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Magnetic order of UPt3 in high magnetic fields
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The weak magnetic order of the heavy-fermion superconductor UPt3 has been investigated by elastic
neutron-scattering measurements in magnetic fields up to 12 T along thea andc axes of the hexagonal crystal
structure. The small antiferromagnetically ordered moment of 0.02mB /(U atom) shows only a weak depen-
dence on the applied magnetic field and no sign of a domain repopulation forBia. In high magnetic fields an
increase in the magnetic correlation length is observed for magnetic fields along thec axis.
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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. So far, no systematics have been observ
the nature of the magnetism in these systems; UPd2Al3 ~Ref.
1! shows a relatively large ordered moment
0.85mB /(U atom), UNi2Al3 ~Ref. 2! a reduced moment o
0.12mB /(U atom) with an incommensurate magnetic stru
ture, URu2Si2 ~Ref. 3! a strongly reduced moment o
0.03mB /(U atom), while for UBe13 ~Ref. 4! no magnetic or-
der has been observed. The magnetic interactions in he
fermion systems are governed by a hybridization of thf
electrons and the conduction electrons that lead to a com
tition between the Kondo screening and the indirect
change~Ruderman-Kittel-Kasuya-Yosida! interaction of the
f electrons. As a consequence, a strong enhancement o
quasiparticle mass at low temperatures, and a rich variet
magnetic structures, is observed. The relation of the ant
romagnetic order to the superconductivity, and their coex
ence at low temperatures, is one of the major issues yet t
resolved experimentally and theoretically.

For UPt3, elastic neutron-scattering measuremen5

revealed the onset of antiferromagnetic order bel
TN56 K with an unusually small ordered moment
0.02mB /(U atom). The antiferromagnetic order has a prop

gation vector ofq5( 1
2 ,0,0) with the ordered moment alon

the propagation vector in the basal plane of the hexago
close-packed crystal structure~space groupP63 /mmc!. The
magnetic Bragg peaks are not resolution limited but sho
Lorentzian broadening that corresponds to a finite correla
length of the order ofj'250 Å. The weak antiferromagneti
order, observed by neutron-scattering measurements, ha
been observed by any other technique. Careful specific-
measurements6 failed to detect any anomaly aroundTN with
a precision of 0.1%. The proximity to a magnetic instabil
is nicely demonstrated by the effect of doping with sm
concentrations of Pd,7 which causes a substantial increase
the size of the ordered moment with a maximum value
PRB 580163-1829/98/58~6!/3186~5!/$15.00
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0.6mB /(U atom) for 5% Pd doping. Magnetizatio
measurements8 in high magnetic fields revealed a metama
netic transition atB* 520 T for Bia. Above the metamag-
netic transition the heavy-fermion state is suppressed,
the induced magnetization corresponds to a relatively la
value of 0.7mB /(U atom).

Due to the small size of the ordered moment, the m
netic phase diagram for high magnetic fields is difficult
measure and has only partly been determined in prev
works. For magnetic fields along thec axis, Bruls et al.9

performed elastic neutron-scattering measurements
found that the antiferromagnetic transition temperat
shows a small suppression fromTN55.5 K in zero field to
TN54.1 K at a field of 10 T. In addition, sound-velocit
measurements as a function of magnetic field9,10 showed a
pronounced minimum at a field that decreases with incre
ing temperature and vanished aroundTN . The minimum was
interpreted as the critical field for the antiferromagnetic ord
and also exists forBia, where it occurs at 5 T at T50 K,
compared to 10.5 T forBic.

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

150.50 K is followed by a second superconducting tra
sition at Tc

250.44 K. As a function of magnetic field an
temperature, an exotic superconducting phase diagram11–13is
observed with three different superconducting phases
meet at a tetracritical point. Neutron-scattering14,15and mag-
netic x-ray-diffraction15 measurements at low temperatur
revealed that the superconductivity coexists with the anti
romagnetic order. Combined elastic neutron-scattering
specific-heat measurements16 under hydrostatic pressur
showed a direct relation between the size of the weak
dered moment and the splitting of the superconducting tr
sition temperaturesTc

1 and Tc
2 . By applying a pressure o

3–4 kbar, the antiferromagnetic order is fully suppressed
the two superconducting transition temperatures merge.

In order to describe the exotic superconducting phase
gram, two main scenarios have been proposed. In the
scenario,17 the small splitting of the superconducting trans
3186 © 1998 The American Physical Society
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tion temperaturesTc
1 and Tc

2 is considered accidental an
due to a near degeneracy of two different representation
the order parameter. In the second scenario,18,19 the double
transition is caused by a symmetry-breaking field that l
the degeneracy of the components of a vector order par
eter within a single 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. In this case, the superconducting transition temp
tures are sensitive to the orientation of the applied magn
field with respect to the ordered moment. For magnetic fie
within the basal plane, the three magnetic domains may e
have a slightly different superconducting phase diagram.

In view of the important implications to the understandi
of the superconductivity, Lussieret al.20 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 (B'c),
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 (B'c), Lussieret al.20 proposed the exis
tence of a triple-q structure. The question whether the ma
netic order corresponds to a single-q or a triple-q structure is
crucial for the understanding of the unconventional sup
conductivity because the magnetic order determines the s
metry of the system. For a single-q structure, the magnetic
unit cell has twice the volume of the structural unit cell a
a D2h symmetry, while the magnetic unit cell for a triple-q
structure is four times bigger than the structural unit cell,
does not affect theD6h symmetry of the lattice.

Recently, Fomin and Flouquet21 proposed an alternativ
scenario that ascribes the weak magnetic contribution,
served in elastic neutron-scattering measurements belo
K, to the development of magnetic fluctuations. These fl
tuations are sufficiently slow to appear static on the ti
scale of a neutron-scattering experiment. This is compat
with zero-field muon-spin relaxation measurements22,23 that
fail to see the antiferromagnetic order on much longer ti
scales.

In order to study the field dependence of the weak a
ferromagnetic order, we performed elastic neutron-scatte
measurements in applied magnetic fields up to 12 T forBia
andBic. Earlier measurements were performed in magn
fields up to 3.2 T~Ref. 20! for Bia and, respectively, 2.5 T
~Ref. 14! and 10 T~Ref. 9! for Bic. Our extended field range
allows us to test the interpretation of the sound-veloc
measurements9,10 that predict a critical field of 5 T for Bia
and 10.5 T forBic. In addition, it allows us to study a
possible domain repopulation at high magnetic fields (Bia).
If a sizable domain repopulation is indeed observed for
plied magnetic fields along thea axis, a triple-q structure can
be excluded for the antiferromagnetic order with importa
implications for the unconventional superconductivity.

II. EXPERIMENTAL PROCEDURE

The neutron-scattering experiments were performed
two high-quality single crystals of masses 1.5 g and 8
of
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prepared under ultrahigh vacuum by the Czochralski te
nique and annealed for 6 days at a temperature of 950
Resistivity measurements confirmed the good crystal qua
with a residual resistance ratio of RRR5586 for the 1.5 g
sample and RRR5671 for the 8 g sample for an electrica
current along thea axis. The superconducting transition tem
perature of both samples wasTc

150.53 K. The antiferro-
magnetic order in UPt3 was studied by elastic neutron
scattering measurements on the cold triple axis spectrom
IN 14 of the ILL. We used an initial wave vector ofki
51.48 Å21, a collimation of 378-408-608-608, with a beryl-
lium filter before, and a graphite filter after, the sample. T
crystals were mounted in a 12 T vertical cryomagnet a
aligned with, respectively, thea axis ~1.5 g sample! and the
c axis ~8 g sample! along the applied magnetic field. A
applied magnetic field along thec axis would not be ex-
pected to influence the population of the magnetic doma
while an applied magnetic field along thea axis would nor-
mally favor one of the three domains. For a vertical magne
field along thea axis, only the energetically most favorab
domain is located in the scattering plane of the spectrome

III. RESULTS

Measurements of the magnetic Bragg-peak intensity w
performed for applied magnetic fields up to 12 T withBia
andBic. In Figs. 1 and 2, scans through the magnetic Bra

peak atQ5( 1
2 ,0,1) for Bia and Q5( 1

2 ,2 3
2 ,0) for Bic are

shown as a function of the crystal rotation anglev. In an
applied magnetic field of 10 T, the magnetic Bragg-pe
intensity slightly increases forBia and slightly decreases fo
Bic. The field dependence of the integrated Bragg-peak
tensity is shown in Fig. 3. The integrated intensity is norm
ized to its zero-field value and compared to earlier low-fie
measurements of Lussieret al.20 (Bia) and Bruls et al.9

(Bic). The nearly constant Bragg-peak intensity forBia
indicates the absence of a substantial domain repopula
In case of a complete domain repopulation, the intensity

the magnetic Bragg peak atQ5( 1
2 ,0,1) is expected to in-

crease by a factor of 3 due to the depopulation of the ot
two domains.

It is known from earlier work that the magnetic Brag
peaks are not resolution limited, but show a Lorentz
broadening that corresponds to a finite magnetic correla
length of the order ofj'250 Å.5,14 In Table I the transverse
~'Q! magnetic correlation lengthj' , deduced from the
Lorentzian broadening of ourv scans, is shown for the mag

netic Bragg peaks atQ5( 1
2 ,0,1) for Bia and at Q5( 1

2 ,
2 3

2 ,0) for Bic. In zero field the transverse correlatio

lengths for Q5( 1
2 ,0,1) andQ5( 1

2 ,2 3
2 ,0) show a sizable

difference that may indicate an anisotropic magnetic corre
tion length. However, one cannot exclude that this differen
is due to a sample dependence, as the measurements
been performed on two different samples. In high magne
fields the correlation length in the basal plane shows an
crease forBic. The origin of the observed finite magnet
correlation length is still unknown.

In Fig. 4, the integrated intensity of the magnetic Bra
peaks is shown as a function of temperature. The antife
magnetic transition temperatures of, respectively, 6.5 K~1.5
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3188 PRB 58N. H. VAN DIJK et al.
g sample! and 6.6 K~8 g sample! in zero field show a sup
pression of 0.7 K (Bia) and 0.4 K (Bic) in a magnetic field
of 10 T. Although the transition temperature decreases
magnetic field, the integrated Bragg-peak intensity increa
at low temperatures for magnetic fields along thea axis.

IV. DISCUSSION

Our measurements of the magnetic Bragg-peak inten
as a function of applied magnetic fields forBia and Bic
show that a field of 12 T is not sufficient to suppress
weak antiferromagnetic order. This rules out a previous
terpretation of ultrasound data by Brulset al.9,10 Their mea-
surements of the sound velocity as function of magnetic fi
show a pronounced minimum at 5 T for Bia and 10.5 T for
Bic, which they ascribe to the critical field for the antife
romagnetic order. Although a similar minimum has been
served in the magnetostriction,24 our present elastic neutron
scattering measurements indicate that it is not related to
critical field of the antiferromagnetic order.

If we only consider the effect of an applied magnetic fie
on the small antiferromagnetically ordered moments, the
main repopulation forBia can be estimated in terms of
molecular-field interaction l5TN /C, where C
5ng2meff

2/3kB is the effective Curie constant with a ma
netic ion densityn5N/V. The energy gain~per volume! due

FIG. 1. Magnetic Bragg peaks atQ5( 1
2 ,0,1) as a function of

the crystal rotation anglev in a magnetic field ofB50 and 10 T for
Bia. For comparison, the high-temperature scan (T.TN) in zero
field is included.
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to the magnetic torque of the magnetic field on the sm
antiferromagnetically ordered momentmeff is given by
E(B)2E(0)52B'

2 /2l, whereB' is the component of the
applied magnetic field perpendicular to the propagation v
tor. ForBia, the energy difference between the energetica
most favorable domain (B'5B) and the two remaining do
mains (B'5B/2) is DE53B2/8l. The population of the
energetically most favorable domain isa051/@112 exp
(2DE/nkBT)#. For the relevant parameters of our system,
estimated domain repopulation turns out to be negligi
(1024), which is consistent with the observed weak-fie
dependence of the Bragg-peak intensity forBia. In order to
obtain an increase of 10% in population of the most fav
able domain atT51 K, a magnetic field ofB5200 T is
needed in the absence of pinning for the magnetic dom
walls. The absence of a significant domain repopulation
Bia does not allow a discrimination between a single-q or a
triple-q structure. The weak field dependence of the magn
Bragg-peak intensity is expected for a triple-q structure25 but
not inconsistent with a single-q structure due to the sma
magnetic torque of the applied magnetic field on the orde
moment. The critical field for a transition to a spin aligne
paramagnetic phase can be estimated byBcr52M0l, where
M05nmeff/2 is the sublattice magnetization. For a fiel
independent effective moment, the critical field would cor
spond to a value ofBcr'1250 T.

The effect of an applied magnetic field is not limited
the antiferromagnetically ordered moment. The ordered m

FIG. 2. Magnetic Bragg peaks atQ5( 1
2 ,2 3

2 ,0) as a function of
the crystal rotation anglev in a magnetic field ofB50 and 10 T for
Bic. For comparison, the high-temperature scans (T.TN) are in-
cluded.
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PRB 58 3189MAGNETIC ORDER OF UPt3 IN HIGH MAGNETIC FIELDS
ment of 0.02mB /(U atom) is only a fraction of the
moment on the uranium ions at low temperatu
@'1mB /(U atom)#. The hybridization with the conduction
electrons causes strong Kondo fluctuations that screen
moments and lead to the formation of heavy quasipartic
High-field magnetization measurements show that an app
magnetic field of 12 T causes an induced magnetic mom
of 0.2 ~0.1! mB on the uranium ions forBia (Bic).8 This
induced magnetic moment is not expected to play a sign
cant role in the heavy-fermion properties, as specific-h
measurements in high magnetic fields26 show that the effec-
tive mass of the heavy quasiparticles is not affected by
applied magnetic field until the metamagnetic transition
B* 520 T (Bia) is approached. Apparently, an applied ma
netic field up to 12 T does not change the balance betw

FIG. 3. Relative integrated intensity of the magnetic Bragg p
as a function of applied magnetic field up to 12 T (Bia andBic).
The measured data points~solid circles! are normalized to the zero
field value and compared with earlier low-field measurements~open
squares! of Lussieret al. ~Ref. 20! (Bia) and Brulset al. ~Ref. 9!
(Bic).

TABLE I. Transverse magnetic correlation lengthj' at Q

5( 1
2 ,0,1) forBia and atQ5( 1

2 ,2 3
2 ,0) for Bic as a function of the

applied magnetic field.

Bia Bic
B j' j'

T Å Å

0 216~35! 388~35!

10 236~26! 393~54!

11 465~66!

12 549~112!
s
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the indirect magnetic exchange and the Kondo screenin
the uranium moments, and does not significantly change
size of the antiferromagnetically ordered moment. The sm
increase in the ordered moment, observed for applied m
netic fields along thea axis, suggests a weak change in a
isotropy of the magnetic correlations. In combination w
the reduction of the antiferromagnetic ordering temperatu
this can lead to an unusual crossing of the magnetic inten
curves as a function of temperature, as observed in Fig. 4
applied magnetic fields of 0 and 10 T along thea axis.

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 Flouquet,21 a weak field dependence i
expected. The magnetic field in this scenario only modifi
the excitation spectrum of the fluctuations. Unfortunate
the model still has a qualitative nature and does not g
quantitative predictions for the field dependence of th
slow magnetic fluctuations. In order to test whether the m
netic signal that develops below 6 K corresponds to static
magnetic order or slow fluctuations, experiments on lon
time scales are required. Muon-spin relaxation measu
ments22,23 indeed fail to observe the ordered moment,
though this can also be related to a canceling of the dip
magnetic field at the stopping site of the muon. An attemp
clarify this question by high-resolution neutron spin-ec
measurements on the IN11 spectrometer at the ILL was
successful because of the low intensity of the magn
Bragg peaks.

V. CONCLUSIONS

In conclusion, we have measured the weak ordered
ment of UPt3 with elastic neutron-scattering measurements

k FIG. 4. Temperature dependence of the integrated intensit
the magnetic Bragg peak in a magnetic field ofB50 and 10 T (Bia
andBic).
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3190 PRB 58N. H. VAN DIJK et al.
magnetic fields up to 12 T forBia and Bic. The applied
magnetic field was not sufficient to suppress the magn
field or observe a repopulation of magnetic domains. T
integrated magnetic Bragg-peak intensity showed a smal
crease forBia and a small decrease forBic. These results
do not allow us to make a distinction between a singlq
structure or a triple-q structure due to the weak magnet
torque of the applied magnetic field on the ordered mom
C.
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.

.

nd

r,

.

,

.

.
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a,
ic
e
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In high magnetic fields, a small increase in the magne
correlation length is observed forBic.
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