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Inelastic neutron scattering measurements have been carried out on the heavy fermion superconductor
UNi,Al;. This hexagonal material orders magnetically into an incommensurate structure, characterized by the
ordering wave vectof, = (1/2+ 7, O,%) with 7~0.11, belowTy=4.6 K and then superconducts beldw
=1.2 K. For energies above 2 meV, we observe quasielastic magnetic neutron scattering both ne&2)(0, 0,
and in ridges alongf 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-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 (@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 UNAI3's isostructural sister heavy fermion superconductor, JAPg orders
into a commensurate antiferromagnetic structure with this same if2)0ywave vector. A search for inelastic
magnetic scattering associated with the superconducting phase transition, as has been observgd jn UPd
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.
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INTRODUCTION the presence of an additional order parameter beyond the
previously detected spin ord&t’

The magnetic and superconducting properties of heavy These antiferromagnetic heavy fermion superconductors
fermion metals have been at the forefront of metals physicpossess, in fact, three relevant temperature scales. In addition
research since the discovery of this grougmimarily) ura-  to Ty and T, they display a coherence temperature which
nium and cerium based metals in the late 1970keir ther-  separates a high temperature regime in which they are rela-
modynamic and transport behavior is clearly exotic, and catively poor metals and have resistivities which are only
be characterized as arising from quasiparticles with veryveakly temperature dependent, sometimes characteristic of a
large effective masses; hence their name. However, theBemiconductor, from a low temperature regime in which their
ground state properties are also of great interest. The groungsistivity rapidly decreases with decreasing temperature. In
state which has attracted the most attention is that in whiclthe case of UNiAl;, the subject of the present study, the
antiferromagnetism and superconductivity exhibit micro-coherence temperature is roughly 83°K.
scopic coexistence at low temperatures. This occurs for four Superconductivity and antiferromagnetism in YRi
uranium-based heavy fermion metals: YPt* URW,Si,,°~"  (Ref. 8 and UNbAI; (Ref. 12 were discovered only rela-
UP&AIl3, 8 and UNpAI 5. 12715 tively recently. The literature for UBAIl 5 is much more ex-

On cooling, all four of these materials undergo phase trantensive than that which exists for UMil;, as single crystals
sitions to an antiferromagnetic staf@ ~6 K, 17 K® 14.5  of UNi,Al; have been much harder to grow. Both ternary
K.® and 4.6 K!? respectively before become superconduct- metals crystallize into th®6/mmmhexagonal space group
ing (at ~0.5, 1.2, 2.0, and 1.2 K, respectivilt lower tem- ~ and the uranium atoms lie on a simple hexagonal lattice.
peratures. The ordered moment appearing at the lowest terfleutron scattering measurements on LARd (Refs. 9 and
peratures in URt URWSi,, and UNpAl; (~0.02u5,>  10) show that it orders into a simpl@= (0, 0,3) antiferro-
0.04ug,® and 0.2 ,%% respectively is sufficiently small magnetic structure in which the moments lie within the basal
to generate speculatiththat the antiferromagnetic order plane in ferromagnetic sheets that are antiparallel to those in
which they display is either nontrivial, involving multispin adjacent basal planes. All measurememfsshow a substan-
rather than dipolar ordering, or parasitic, due to some othetial ordered moment at low temperaturesp.85u per U
symmetry breaking whose origin is as yet unclear. Receritom. This value is much larger than that in YRir
studies appear to eliminate the possibility of non-dipole orURu,Si,, but still much reduced compared with the effective
dering, at least in URiSi,.1” However, one recent Si NMR moment of 3.2.5 per U atom derived from high temperature
study*® suggested spatially inhomogeneous antiferromagsusceptibility datd. Previous elastic neutron scattering
netism in URYSi, under pressure, while a secdfduggests measurementd*on a single crystal of UNAI; show that,
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below Ty=4.6 K, it orders into an incommensurate antifer- the Fermi energy, g{-), and hence the density of quasipar-
romagnetic state characterized by gs= (3+ 7,0,3) with  ticles, but they are quite different functions ofegf. At low
7~0.11, ordering wave vector. These results show the magt@lues of gég) the tendency to RKKY interactions wins out, -
netic structure to be described by an almost longitudinal spi"d an ordered magnetic state is stabilized. Such a picture is
density wave, wherein the moments lie along nearestfully conS|stept with the antlferr.omag_neuc structurgs dis-
neighbora directions in the basal plane, and are modulatecPl2yed by UNjAl; and UPdAI;, in which a conventional

in magnitude from site to site, with a maximum amplitude of State with relatively large local moments is present at low
(0.21+0.1)ug . This long range order is well described as temperatures for the lower electron density compound
being due to the 6 electrons on the uranium site with no Upd2A_|3- ] ]
evidence of magnetism associated with the nickel site. While the larger ordered moments in Uipd; are consis-

In this paper we report on inelastic neutron scattering ref€nt with this picture, the very different ordered structures,
sults, primarily on the spin dynamics of UMil;. The spin  ©ne commen_surate_ with the _Iattlce and the oth_er incommen-
excitations in the other three uranium-based heavy fermiogUrate, remains quite mysterious for two metallic compounds
superconductors have been rather extensively studied Byhich, otherwise, have so much in common. In this paper we
neutron scattering techniques. Both URH, (Ref. 9 and WI||. describe |nelqst|c neutrpn scat.tenng measuremeqts
URW,Si, (Ref. § show well defined spin wave excitations, at Which show the spin fluctuations do indeed have much in
least belowTy, and in that sense they are quite conven-cOmmon in the two materials. The differences between the
tional. In the case of URI,,° the spin excitation spectrum Magnetism in the two occurs on energy scales less Than
is gapped, and longitudinal in polarization, consistent with~4.6 K for UNi,Al;; for energies beyone Ty, the spectral
the spins being polarized along the unigoeaxis in this  weight for the fluctuations in UNAI; moves clearly to the
body-centered-tetragonal material. The spin excitations areommensurate wave vector at which YRt orders.
heavily damped for wave vectors with a significant compo-
nent alongc*, even at the lowest temperatures, and spin
waves at all wave vectors broaden quickly for temperatures EXPERIMENTAL DETAILS
near to and abovéy . As already mentioned the spins in the
ordered state of URBdIl, lie within the hexagonal basal ~ Measurements were carried out at the High Flux Beam
plane, and the spin wave spectrum is gapless. Recefteactor of Brookhaven National LaboratagNL) in four
measurement$?® on spin excitations in UPAl; showed Separate experiments using two different triple-axis spec-
pronounced effects on this spectrum on entering the supetrometers, and at the research reactor of the National Institute
conducting phase, beloWl-~2 K, indicating a fundamental for Standards and TechnologiIST) using the SPINS cold
role for the spin fluctuations in mediating the superconductneutron triple axis spectrometer. All measurements were per-
ing state. formed with pyrolytic graphite(0, 0, 2 serving as both

The spin excitation spectrum in UPs quite different to  monochromator and analyzer. Although there are differences
that described for UR&I; and URySi,. No propagating in the four BNL configurations, the energy resolution in all
spin wave excitations exist at any wave vector, although dour experiments was similar;1.5 meV/[full width at half
quasielastic continuum of scattering with a characteristic enmaximum (FWHM)].
ergy width of ~5 meV is observed, which is maximum at  The experiments on SPINS at NIST used low energy neu-
wave vectors such @8, 0, 1) corresponding to antiferromag- trons from a cold neutron guide, and a novel multi-crystal
netic correlations between hexagonal clqsed paclfed.basghawzer_ These measurements employed only geometrical
planes. The temperature dependence of this scattering is SUEfjjimation to take advantage of the focussing analyzer at the
that all wave vector dependence is gone-B§0 K, which SPINS beamline. The energy resolution was improved to
corresponds. roughly to its coherence temperafture. . 0.15 and 0.10 meMFWHM), depending on whether final

A comparison between Ubil; and UPGAI; is particu- g\eutron energies of 3.7 or 2.5 meV were used, respectively.

larly interesting as these two systems are both isostructur The experiments were performed on the same hiah qualit
and quasi-isoelectronic. Palladium sits directly below nickel P b gh quaity

in the periodic table. The conduction electron density insingle crystal sgmpjré’l“_of UNi?Al3 used in prior ela_stic
UPd,Al; should be slightly lower than that in U5, as neutron scattering studies. This crystal was comprised of

the UPGAI, displays hexagonal a and ¢ lattice parameterdree large c(!osely aligned grains, having a total mosaic
that are~4% and~3% larger than those which UMI5 spread of 1.5°. As already described this crystal displays the
displays. simple hexagonal crystal structure and lattice parameters at
The heavy fermion stat@is often described as being re- 4-2 K of a=5.204 A andc=4.018 A. In order to access a
lated to a lattice Kondo problem in which the competingWide range of temperatures from above the coherence tem-
tendencies of the conduction electrons to screen out locdlerature~80 K, to belowT¢~1.2 K, conventional flow cry-
magnetic moments at the uranium site is balanced by thestats, a®He cryostat with a 6-T vertical magnetic field, as
tendency of the conduction electrons to be polarized by thavell as a dilution refridgerator, were employed. In all the
local moments and to mediate RKKY interactions, therebyexperiments, the crystal was mounted in a helium exchange
enhancing the local moments. Both of these tendencies agas with its {,0,L) plane coincident with the scattering
increasing functions of the density of quasiparticle states gblane, thus allowing access to the ordering wave vector.
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FIG. 1. Constank; measurements, at the antiferromagnetic or- . .
dering wave vecto(0.61, 0, 0.5, are shown for three temperatures, 0.0 0.5 1.0 1.5 2.0
one below and two well abov& . These data clearly show ther- . *
mally activated inelastic scattering on the neutron energy gain side L (UnItS of c )

(negative energigswhile the scattering on the neutron energy loss
side is essentially temperature independent beiv2dé and at least
120 K. The solid lines are fits as described in the text.

FIG. 2. Constant energy transfAlE=2 meV measurements at
T=4K of the form (0.54, 0,L) (top) and (0, 0, L) (bottom) are
shown. These measurements show@hdependence of the quasi-
elastic scattering, which is composed of diffuse scatterin@ a0,

1) and equivalent wave vectors as well as in ridges al¢hed.3 )
and equivalent wave vectors. The solid lines are Lorentzian fits to

Initial measurements were made in which the inelastidhe peaks intended as guides to the eye.

scattering spectrum was examined around the incommensu-

LOW RESOLUTION QUASIELASTIC MAGNETIC
SCATTERING AT LOW TEMPERATURES

rate antiferromagnetic ordering wave vector. These measure- xol o
ments were made in constaqtgeometry, and are shown in Im x(Qiw)= (hw)2+T2) (3]

Fig. 1. Constan®@=(0.61, 0,5) energy scans were taken at

temperatures of 2, 19, and 120 K. They clearly show a draand'=1.5, 2.5, and 3.8 meV for 2, 19, and 120 K, respec-
matic rise in the inelastic intensity on the neutron energytively. These fits assume a constant background, and have
gain side of the scafnegative energigswhile the intensity been corrected for the varying analyzer sensitivity, which
on the neutron energy loss siositive energiesis roughly  goes agkl?; cot(6).

temperature independent over this range of temperatures. Constant-energy scans were performed with the energy
This identifies the low energfless than 5 me)/component  transfer set at 2 and 5 meV with the purpose of investigating
of the scattering as arising from inelastic fluctuations, as opthe Q dependence of the quasielastic scattering shown in Fig.
posed to background as one may have concluded from ol These, and all subsequent measurements, were performed
servation of the neutron energy loss side alone. There was NA a constank; geometry. What was found was both inter-
evidence for propagating magnetic modes, such as spissting and unexpected. Representative constant energy scans
waves, which would be identified as inelastic peakS in th%t 2-meV energy transfer and 4 K are shown in the two
spectra. The dynamic structure factor for neutron scatteringanels that make up Fig. 2. The bottom panel shows a scan

can be written as along (0,0L) and clear peaks are seen in this quasielastic
scattering at (0, ®/2) with n odd. Scans were also made
o 1 ho\] ! . through the peak &0, 0, 3), but in the perpendicular direc-
S(Qfiw)= 1 1-exp - kT mx(Qhw). (1) 4o, alongH in scans of the formH, 0,%). Together these

scans show that there is a relatively well-localized distribu-
The relative temperature independence of the inelastic scation of quasielastic scattering arouiid, 0, 3). Other mea-
tering in neutron energy loss shown in Fig. 1 is rather re-ssurements show similar distributions of quasielastic scatter-
markable as it implies that the temperature dependence of theg around(0, 0, $) and (0, 0, 3).
imaginary part of the dynamic susceptibility, (Q,%w) However, scans of the form (0.54,10,, as shown in the
compensates for the temperature dependence of the Bot®p panel of Fig. 2, reveal another source of quasielastic
population factor, over a range @fw/kgT from ~0.14 to  scattering which extends out id, as a ridge of scattering
27.5. The lines drawn in Fig. 1 are fits of the data to 89. along H, 0,n/2) with n odd. This scattering is weaker than
with that observed at (0,0/2), but is still clearly observed
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2.83

FIG. 3. (Color) A color con-
tour map of the inelastic scattering
with AE=2 meV taken at 2 K.
The inelastic features 40, 0, 3)
and equivalent wave vectors as
well as in ridges alondH, 0, 3)
and equivalent wave vectors are
evident. This map was constructed
using scans of the formH4, 0,L)
with seven different values ¢,
and of the form(H, 0, L) with L
=3and3.

05 0 0.75
H (r.l.u.)

above background. All of the scattering observed, except for The scattering which extends out alongl,0,n/2) is
that precisely at the magnetic ordering wavevectQg,y  more difficult to be definitive about. The relationship be-
=(3+7,0,%), was inelastic in origin. Elastic scattering tweenQ and the crystallographic lattice is more complicated,

scans carried out with pyrolitic graphite filters in both inci- an_d this makes the_ i(_jentific_ation (_)f its nature more difficult.
dent and scattered beams to reduce the possibility of highd} IS made more difficult still by interference with a mul-
order contamination, showed no intensity above backgroundPhonon background, which is a strongly increasing function
either at (0,0p/2) with n odd, or alongH in scans of the of |Q|. However, as will be discussed later, on lower energy
form (H,0,n/2), with the aforementioned exception of pre- scales, accessible in cold neutron experiments, and at tem-
cisely at the ordering wavevectot$=0.39 and 0.61. Elastic Peratures of the order dfy and below, this band of scatter-
scans made on the SPINS cold neutron triple axis spectroni?d develops structure as a function of H, peaking up near
eter also bear this out at high energy resolutitvat is with the ordering wavevectors at+0.39 and 0.61. Thus we con-

the elastic scattering condition enforced at a higher toler¢lude that this scattering is also magnetic in origin.
ance. This data will be discussed later. ConstantQ measurements were carried out in constant-

Constant-energy measurements of the forkhy,©,L) mode both using a scattered energy of 14.7 meV, and u_sing a
with the energy transfer set at 2 and 5 meV were carried outcattered energy of 30.5 meV. They were made at a variety of
for seven different values df,, between 0 and 1.0, as well Wavevectors, chosen once the system@tibehavior of this
as scans of the formH, 0,n/2) with n=1 and &, all at a scattering was well understood, as discussed above. Figure 4
temperature of 2 K. These were combined so as to form &"0Ws measurements madeQat (0, 0,0.5) and0, 0, 2.5,
contour map of this quasielastic scattering. The data is qual@S Well as at0, 0, 0.73, which acts as a measure of the
tatively similar at 2 and 5 meV, but the scattering is strongeackgroundsee Fig. 3 These measurements show that the
at 2 meV. The resulting contour map derived from the 2-me\Auasielastic scattering 8 K is characterized by an approxi-
data is shown in Fig. 3. One can clearly see both the localMaté energy scale of 6 meV. Similar measurement® at
ized scattering around (0,8/2) with n odd, and that which =(0.54, 0.3) lead to the same conclusion with regard to the
extends out alongH, 0,n/2) with n odd. The scattering at energy scale of the ridge of scattering alom, 0,n/2) with
(0,0,n/2) is identified as magnetic, as it clearly decreases im odd.
intensity asn increases. The magnetic neutron scattering
cross section is sensitive to only those components of mo- TEMPERATURE DEPENDENCE OF THE
ment which lie in a plane perpendicular @ These are the QUASIELASTIC SCATTERING
same for all values afi at (0, 0,n/2), so its only expected
dependence is that of the magnetic form factor, which falls On warming the sample from 2 K, relatively minor
off for increasing|Q|. changes occur in the form of the quasielastic scattering, until
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FIG. 4. Constan® inelastic scans al=2 K are shown. These remperature (K)

scans are taken witQ along the same direction0, O, L), at

(0, 0,n/2), with n odd. The scattering &b, 0, 3) is representative FIG. 6. The temperature dependence ofy®,% =2 meV)

of background at this low temperature. The horizontal bar giVeS th@erived from a constant energy transiE =2 meV measurements

energy resolution of the measurementl.5 meV(FWHM). taken near the peak alorgin data at(0.54, 0,3) and (0, 0, 3) is
shown along with that to either side of these peaks alonthe

temperatures of the order of the coherence temperatuteackground. Two things are immediately evident: this inelastic scat-

(~80 K) are reached. Representative scans at 25 and 100 #ring evolves on a temperature scale which-i$00 K, and the

along (0,0L) at an energy transfer of 2 meV are shown inform of the evolution of this scattering is quite different in the

the bottom panel of Fig. 5, while scans along (0.54,)0are  Vicinity of these two wave vectors.

shown in the top panel of Fig. 5. It is evident from both of

these panels that the form of this scattering at 25 K is moréution of theQ dependence of this scattering is highg0 K.
or less identical to that at much lower temperatuge Fig. It is also evident that th€ structure goes away at higher

2) and that the characteristic temperature scale for the evdemperatures, not by having the maxima diminish in intensity
and dissolve into the background, but rather by having the

— T background rise up to envelop the low temperatQréepen-
= i dence.

0T=25K (054.0.L) The form of this thermal evolution is most clearly shown
] in Fig. 6, wherein Imy(Q,% w), the imaginary part of the
1 dynamic susceptibility, @ =2 meV is displayed as a func-
tion of temperature for several important wave vectors.
These are both maxima and minima of the scattering. The
wave vectors ar€0, 0, 3) (a maximum, “peak’), (0, 0,%) (a
.y minimum, “background’); as well as(0.54, 0,3) (a maxi-
mum, “peak”) and(0.54, 0,3) (a minimum, “background}.
Im x(Q,Aw) is related to the scattering through the Bose
temperature factor, as shown in Edy). Clearly, theQ struc-
7] ture of this quasielastic scattering is largely gone~80 K.

120

©
o

N
o

120

- QUASIELASTIC SCATTERING WITHIN THE
SUPERCONDUCTING STATE

Intensity/mon (~ 5 min)

Measurements were also performed at low temperatures
, . , and relatively high magnetic fields, in order to probe the
0.0 0.5 1.0 1.5 2.0 behavior of these fluctuations as the superconducting phase
; * is entered below -~ 1.2 K. These measurements are shown
L (UnItS of c ) in the top panel of Fig. 7 for scans along (0L.9,and in the
FIG. 5. Constant energy transfAle =2 meV measurements at bottom panel of Fig. 7 for scans along (0.54..9, As can be
T=25 and 100 K, are shown. The top panel shows scans of th§€€M all of these measurements show that there is no change
form (0.54, 0,L), while the bottom panel shows, 0, L) data. It is In this quasielastic scattering, at least not at energies above
evident that most of the thermal evolution of the scattering occurs™ 1.5 MeV, as the superconducting phase is entered, or as a
above 25 K, and that this behavior is quite different alédg4, 0, ~ function of applied magnetic field. This seems to be reason-
L) compared with(0, 0,L). As in Fig. 3, the solid lines are Lorent- able, as the energy scale for these fluctuations§, meV

zian fits to the peaks in the 25-K data sets, intended as guides to the 70 K, far exceeds that of c~1.2 K, or, for that matter
eye. Tn~4.6 K. In addition the lack of a field dependence is un-

n
o
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FIG. 7. Constan® inelastic scans near and below the onset of

superconductivity aTc=1.2 K. The top panel shows data taken at
0, 0, %), as well as expected background datdCatO, %), at tem-

peratures above and below superconduclipg-1.2 K, and in the _ _
presence of a 6-T magnetic field directed along(lanh, 0) direc- FIG. 8. High resolution, constant energy transfer scans taken

tion. The bottom panel shows similar data(@t54, 0,3). This data ~ With the SPINS spectrometer at NIST are shown. The top panel
clearly indicate that this inelastic scattering is oblivious to the presShows elastic scattering at=1.4 K, clearlly showing thel incom-
ence of the superconducting state. mensurate magnetic Bragg peak$s9, 0,3) and(0.61, 0,5). The
second and third panels from the top show constetscans at

surprising, despite the strong field dependence for verticadE=0.3 and 1.0 meV, respectively, alsoBt 1.4 K. Clearly the
magnetic fields on the superlattice intensity of the incom-Scattering shifts from the incommensurate ordering wave vectors to

mensurate magnetic long range ortel® This quasielastic the (0, 0, 3) commensurate position as the energy transfer increases.

scattering is clearly connected with the third temperature "€ _bottom panel shows low energy transfer constadf
scale relevant to this material, the coherence temperaturg?-3 MeV data, but ar=20K, well aboveTy=4.6 K. Little, if

~80 K, and appears to be unrelated to the magnetic Iongny‘ spectral weight is present at the incommensurate ordering wave
range érder which sets in below 4.6 K ectors, while that at the commensurafe 0, %) position remains

relatively strong.

HIGH RESOLUTION QUASIELASTIC

MAGNETIC SCATTERING inelastic scattering moves from the incommensurate ordering

wavevectors(0.5 + 7, 0, 0.5, with r=0.11, to the commen-
Constant energy scans at very low energy transféis (  surate wave vector which describes the Neel state in
=0 and 0.3 meV as well as dtw=1.0 meV) were per- UPGJAIl;, as the characteristic energy scale of the fluctua-
formed using the SPINS triple axis spectrometer located on #ions increases. Abov&y, as seen in the bottom panel of
cold neutron guide at NIST. These relatively high energyFig. 8, litle magnetic inelastic scattering remains at the in-
resolution measurements allowed us to probe the quasielastommensurate wave vectors; the spectral weight of the in-
magnetic response on an energy scale relevaitto elastic scattering is decidely associated with wave vector de-
High resolution constartt scans inH of the form  scribing the simple antiferromagnetic stacking of
(H,0,0.5) are shown in Fig. 8. These scans pass through tHerromagnetic sheets which is the Neel state displayed by
incommensurate ordering wavevectors@b =7, 0, 0.5, as  UPdAI;.
well as the commensurate wavevector 0, 0.5 at which While it is not obvious from the high energy resolution
UPd,Al; orders. The top three panels of Fig. 8 show datameasurements shown in Figs. 8 and 9, the inelastic scattering
taken at 1.4 K, well belowy, but just abovel -, while the  at and near the the incommensurate ordering wave vectors,
bottom panel is at 20 K, well abovEy and T, but well (0.5 =7, 0, 0.5, with 7=0.11 extends out to energies 66
below the coherence temperature. meV. This was shown in Figs. 1-3. The top panel of Fig. 6
The top panel shows elastic scattering and magnetishows that th&) dependence of this quasi-elastic scattering
Bragg peaks are clearly seen @5 +7, 0, 0.5, with = only disappears on the temperature scale of the coherence
=0.11. The splitting seen in the Bragg peaks is due to théemperature;-80 K, as does the quasielastic scattering at the
crystal mosaic, however it is clear that all the elastic intensit)commensurate wave vector which describes the Neel state in
is located at the incommensurate ordering wavevectors. ThHdPdAlz, (0, 0, 0.5, whose temperature dependence was
middle two panels show constaatscans at 0.3 meV energy shown in the bottom panel of Fig. 6.
transfer and 1.0-meV energy transfer. Clearly a broad mag- The top panel of Fig. 9 shows Ij{Q,% ») extracted from
netic peak develops in the inelastic scattering®at0, 0.9 high resolution, constar® scans at 1.4 K, at both the com-
and becomes stronger as the energy transfer progressiveilyensurate wave vectd®d, 0, 0.5 and one of the incommen-
becomes greater. That is, the spectral weight of the magnetgurate ordering wave vecto(8.39, 0, 0.5. The subtraction
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FIG. 9. Imy(Q,w), derived from high energy resolution mea-
surements taken on SPINS at NIST, Q= (0.39, 0, 0.5) an in-
commensurate ordering wave vector, as welQas(0, 0, 0.5), the
commensurate wave vector which describes magnetic order i
UPQAl3, is shown afT=1.4. The top panel shows the individual
data sets, while the bottom panel shows their difference. Clearly th
spectral weight moves from the commensurate wave ve6to®,
0.5) to the incommensurate wave vector39, 0, 0.5 on the energy
scale of 0.5 meWTy.

of these two data sets is shown in the lower panel. Clearl
the magnetic inelastic scattering at the commensurate wa
vector dominates, but only for energies abov®.4 meV
which is Ty. Consequently we conclude that the dynamic
fluctuations in both UNJAI; and UPdAIl; are indeed very
similar, and the differences which underlie their disparat
ordered structures only manifest themselves on energy scal
associated withTy itself. Such a conclusion wouldot be
derived from the constar@ scans taken by Aset al,?
whose 0.2-K data show the scattering at the commensura
wave vector(0, 0, 0.9 to be less than that at either of the
incommensurate ordering wave vectdi39, 0, 0.5 or
(0.61, 0, 0.5 for all energies less than 1.5 me\6 K.

Very high energy resolution measurements were per

formed using the SPINS spectrometer, 2.5-meV incident
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FIG. 10. Constan® scans at the incommensurate ordering
wave vector(0.39, 0, 0.5, and very high energy resolution taken
with SPINS at NIST is shown for temperatures aboVe=(L.4 K)
and below T=0.05K) the superconducting phase transitidi (
=1.2 K). The difference between the two scans is shown in the
inset to the figure. These data show that to within &% accu-
racy of the measurement, no change in magnetic inelastic intensity
is observed at the ordering wave vector in Wi as the super-
conducting phase is entered, in contrast to its sister heavy fermion
superconductor, UBé 5.

these two temperatures divided by the intensity itself is
shown as a function of energy in the inset to Fig. 10. Clearly,
to within the sensitivity of the present measuremer2% in
fhtensity at energies above 0.1 meV, there is no change in the
Low-lying magnetic inelastic scattering near the ordering
wave vector in UNjAl3, as the superconducting state is en-
tered.

This result is very different from the remarkable observa-
tion of a gapped magnetic excitation at the commensuiate
0, 0.5 ordering wave vector in UBAl3, which turns on

Yelow T .22 Such an excitation may be qualitatively dif-
MBrent within an incommensurate ordered structure as in

UNi,Al;. In addition it may naively be expected to be harder
to observe in UNjAl; than UPdAI;, as the size of the av-
erage ordered moment is roughly six times smaller. In addi-
ion, no propagating spin waves are observed inJANj at

gﬁy wave vector. Still, the absence of clear changes in the

magnetic fluctuations associated with the onset of supercon-
ductivity in UNi,Al; indicate that the strong coupling be-

feen the superconductivity and magnetic fluctuations ob-

served in UPgAl; is not a universal feature of these heavy

fermion metals.

MEASUREMENTS OF THE ACOUSTIC PHONONS

neutrons and a five crystal, horizontally-focused analyzer in

order to obtain energy resolution0.1 meV(FWHM). This
energy resolution is on a scale witly, itself, and well below

ConstantQ inelastic measurements were also performed

to investigate the low lying, acoustic phonons in WAli;.

the characteristic energy scale associated with a BCS supeFhese measurements were performed at BNL in con&tant

conducting gap (3KTc). Figure 10 shows consta@-

mode with scattered neutrons of energy 14.7 meV aidb

scans taken at the incommensurate ordering wave vectoneV (FWHM) energy resolution. As we were interested in
(0.39, 0, 0.5 at temperatures of 1.4 and 0.05 K, above andthe low lying excitations in UNiAl;, it was important to

well below T, respectively. The difference in intensity at

understand the phonon scattering, so that, at the least, we
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7)) FIG. 12. The dispersion of the acoustic phonons, both longitu-
cC Ol dinal and transverse, propagating along bothaheandc* direc-
Q - ' ' ' ' ' b tions is shown. These results show that the low-lying acoustic
c % phonons behave in a conventional manner, with zone boundary en-
- (0.2,0, 2) ergies lying between 10 and 14 meV.

0]
o
|
— i
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—o—

] ordering wave vectof0, 0, 3) as the energy of the fluctua-

=

30 L } { | tions exceeds the energy scaleTgf~0.5 meV. This obser-
$ { H vation is important as it accounts for one of the differences
- ¢ 4 L}H . between UNjAl; and its quasi-isoelectronic, sister interme-
tallic, UPdAIl5, the difference in antiferromagnetic struc-
0 L 1 1 i 1 ! N ] L 1 L i tureS
o] 6 8 10 12 :

2 4 . . o .
No propagating spin wave excitations are observed in
Energy (meV) UNi,Al;. The spectrum is quasielastic at all wave vectors
. . . _ studied, and has an energy width of roughly 6 meV, which
_FIG. 11. Typ!cal constan@ inelastic scans which Sh(.)W a lon- correlated well with its cor?é/rence tempergtu¥e{80 K. At
gitudinal acoustidtop panel and two transverse acoustic phonon low temperatures this scattering is peaked up around
groups (middle and bottom pangl Their relevant dispersion is . S
- 0,0,n/2), with n odd, and in ridges of the formH, 0, 0.5).
shown in Fig. 12. ( ! . .

g On warming, thisQ structure disappears, not by the peaks
could be sure that the magnetic scattering was indentifie@nd ridges diminishing in intensity, but rather by the scatter-
cleanly. ing betwe_en these fea}ture_s increasing in strength. @he

Figure 11 shows representative const@nscans taken structure in the scattering is largely gone by the coherence
along (0,0, 2-q), (3,0,—q), and @,0,2), whereq de- temperanrirSO K. luti . . d
notes the propagation wave vector of the acoustic phonon ino;/;ge Ir?]o d(iafirl:(;?gn;efg l:rt:gnmrger?ztlijéemirt]ltfat:cn)\rgisggattﬁe
question. 'The €Q)* part of the inelastic neutron scattering Enaterial became superconductin gas have been observed in
crosssection from phonoR$ensures that these wave vectors P 9

measure principally longitudinal acoustic branches and the?P®Als. To within a tolerance of-3% in the intensity at

two transverse acoustic branches, respectively. These mel€ Ordering wave vector, no such changes were observed for

surements show the low lying acoustic phonons to be rather'€rd1€s above_z 0.1 'me\/. Finally, the low lying acoustic
conventional. In Fig. 12, the energies associated Wiﬂphonons were investigated and found to behave rather con-

constantQ scans shown in Fig. 11 are plotted as a functionventiona”y’ with zone boundary energies lying in the range

of the phonon propagation wave vector ¢, and these resulfiom 10 to 14 meV.

were fitted to a simple sine wave dispersion relation. As can ACKNOWLEDGMENTS
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