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Enhancement of Magnetic Fluctuations on Passing belowTc
in the Heavy Fermion SuperconductorUPd2Al3
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The heavy fermion superconductor UPd2Al 3 exhibits the unusual combination of an antiferromagnetic
phase transition, atTN ­ 14.3 K, followed by a superconducting phase transition below 2 K without
destruction of the ordered magnetic moment. Polarized inelastic neutron scattering reveals the
presence of two coupled modes, both transverse to the sublattice magnetization. On passing into the
superconducting phase an abrupt change is observed in the magnetic inelastic response. We show that
is reasonable to consider the superconducting state as arising out of interactions between quasiparticle
which are strongly renormalized by the low-frequency exchange field. [S0031-9007(98)07531-0]

PACS numbers: 74.70.Tx, 78.70.Nx
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The discovery of the heavy fermion superconducto
UPd2Al 3 [1] which exhibits both an antiferromagnetic
phase transition,TN ­ 14.3 K, and a superconducting
phase transition belowTc ­ 2 K has aroused great inter-
est. The compound crystallizes in the hexagonal PrNi2Al 3
structure (space groupP6ymmm) with lattice constants
a ­ 5.350 Å and c ­ 4.185 Å at room temperature.
Neutron and x-ray scattering measurements have revea
unusually large low temperature ordered moments
0.85mB which are coupled in ferromagnetic sheets in th
basal plane; these ferromagnetic planes are then stac
along thec axis with a wave vectorQ0 ­ s0 0 0.5d [2–
4]. The measured discontinuity in the heat capacity atTc

is large,DC ­ 1.2gTc sg ­ 140 mJymole K2d [1,5] and
suggests that the superconducting ground state evolves
of interactions between quasiparticles located in strong
renormalized states in a low energy shell around the Fer
surface.

In the hope of finding a connection between ant
ferromagnetism and superconductivity there have be
many investigations in this compound since its disco
ery. Changes in antiferromagnetic Bragg peak inten
ties on passing throughTc were reported [6]; however,
these results are questioned by independent measurem
using both neutron diffraction and resonant magnet
x-ray scattering [3,7]. Pioneering inelastic neutron sca
tering experiments under relatively coarse energy reso
tion [8] revealed no changes in the spectrum around t
antiferromagnetic zone center on cooling throughTc. An
additional low energy component to the spectral respon
was first reported by Satoet al. [9], and Metokiet al. [10]
have reported a gap opening belowTc and the disappear-
ance of the low energy response when a magnetic field
applied.

In this Letter we report on new, high resolution
inelastic neutron scattering experiments carried out
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the IN14 spectrometer at the Institut Laue-Langevi
Grenoble. With full neutron polarization analysis w
have been able to identify thetransversenature of the
dominant fluctuations at all temperatures belowTN and
the opening of a gap in the energy spectrum of magne
fluctuations at the lowest temperatures (150 mK) in t
superconducting state. The spectra consist of a dam
spin wave coupled to a low energy mode. In th
normal state we develop a phenomenological descript
of the scattering and show that a major portion of th
low temperature linear coefficient to the electronic he
capacityg, characterizing the heavy fermion normal sta
out of which superconductivity evolves, may be account
for by the low energy antiferromagnetic fluctuations [11
13]. In the paramagnetic phase the model is used
estimate the value ofTN .

The sample, which was pulled from a carefully ho
mogenized melt of high purity elements by the Czochra
ski method with a nominal composition of UPd2.02Al 3.03
[14,15], has a superconducting transition temperature
1.90 6 0.07 K. It was mounted with thecp-ap axes in
the scattering plane. The spectrometer was optimized
low energy scattering at aboutQ0 with a full width at half
maximum resolution of90 meV in energy and0.05 Å21

in the wave vector. Uncertainties in calibration, mad
with a standard vanadium sample, lead to errors in t
estimation of the absolute values of the parameters u
to characterize the spectra of the order of 20%.

An overview of the spectral response as a function
neutron momentum and energy transfer,Q ­ s0 0 Qd and
h̄v, is given in the top four panels of Fig. 1, and a
overview of the temperature-energy transfer response
given in the bottom frame. The four panels give data f
temperatures at aboutTN , in the normal antiferromagnetic
state, nearTc and in the superconducting antiferromagnet
phase, respectively. The solid lines are fits describ
© 1998 The American Physical Society
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FIG. 1(color). Contour plots at four temperatures (as marke
of intensity as a function ofQ, Q ­ s0 0 Qd, and neutron
energy loss. The section at the smallest energy transfer
inaccessible due to the incoherent elastic scattering, and
Q0, due to the antiferromagnetic Bragg peak. The solid lin
are calculated as described in the text. Since the form of
dynamical response belowTc is still in question, we show no
calculated contours. Attention is drawn to (1) the developme
of two maxima in the spectral response, (2) the reduction
the q-space extent of the scattering at low energy on loweri
the temperature, and (3) the appearance of a gap in the
energy response in the superconducting phase. Bottom pa
intensity atQ0 as a function of temperature and neutron ener
loss. The strong renormalization of the spectrum is clearly se
below Tc.

later. At energy transfers of 1 meV or greater, in th
antiferromagnetic state, one sees the inelastic (spin-wa
response [8]. The focus of this experiment is, howev
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on the considerable additional intensity present belo
the 1 meV energy transfer and its striking temperatu
dependence.

In order to determine the polarization of both the spin
wave and low energy scattering a full polarization analy
sis has been carried out. The sample was field cool
at 2.5 T into the antiferromagnetic phase and the fie
was lowered to 0.8 T at 8 K. Under these conditions
the (0 0 0.5) antiferromagnetic peak had an intensity 1
times lower than that observed in the similar configura
tion without polarization analysis. The flipping ratio a
the antiferromagnetic peak was 2.5, in agreement with t
magnetic phase diagram [3] in which the sublattice mo
ments lie at 30± to the horizontal under the given con-
ditions of temperature and applied field. The geometr
constraints allow one to identify the fluctuations as be
ing transverse to the sublattice magnetization and lying
the crystallographicsa-bd plane. Data are shown at 10 K,
with a background of6 countsymon ­ 1000 subtracted
and corrected for the measured flipping ratio, in Fig. 2(a
In the superconducting state at 150 mK a similar expe
ment and analysis indicate that the polarization of th
scattering does not change. This is shown in frame 2(b
where the strong low energy peak can be seen to jo
smoothly with the spin wave at higher energies. From th
solid line, which is a scaled copy of data collected with
out polarization analysis (no applied field) in the sam
spectrometer configuration, e.g., frame 2(c), one sees t
the field necessary for polarization analysis does not s
nificantly distort the spectrum. Earlier work [8], unable
to access the low energy response, has previously est
lished the transverse nature of the spin wave. Having d
termined the polarization of the scattering, high resolutio
studies used to monitor the temperature evolution fro
150 mK to 20 K were carried out with the full intensity
of the unpolarized beam.

Above, and in the neighborhood ofTN , the response
is quasielastic (Fig. 1) and may be characterized by
dynamic susceptibility of the form

x21sq, vd ­ x21sqd
∑

1 2
iv

Gsqd

∏
, (1)

with q ­ Q0 1 q, x21sqd ­ x21sQ0d 1 cq2, and
Gsqd ­ ux21sqd. In the formulation,xsQ0d is the static
magnetic susceptibility at the antiferromagnetic wav
vector,c is a torsional stiffness coefficient,q is the wave
vector transfer as measured from the antiferromagne
position, andu is a measure of the relaxation rate o
the fluctuations. The lines (Fig. 1, top frame) hav
been calculated with the spectrometer resolution tak
in the energy wave vector plane of the experiment an
a dispersion surface based on the model forx given
in Eq. (1). Over the full experimental rangesq, vd the
model calculation is in good agreement with the data; th
parametersc, h̄u, andxsQ0d take the values2.8 104 Å2,
1.7 meV, and 50, respectively.
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FIG. 2. Experimental data from UPd2Al 3 at the antiferromag-
netic wave vectorQ0. The value of the fixed outgoing wave
vector is given in each frame as is the temperature. (a) and
are taken with polarized neutrons and the transverse (longitu
nal) response is shown as solid (open) circles. A backgrou
of 6 countsymon ­ 1000 has been subtracted and the data co
rected for the measured flipping ratio. In (b) the solid line is
scaled plot of the unpolarized data at 150 mK [frame (c)]. Th
dashed line is the zero level. The lower panel (open diamond
is taken with an unpolarized incident beam. The dashed line
the calculated response in the normal antiferromagnetic state
this temperature.

Within the framework of Ginzburg-Landau mode cou
pling theory, in which a Gaussian approximation to th
contribution from dynamic fluctuations in the first an
harmonic term (quartic term) in the free energy den
sity renormalizes the coefficient of the leading (quadrati
term, one has the following condition onTN :

p
km2l ø

M0sQ0d. That is, the phase transition occurs when the ro
thermal variance of the local magnetization induced b
fluctuations is of the order of the low temperature magn
tization [11–13]. The fluctuations are integrated up to
thermal cutoff given bykBTN ­ h̄Gsqd which yields the
estimatedTN ­ 16 K in reasonable accord with the ex-
perimental value.

For temperatures belowTN , as shown, for example,
at 7 K in Fig. 1, the solid lines result from calculations
4246
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in which the dynamical susceptibility is given by the
sum of two modes,x1 and x2, in which all internal
interactions have been included apart from their mutu
coupling which is effected through a mean field parame
l [16]

x ­
x1 1 x2 1 2lx1x2

1 2 l2x1x2
. (2)

The low-frequency response is represented as a quasie
tic excitation as in (1) above, together with a damped sp
wave at polev0sqd at high energies. This damped pol
takes the form

x21
2 sq, vd ­ x21

2 sqd

3

∑
1 2

vfv 1 iG2sqdg
v2sqd 2 iG2sqd fv 1 iG2sqdg

∏
,

(3)

with h̄vsqd ­ h̄v0 1 Dq2 and wherex21
i sqd andGisqd

have the same functional dependence as in (1). The sp
wave pole gap at the antiferromagnetic zone center
given by h̄v0 and D is the stiffness. This dispersion
local to the zone center, joins the previously establish
[8] dispersion at aboutq ­ 0.06 Å21.

In modeling the data over the rangeTc , T , TN , the
evolution of linewidth and intensity over the measure
energy and wave vector intervals may be consistently a
counted for by a natural softening of the spin-wave po
and energy gap, together with a thermal renormalizati
of x1,2. NearTN the torsional stiffness of the quasielas
tic sc1d and the spin-wave modesc2d take similar values
and join smoothly with the value ofc in the paramag-
netic phase; however, below about 10 K the quasielas
stiffness c1 increases by almost an order of magnitud
[17]. The microscopic origin of such behavior remains
be understood. ForT , TN y2, the parameters become
essentially temperature independent with the followin
values: h̄u1 ­ h̄u2 ­ 1.4 meV, c1 ­ 1.5105 Å2, c2 ­
0.3105 Å2, D ­ 120 meV Å2, h̄v0 ­ 1.4 meV, x

21
1 ­

280, andx
21
2 ­ 230. The coupling parameterl ­ 200.

This gives an enhancement at zero frequency andQ0 of
,3.5 to the total susceptibility.

We have estimated the linear coefficient of the heat c
pacity, in the normal state as extrapolated toT ­ 0 K,
contributed by the spectral weight of the antiferroma
netic fluctuations. Within the Ginzberg-Landau mod
used to estimateTN , and assuming the spectra at th
lowest energy in the normal state to be dominated
the quasielastic mode, we obtaing ­ 0.1 Jymole K2. Al-
though it is difficult to have a precise figure, since it de
pends on a cutoff parameter of integration [11–13],
is close to, and certainly within an order of magnitud
of, the experimental value. This strongly supports th
idea that the dominant renormalization, yielding the ma
sive quasiparticles which give rise to the superconducti
ground state, may be considered as arising from the lo
frequency exchange field.
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On cooling belowTc, at the lowest temperatures, a
reshaping of the spectrum occurs (see Fig. 1). This can
be accounted for by the fall in the Bose populatio
factor, as is illustrated in Fig. 2(c), where the dashe
line is the projected scattering profile in the norma
antiferromagnetic state at 150 mK. It is apparent that t
low energy response has changed in aqualitativemanner.
This enhanced response in the superconducting st
is seen around the antiferromagnetic reciprocal latti
vectors (r.l.v.) with a half width of 0.02 reciprocal lattice
units (r.l.u.) (see Fig. 1).

To our knowledge, no forms of the dynamical magnet
susceptibility have been derived in the antiferromagne
superconducting phase. However, if we assume tha
general pairing mechanism survives in the antiferroma
netic superconducting state exhibiting (i) coherence of t
ground state wave function and (ii) an energy gap for
least the majority of the low energy excitations, some qua
itative comments may be made. First, the observeden-
hanceddiffusion at about 0.4 meVs,2.4kTcd is in accord
with the absence of an NMR coherence peak in the sup
conducting state, which has been interpreted as evide
for a sign change in the gap function [18,19]. Secon
the formation of at least a partial gap in the magnet
excitation spectrum is in accord with the abrupt fall in
heat capacity [1,5] and NMR relaxation rate [18] at low
temperatures. Thus, the low temperature peaking of
tensity at finite energy may naturally arise from the supe
conducting correlations in the ground state. Recalling t
wave vector specificity of the scattering, the appearance
inelastic intensity around the antiferromagnetic r.l.v. rais
the possibility that the sign change in the gap functio
[18] may be associated with the characteristic wave ve
tor Q0. A model of superconducting order with antifer
romagnetic periodicity has been advanced previously
the basis of general symmetry arguments in heavy ele
tron systems [20]. Within such a scenario the width of th
response around a r.l.v. gives an inverse measure of
spatial coherence of the superconducting order parame
This is estimated to be about 100 Å (Fig. 1) and would b
in agreement with indirect bulk measurements [1].

In summary, the main finding of this work is the
observation, by means of polarized inelastic neutro
scattering, of two, coupled, components in the low ener
inelastic response of UPd2Al 3 below TN . They areboth
identified as being transverse fluctuations to the sublatt
magnetization vector. One corresponds with the sp
wave observed previously, while the second respon
appears at low energies with a characteristic frequen
below that of the spin wave [21]. The low energy
mode is strongly renormalized by the transition to th
superconducting state, where a gap appears to deve
in the spectrum of transverse excitations. It will b
interesting to see if the twin threads, the identificatio
not
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of low energy antiferromagnetic fluctuations with th
formation of the heavy quasiparticles that make t
transition into the superconducting state, and the poss
antiferromagnetic nature of the superconducting ord
parameter survive further experimental and theoreti
analyses to provide us with spectroscopic evidence link
the two phenomena.
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