
mode both using a scattered energy of 14.7 meV, and usi
scattered energy of 30.5 meV. They were made at a variet
wavevectors, chosen once the systematicQ behavior of this
scattering was well understood, as discussed above. Figu
shows measurements made atQ5(0, 0, 0.5) and~0, 0, 2.5!,
as well as at~0, 0, 0.75!, which acts as a measure of th
background~see Fig. 3!. These measurements show that t
quasielastic scattering at 2 K is characterized by an approx
mate energy scale of 6 meV. Similar measurements aQ
5(0.54, 0,12) lead to the same conclusion with regard to t
energy scale of the ridge of scattering along (H, 0,n/2) with
n odd.

TEMPERATURE DEPENDENCE OF THE
QUASIELASTIC SCATTERING

On warming the sample from 2 K, relatively mino
changes occur in the form of the quasielastic scattering, u
0-4
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SPIN AND LATTICE EXCITATIONS IN THE HEAVY- . . . PHYSICAL REVIEW B 66, 174520 ~2002!
temperatures of the order of the coherence tempera
~;80 K! are reached. Representative scans at 25 and 10
along (0, 0,L) at an energy transfer of 2 meV are shown
the bottom panel of Fig. 5, while scans along (0.54, 0,L) are
shown in the top panel of Fig. 5. It is evident from both
these panels that the form of this scattering at 25 K is m
or less identical to that at much lower temperatures~see Fig.
2! and that the characteristic temperature scale for the e

FIG. 4. Constant-Q inelastic scans atT52 K are shown. These
scans are taken withQ along the same direction,~0, 0, L!, at
(0, 0,n/2), with n odd. The scattering at~0, 0, 3

4! is representative
of background at this low temperature. The horizontal bar gives
energy resolution of the measurement,;1.5 meV~FWHM!.

FIG. 5. Constant energy transferDE52 meV measurements a
T525 and 100 K, are shown. The top panel shows scans of
form ~0.54, 0,L!, while the bottom panel shows~0, 0, L! data. It is
evident that most of the thermal evolution of the scattering occ
above 25 K, and that this behavior is quite different along~0.54, 0,
L! compared with~0, 0, L!. As in Fig. 3, the solid lines are Lorent
zian fits to the peaks in the 25-K data sets, intended as guides t
eye.
17452
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lution of theQ dependence of this scattering is high,;80 K.
It is also evident that theQ structure goes away at highe
temperatures, not by having the maxima diminish in intens
and dissolve into the background, but rather by having
background rise up to envelop the low temperatureQ depen-
dence.

The form of this thermal evolution is most clearly show
in Fig. 6, wherein Imx(Q,\v), the imaginary part of the
dynamic susceptibility, at\v52 meV is displayed as a func
tion of temperature for several important wave vecto
These are both maxima and minima of the scattering. T
wave vectors are~0, 0, 1

2! ~a maximum, ‘‘peak’’!, ~0, 0, 3
4! ~a

minimum, ‘‘background’’!; as well as~0.54, 0, 1
2! ~a maxi-

mum, ‘‘peak’’! and~0.54, 0,3
4! ~a minimum, ‘‘background’’!.

Im x(Q,\v) is related to the scattering through the Bo
temperature factor, as shown in Eq.~1!. Clearly, theQ struc-
ture of this quasielastic scattering is largely gone by;80 K.

QUASIELASTIC SCATTERING WITHIN THE
SUPERCONDUCTING STATE

Measurements were also performed at low temperatu
and relatively high magnetic fields, in order to probe t
behavior of these fluctuations as the superconducting ph
is entered belowTC;1.2 K. These measurements are sho
in the top panel of Fig. 7 for scans along (0, 0,L) and in the
bottom panel of Fig. 7 for scans along (0.54, 0,L). As can be
seen, all of these measurements show that there is no ch
in this quasielastic scattering, at least not at energies ab
;1.5 meV, as the superconducting phase is entered, or
function of applied magnetic field. This seems to be reas
able, as the energy scale for these fluctuations,;6 meV
;70 K, far exceeds that ofTC;1.2 K, or, for that matter
TN;4.6 K. In addition the lack of a field dependence is u

e

e

rs
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FIG. 6. The temperature dependence of Imx(Q,\v52 meV)
derived from a constant energy transferDE52 meV measurements
taken near the peak alongL in data at~0.54, 0, 3

2! and ~0, 0, 1
2! is

shown along with that to either side of these peaks alongL, the
background. Two things are immediately evident: this inelastic s
tering evolves on a temperature scale which is;100 K, and the
form of the evolution of this scattering is quite different in th
vicinity of these two wave vectors.
0-5
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B. D. GAULIN et al. PHYSICAL REVIEW B 66, 174520 ~2002!
surprising, despite the strong field dependence for vert
magnetic fields on the superlattice intensity of the inco
mensurate magnetic long range order.14,15 This quasielastic
scattering is clearly connected with the third temperat
scale relevant to this material, the coherence tempera
;80 K, and appears to be unrelated to the magnetic l
range order which sets in below 4.6 K.

HIGH RESOLUTION QUASIELASTIC
MAGNETIC SCATTERING

Constant energy scans at very low energy transfers (\v
50 and 0.3 meV as well as at\v51.0 meV) were per-
formed using the SPINS triple axis spectrometer located o
cold neutron guide at NIST. These relatively high ene
resolution measurements allowed us to probe the quasiel
magnetic response on an energy scale relevant toTN .

High resolution constant-E scans in H of the form
(H, 0, 0.5) are shown in Fig. 8. These scans pass through
incommensurate ordering wavevectors at~0.5 6t, 0, 0.5!, as
well as the commensurate wavevector~0, 0, 0.5! at which
UPd2Al3 orders. The top three panels of Fig. 8 show d
taken at 1.4 K, well belowTN , but just aboveTC , while the
bottom panel is at 20 K, well aboveTN and TC , but well
below the coherence temperature.

The top panel shows elastic scattering and magn
Bragg peaks are clearly seen at~0.5 6t, 0, 0.5!, with t
50.11. The splitting seen in the Bragg peaks is due to
crystal mosaic, however it is clear that all the elastic intens
is located at the incommensurate ordering wavevectors.
middle two panels show constant-E scans at 0.3 meV energ
transfer and 1.0-meV energy transfer. Clearly a broad m
netic peak develops in the inelastic scattering at~0, 0, 0.5!
and becomes stronger as the energy transfer progress
becomes greater. That is, the spectral weight of the magn

FIG. 7. Constant-Q inelastic scans near and below the onset
superconductivity atTC51.2 K. The top panel shows data taken
~0, 0, 1

2!, as well as expected background data at~0, 0, 3
4!, at tem-

peratures above and below superconductingTC;1.2 K, and in the
presence of a 6-T magnetic field directed along an~h, h, 0! direc-
tion. The bottom panel shows similar data at~0.54, 0, 1

2!. This data
clearly indicate that this inelastic scattering is oblivious to the pr
ence of the superconducting state.
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inelastic scattering moves from the incommensurate orde
wavevectors,~0.5 6t, 0, 0.5!, with t50.11, to the commen-
surate wave vector which describes the Neel state
UPd2Al3 , as the characteristic energy scale of the fluct
tions increases. AboveTN , as seen in the bottom panel o
Fig. 8, little magnetic inelastic scattering remains at the
commensurate wave vectors; the spectral weight of the
elastic scattering is decidely associated with wave vector
scribing the simple antiferromagnetic stacking
ferromagnetic sheets which is the Neel state displayed
UPd2Al3 .

While it is not obvious from the high energy resolutio
measurements shown in Figs. 8 and 9, the inelastic scatte
at and near the the incommensurate ordering wave vec
~0.5 6t, 0, 0.5!, with t50.11 extends out to energies of;6
meV. This was shown in Figs. 1–3. The top panel of Fig
shows that theQ dependence of this quasi-elastic scatter
only disappears on the temperature scale of the coher
temperature,;80 K, as does the quasielastic scattering at
commensurate wave vector which describes the Neel sta
UPd2Al3 , ~0, 0, 0.5!, whose temperature dependence w
shown in the bottom panel of Fig. 6.

The top panel of Fig. 9 shows Imx(Q,\v) extracted from
high resolution, constant-Q scans at 1.4 K, at both the com
mensurate wave vector~0, 0, 0.5! and one of the incommen
surate ordering wave vectors~0.39, 0, 0.5!. The subtraction

f

-

FIG. 8. High resolution, constant energy transfer scans ta
with the SPINS spectrometer at NIST are shown. The top pa
shows elastic scattering atT51.4 K, clearly showing the incom-
mensurate magnetic Bragg peaks at~0.39, 0,1

2! and~0.61, 0,1
2!. The

second and third panels from the top show constantDE scans at
DE50.3 and 1.0 meV, respectively, also atT51.4 K. Clearly the
scattering shifts from the incommensurate ordering wave vector
the ~0, 0, 1

2! commensurate position as the energy transfer increa
The bottom panel shows low energy transfer constantDE
50.3 meV data, but atT520 K, well aboveTN54.6 K. Little, if
any, spectral weight is present at the incommensurate ordering w
vectors, while that at the commensurate~0, 0, 1

2! position remains
relatively strong.
0-6
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of these two data sets is shown in the lower panel. Cle
the magnetic inelastic scattering at the commensurate w
vector dominates, but only for energies above;0.4 meV
which is TN . Consequently we conclude that the dynam
fluctuations in both UNi2Al3 and UPd2Al3 are indeed very
similar, and the differences which underlie their dispar
ordered structures only manifest themselves on energy sc
associated withTN itself. Such a conclusion wouldnot be
derived from the constant-Q scans taken by Asoet al.,21

whose 0.2-K data show the scattering at the commensu
wave vector~0, 0, 0.5! to be less than that at either of th
incommensurate ordering wave vectors~0.39, 0, 0.5! or
~0.61, 0, 0.5! for all energies less than 1.5 meV;16 K.

Very high energy resolution measurements were p
formed using the SPINS spectrometer, 2.5-meV incid
neutrons and a five crystal, horizontally-focused analyze
order to obtain energy resolution;0.1 meV~FWHM!. This
energy resolution is on a scale withTC itself, and well below
the characteristic energy scale associated with a BCS su
conducting gap (3.5kBTC). Figure 10 shows constant-Q
scans taken at the incommensurate ordering wave ve
~0.39, 0, 0.5! at temperatures of 1.4 and 0.05 K, above a
well below TC , respectively. The difference in intensity

FIG. 9. Imx(Q,v), derived from high energy resolution mea
surements taken on SPINS at NIST, forQ5(0.39, 0, 0.5) an in-
commensurate ordering wave vector, as well asQ5(0, 0, 0.5), the
commensurate wave vector which describes magnetic orde
UPd2Al3 , is shown atT51.4. The top panel shows the individu
data sets, while the bottom panel shows their difference. Clearly
spectral weight moves from the commensurate wave vector~0, 0,
0.5! to the incommensurate wave vector~0.39, 0, 0.5! on the energy
scale of 0.5 meV;TN .
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these two temperatures divided by the intensity itself
shown as a function of energy in the inset to Fig. 10. Clea
to within the sensitivity of the present measurement,;3% in
intensity at energies above 0.1 meV, there is no change in
low-lying magnetic inelastic scattering near the orderi
wave vector in UNi2Al3 , as the superconducting state is e
tered.

This result is very different from the remarkable observ
tion of a gapped magnetic excitation at the commensurate~0,
0, 0.5! ordering wave vector in UPd2Al3 , which turns on
below TC .22,23 Such an excitation may be qualitatively di
ferent within an incommensurate ordered structure as
UNi2Al3 . In addition it may naively be expected to be hard
to observe in UNi2Al3 than UPd2Al3 , as the size of the av
erage ordered moment is roughly six times smaller. In ad
tion, no propagating spin waves are observed in UNi2Al3 at
any wave vector. Still, the absence of clear changes in
magnetic fluctuations associated with the onset of superc
ductivity in UNi2Al3 indicate that the strong coupling be
tween the superconductivity and magnetic fluctuations
served in UPd2Al3 is not a universal feature of these hea
fermion metals.

MEASUREMENTS OF THE ACOUSTIC PHONONS

Constant-Q inelastic measurements were also perform
to investigate the low lying, acoustic phonons in UNi2Al3 .
These measurements were performed at BNL in constank f
mode with scattered neutrons of energy 14.7 meV and;1.5
meV ~FWHM! energy resolution. As we were interested
the low lying excitations in UNi2Al3 , it was important to
understand the phonon scattering, so that, at the least

in

e

FIG. 10. Constant-Q scans at the incommensurate orderi
wave vector~0.39, 0, 0.5!, and very high energy resolution take
with SPINS at NIST is shown for temperatures above (T51.4 K)
and below (T50.05 K) the superconducting phase transition (TC

51.2 K). The difference between the two scans is shown in
inset to the figure. These data show that to within the;3% accu-
racy of the measurement, no change in magnetic inelastic inten
is observed at the ordering wave vector in UNi2Al3 as the super-
conducting phase is entered, in contrast to its sister heavy ferm
superconductor, UPd2Al3 .
0-7
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could be sure that the magnetic scattering was indenti
cleanly.

Figure 11 shows representative constant-Q scans taken
along (0, 0, 21q), (3, 0,2q), and (q, 0, 2), whereq de-
notes the propagation wave vector of the acoustic phono
question. The (e"Q)2 part of the inelastic neutron scatterin
crosssection from phonons,24 ensures that these wave vecto
measure principally longitudinal acoustic branches and
two transverse acoustic branches, respectively. These
surements show the low lying acoustic phonons to be ra
conventional. In Fig. 12, the energies associated w
constant-Q scans shown in Fig. 11 are plotted as a funct
of the phonon propagation wave vector q, and these res
were fitted to a simple sine wave dispersion relation. As
be seen, zone boundary acoustic phonon energies range
10 to 13 meV, with the transverse modes consistently be
the longitudinal modes in energy.

CONCLUSIONS

Inelastic neutron scattering measurements on UNi2Al3
have shown that the spectral weight of the spin fluctuati
moves from the incommensurate antiferromagnetic orde

wave vectors (126t, 0, 1
2) with t50.11 to the commensurat

FIG. 11. Typical constant-Q inelastic scans which show a lon
gitudinal acoustic~top panel! and two transverse acoustic phono
groups ~middle and bottom panel!. Their relevant dispersion is
shown in Fig. 12.
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ordering wave vector~0, 0, 1
2! as the energy of the fluctua

tions exceeds the energy scale ofTN;0.5 meV. This obser-
vation is important as it accounts for one of the differenc
between UNi2Al3 and its quasi-isoelectronic, sister interm
tallic, UPd2Al3 , the difference in antiferromagnetic struc
tures.

No propagating spin wave excitations are observed
UNi2Al3 . The spectrum is quasielastic at all wave vecto
studied, and has an energy width of roughly 6 meV, wh
correlated well with its coherence temperature of;80 K. At
low temperatures this scattering is peaked up aro
(0, 0,n/2), with n odd, and in ridges of the form (H, 0, 0.5).
On warming, thisQ structure disappears, not by the pea
and ridges diminishing in intensity, but rather by the scatt
ing between these features increasing in strength. TheQ
structure in the scattering is largely gone by the cohere
temperature,;80 K.

Very high energy resolution measurements investiga
possible modifications to the magnetic fluctuations as
material became superconducting, as have been observ
UPd2Al3 . To within a tolerance of;3% in the intensity at
the ordering wave vector, no such changes were observe
energies above 0.1 meV. Finally, the low lying acous
phonons were investigated and found to behave rather
ventionally, with zone boundary energies lying in the ran
from 10 to 14 meV.
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FIG. 12. The dispersion of the acoustic phonons, both long
dinal and transverse, propagating along both thea* and c* direc-
tions is shown. These results show that the low-lying acou
phonons behave in a conventional manner, with zone boundary
ergies lying between 10 and 14 meV.
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