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Neutron Diff'raction from the Vortex Lattice in the Heavy-Fermion Superconductor Upt3
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We have used neutron diffraction to observe the vortex lattice of UPt3. This is the first such measure-
ment in a heavy-fermion system, a superconductor below I K, or in a system with such a long magnetic
penetration depth (6000+ 75 A). It also provides the first value for the pair coherence length, 111+2
A, to be obtained directly within the pairing state of UPt3. The lattice is oblique hexagonal with conven-
tional quantization. Its anisotropy can be explained by considering a combination of gap and Fermi-
surface anisotropies. The lattice does not appear to change near the transitions between the supercon-
ducting phases identified by other techniques.

PACS numbers: 74.70.Tx, 61.12.Bt, 74.60.6e

There is considerable indirect evidence that the heavy-
fermion material UPt3 is not a conventional s-wave super-
conductor [1]. This evidence consists primarily of the ob-
servation of power-law, rather than exponential, behavior
in its thermal and transport properties. Transverse ul-

trasound [2] and muon spin relaxation (p+SR) measure-
ments [3] show different power laws for different crystal-
line directions in a manner consistent with the F]g sym-
metry [4]. Further indications of higher-l pairing lie in

torsional oscillator [5], ultrasound [6], and specific-heat
measurements [7] which show evidence for possible phase
transitions within the superconducting state. At T =0 ul-

trasound anomalies occur [8] when H =0.65H, .z (Hllc)
and H =0.25H, 2 (HJ c). Since the transition occurs as
a function of magnetic field, i.e., vortex density, and the
probes observing it are sensitive to vortex motion, it is

natural to suggest [9] that this transition corresponds to
changes in the vortex lattice at this field. Because of this
and the possibility that the unconventional superconduct-
ing state manifests itself directly in the vortex lattice, we

have used neutron diA'raction to study the vortex lattice
in UPt3.

Our sample is a right circular cylinder = 5 mm in di-
ameter and 30 mm long oriented with c along the
cylinder axis. The boule was Czochralski grown and float
zone purified, and then annealed in vacuum for 150 h at
1300'C and cooled slowly to room temperature. The ex-
trapolated T=O resistivity along the a axis was 1.3
p Oem, equivalent to a mean free path l-1700 A, and
the superconducting transition in zero field was clearly
split (from specific-heat measurement [10]), with T„
=0.451 and T,+ =0.507 K.

Neutron scattering from the vortex lattice was first
suggested by de Gennes and Matricon [11], first mea-
sured in niobium by Cribier et al. [12], and subsequently
observed in a number of cubic materials [13-15], in

technetium [15], and in YBa2Cu307 [16]. Our experi-
ment was performed using the small-angle neutron
scattering (SANS) apparatus in the cold-neutron guide
hall of the Ris5 DR3 reactor. A 6-m-pinhole collimator

gave incident beam divergences of -0.14' FWHM (hor-
izontal) and -0.30' FWHM (vertical). The dimensions
of the beam impinging on the sample were 4.5 mm (hor-
izontal) &&25 mm (vertical). The incident neutron wave-

length k„was varied between 5.4 and 13 A, and the
bandwidth hk/k fixed at 18% or 36% by a mechanical ve-

locity selector. The diffracted neutrons were counted by
an area detector at the end of a 6-m evacuated chamber.
The sample was mounted on the mixing chamber of a di-
lution refrigerator with the beam along the crystal a axis
and with the e axis vertical. A horizontal magnetic field

applied along the beam direction was produced by a su-

perconducting magnet operated in persistent mode and
fixed relative to the sample. The data discussed here
were taken at T-50 mK, in applied fields 1.25 & H & 10
kG arrived at by field cooling the sample from above T,:
There is a substantial small-angle scattering background,
primarily from the aluminum cryostat windows; thus all
data presented are the differences between raw data and

backgrounds collected at 50 mK and 0 =0 or at fixed
field and T & T, A modest correction to the reflectivities
was required due to the measured wavelength dependence
of the sample transmission.

Our principal result, shown in Fig. 1, is a two-

dimensional intensity profile representing the dift'raction

pattern in the (a*,c*) plane from the vortex lattice at
0=4.25 kG. There are six clearly observable Bragg
peaks forming a distorted hexagonal lattice. The vortex
lattice was in all cases a single crystal; thus it was neces-

sary to rotate the cryostat about axes normal to the beam
direction to fulfill the Bragg conditions. The data were
taken by counting at a number of angles, in increments
chosen to fully subtend the rocking curves, thus sweeping
out a three-dimensiona1 volume of reciprocal space. The
background is radially symmetric and can be expressed as

li,k&=3.5&10 '/r, where r is-in units of A ' and li,ks

is in the same units as shown in Fig. 1.
The rocking curve is quite narrow with h, H —0.40

F'%HM, but considerably broader than expected from
purely instrumental broadening (AO —0.15 FWHM).

3120 1992 The American Physical Society



VOLUME 69, NUMBER 21 P H YSICAL REVIEW LETTERS 23 NOVEMBER 1992

~ I

FIG. 1. The 2D intensity profile of the (a,c ) plane of the
vortex lattice in Upt3. The c* axis is vertical, and the a* axis is

horizontal. The region shown (~0.0159 A ', ~0.0158 A ')
corresponds to 60x60 pixels. The intensities are in units of
counts/hpixel. The data were taken at H 4.25 kG, T 50
mK, with )I.„=9.78 A and hA/A, 0.36, using H=4. 25 kG,
T 600 mK as a background and represent a total counting
time of = 33 h. The integrated intensity of one of the Bragg
peaks corresponds to = 250 counts/h. The statistical errors in

the peak intensities are =10%. The background scattering is

discussed quantitatively in the text.

This implies a mosaic of 0.37', of which 0.20' can be ac-
counted for by the mosaic of the crystal, and the remain-

ing 0.30' is likely due to the inhomogeneity of the mag-
netic field over the sample volume. For this diffraction

geometry, the order along the flux lines is measured by
the rocking curve width, and we find that the vortices are
straight over a 3-pm length scale. The shape and orien-
tation of the Bragg peaks in Fig. 1 are, however, correctly
accounted for by resolution effects, implying that the
correlation lengths for the vortex lattice are in excess of
2000 and 1000 A parallel to the a* and c* directions, re-
spectively.

The vortex lattice in Fig. 1 is quite distorted from the
usual hexagonal lattice. This is a consequence of the an-

isotropy of the underlying lattice and electronic system,
since the vortex currents circulate in the (a,c*) plane.
A number of authors [17-19] have shown in the aniso-
tropic London (AL) theory, by minimizing the free ener-

gy with respect to distortion angle, that for Hi c, a sim-

ple closed form expression results, tan a=m3/3mi, for
the type (b) lattice (see Ref. [20] for notation). Here a
is the angle between the a* axis and the first Bragg peak,
and m i and m3 are the reduced effective masses describ-
ing the currents J c and llc, respectively, normalized so
that mim3 =1.

From Fig. 1 we find a=20.9~0.5, giving mi/m3
=2.3~0.1. This can be compared to measurements of
this quantity in the normal and superconducting state.
Resistivity measurements [21] give mi/m3-1. 50 by as-

suming that the T coefficient at low temperatures is pro-
portional to (m*/m) . Band structure calculations [22]
and de Haas-van Alphen measurements [23] provide a
detailed understanding of the Fermi surface, but the ratio
mi/m3 has not yet been calculated, to our knowledge.
Penetration depth measurements by p+SR give [3]
mi/m3=1. 1. H, q(0) values [24,25] give mi/m3=0. 65,
whereas H,'q(1) values [24,25] give mi/m3=1. 89 (see
Ref. [26] for notation).

In the AL theory the mass tensor is given in a purely
phenomenological way, but we wish to understand its mi-

croscopic origin. There is a prescription [27] for calculat-
ing the mass tensor, given the gap function and the Fermi
surface:

,' fv;oja—'(k)doF/vF
(1)

Pl)J &F &F "'F

where vF and eF are the Fermi velocity and energy, the U;

are components of the Fermi velocity, B(k) is the
momentum-dependent part of the gap function, and doF
is an element of area of the Fermi surface. In considering
the consequences of an anisotropic gap function it has be-
come common to make the ad hoc assumption of a spher-
ical Fermi surface, and a particular gap function. Clear-
ly this is not correct since uniaxial anisotropy is allowed
in a hexagonal crystal, and its omission forces the inter-
pretation of the normal-state anisotropies as gap anisotro-
pies. To the extent that the normal-state anisotropy is

known, our measurement of the superconducting-state
anisotropy can be used to determine the anisotropy of the

gap state at T 0. Note that this determination makes
no assumptions about the excitation spectrum. We
briefly discuss the case of the Eis state and an ellipsoidal
Fermi surface. For this state, i5 (k) =sin (L9)cos (0)
which gives (mi/m3)s 1.5(mi/m3)iv, where (mi/m3)jv
is the usual effective mass anisotropy arising from the
Fermi surface. If we assume a spherical Fermi surface,
this gives (mi/m3)q =1.5 in poor agreement with our ob-
served result. However, using the resistivity measure-
ments to estimate (m i/m 3)iv -1.50 gives (m i/m 3)g
-2.25 in reasonable agreement with our experimental
observation.

We have performed the same measurement as in Fig. 1

at other fields in the range 1.25(H(10 kG. The re-
sults of the field dependence are summarized in Fig. 2. In
Fig. 2(a) we plot the effective field, B=giiAx/4ir, we
measure (based on single flux quantization) versus the
applied field, H. Since it is known [3] that H, i

~ 13 G,
no substantial correction for the sample magnetization is
required. We see no evidence at any field for a significant
deviation from the expected quantization. Therefore we
fix B=H for the remaining analysis, to minimize the er-
rors in the other quantities of interest.
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Hio/Hoi =1.35+ 0.20 for H =4.25 kG. Third, in the AL
theory there is no natural explanation for the gradual
change in lattice distortion we observe with increasing
field. These can be satisfactorily explained [30,31], at
least qualitatively, by considering the effects of higher-
order Fermi-surface and gap anisotropy when nonlocal
electrodynamics is relevant (in this case when H) H,
-500 G). The nonlocal terms, which can be considered

perturbatively, provide an extra source of anisotropy
beyond the more trivial AL anisotropy, breaking the de-

generacies mentioned above and allowing for a modest

field dependence of the lattice distortion
In conclusion, our measurements on UPti show a con-

ventional vortex lattice in a moderately anisotropic sys-
tem. We observe significant effects of anisotropy, which
do not prove, but are nevertheless consistent with, sub-

stantial gap anisotropy. We find no evidence at either
low or high fields for a vortex lattice which is unconven-

tional in either its structure or its composite vortices.
Nor do we find evidence of a change in the vortex lattice
at H-6 kG which could account for the observed signa-
ture in torsional oscillator and ultrasound measurements.
However, this does not preclude more subtle effects
beyond our sensitivity, or in other configurations of field,

temperature, and orientation. It is also conceivable that
the vortex lattice or the measuring probe itself (i.e.,
sound waves) is coupling to another subsystem such as
the domain walls in the antiferromagnetic state which is

known to change near the locus of the anomalies [32).
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