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Magnetic order of UPt3 under uniaxial pressure
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The weak antiferromagnetic order of the heavy fermion superconductor UPt3 has been investigated by
elastic neutron-scattering measurements under applied uniaxial pressure up to 6 kbars along thea andc axes
of the hexagonal crystal structure. Forpuuc the small antiferromagnetically ordered moment of 0.02mB /U
atom shows a nonlinear decrease for increasing pressures and is still not completely suppressed at the maxi-
mum applied pressure of 6 kbars. Forpuua a significant increase in the magnetic Bragg peak intensity is
observed, which suggests an incomplete domain repopulation and confirms the presence of a single-k structure.
The Néel temperature ofTN56 K does not substantially change with uniaxial pressure. The results are
discussed in relation to the understanding of the unconventional superconducting phase diagram.
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I. INTRODUCTION

One of the central problems in the understanding of
heavy fermion superconductors is the role of the antifer
magnetic order. The magnetic interactions in most heavy
mion systems are governed by a hybridization of thef elec-
trons and the conduction electrons that lead to a compet
between the Kondo screening and the indirect excha
~Ruderman-Kittel-Kasuya-Yosida! interaction of thef elec-
trons. As a consequence, a strong enhancement of the q
particle mass at low temperatures, and a rich variety of m
netic structures, is observed. The relation of t
antiferromagnetic order to the superconductivity, and th
coexistence at low temperatures, is one of the major iss
yet to be resolved experimentally and theoretically.

For UPt3, elastic neutron-scattering measurements1 re-
vealed the onset of antiferromagnetic order belowTN56 K
with an unusually small ordered moment ofm
50.02mB /(U atom). The antiferromagnetic order has
propagation vector ofk5(1/2,0,0) with the ordered momen
along the propagation vector in the basal plane of the h
agonal close-packed crystal structure~space group
P63 /mmc). The magnetic Bragg peaks are not resolut
limited but show a Lorentzian broadening that correspo
to a finite correlation length of the order ofj'250–500 Å.
The weak antiferromagnetic order, observed by neutr
scattering measurements, has only been observed by
other techniques, namely magnetic x rays2 and muon-spin
rotation in magnetic field.3 Recent elastic neutron-scatterin
experiments at low temperatures4 showed a considerable na
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rowing of the antiferromagnetic Bragg peak below 50 m
and a resolution limited peak was observed below 20 m
The onset of long-range antiferromagnetic order below
mK was earlier suggested by a low-temperature anomal
the specific heat5 and later supported by magnetizatio
measurements.6 The proximity to a magnetic instability o
UPt3 is nicely demonstrated by the effect of doping wi
small concentrations of Pd,7,8 which causes a substantial in
crease in the size of the ordered moment with a maxim
value of 0.6mB /(U atom) for 5% Pd doping. Recently, Fo
min and Flouquet9 and Okuno and Miyake10 have proposed
models for an alternative scenario that ascribes the w
magnetic contribution, observed in elastic neutron-scatte
measurements below 6 K, to the development of magn
fluctuations. These fluctuations are sufficiently slow toap-
pear static on the time scale of neutron and x-ray scatter
experiments.

At low temperatures, UPt3 shows unique unconventiona
superconducting properties. The superconducting transi
at Tc

150.55 K is followed by a second superconductin
transition atTc

250.50 K. As a function of magnetic field
and temperature, an exotic superconducting ph
diagram11–13 is observed with three different supercondu
ing phases that meet at a tetracritical point. Neutro
scattering2,4,14and magnetic x-ray-diffraction2 measurements
at low temperatures revealed that the superconductivity
exists with the antiferromagnetic order. Combined elas
neutron-scattering15 and specific-heat measurements16 under
hydrostatic pressure showed a direct relation between
size of the weak ordered moment and the splitting of
©2001 The American Physical Society26-1
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N. H. van DIJKet al. PHYSICAL REVIEW B 63 104426
superconducting transition temperaturesDTc5Tc
12Tc

2 . By
applying a pressure of 3–4 kbars, the antiferromagnetic o
is fully suppressed and the two superconducting transi
temperatures merge. In order to describe the exotic super
ducting phase diagram, several scenarios have b
proposed.17–20 In most scenarios17–19 the double transition is
caused by a symmetry-breaking field that lifts the deg
eracy of the components of a vector order parameter with
single symmetry representation. The most likely candid
for the symmetry-breaking field is the weak antiferroma
netic order, as the magnetic order lowers the symmetry of
system. Recent small-angle neutron scatter
measurements21 of the superconducting flux-line lattice in a
applied magnetic field along thec axis demonstrated the un
conventional nature of the superconductivity and assig
the symmetry of the superconducting gap function to theE2u
representation.

In view of the important implications to the understandi
of the superconductivity, Lussieret al.22 studied the effect of
an applied magnetic field within the basal plane on the a
ferromagnetic order. Their elastic neutron-scattering m
surements atT51.8 K showed no change in the antiferr
magnetic order and, in particular, no significant dom
repopulation for applied magnetic fields up to 3.2 T (Buua),
which includes the entire field range of interest for the
perconductivity (Bc252.2 T).11–13 In order to explain the
absence of domain repopulation for magnetic fields wit
the basal plane (Buua), Lussier et al.22 proposed the exis
tence of a triple-k structure. The question whether the ma
netic order corresponds to a single-k or a triple-k structure is
crucial for the understanding of the unconventional sup
conductivity because the magnetic order determines the s
metry of the system. Additional elastic neutron-scatter
measurements in applied magnetic fields up to 12 T (Buua
andBuuc) ~Ref. 23! did not show a significant change in th
magnetic structure or the ordered moment. This is com
ible with a triple-k structure but does not exclude a singlek
structure since the energy gain of a domain repopulatio
relatively small for ordered moments of 0.02mB /~U atom!.

An alternative method to study whether the magnetic
der corresponds to a single-k or a triple-k structure is to
apply uniaxial pressure in the hexagonal plane. A triplek
structure is expected to be rather insensitive to app
uniaxial pressure,24 while a single-k structure is expected to
show a domain repopulation for uniaxial pressure in
basal plane. Due to the small size of the ordered momen
pressure dependence is difficult to measure and has
been determined by elastic neutron-scattering measurem
under hydrostatic pressure.15

In order to study the uniaxial pressure dependence of
weak antiferromagnetic order, we performed elastic neutr
scattering measurements under pressure up to 6 kbar
puua andpuuc. The applied pressure along thea axis allows
us to study a possible domain repopulation and possibly
tinguish a single-k structure from a triple-k structure. If a
sizable domain repopulation is indeed observed for app
pressure along thea axis, a triple-k structure can be exclude
for the antiferromagnetic order with important implicatio
for the unconventional superconductivity.
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II. EXPERIMENTAL PROCEDURE

The neutron-scattering experiments were performed
two high quality single crystals prepared under ultrahi
vacuum by the Czochralski technique and annealed fo
days at a temperature of 950 °C. The first sample, used
pressure experiments along thec axis, was a cube of 535
35 mm3 with a mass of 3 g. The second sample, used
pressure experiments along thea axis, had a thickness of 1.
mm, a surface area of 30 mm2, and a mass of 1 g. For bot
samples the surfaces, where the uniaxial pressure was
plied, were parallel within 0.1°. Resistivity measuremen
confirmed the good crystal quality, with a residual resistan
ratio of RRR'600 for an electrical current along thec axis
in both samples. The superconducting transition tempera
of both samples wasTc

150.55 K.
The antiferromagnetic order in UPt3 was studied by elas

tic neutron-scattering measurements on the cold triple-a
spectrometer IN14 of the ILL. Pyrolytic graphite~002!
planes were used as both monochromator and analyzer
used an initial wave vector ofki51.48 Å21, a collimation of
378-408-408-608 in the horizontal scattering plane, and a b
ryllium filter before the sample. The crystals were mount
in a uniaxial pressure cell and aligned with, respectively,
a axis ~1-g sample! and thec axis ~3-g sample! along the
vertically applied uniaxial pressure. The sample was pla
between two stainless steel spacers with a similar sur
area as the sample.

The uniaxial stress was applied with a hydraulic press~at
room temperature! via a stainless steel rod and a knee-jo
placed at low temperature to the faces of the sample. T
system allows for changing the pressure without heating
pressure cell. During the experiment the force applied by
hydraulic press was measured continuously with a calibra
piezoelectric sensor. After each change of force, a sm
pressure drift was observed, which remained within 4%
the total force during all measurements. In order to red
the background, care was taken to avoid that the direct b
hit any of the pillars of the pressure cell or the vertical fac
of the spacers, using cadmium where necessary.

III. RESULTS

Measurements of the magnetic Bragg-peak intensity w
performed under applied pressures up to 6 kbars forpuua and
puuc. In both cases the uniaxial pressure is applied perp
dicular to the scattering plane (a*-c* for puua anda*-b* for
puuc). For pressures along thec axis scans through the mag
netic Bragg peak atQ5(3/2,21/2,0) along k5(1/2,
21/2,0) and perpendicular tok were performed. In Fig. 1,
such scans alongk are shown for applied pressures along t
c axis of p50.37 and 2.54 kbars atT51.6 K. Under a pres-
sure of 2.54 kbars the Bragg peak intensity, which is prop
tional to the square of the ordered moment, is strongly s
pressed. Similar scans through the magnetic Bragg pea
Q5(0,1/2,2) alongc* have been performed for pressu
along thea axis atT51.7 K.

The pressure dependence of the integrated intensity o
magnetic Bragg peak is shown in Fig. 2 forpuua and puuc.
6-2



a

ty

p

t
s

i
in
u

o
st
-
th
f
e
e

s

re
d

t

re

gg
-
r

rlier

g-

MAGNETIC ORDER OF UPt3 UNDER UNIAXIAL PRESSURE PHYSICAL REVIEW B 63 104426
The integrated intensity of the magnetic Bragg peak w
normalized to the weak nuclear Bragg reflection atQ
5(1,1,0) for puuc and Q5(1,0,1) for puua. For applied
pressures along thec axis the magnetic Bragg peak intensi
at Q5(3/2,21/2,0) alongk5(1/2,21/2,0) shows a nonlin-
ear decrease for increasing pressure and remains finite u
the maximum applied pressure ofp55.70 kbars. Similar re-
sults have been obtained for the scans perpendicular tok. In
order to make sure that all three magnetic domains show
same pressure dependence forpuuc we have performed scan
through the magnetic Bragg peaks atQ5(3/2,21/2,0),
~1,1/2,0!, and~1/2,1,0! along their respectivek vectors atp
50.37 and 4.10 kbars. For applied pressures along thea axis
a significant increase in the relative integrated intensity
observed. The observed pressure dependence is nonl
and the increase does not reach a factor 3 at the maxim
applied pressure ofp56.10 kbars along thea axis, as would
be expected for a complete domain repopulation and a c
stant moment. For comparison the data from earlier ela
neutron-scattering measurements15 under hydrostatic pres
sure are shown in Fig. 2. For pressures up to 2 kbars
pressure dependence of the relative integrated intensity
hydrostatic pressure is similar to the uniaxial pressure dep
dence along thec axis, while for higher pressures a strong
suppression is observed for hydrostatic pressure.

In Fig. 3 the full width at half maximum of the scan
through the magnetic Bragg peaks atQ5(0,1/2,2) andQ

FIG. 1. Magnetic Bragg peak intensity atQ5(3/21q,21/2
2q,0) as a function ofq under an applied pressure ofp50.37 and
2.54 kbars forpuuc at T51.6 K. For comparison, high-temperatu
scans (T.TN) are also shown.
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5(3/2,21/2,0) is shown as a function of applied pressu
for respectivelypuua and puuc. The scans were performe
along c* at Q5(0,1/2,2) and alongk5(1/2,21/2,0) atQ
5(3/2,21/2,0). It is interesting to note that the full width a

FIG. 2. Relative integrated intensity of the magnetic Bra
peaks atQ5(3/2,21/2,0) andQ5(0,1/2,2) as a function of ap
plied pressure forpuuc and puua, respectively. The data points fo
puua ~solid squares! and puuc ~solid circles! are normalized to the
extrapolated zero-pressure value and compared with the ea
measurements under hydrostatic pressure~open circles! of Hayden
et al. ~Ref. 15!. The lines are fits to Eqs.~2! and ~3! for puuc and
puua, respectively. The error bars for the pressure (puua and puuc)
are a measure for the maximum drift during the experiment.

FIG. 3. Full width at half maximum of scans though the ma
netic Bragg peaks atQ5(3/2,21/2,0) alongk5(1/2,21/2,0) and
at Q5(0,1/2,2) alongc* as a function of applied pressure forpuuc
andpuua, respectively.
6-3
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half maximum, and therefore the finite correlation length
the antiferromagnetic order ofj'250–500 Å, is insensitive
to the applied pressure forpuua and puuc. Additional scans
through the magnetic Bragg peak atQ5(3/2,21/2,0) per-
pendicular tok confirm that the full width at half maximum
is insensitive to applied pressure along thec axis.

The temperature dependence of the integrated intensi
the magnetic Bragg peak atQ5(3/2,21/2,0) is shown in
Fig. 4 for applied pressures ofp50.96 and 4.10 kbars alon
the c axis. Although a significant decrease in intensity
observed with increasing pressure, the Ne´el temperature is
hardly affected by the applied pressure. The values of
Néel temperature derived from temperature scans such
those shown in Fig. 4 are listed in Table I forpuua andpuuc.
The absence of a significant pressure dependence ofTN is in
good agreement with the results of earlier elastic neutr
scattering measurements under hydrostatic pressure15 and
was also found for measurements in magnetic fields up
12 T.23

IV. ANALYSIS AND DISCUSSION

In Fig. 2 our present result for the uniaxial pressure
pendence of the magnetic Bragg peak intensity is compa

FIG. 4. Temperature dependence of the integrated intensit
the magnetic Bragg peak atQ5(3/2,21/2,0) under an applied
pressure ofp50.96 and 4.10 kbars along thec axis.

TABLE I. Pressure dependence of the Ne´el temperatureTN of
the weak antiferromagnetic order of UPt3 for puua andpuuc.

puua puuc TN

~kbars! ~kbars! ~K!

0.37 6.3~4!

0.96 5.8~4!

4.10 6.1~7!

4.08 5.6~5!
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with the data from earlier elastic neutron-scattering meas
ments under hydrostatic pressure.15 It is important to note
that the observed hydrostatic pressure dependence of
magnetic Bragg peak intensity (I}m2) cannot be derived
from the present results of the uniaxial pressure depende
along thea and thec axes via the expressiond@ ln(m2)#/dp
52d@ln(m2)#/dpa1d@ln(m2)#/dpc , which would be valid for
an isotropic pressure dependence of the ordered momem
in the basal plane. Apparently, the magnetic domain str
ture is significantly modified by an applied pressure alo
thea axis as the uniaxial pressure breaks the sixfold symm
try in the basal plane. For pressures up to 2 kbars the p
sure dependence of the relative integrated intensity for
drostatic pressure is similar to the uniaxial press
dependence along thec axis „d@ ln(m2)#/dp'd@ln(m2)#/dpc….
This clearly indicates that the pressure dependence of
magnetic Bragg peak intensity along thea axis is mainly
caused by the induced symmetry breaking in the basal pl

The pressure dependence of the magnetic Bragg pea
puuc shows an unusual strongly nonlinear suppression
increasing pressure~Fig. 2!. If we assume a linear pressur
dependence for the ordered moment up to a critical pres
pcr of the formm(p)5m(0)@12p/pcr#, then the magnetic
Bragg peak intensityI (p)}m(p)2 is described by

I ~p!5I ~0!@12p/pcr#
2. ~1!

A fit of the relative integrated intensityI (p)/I (0) for puuc
yields a critical pressure ofpcr57.3(5) kbars, which is be-
yond the maximum applied pressure ofp55.70 kbars. A
much better fit is however obtained if we assume an ex
nential pressure dependence for the ordered momentm of the
form m(p)5m(0)exp(2ap). The magnetic Bragg peak in
tensity I (p) is then described by

I ~p!5I ~0!exp~22ap!. ~2!

In Fig. 2~a! fit of the relative integrated intensityI (p)/I (0)
for puuc is shown with a value ofa50.22(1) kbars21. An
exponential pressure dependence for the ordered mom
would imply that the weak antiferromagnetic order does
show a critical pressure for the suppression of the orde
moment.

In order to check that the observed nonlinear press
dependence forpuuc does not originate from an inhomoge
neous pressure distribution inside the sample we have
formed finite-element calculations. In these calculations
have assumed elastic deformations and an infinite sur
friction ~fixed surface!. As a consequence of the infinite su
face friction enhanced stresses develop in a small reg
around the surface edges. The regions within 0.5 mm fr
the surface are, however, shielded in our experiment by c
mium in order to reduce the background. In the remain
volume of the sample the variation in stress along thec axis
remains within 20% of the average value and cannot cau
significant nonlinear pressure dependence of the magn
Bragg peak intensity as a function of the applied pressur

of
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MAGNETIC ORDER OF UPt3 UNDER UNIAXIAL PRESSURE PHYSICAL REVIEW B 63 104426
Although the pressure dependence of the relative in
grated intensity of the magnetic Bragg peak is qualitativ
the same forpuuc and hydrostatic pressure in the low
pressure region, the situation at higher pressures is less c
Haydenet al.15 reported that the magnetic order was co
pletely suppressed at a hydrostatic pressure of 4 kbars, w
our present results forpuuc indicate a significantly highe
critical pressure. The experimental results of Haydenet al.
do, however, not exclude a higher critical pressure in cas
a nonlinear hydrostatic pressure dependence, as neu
scattering measurements under hydrostatic pressure
limited sensitivity.

A comparison of the hydrostatic pressure dependenc
the magnetic Bragg peak intensityI}m2, measured by elas
tic neutron scattering,15 and the splitting in the superconduc
ing transition temperaturesDTc , measured by specific-hea
measurements16 indicated a direct relation (DTc}m2). This
relation was later qualitatively supported by combined ela
neutron-scattering and specific-heat experiments on sin
crystalline UPt3 doped with small concentrations of Pd.25 For
small concentrations (,0.6%) of Pd doping both the mag
netic Bragg peak intensity and the splitting in the superc
ducting transition temperatures increase for increasing
concentrations, but show some deviation from the sim
DTc}m2 relation.

It is interesting to compare our present experimental d
of m2 under pressure along thec axis with measurements o
DTc under pressure along thec axis assuming a direct pro
portionality betweenDTc and m2. Specific-heat26,27 and
sound-velocity13 measurements forpuuc indicate a suppres
sion ofDTc for increasing pressure with a critical pressure
pcr'2 kbars. These experiments are, however, rather in
sitive for small values ofDTc as the widthdTc

6 of each of
the superconducting transitionsTc

1 andTc
2 is relatively large

compared to the initial splitting inTc : dTc
6'10 mK and

DTc'55 mK at p50 kbars.26,27 When the magnetic Bragg
peak intensity is reduced by a factor 3 with respect to
value at zero pressure the two superconducting transition
Tc

1 andTc
2 cannot be distinguished individually. It can ther

fore not be excluded that the critical pressure is significan
higher for a nonlinear pressure dependence.

Our present experimental data for the magnetic Bra
peak intensities forpuuc indicate a nonlinear pressure depe
dence ofm2 with a critical pressure beyond the maximu
applied pressure of 5.70 kbars. This has important con
quences for our understanding of the superconducting p
diagram. It can either imply that the critical pressure forDTc
is in fact much higher than the established value ofpcr
'2 kbars, or that the weak antiferromagnetic order is not
origin for the splitting inTc . Due to the weak sensitivity o
both specific-heat and sound-velocity measurements to
solve a small splitting inTc , the most likely scenario is tha
the critical pressure forDTc is much higher than the estab
lished value ofpcr'2 kbars. The excellent fit of the exper
mental data in Fig. 2 to an exponential pressure depend
@Eq. ~2!# even suggests the absence of a critical pressure
a continuous suppression ofDTc for increasing pressure
along thec axis. This would also imply that in zero field th
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low-temperature phase (T,Tc
2) remains stable for all pres

sures along thec axis and does not show a transition to t
high-field phase at the critical pressure. This phase transi
was deduced from sound-velocity measurements in magn
field under uniaxial pressure (Buupuuc).13

For applied pressures along thea axis the magnetic Bragg
peak intensity in Fig. 2 shows an initial increase at low pr
sure and a saturation at high pressure, which can eithe
ascribed to an increase in the ordered moment or by a
population of magnetic domains. From a comparison of
uniaxial and hydrostatic pressure dependence of the m
netic Bragg peak intensity we concluded that the obser
pressure dependence along thea axis is mainly due to the
induced symmetry breaking in the basal plane. If we furth
assume thatm2}DTc and recall that according to specific
heat experiments26 DTc is independent of pressure forpuua,
we can conclude that the ordered moment is insensitive
pressure along thea axis. As a consequence, the large i
crease in the relative Bragg peak intensity is not related to
increase in the ordered moment but suggests a repopula
of magnetic domains for applied pressure along thea axis.
Unfortunately, this repopulation cannot be proven since
an applied pressure along thea axis and perpendicular to th
scattering plane, the magnetic Bragg peaks of the other
domains are not accessible in our experimental setup.

For a complete domain repopulation and a constant m
ment, a factor 3 increase in the integrated intensity is
pected at the maximum applied pressure ofp56.10 kbars.
The domain population for the energetically most favora
domain is given byao51/@112exp(2DE/kBT)#, whereDE
is the energy difference between the domains,kB the Boltz-
mann factor, andT the temperature. For an incomplete d
main repopulation withDE5ep, the relative magnetic
Bragg peak intensityI (p) can be expressed as

I ~p!5I ~0!
3

~11d!1~22d!exp~2bp!
, ~3!

whered and b5e/kBT are phenomenological constants.
fit of the experimental data forpuua in Fig. 2 gives d
50.38(8) andb51.0(3) kbars21. The saturation value o
the relative intensity for the incomplete domain repopulat
corresponds toI (`)/I (0)53/(11d)52.2(1),while the en-
ergy difference between the domains per unit pressur
given by e5DE/p5bkBT50.14(4) meV/kbar at T
51.6 K. For an applied pressure along thea axis the crystal
structure is slightly distorted and the hexagonal symmetr
broken. The in-plane distortion of the crystal structu
which is governed by the compressibilitiess11 ands12, lifts
the degeneracy of the three magnetic domains and caus
domain repopulation.

The presence of an incomplete domain repopulation
puua has consequences for the magnetic structure of U3.
The antiferromagnetic order of UPt3 determined by elastic
neutron-scattering measurements in zero pressure2,14 has
three equivalent propagation vectors:k5(1/2,0,0),~0,1/2,0!,
and (21/2,1/2,0). The magnetic structure is therefore
6-5
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N. H. van DIJKet al. PHYSICAL REVIEW B 63 104426
principle consistent with three different scenarios: a singlek,
double-k, and triple-k structure. Both the single-k and
double-k structures have three magnetic domains, while
triple-k structure does not have magnetic domains. As
triple-k structure is rather insensitive to applied uniax
pressure24 the most likely scenario is the presence of
single-k structure with three magnetic domains~although the
double-k structure cannot be excluded!.

One of the main questions related to the weak antife
magnetic order of UPt3 is whether the magnetic peaks o
served in elastic neutron scattering describe static mom
with a finite correlation length or slow fluctuations. In th
case of static magnetic moments the long-range antife
magnetic order would be limited to a finite correlation leng
by a relatively large density of structural defects which act
pinning sites for the magnetic domain walls. Transmissi
electron microscopy28,29 and x-ray-diffraction28 measure-
ments have indeed shown a relative large density of stac
faults which can take up to 3% of the sample volume
single-crystalline samples. A subsequent transmiss
electron microscopy~TEM! study30 even reported the pres
ence of an incommensurate structural modulation. Sim
effects have also been reported in a more recent TEM in
tigation on whiskers.31 A serious problem with the reporte
incommensurate structural modulation is, however, that
cannot exclude the possibility that it is induced by t
sample preparation for the TEM studies.31 Recent small-
angle neutron scattering measurements along thec axis of a
high-quality single crystal21 showed a strong defect scatte
ing along thea* axes. All the experimental evidence ind
cates that the presence of structural defects is inherent to
system and also exists in the highest quality samples.
absence of a domain repopulation in elastic neutr
scattering measurements in applied magnetic fields in
basal plane22 has been claimed to prove a strong pinning
magnetic domain walls. For an applied pressure in the b
plane we have observed a significant increase in the m
netic Bragg peak intensity, which can be related to a dom
repopulation. This domain repopulation does, however,
lead to a change in the magnetic correlation length as sh
in Fig. 3.

If the magnetic signal below 6 K is in fact not static, but
corresponds to slow magnetic fluctuations, as recently p
posed by Fomin and Flouquet9 and Okuno and Miyake,10

then a weak pressure and field dependence is expecte
only the excitation spectrum of the fluctuations is modifie
The strongest support for slowly fluctuating moments is t
no sign of antiferromagnetic order has been observed
nuclear magnetic resonance32 and muon-spin resonance me
surements in zero field.3 Both techniques are extremely se
sitive to small magnetic moments, but on longer time sca
than neutron scattering. High-resolution neutron spin-e
measurements could in principle distinguish between slo
fluctuating and static moments, but have not yet been s
cessful for UPt3.33 The scenario of slow fluctuations is su
ported by the observation that the onset temperature of
magnetic signal (TN) is insensitive to hydrostatic pressur
up to 4 kbars~Ref. 15! and magnetic fields up to 12 T.23
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In our present experiments we confirm thatTN is also
insensitive to uniaxial pressures forpuua and puuc, as indi-
cated in Fig. 4 and Table I. Further, we find that the magne
correlation length is insensitive to applied uniaxial press
for puua andpuuc. Even the incomplete domain repopulatio
observed forpuua does not lead to an enhancement in t
magnetic correlation length, as would be expected for st
order. In high magnetic fields the magnetic correlation len
also remained constant up to 10 T forBuua and Buuc.23 In
addition, the pressure~Fig. 2! and temperature1,2,7 depen-
dence of the magnetic Bragg peak intensity is rather unu
for static order. The observed anomalous behavior, wh
strongly deviates from the magnetic response for static or
can be regarded as indirect evidence for the presenc
slowly fluctuating moments.

Additional support for the existence of slow fluctuatio
is found in elastic neutron-scattering measurements at
temperatures,4 which show a decrease in the width of th
magnetic Bragg peak below 50 mK until it becomes reso
tion limited below 20 mK. This can be favorably interprete
as a transition from slow fluctuations to static long-ran
antiferromagnetic order. Recent nuclear magnetic resona
measurements at low temperatures34 indeed show an
anomaly below 50 mK, suggesting a slowing down of t
antiferromagnetic fluctuations, but indicate also that the
tiferromagnetic order is not yet static down to 15 mK. Rece
muon-spin resonance experiments3 have shown that the clea
sign of weak antiferromagnetic order observed in appl
magnetic field vanishes in zero field. This can be explain
by the presence of slowly fluctuating moments. One can
however, exclude the existence of static order when the lo
dipolar magnetic field at the stopping site for the muon
canceled by the symmetry of the surrounding magnetic m
ments. In either case an applied magnetic field causes a
tortion of the magnetic structure, which then produces a lo
dipolar magnetic field. Further low-temperature muon e
periments (T,50 mK) are desirable to clarify the situation
In the scenario with static moments where the finite corre
tion length for the antiferromagnetic order is caused by str
tural defects, the pinning of the magnetic domain wa
would need to become less effective below 50 mK in ord
to explain the increase in magnetic correlation length. It
difficult to imagine what the origin for such a weakening
the magnetic domain-wall pinning would be without assu
ing drastic changes in the magnetic structure at low temp
tures. The most likely scenario for the magnetic structure
UPt3 is therefore the presence of slowly fluctuating mome
which fluctuate with frequencies in the range between th
of nuclear magnetic resonance (;1 MHz) and neutron-
scattering (;1 GHz) measurements.

V. CONCLUSIONS

In conclusion, we have measured the weak ordered
ment of UPt3 using elastic neutron scattering under uniax
pressures up to 6 kbars forpuua andpuuc. For puuc the small
antiferromagnetically ordered moment of 0.02mB /U atom
shows a nonlinear decrease for increasing pressures a
6-6
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still not completely suppressed at the maximum applied p
sure of 6 kbars. Forpuua a significant increase in the mag
netic Bragg peak intensity is observed, which suggests
incomplete domain repopulation and confirms the prese
of a single-k structure. The nonlinear pressure dependenc
the antiferromagnetic order along thec axis has direct con-
sequences for the superconducting phase diagram whe
weak antiferromagnetic order acts as a symmetry-brea
field. While direct measurements of the splitting in the s
perconducting transitionDTc seem to indicate a critical pres
sure of about 2 kbars for pressure along thec axis, our
10442
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present results suggest that the two superconducting tra
tion temperatures do not merge for pressures up to 6 kb
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