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Magnetization in the superconducting state of UPt3 from polarized neutron diffraction
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The heavy-fermion superconductor UPt3 is thought to have odd parity, a state for which the temperature
dependence of the spin susceptibility is an important signature. In order to address conflicting reports from two
different experiments, the NMR Knight shift and measurements of the anisotropy of the upper critical field,
we have measured the bulk susceptibility in a high-quality single crystal using polarized neutron diffraction. A
temperature-independent susceptibility was observed for H‖a through the transitions between the normal state
and the superconducting A, B, and C phases, consistent with odd-parity, spin-triplet superconductivity.
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Since the discovery of superconductivity in UPt3 by
Stewart et al.,1 it has become a paradigm for unconventional
superconductivity and the subject of extensive theoretical and
experimental study.2 The unusual properties of UPt3 include
development of a heavy-fermion state below T = 20 K,3

dynamic antiferromagnetism that onsets at TN = 6 K,4–6

and an anisotropic superconducting state with three distinct
superconducting phases, two of which exist in zero applied
magnetic field7 (Fig. 1). The multiple phases provide strong
evidence for unconventional superconductivity. Identification
of the symmetry of the order parameter requires measurement
of bulk behavior in single crystals which we report here for
the spin susceptibility using polarized neutron scattering.

Theoretical accounts of many experiments that probe the
orbital structure of the order parameter classify UPt3 as an
odd-parity, f -wave orbital state,2,8,9 with nodal structure that,
in one case, has been directly observed.10 However, the spin
character of the order parameter is not well established. In
principle, polarized neutron scattering, μSR, and NMR can
be used to probe the spin state, although in the first two
instances there are no clear results to date and for the third, the
measurements are restricted to surface regions of the sample
which might be problematic in the presence of strong spin-orbit
interaction. In fact, the 195Pt NMR Knight shift, K , appears
to be inconsistent with measurements of the anisotropy of the
upper critical field11 providing motivation for our work, where
we measure the bulk spin susceptibility.

The NMR results indicate that the spin susceptibility in the
superconducting state is unchanged from the normal state for
both parallel and perpendicular orientations of the magnetic
field with respect to the crystal c axis.12,13 This suggests an
equal-spin pairing state with the spin angular momentum
always directed along the magnetic field, and is possible
only if there is little or no spin-orbit coupling.9 Conversely,
the temperature dependence of the upper critical field, HC2,

exhibits strong anisotropy,14 leading to the crossing of the
HC2 temperature dependence curves for the different field
directions, as illustrated in Fig. 1. This implies Pauli limiting
for only one direction of the field, H‖c. This temperature-
dependent anisotropy requires a strong spin-orbit interaction
locking the direction of zero spin projection (the direction
of the so-called d vector) to be parallel to the c axis.8,15

In this case, it is expected11 that the spin susceptibility, and
correspondingly the Knight shift, should decrease to zero at
low temperatures for H‖c in contradiction to the NMR results
of Tou et al.12,13

One possible explanation for this discrepancy is that the
experiments have been misinterpreted. For example, the NMR
measurements probe only a short distance from the surface
of the sample given by a London penetration depth (λc ∼
4 000 Å,λab ∼ 7 000 Å) where it is possible that spin-orbit
scattering masks bulk behavior.16 Furthermore, superconduc-
tivity near the surface of UPt3 is particularly sensitive to strain
or roughness induced during crystal processing.10 Surface
sensitivity, however, is not a concern for the measurements of
the upper critical field which were performed using ultrasonic
techniques. Consequently, a true bulk probe of the magnetic
susceptibility is highly desirable. Here, we report the results
of polarized neutron diffraction experiments which we have
used to measure the bulk magnetization of UPt3. A similar
experiment was attempted some time ago with inconclusive
results.17 There have been substantial improvements in crystal
quality18 since that time, making this a critical problem to
revisit.

The large, high-quality, single crystal used in the present
experiment was grown using float-zone refining in ultrahigh
vacuum, followed by annealing for 6 days at 850 ◦C with
warming and cooling each taking place over 4 days. A
15 g portion of the crystal was cut into two parts and the
residual resistance ratio was measured from three wafers cut

104510-11098-0121/2012/86(10)/104510(5) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.86.104510


W. J. GANNON et al. PHYSICAL REVIEW B 86, 104510 (2012)

FIG. 1. (Color online) Schematic of the phase diagram of UPt3

showing the superconducting A, B, and C phases for magnetic fields
perpendicular to the c axis (red curves) from Adenwalla et al. (Ref. 7).
The upper critical field for fields parallel to the c axis is shown
as the blue dashed curve. Black dashed lines correspond to the
fields at which the temperature dependence of the magnetization was
measured.

from the middle and each end of the original crystal giving
RRRc = 686, 601, and 664, respectively. The superconduct-
ing transition was measured resistively to be Tc = 0.560 K
with a transition width of �Tc = 0.010 K. The two portions
of the crystal were mounted in the a∗-c∗ scattering plane
and attached to a copper cold finger via silver epoxy. The
two crystal sections were co-aligned to better than 0.5◦ for
all crystal axes. The cold finger was mounted on the mixing
chamber of a dilution refrigerator and cooled inside of a ver-
tical superconducting magnet on the D3 2-axis diffractometer
at the Institut Laue Langevin. For all measurements, a neutron
wavelength of 0.825 Å was used.

The bulk magnetization was determined by measuring the
flipping ratio R at a nuclear Bragg reflection. Here, R is defined
as the ratio of scattering cross sections for incident neutrons
with spins parallel and antiparallel to the applied magnetic
field, and an arbitrary final spin state in each case. The cross
section is given by19

(
dσ

d�

)
σi→σf

∝
∣∣∣∣〈σi | γ r0

2μB

	σ · κ̂ × { 	M(	κ) × κ̂} + FN (	κ) |σf 〉
∣∣∣∣
2

(1)

where γ r0 is the classical radius of the electron multiplied by
the neutron gyromagnetic ratio, h̄	κ is the neutron momentum
transfer, μB is the Bohr magneton, 	M(	κ) is the Fourier
transform of the real-space magnetization induced in the
sample by the applied magnetic field, and 	σi,f are the neutron’s
initial and final spin states. FN (	κ) is the nuclear structure
factor for the reflection being measured. The magnetic field
was fixed in the vertical direction and the neutron spin
was therefore restricted to be parallel or antiparallel to the
vertical. Only reflections in the horizontal (scattering) plane
of the instrument were measured. With these constraints, it
follows from Eq. (1) that the experiment was sensitive to

the component of magnetization parallel to the applied field,
M‖(	κ). Because the magnetic field was always along the crystal
a axis, we measured the magnetization in the basal plane.

In the limit that the magnetic term in Eq. (1) is much smaller
than the nuclear term [i.e., (γ r0/2μB)|M/FN | � 1], as is the
case for the present experiment, the flipping ratio from the
cross section in Eq. (1) is given by

R = |FN (	κ) − mM‖(	κ)|2
|FN (	κ) + mM‖(	κ)|2 (2)

with m = (γ r0/2μB). As can be seen from Eq. (2), changing
the polarization direction effectively reverses the sign of the
magnetic term. Expanding Eq. (2) for small m leads to

1 − R = 2γ r0

μB

M‖(	κ)

FN (	κ)
. (3)

Thus, measuring R gives the Fourier component of the total
magnetization M‖(	κ).

Figure 2 shows (1 − R) at the [1,0,0] nuclear Bragg
reflection for three different applied fields (note that all nuclear
Bragg reflections are indexed using a∗ = 1.27 Å

−1
). The

transition temperature, Tc, for each field is indicated by a
black arrow. The data presented in Fig. 2 for H = 0.2,0.4, and
1.0 T intercept the three superconducting phases as shown in
Fig. 1 by the dashed lines. In each case 1 − R remains constant
indicating that the induced magnetization does not change with
temperature across the superconducting-normal transition, or
for transitions between the different superconducting phases.

The [1,0,0] reflection is ideally suited for measurements of
the flipping ratio, because it is a relatively weak nuclear reflec-
tion and has the smallest possible 	κ for the present scattering
configuration, maximizing 1 − R in Eq. (3). Measurements of
the flipping ratio at the [2,0,0] reflection in an applied field of
1.0 T are consistent with those shown in Fig. 2, although with
worse signal-to-noise ratio as expected for a stronger reflection

FIG. 2. (Color online) The flipping ratio R as a function of
temperature for the nuclear Bragg reflection [1,0,0] at three fields:
0.2 T (squares), 0.4 T (triangles), and 1.0 T (circles). Black lines
show the average value of 1 − R at each field.
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FIG. 3. (Color online) The average magnetization for T < Tc,
M̄ , as a function of applied magnetic field. The left axis shows
M̄ normalized to the value at 0.2 T. The right axis gives M̄ in
absolute units. The proportionality to magnetic field indicates that
the susceptibility can be taken to be χ = M/B. The zero-field
M̄(H )/M̄(0.2 T) intercept of the fit is 0.02.

at larger 	κ . Data taken at the [−1,0,0] reflection at 1.0 T lie
within the error bars of the results in Fig. 2 for [1,0,0].

To examine the field dependence of the magnetization, we
show its average for T < Tc, M̄ , normalized to its value at 0.2 T
as a function of field (Fig. 3). M̄ is found to be proportional
to field, and consequently the magnetic susceptibility can be
taken to be χ = M/B. This precise proportionality indicates
that diamagnetism in the superconducting state is insignificant,
since it is only weakly dependent on the magnetic field.
Additionally, we have calculated the diamagnetism from
Ginzburg-Landau theory20 and find that it contributes only
a small amount to the magnetization for the fields we use,
consistent with the results in Fig. 3.

The polarized neutron scattering technique used here was
validated in earlier applications through measurement of the
temperature dependence of the magnetization of an s-wave
superconductor, typically V3Si, following the original study
of this type by Shull and Wedgewood.21,22 However, UPt3 has
a well-established temperature dependence of its normal-state
susceptibility that provides a convenient means to check for
consistency without changing samples. For H‖a there is a
peak in the temperature dependence of χ at T = 20 K
associated with the formation of the heavy-fermion state.2

In addition to the low-temperature measurements shown in
Figs. 2 and 3, the temperature dependence of the flipping ratio
of the [1,0,0] reflection at 1.0 T has been measured from 2 to
230 K and was compared directly with measurements using a
SQUID magnetometer on a small crystal of comparable quality
to that of our neutron sample (also grown at Northwestern
University). Figure 4(a) shows the complete temperature
dependence of the susceptibility from neutron scattering at
1.0 T along with our SQUID measurements and earlier work
by Frings et al.23 The absolute value of the susceptibility was
calculated from the flipping ratio using Eq. (3) and depends
on only one parameter that is not a physical constant—the
structure factor FN (	κ), which we calculate from the crystal
structure. We find that the neutron data match the susceptibility

(a)

(b)

FIG. 4. (Color online) Magnetic susceptibility measured by
polarized neutron diffraction (solid green circles) multiplied by
a constant factor of 2.35 (both panels). (a) Comparison to our
SQUID measurements (open orange triangles) and the susceptibility
measurements from Frings et al. (Ref. 23) (open blue circles). (b)
Comparison to the susceptibility calculated from the Knight shift
measurements as described in the text. Open red circles are from
Refs. 12 and 26. Open purple triangles are from Ref. 4. Statistical error
for the susceptibility measured by neutron scattering is approximately
the size of the green circles.

measurements when multiplied by a factor of 2.35. This
discrepancy is attributed to a substantial extinction correction
due to the large size of our sample and ∼5% depolarization of
the incident neutron beam.

Our results can also be compared to measurements of the
195Pt Knight shift, K , which reflect the microscopic local field
environment at the nucleus. K is a linear function of the total
magnetic susceptibility, χ , and is expressed as24,25

K = Kspin + Korbit = aspinχspin + aorbitχorbit

= aspinχ + (aorbit − aspin)χorbit (4)

where aspin and aorbit are proportional to the respective
spin and orbit hyperfine fields. The spin hyperfine field is
H

hf
spin = aspinNAμB where NA is Avagadro’s number. After

noting that Knight shift contributions, other than that from
electron spin, are independent of temperature, we find H

hf
spin =

−97 kOe/μB from the low-temperature NMR data, similar to
that reported by Lee et al.4 (−92 kOe/μB ) and about 12%
larger than the measurements of Tou et al.12,13 and Kohori
et al.26 (−85 kOe/μB ). In Fig. 4(b) we show a comparison of
our polarized neutron experiment, measured in a 1.0 T field,
with the susceptibility that we calculated from the temperature
dependence of the K measurements of Tou et al., Lee et al.,
and Kohori et al. using Eq. (4). Tou et al.12 have estimated
the size of the temperature-independent contributions with a
Curie-Weiss-like fit to their K data at high temperatures. A
similar fit performed to our SQUID data in Fig. 4(a) indicates
a temperature-independent susceptibly that is diamagnetic
and 12.8% of the magnitude of the average susceptibility
for T < Tc, about a factor of 2 less than the percentage
of the diamagnetic Knight shift contribution found by Tou
et al. The good overall agreement gives confidence that the
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low-temperature Knight shift results accurately represent bulk
behavior of the spin susceptibility in the superconducting state.

We now discuss our results in the context of theoretical
expectations for the temperature dependence of the spin sus-
ceptibility in UPt3. In a conventional superconductor, Cooper
pairs form an antisymmetric spin-singlet state, commonly
denoted as 1√

2
|↑↓ − ↓↑〉, leading to a decrease in the spin

susceptibility for T < Tc. If electron pairs form a triplet, the
spins would take one of three possible arrangements, |↑↑〉,
|↓↓〉, and 1√

2
|↑↓ + ↓↑〉. For applied magnetic fields along a

direction in spin space occupied by the “equally spin-paired”
triplet states, |↑↑〉 or |↓↓〉, no decrease in susceptibility would
be expected for T < Tc and H < HC2, since the field is
not depairing, as is the case for superfluid 3He-A.27 The K

measurements show no (or very minimal) difference between
the normal and superconducting states for all directions of
magnetic field with respect to the crystal axes. This implies that
the electron spins are in an equal-spin paired state with the spin
angular momentum along the direction of the magnetic field.

For an unconventional superconducting state, the spin part
of the order parameter is best represented in terms of the d

vector, which points in the direction of zero spin projection
and is widely used in the description of unconventional pairing,
most notably for the 3He triplet superfluid order parameter.28 A
strong spin-orbit interaction in UPt3 provides a mechanism for
d being locked to the crystal c axis8,15 and is required in order to
account for the observed anisotropy in the upper critical field.14

According to this theory, only the equal-spin pairing states
are present in UPt3 with the spin angular momentum in the
basal plane. Their representation in terms of spin basis vectors
chosen with respect to the c axis, however, is 1√

2
|↑↓ + ↓↑〉

with zero spin projection in that direction. Consequently, for
strong spin-orbit interaction, a temperature-independent spin
susceptibility is expected for magnetic field in the basal plane
and a temperature-dependent susceptibility, similar to that of

a singlet superconductor, is expected for fields along the c

axis.
The fact that the K measurements show no decrease for

any field direction in the range 0.17 T < H < 1.6 T has been
interpreted to mean that the spins are in a triplet state, but that
the energy cost to rotate the d vector away from the c axis is
quite small.9 This scenario is surprising as it relies on a very
weak spin-orbit interaction despite expectation to the contrary
owing to the heavy masses of the constituents of UPt3.

In summary, our measurements of the magnetization of
UPt3 with H‖a using polarized neutron diffraction show no
change in the susceptibility upon entering the superconducting
state or between the different superconducting phases. This
confirms NMR measurements of the Knight shift for this
orientation. Whether K measured for H‖c reflects bulk be-
havior should be confirmed by further neutron measurements.
Although our results for H‖a are consistent with identification
of the spin part of the superconducting order parameter
as a triplet, odd-parity state, the discrepancy between the
NMR measurements and measurements of the temperature
dependence of HC2 remains; a comprehensive comparison
between experiment and theory for UPt3 is still incomplete.
This is also the case for other superconductors with similar
properties such as Sr2RuO4.29,30

Research support was provided by the US Department
of Energy, Office of Basic Energy Sciences, Division of
Materials Sciences and Engineering, under Awards No. DE-
FG02-05ER46248 (Northwestern University), No. DE-FG02-
10ER46783 (University of Notre Dame), and No. DE-FG02-
05ER46202 (University of Tennessee). We acknowledge
assistance with crystal growth and characterization from
J. P. Davis, J. Pollanen, H. Choi, and T. M. Lippman, and
we thank ILL for their hospitality and support and J. A. Sauls,
V. Mitrovic, C. A. Collett, A. Zimmerman, and J. I. A. Li for
helpful discussions.

1G. R. Stewart, Z. Fisk, J. O. Willis, and J. L. Smith, Phys. Rev. Lett.
52, 679 (1984).

2R. Joynt and L. Taillefer, Rev. Mod. Phys. 74, 235 (2002).
3C. J. Pethick, D. Pines, K. F. Quader, K. S. Bedell, and G. E. Brown,
Phys. Rev. Lett. 57, 1955 (1986).

4M. Lee, G. F. Moores, Y. Q. Song, W. P. Halperin, W. W. Kim, and
G. R. Stewart, Phys. Rev. B 48, 7392 (1993).

5I. A. Fomin and J. Flouquet, Solid State Commun. 98, 795 (1996).
6Y. Okuno and K. Miyake, J. Phys. Soc. Jpn. 67, 3342 (1998).
7S. Adenwalla, S. W. Lin, Q. Z. Ran, Z. Zhao, J. B. Ketterson, J. A.
Sauls, L. Taillefer, D. G. Hinks, M. Levy, and B. K. Sarma, Phys.
Rev. Lett. 65, 2298 (1990).

8J. A. Sauls, Adv. Phys. 43, 113 (1994).
9T. Ohmi and K. Machida, J. Phys. Soc. Jpn. 65, 4018 (1996).

10J. D. Strand, D. J. Bahr, D. J. V. Harlingen, J. P. Davis, W. J. Gannon,
and W. P. Halperin, Science 328, 1368 (2010).

11M. J. Graf, S. K. Yip, and J. A. Sauls, Phys. Rev. B 62, 14393
(2000).

12H. Tou, Y. Kitaoka, K. Asayama, N. Kimura, Y. Onuki,
E. Yamamoto, and K. Maezawa, Phys. Rev. Lett. 77, 1374 (1996).

13H. Tou, Y. Kitaoka, K. Ishida, K. Asayama, N. Kimura, Y. Onuki,
E. Yamamoto, Y. Haga, and K. Maezawa, Phys. Rev. Lett. 80, 3129
(1998).

14B. S. Shivaram, T. F. Rosenbaum, and D. G. Hinks, Phys. Rev. Lett.
57, 1259 (1986).

15C. H. Choi and J. A. Sauls, Phys. Rev. Lett. 66, 484 (1991).
16A. A. Abrikosov and L. P. Gor’Kov, Zh. Eksp. Teor. Fiz. 39, 480

(1960) [Sov. Phys. JETP 12, 337 (1961)].
17C. Stassis, J. Arthur, C. F. Majkrzak, J. D. Axe, B. Batlogg,

J. Remeika, Z. Fisk, J. L. Smith, and A. S. Edelstein, Phys. Rev. B
34, 4382 (1986).

18J. B. Kycia, J. I. Hong, M. J. Graf, J. A. Sauls, D. N. Seidman, and
W. P. Halperin, Phys. Rev. B 58, R603 (1998).

19G. L. Squires, Introduction to the Theory of Thermal Neutron
Scattering (Cambridge University Press, 1978).

20E. H. Brandt, Phys. Rev. B 68, 054506 (2003).
21C. G. Shull and F. A. Wedgwood, Phys. Rev. Lett. 16, 513

(1966).
22J. A. Duffy, S. M. Hayden, Y. Maeno, Z. Mao, J. Kulda, and G. J.

McIntyre, Phys. Rev. Lett. 85, 5412 (2000).

104510-4

http://dx.doi.org/10.1103/PhysRevLett.52.679
http://dx.doi.org/10.1103/PhysRevLett.52.679
http://dx.doi.org/10.1103/RevModPhys.74.235
http://dx.doi.org/10.1103/PhysRevLett.57.1955
http://dx.doi.org/10.1103/PhysRevB.48.7392
http://dx.doi.org/10.1016/0038-1098(96)00199-8
http://dx.doi.org/10.1143/JPSJ.67.3342
http://dx.doi.org/10.1103/PhysRevLett.65.2298
http://dx.doi.org/10.1103/PhysRevLett.65.2298
http://dx.doi.org/10.1080/00018739400101475
http://dx.doi.org/10.1143/JPSJ.65.4018
http://dx.doi.org/10.1126/science.1187943
http://dx.doi.org/10.1103/PhysRevB.62.14393
http://dx.doi.org/10.1103/PhysRevB.62.14393
http://dx.doi.org/10.1103/PhysRevLett.77.1374
http://dx.doi.org/10.1103/PhysRevLett.80.3129
http://dx.doi.org/10.1103/PhysRevLett.80.3129
http://dx.doi.org/10.1103/PhysRevLett.57.1259
http://dx.doi.org/10.1103/PhysRevLett.57.1259
http://dx.doi.org/10.1103/PhysRevLett.66.484
http://dx.doi.org/10.1103/PhysRevB.34.4382
http://dx.doi.org/10.1103/PhysRevB.34.4382
http://dx.doi.org/10.1103/PhysRevB.58.R603
http://dx.doi.org/10.1103/PhysRevB.68.054506
http://dx.doi.org/10.1103/PhysRevLett.16.513
http://dx.doi.org/10.1103/PhysRevLett.16.513
http://dx.doi.org/10.1103/PhysRevLett.85.5412


MAGNETIZATION IN THE SUPERCONDUCTING STATE OF . . . PHYSICAL REVIEW B 86, 104510 (2012)

23P. H. Frings, J. J. M. Franse, F. R. de Boer, and A. Menovsky,
J. Magn. Magn. Mater. 31–34, 240 (1983).

24C. P. Slichter, Principles of Magnetic Resonance, 3rd ed. (Springer-
Verlag, Berlin, 1990).

25G. C. Carter, L. H. Bennett, and D. J. Kahan, Prog. Mater. Sci. 20,
1 (1976).

26Y. Kohori, M. Kyogaku, T. Kohara, K. Asayama, H. Amitsuka, and
Y. Miyako, J. Magn. Magn. Mater. 90–91, 510 (1990).

27D. D. Osheroff, W. J. Gully, R. C. Richardson, and D. M. Lee, Phys.
Rev. Lett. 29, 920 (1972).

28R. Balian and N. R. Werthamer, Phys. Rev. 131, 1553
(1963).

29A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657
(2003).

30Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K. Ishida,
J. Phys. Soc. Jpn. 81, 011009 (2012).

104510-5

http://dx.doi.org/10.1016/0304-8853(83)90232-9
http://dx.doi.org/10.1016/0079-6425(76)90032-3
http://dx.doi.org/10.1016/0079-6425(76)90032-3
http://dx.doi.org/10.1016/S0304-8853(10)80185-4
http://dx.doi.org/10.1103/PhysRevLett.29.920
http://dx.doi.org/10.1103/PhysRevLett.29.920
http://dx.doi.org/10.1103/PhysRev.131.1553
http://dx.doi.org/10.1103/PhysRev.131.1553
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1143/JPSJ.81.011009



