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Magnetic field effects on neutron diffraction in the antiferromagnetic phase of UPt3
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~Received 3 April 2000; revised manuscript received 12 September 2000; published 19 December 2000!

We discuss possible magnetic structures in UPt3 based on our analysis of elastic neutron-scattering experi-
ments in high magnetic fields at temperaturesT,TN . The existing experimental data are compatible with a
true antiferromagnetic order displaying a single-q antiferromagnetic structure with three independent domains.
For modest in-plane spin-orbit interactions, the Zeeman coupling between the antiferromagnetic order param-
eter and the magnetic field induces a rotation of the magnetic moments, but not an adjustment of the propa-
gation vector of the magnetic order. A triple-q magnetic structure is also consistent with neutron experiments,
but in general leads to a nonuniform magnetization in the crystal. New experiments involving higher fields and
polarized neutrons could decide between these structures.

DOI: 10.1103/PhysRevB.63.024419 PACS number~s!: 75.25.1z, 74.70.Tx, 75.20.Hr
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I. INTRODUCTION

The coexistence of antiferromagnetic and supercond
ing order for five of the six heavy fermion superconducto
suggests a deep connection between these two aspec
heavy fermion physics. In these materials thef electrons are
involved in the superconducting transition, just as they are
the formation of the coherent heavy fermion band, but th
precise role in the development of the unconventional su
conducting phase is still unclear.

The magnetic field versus temperature phase diagram
UPt3 provided compelling evidence of unconventional sup
conductivity in U-based heavy fermion materials.1–3 In order
to explain the phase diagram of UPt3 several authors pro
posed a multicomponent order parameter based on a m
dimensional representation of the hexagonal point group4–8

In these models a weak symmetry breaking field~SBF! is
invoked. This SBF lifts the degeneracy of the multidime
sional representation and leads to multiple transitions
lower temperatures and higher fields~see also the reviews in
Refs. 7 and 9!.

A natural candidate for the role of SBF is the weak an
ferromagnetic order shown by neutron scattering meas
ments belowTN56 K.10–12 The ordered moment is unusu
ally small, only 0.02mB per U atom, and is directed in th
basal plane, thus breaking the in-plane hexagonal symm
Evidence in support of an antiferromagnetic SBF coupled
the superconducting order parameter is based on the cor
tion between changes in the magnitude of the ordered
ment and the splitting of the double transition. Both the sp
ting and the AFM order parameter are suppressed un
applied pressure ofpc'3.5 kbar.13,14 The effect of Pd is the
opposite; the splitting and the ordered moment increase
increasing Pd substitution.15

However, the character of the antiferromagnetic orde
still unclear. Most thermodynamic and transport measu
ments have failed to detect a signature of AFM ordering n
TN.6 K.16–19 However, evidence of magnetic orderin
is observed to onset atTN in the magnetoresistance.20

The transition has other unusual characteristics as w
including finite range correlations,jAFM;3002500 Å, de-
pending on the crystalline direction and sample. By contr
0163-1829/2000/63~2!/024419~7!/$15.00 63 0244
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(U,Th)(Pd,Pt)3 alloys exhibit AFM ordering atTN'6 K,
but with ordered moments of conventional size,m
;0.65mB /U ion, and resolution-limited Bragg peaks at th
same positions as pure UPt3.21,22 Based on these facts, sev
eral authors have argued that the anomaly at 6 K does not
indicate the onset of true long range magnetic ordering
finite-range AFM correlations,23 which may also be fluctuat
ing on time scales of order 5310210 s to 1027 s.24

Given the uncertainties about the nature of the magn
state in UPt3, studies of the field dependence of the magne
order were performed with the purpose of clarifying the
issues. Two experimental groups have measured neu
scattering ratios in magnetic fields up to 3.5~Ref. 25! and 12
T.26 Both studies deduced that applied magnetic fields h
no effect on the magnetic order of UPt3, whether it be in
aligning the moments or in domain selection. These previ
conclusions support the view of fluctuating magnetic m
ments. However, our analysis and interpretation of these
periments leads to the conclusion that there is still room
a conventional dependency on the magnetic field and
additional neutron scattering data is necessary to clarify
issue.

Our analysis is based on the conventional theory of n
tron scattering in magnetically ordered crystals and is su
marized in Sec. II in the context of UPt3. In Sec. III we
present our analysis of the two sets of data that have b
reported on the field dependence of the neutron scatte
intensities. We also present the model-independent theo
cal results for the ratio of the zero- and high-field limits f
the measured neutron scattering intensities. Although this
tio does not depend on theoretical details, a complete
scription of the field evolution of the neutron scattering i
tensity requires a detailed analysis of the compet
magnetic energies, as well as models for the possible dom
structures that may be present in UPt3. Thus, a free energy
functional for AFM structures in UPt3 is discussed in Sec
IV; the key features that enter our analysis are in-plane
isotropy energy, the Zeeman coupling to the AFM order p
rameter and the stiffness energy originating from the gra
ent energy and the domain-wall structure. T
Dzyaloshinskii-Moriya coupling is also included in the fre
©2000 The American Physical Society19-1
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energy. This term generates a small induced ferromagn
moment driven by the AFM order parameter, and leads t
correction to the scattering intensities close to the Nee`l tran-
sition. In Sec. V we discuss the implications of a tripleq
structure in UPt3, and we point out that the existing neutro
scattering data does not rule out such a structure. Sectio
summarizes the main conclusions of the paper and sugg
additional experiments that should resolve some of the o
questions about the magnetic structure of UPt3.

II. NEUTRON DIFFRACTION AND
ANTIFERROMAGNETIC ORDER

We start from the conventional assumption of tiny an
ferromagnetically ordered moments at each U site. Th
moments (mW ) are assumed to lie on the basal plane due t
strong uniaxial anisotropy arising from spin-orbit couplin
In addition, there is an in-plane~hexagonal! anisotropy en-
ergy which favors alignment of the moments along any
the three directions perpendicular to the hexagonal lat
vectors~Fig. 1!.

Neutron-scattering and x-ray experiments10–12 show
antiferromagnetic order with three possible propagat
vectors qW 15aW 1* /2,qW 25aW 2* /2,qW 35(aW 1* 2aW 2* )/2, where aW 1*

5(4p/A3a)(1,0,0), aW 2* 5(4p/A3a)(1/2,A3/2,0), andaW 3*
5(2p/c)(0,0,1) are the reciprocal vectors of the hexago
lattice with dimensionsa55.74 Å andc54.89 Å. The two
U moments in each crystallographic unit cell have to al
ferromagnetically in order to account for most of the ze
intensity Bragg points in the diffraction pattern. But, in ge
eral, the magnetic structure cannot be fully determined
standard neutron-diffraction experiments, since these exp
ments provide information only about the Fourier comp
nents of the magnetic moment. Single- and multi-q magnetic
structures display the same magnetic Bragg peaks, and
not be distinguished unless uniaxial stress or a magnetic
is applied.27

FIG. 1. The three equivalent domains for the configuration w

propagation vectorqW 15aW 1* /2. The other two configurations@qW 2

5aW 2* /2,qW 35(aW 1* 2aW 2* )/2# also present identical domain structure
Black filled circles represent U atoms in thez5c/4 plane, empty
circles represent U atoms on thez53c/4 plane.
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The magnetic neutron scattering rate per solid angle
proportional to27,28

S ds

dV D
QW

}(
QW m

uFM'~QW !u2d~QW 2QW m!, ~1!

whereQW is the momentum transfer,QW m are the momenta o
the magnetic Bragg peaks, andFM'(QW ) is the component of
the magnetic structure factor perpendicular to the momen
transfer. We can define the magnetic structure factor as

FW M~QW !5
1

N (
n, j

mW n j f n j~QW !eiQW •RW n j2Wj , ~2!

wheremW n j is the magnetic moment of thej th ion in thenth
unit cell, f n j is its atomic form factor,RW n j is its position, and
Wj is the Debye-Waller factor.

The spatial distribution of magnetic moments can be F
rier expanded asmW n, j5(qWmW qW , je

2 iqW •RW n, where the form factor
associated with this multi-q magnetic structure isFW M(QW

5QW nm1qW )5( jmW qW , j f j (QW )eiQW •rW j 2Wj where rW j are the posi-
tions of the magnetic ions in the unit cell andQW nm label the
reciprocal lattice vectors. Thus, in a material with only o
type of magnetic ion the scattering rate becomes

S ds

dV D
QW

} (
QW nm ,qW

@12~Q̂•m̂qW !2#u f ~QW !u2U(
rW i

eiQW •rW imW qWU2

3d@QW 2~QW nm1qW !#. ~3!

Thus, the UPt3 diffraction pattern can either be associat
with a triple-q structure whereqW 1 , qW 2, andqW 3 are present at
each uranium site or with a single-q structure where separat
regions of the crystal will order with different propagatio
vectors. It has been inferred from the fact that there is
intensity at theqW 15@1/2,0,0# position that the magnetic mo
ment lies parallel to its propagation vector.21,22 This is the
case in the U monochalcogenides and U monopnictides w
cubic NaCl structure, which order with magnetic momen
m.123mB .27 A moment directed alongqW would also occur
for a triple-q structure, but it is not clear that this conditio
must be fulfilled in the single-q structure. The intensity of
qW 25@0,1/2,0# andqW 35@1/2,21/2,0# peaks has not been re
ported for UPt3. It is possible that the sample preparatio
methods make domain ‘‘1’’~Fig. 1! preferable over domains
‘‘2’’ and ‘‘3.’’ However, measuring the intensity of these
three peaks in the same single crystal would allow one
determine if the magnetic moments do lie parallel to t
propagation vector of the domain.

III. FIELD DEPENDENCE OF THE NEUTRON
SCATTERING INTENSITIES

Now we discuss the field dependence of the magn
neutron scattering intensity for single-q structures. In a later
section we comment on the possibility of a triple-q magnetic
structure. The magnetic unit cell of a single-q structure re-
9-2
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MAGNETIC FIELD EFFECTS ON NEUTRON . . . PHYSICAL REVIEW B63 024419
sults from doubling the hexagonal unit cell along one
plane direction, reducing the hexagonal symmetry to ort
rhombic.

Transmission electron microscope images provide di
observation of basal plane, as well as prism plane, stac
faults in pure single crystals.29 These defects are observe
even in the crystals with the highest residual resistance
tios. We hypothesize that these defects pin AFM dom
walls in the ab plane and fix the spatial distribution o
domains.30,31

In an antiferromagnet the Zeeman energy prefers the s
gered magnetization to be perpendicular to the field. Thu
sufficiently strong magnetic field applied in the hexago
plane will give rise to domain reorientation by overcomi
the in-plane anisotropy energy. The magnitude of the s
gered magnetization will remain roughly the same, mo
lated only by a small in-plane anisotropy energy.32 There-
fore, for a given magnetic Bragg peak, the ratio between
scattering rate at high field and at zero field is33

r 5
ds/dVuH→`

ds/dVuH50
'

^12~Q̂•m̂H→`!2&

^12~Q̂•m̂H50!2&
, ~4!

where^•••& refers to an average over domains.
Let us analyze the experimental data based on Eq.~4!.

The staggered magnetization lies on the basal planem̂
5(cosu,sinu). Van Dijk et al.26 chose a configuration with
H parallel to thea axis @uH5230° in Eq. ~9!# and a mo-
mentum transfer QW 5@1/2,0,1#52p@(1/A3a),0,(1/c)#,
which givesQ̂5(0.441,0,0.897) and

r 5
12@0.441 cos~uH1p/2!#2

^12@0.441 cos~u!#2&
51.05 ~5!

for three equally populated magnetic domains. This ratio
be increased tor 51.18 by assuming that only the doma
with the staggered magnetization parallel to the propaga
vector is populated~domain ‘‘1’’ in Fig. 1!. Thus, even in
the case of complete domain reorientation, the neutron s
tering rate atQW 5@1/2,0,1# in high fields can increase at mo
by 18% over its value at zero field. Figure 2 shows the
perimental data and the theoretical curves for a model w
equally populated domains and for a model with only d
main ‘‘1’’ populated. Although the theoretical calculatio
associated with domain ‘‘1’’ is in good agreement with t
data, it is not possible to conclude whether or not the
moments rotate with the field because of the small chang
intensity that is expected for this Bragg peak and the la
error bars that are reported for the intensity. Note that
error bars for this measurement are comparable to the m
mum change in the intensity ratio. In our calculation we ha
assumed an anisotropy field ofHan51.5 T. However, much
smaller values are consistent with the limited data. The p
cise value of the additional parameters in our model pla
role only in the region of small magnetic fields. For fiel
H.2Han the ratio between the intensity at high fields and
zero field saturates at its upper limit, which is determined
purely geometrical arguments.
02441
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Earlier analysis26 was based on the assumption that t
staggered magnetic moment isalwaysparallel to its propa-
gation vector. Thus, it was expected that a sufficiently h
magnetic field parallel to thea axis would select domain 2
with propagation vectorqW 2 throughout the sample. As a con
sequence, the magnetic intensity atQW 5@1/2,0,1#5qW 1
1@0,0,1# was expected to drop to zero. However, as
show in Fig. 2, if we assume that the spatial distribution
domain walls is pinned, the form factors forQW 5@1/2,0,1#,
which is a vector mostly out of the hexagonal plane, lead
a much smaller variation of the intensity with the field.

Larger expected ratios between the low- and high-fi
intensities are obtained with the experimental setup used
Lussieret al.25 They measured the neutron scattering cro
section at three different momentum transfers, all in
basal plane: QW 15@1/2,1,0#, QW 25@23/2,1/2,0#, and QW 3
5@21,3/2,0#. The magnetic field was oriented along theb
axis. Lussieret al.25 report data forQW 1 andQW 2, and magnetic
fields up to 3.5T. We can estimate from Eq.~4! the ratio
between high- and zero-field intensity for any distribution
domains in the crystal. A crystal with equally populated d
mains will display the following ratios for the neutron sca
tering rate at high fields and zero field:

r ~QW 1!50.86, r ~QW 2!50.21, r ~QW 3!51.93. ~6!

If domain 3 is unpopulated and domains 1 and 2 are equ
populated the ratios should be

r ~QW 1!51.60, r ~QW 2!50.20, r ~QW 3!51.38, ~7!

and if only the domain with the magnetization parallel to t
propagation vector is occupied~e.g., domain 1 forQW 1) then

FIG. 2. Relative integrated intensity of the magnetic Bragg pe

QW 5@1/2,0,1# as a function of applied magnetic field.H is parallel to
thea axis. The solid line corresponds to a crystal with only doma
1 populated, and the dashed line represents a sample with
equally populated domains. The parameters we used@refer to Eq.
~9!# areHan51.5 T, Uan50.02Uex, and r st50.02. The calculated
curves are compared with measurements of van Dijket al. ~Ref. 26!
~black squares!.
9-3
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JUANA MORENO AND J. A. SAULS PHYSICAL REVIEW B63 024419
r ~QW 1!51, r ~QW 2!50.25, r ~QW 3!52.25. ~8!

Figure 3 displays the experimental data of Ref. 25, a
theoretical calculations for two samples, one with domain
and 2 equally populated at zero field, another with domain
and 2 unequally populated. The parameters of the mode
the same ones used to fit the data atQW 5@1/2,0,1# in Fig. 2.
We conclude that the limited data forQW 1 andQW 2 is roughly
consistent with either one or two unequally populated
mains, particularly ifHan*2.5 T. Previous analysis of thes
results was also based on the assumption that the propag
vector of the magnetic domains follows the rotation of t
magnetic moments.25 Thus, at high fields it was expecte
that the intensity of theQW 2 and QW 3 peaks would be sup
pressed to zero, while increasing the intensity of theQW 1 peak
to roughly three times its zero field value.

IV. FREE ENERGY FUNCTIONAL

The theoretical curves displayed in the figures have b
calculated using the free energy functional34,32

F̄AFM522~12T̄!umW 0u21umW 0u41ŪanumW 0u6@r 62cos~6u!#

1ŪanH̄
2umW 0u2 cos2~u2uH!

1r DŪanH̄umW 0uusin~u2uH!u

1r stumW 0u2F S ]@cos~u!#

]H D 2

1S ]@sin~u!#

]H D 2G , ~9!

FIG. 3. Normalized integrated scattering intensity as a funct

of the field forQW 15@1/2,1,0# andQW 25@23/2,1/2,0#. The magnetic
field points along the b axis. Calculated curves are compared
measurements of Lussieret al. ~Ref. 25!. We show calculations for
two domain structures: domain 1 and 2 equally populated and
main 1 on 3/4 of the sample, domain 2 on 1/4. We used the s
parameters as those for Fig. 2:Han51.5 T, Uan50.02Uex, and
r st50.02.
02441
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where all energies are measured in units of the excha
energyUex, which is defined as the absolute value of t
free energy at zero temperature and field in the absenc
any anisotropy energy. The magnetic order parameter is
stricted to the basal plane by the large uniaxial anisotro
energy@not shown in Eq.~9!# and it is measured with respec
to the antiferromagnetic order parameter in the exchange
proximation mW 05mW /umW exu5umW 0u(cosu,sinu,0). The renor-
malized temperature is defined asT̄5T/TN , with TN as the
Néel temperature. The magnetic fieldH̄ is measured in units
of the in-plane anisotropy fieldHan. The first two terms of
the free energy correspond to the exchange energy. FoT̄

,1 antiferromagnetic order with magnetic momentumW 0u
5umW u/umW exu5A12T̄ and free energyF̄AFM5FAFM /Uex5

2(12T̄)2 is stable. The sixth-order term is the leading te
in the in-plane anisotropy energy; it favors alignment alo
the three directions perpendicular to the hexagonal lat
vectorsu5n(p/3), wheren is an integer. The in-plane an
isotropy energy induces a hexagonal modulation of the up
critical field as a function of the orientation of the field in th
basal plane.35 From the magnitude of this hexagonal mod
lation we estimate an anisotropy energy ofŪan5Uan/Uex
;0.02.32 The parameterr 6 must be bigger than one in orde
to have a stable free energy. We user 651.5 in our calcula-
tions, however, its precise value does not play any signific
role in the minimization of the free energy.

The fourth term is the Zeeman energy for an antifer
magnetFZ5g(mW •HW )2 which is quadratic inH and favors
perpendicular alignment (g.0) of the staggered momen
and the magnetic field. This term can be written in the fo

FZ5
Uan

Uex
S H

Han
D 2S mW

umW exu
D 2

cos2~u2uH!, ~10!

where Han5(1/umW exu)AUan/(gUex) and uH is the angle of
the magnetic field with theaW 1* reciprocal vector.

The fifth term in Eq.~9! is the Dzyaloshinskii-Moriya
term describing thelinear coupling of the sublattice magne
tization to the magnetic fieldFD5g8d•(H3m0). This term
corresponds to the Zeeman coupling of a weak ferromagn
~FM! moment in systems which are predominantly antifer
magnetic. Its origin is the anisotropic superexchange c
pling between magnetic moments;DW i j •SW i3SW j , whereDW i j
are the Moriya vectors for different bonds on the lattice, a
which are related to each other by lattice symmetries.36,37 In
the case of UPt3 , DW i j 50 wheni andj are nearest-neighbor U
sites, whileDW i j 56uduĉ, independent of the direction of th
staggered magnetic moment, wheni and j refer to next-
nearest-neighbor U atoms.38 This superexchange couplin
generates the Dzyaloshinskii term in the free energy wh
can be expressed asF̄D5r DŪanH̄umW 0uusin(u2uH)u shown in
Eq. ~9!.

Finally, the last term in Eq.~9! describes the ‘‘stiffness’’
of the order parameter with respect to rotations in theab
plane. This stiffness originates from the formation of d
mains in which the staggered moment points in the sa
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e
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MAGNETIC FIELD EFFECTS ON NEUTRON . . . PHYSICAL REVIEW B63 024419
direction within each domain. An inhomogeneous dom
structure gives rise to domain walls separating differen
oriented domains. The energy associated with the dom
wall is obtained from the gradient energyk i jkl (]mj /
]xi)(]ml /]xk), which must be included in the free energ
functional. For an individual domain wall, the gradient e
ergy can be written as an integral over the domain wall s
faceV39

Fwall}E
V

dVE
s1

s2F S ]m̂x

]s
D 2

1S ]m̂y

]s
D 2Gds, ~11!

wheres is the coordinate perpendicular at each point to
wall surface. The width of the wall is given bys22s1 and
m̂x , m̂y are the components of the unit vectorm̂5m/umu.
This unit vector satisfies the boundary conditionsm̂(s2)
5m̂eq(H1DH) and m̂(s1)5m̂eq(H), wherem̂eq(H) is the
equilibrium orientation of the staggered magnetic momen
the presence of a magnetic fieldHW . In quasiequilibrium the
direction of the magnetic moment evolves smoothly throu
the domain wall between its values corresponding to diff
ent equilibrium field orientationsm̂eq(H1DH) andm̂eq(H).
By scaling the width of the domain wall toDH we obtain the
stiffness energy in the form of the last term in Eq.~9!.

The stiffness energy is important in the region of interm
diate fields, where the normalized neutron intensity increa
from a value close to the one at zero field to its value at h
fields. The initial drop of the neutron intensity as a functi
of the applied field~Figs. 2 and 3! is a combined effect of the
anisotropy and stiffness energies. This drop is due to an
tial reduction of the magnitude of the magnetic mome
Small fields do not induce rotation; instead the magnitude
the staggered moment is reduced. Higher fields are abl
rotate the moments by overcoming the anisotropy and s
ness energies. Consequently, the Zeeman energy is red
to zero and the rotated moment recovers its value at z
field.

For low temperatures the effect of the Dzyaloshinsk
Moriya term is to generate a tiny ferromagnetic moment
the price of a small reduction in the magnitude of the st
gered moment. However, for temperatures close toTN , the
Dzyaloshinskii-Moriya energy is comparable to the e
change energy, and leads to a significant reduction in
magnitude of the AFM moment and, as a consequence,
intensity of the magnetic Bragg peaks. We can defin
crossover temperature in terms of the parameters of the

energy @Eq. ~9!#, T̄D512A3 r D
2 Uan

2 H̄2. Although the stag-
gered moment vanishes precisely at the Ne´el temperature, for
T̄D,T̄,1 the moment decreases rapidly before the tra
tion at T̄51. Thus,T̄D could be misidentified as the Ne´el
temperature of the sample. The Dzyaloshinskii-Moriya te
provides an explanation for the crossing of the intens
curves for zero and high fields as a function of temperat
as shown in Fig. 4.

The Dzyaloshinskii-Moriya coupling also provides an e
planation for the linear term in the field dependence of
magnetoresistance,20 which onsets at the Nee`l transition and
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increases forT,TN . It has been shown that a linear term
the transverse magnetoresistance is present in antiferrom
netic structures admitting the existence of we
ferromagnetism.40 Indeed it follows from Onsager relation
for the resistivity that a magnetoresistance which is linea
field in a AFM requires the Dzyaloshinskii-Moriya coupling

V. TRIPLE-q STRUCTURE

So far we have discussed single-q structures or multido-
main single-q structures. Triple-q structures are also pos
sible. By symmetry each of the Fourier components of
magnetizationmW qW i

has the same amplitude. Triple-q antifer-
romagnetic order occurs in the NaCl-type monopnict
USb,27 in the CsCl-type DyAg~Ref. 41! and NdZn,42,43 and
in the AuCu3-type TmGa3.44 These materials are cubic an
the three Fourier componentsmW qW i

point along mutually per-
pendicular axes leading to the condition of a uniform ma
nitude of the moment.45

For a triple-q structure in UPt3, in order to explain the
vanishing intensity at the~1/2,0,0! Bragg point we are re-
quired to havemW qW 1

parallel toqW 1 and by symmetry the othe
two moments must also be parallel to their propagation v
tors. Thus, the magnetic moment of both U ions in thenth
unit cell is given by

mW n5umu(
i 51

3

q̂ie
i (f i2q¢ i•Rn). ~12!

It can be easily shown that it is not possible to satisfy
condition of equal magnitude of the moment at every U s

FIG. 4. Temperature dependence of the integrated intensit

the magnetic Bragg peakQW 5@1/2,0,1# in a magnetic field ofH
50 and 10 T. The solid line represents a calculation atH50 T, and
the dashed line shows the dependence atH510 T. The calculations
assume that only domain 1 is populated, and we have used the
parameters as those used for the calculations shown in Fig. 2 p
weak ferromagnetic coupling proportional tor D50.5. The experi-
mental data is that reported by van Dijket al. ~Ref. 26! at zero field
~black circles! and at 10 T~white squares!.
9-5
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Most choices for the phasesf1 ,f2 ,f3 produce a nonuni-
form distribution of the magnitude of the U magnet
moment.46 For example, Fig. 5 displays a possible spa
distribution of the moments. The three Fourier compone
of the triple structure have been chosen with equal ph
f15f25f3. The magnetic unit cell is then constructe
from four unit cells containing eight U ions, reducing th
hexagonal symmetry to monoclinic. Note that the two U io
in the central cell have zero net moment, while the other
U ions have equal values for the magnitude of the mome

Even though a triple-q magnetic structure in UPt3 is com-
patible with the neutron-scattering experiments the resul
nonuniform magnetization is unusual, but not unique. T
triple-q magnetic structure in UPt3 is similar to the magneti-
cally frustrated structure of the uranium intermetallic UNi4B,
which also has a hexagonal crystal lattice.47 This material
orders antiferromagnetically aroundTN530 K, with approxi-
mately 1/3 of the U spins remaining paramagnetic well
low TN . It has been suggested that the competition betw
the Kondo effect, the antiferromagnetic exchange interac
and the frustration of the crystallographic lattice is resp
sible for the unusual UNi4B magnetic structure.48 Such an
interplay between competing interactions could also t
place in UPt3. However, to our knowledge, there is no oth
indication of such a frustrated magnetic structure in UPt3.

Note that a triple-q structure does not preclude the co
pling between the AFM and superconducting order para
eters, which is considered a good candidate for the propo
SBF in the two-dimensional order parameter models for
superconducting phases.4–9 The SBF coupling is nonvanish
ing for triple-q structures, except for the special case
which all three phases are identical. The coupling betw
the superconducting,hW 5(h1 ,h2), and the magnetic orde

FIG. 5. Spatial distribution of the magnetic moments for
triple-q magnetic structure with equal values of the three ph
factors,f i . Note that the two U ions in the center of the cell ha
zero net moment. Black filled circles represent U atoms in thz
5c/4 plane, and empty circles represent U atoms in thez
53(c/4) plane.
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parameters is
FAFM-SC}A(uh1u22uh2u2)1B(h1h2* 1h1* h2), with
A5(n51,4@mx

2(n)2my
2(n)# 5 422 cos2(f22f1)22 cos2(f3

2f1), B52(n51,4@mx(n)my(n)#52A3@cos2(f22f1)
2cos2(f32f1)#, where the summation refers to the four un
cells contained in the magnetic unit cell shown in Fig. 5.

The hexagonal triple-q shown in Fig. 5 resembles the an
tiferroquadrupolar order reported for UPd3.49,50Furthermore,
Pt and Pd are isoelectronic, their nearest neighbor U-U
tances are almost identical, and both systems have a hex
nal closed packed structures. However, the magnetic
electronic properties of UPt3 and UPd3 are very different. In
fact UPd3 is a localized material51 with well-defined crystal-
field levels.52 Several measurements on UPd3 show two
phase transitions at 7 and 5 K.53,54 The transition at 7 K is
believed to correspond to a quadrupolar ordering of the
ions, which is accompanied by a modulated lattice distorti
The 5 K transition is magnetic, with an ordered moment t
is very small, as in UPt3 , m.0.01mB /U ion. But, the mo-
ments in UPd3 are pointing out of the basal plane.55

VI. CONCLUSIONS

We have analyzed neutron diffraction data in the antif
romagnetic phase of UPt3 at high magnetic fields.25,26 The
magnetic field dependence of the neutron scattering inten
is consistent with an antiferromagnetic order based on
most conventional assumption of a single-q structure with
three equivalent domains. The field and temperature dep
dence of the neutron intensities25,26 can be explained assum
ing reasonable parameters in a free energy functional. In
analysis, we also assume that defects, e.g., stacking fa
which are observed even in the best single crystals,29 pin the
AFM domain walls.30,31

A triplet-q structure is also consistent with neutron sc
tering experiments. If realized the triple-q structure would
imply a nonuniform, frustrated magnetic structure in t
crystal. A similar frustrated structure is observed in UNi4B.
In this material the competition between the Kondo effe
and the antiferromagnetic exchange interaction is fundam
tal to understand its magnetic structure.48 This competition
could also play a fundamental role in UPt3.

We conclude with a brief discussion of possible neutr
scattering experiments which might clarify the magnetic
der in UPt3. Systematic, zero-field measurements of the
tensity of a number of magnetic peaks in the same sin
crystal will determine whether or not the magnetic mome
are indeed parallel to the propagation vector. Using previ
experimental arrangements25 it would be very interesting to
apply fields well above 3 T and measure the intensity at thr
independent momentum transfers. Although polarized ine
tic neutron-scattering experiments have been performe
UPt3,56 the magnetic Bragg peaks have not been studied w
polarized neutrons. Polarized elastic neutron-scatte
would provide confirmation of the magnetic nature of t
transition. This powerful method has been used success
on UPd3 to identify the magnetic nature of the second pha
transition atT255 K.55

e
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