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Anisotropic Magnetic Response in the Superconducting Mixed State of UPt3
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Equilibrium magnetizationMeq of the superconducting mixed state of UPt3 has been measured as
a function of field. At low temperatures, the discontinuity ofdMeqydH at the upper critical field
Hc2 exhibits marked anisotropy between the two principal directions of the hexagonal crystal, bei
indiscernibly small forH ' c, where the normal state paramagnetic susceptibility is largest. Th
results are not simply explained by the effective mass anisotropy nor by the ordinary paramagn
effect of a spin-singlet pairing; they are rather in favor of an odd-parity pairing with an appreciab
anisotropy in the pair-spin correlation. [S0031-9007(96)01311-7]
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Superconductivity in heavy electron systems has be
attracting much interest because experiments suggest
the pairings are mostly of an unconventional type. Amon
heavy fermion superconductors known to date, UPt3 is
a unique compound where a realization of unconve
tional order parameters is evident from its complex fiel
temperaturesH-T d phase diagram with three differen
vortex states (A, B, andC phases) [1]. In addition, a pos-
sibility of an odd-parity pairing is inferred from some ex
perimental facts such as (i) the absence of a change in
NMR Knight shift belowTc [2,3] and (ii) crossover in the
anisotropy ratioH'

c2yHk
c2 [4,5]. Several theoretical mod-

els have been proposed so far to explain the supercond
tivity of UPt3 [5–8], though no consensus has yet bee
reached on the pairing symmetry.

In further elucidating the pairing in UPt3, it is of inter-
est to examine the equilibrium magnetizationMeq in the
superconducting mixed state. In general, there is a con
bution toMeq from a paramagnetic polarization of the sys
tem, in addition to the diamagnetic orbital currents arou
the vortices. As is well known, the normal state parama
netic susceptibilityxn of UPt3 is large and anisotropic [9],
with the easy direction beingH ' c. Since a substantial
part of xn comes from the pseudospin Pauli paramagn
tism [2,3,10], the behavior ofMeq nearHc2 may depend
strongly on the pairing symmetry. In the case of an eve
parity pairing, for example, the spin polarization should b
suppressed belowHc2 for all directions [11]. This would
lead to a sizable discontinuity indMeqydH at Hc2, espe-
cially for H ' c. If this anomaly, the paramagnetic effec
is absent, it would then be a strong implication of the od
parity states.

This approach is indeed complementary to the NM
Knight shift experiment. It should be noticed, howeve
that the above NMR results (i) might not be fully compa
ible with the interpretation of the anisotropy crossover
Hc2 and (ii); the latter assumesHk

c2 to be paramagneti-
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cally limited at low T [5]. It is thus highly worthwhile to
inspect the bulk magnetization of UPt3 nearHc2. In this
Letter, we have examinedMeqsHd of UPt3 by means of
high-resolution dc magnetizationfMsHdg measurements
on high-quality single crystals, focusing on the magnetic
response of the high field state (C phase).

Two single crystals of UPt3, sample 3-S and sample 4,
were grown by the Czochralski pulling method in a tetra-
arc furnace [12]. A clear double superconducting transi
tion was observed in a specific heat measurement. Th
upper critical temperatureTc was 523 mK (sample 3-S)
and 510 mK (sample 4). The resistivity ratiors300 Kdy
rsT d, extrapolated toT ­ 0 from aboveTc, was in ex-
cess of 500 for both samples, indicating the excellen
quality of the crystals. The crystals were shaped to2.5 3

2.5 3 3 mm3 (sample 3-S) and1 3 1 3 3 mm3 (sample
4), with the longest axes oriented to thec axis. MsHd
curves at temperatures ranging from 50 mK to aboveTc

were obtained by a Faraday force magnetometer installe
in a dilution refrigerator [13], in a field gradient of 500–
800 Oeycm. By use of a high-sensitivity capacitive force-
sensing device, the overall displacement of the sample wa
limited to less than1 mm; there was virtuallyno fluctua-
tion in the magnetic field experienced by the sample. Thi
point is very important in measuring true hysteretic mag-
netization of the vortex states. Each measurement was ca
ried out after zero-field cooling the sample from aboveTc

to the desired temperatures. Considering the flux line re
laxation, the sweep rate ofH was fixed constant (5 Oeysec)
throughout the measurements.

Figure 1 shows theMsHd curves of sample 4, measured
at 50 mK. The lower critical fieldHc1 s,10 Oed was not
well resolved in this experiment. The strong irreversibility
appearing at low field is due to the ordinary flux pinning
effect. The hysteresis rapidly decreases asH increases,
and MsHd becomes almost reversible atH , 17 kOe.
SimilarMsHd curves were obtained for sample 3-S, excep
© 1996 The American Physical Society 3193
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FIG. 1. Magnetization curves of the single crystal of UP3

(sample 4) at 50 mK. The thin solid lines are the equilibrium
magnetization obtained by averaging the hysteresis.Hp denotes
the onset field of the peak effect.

for a magnitude of the hysteresis that linearly depen
on the sample dimension and was therefore larger
sample 3-S. The linear magnetization aboveHc2 is due
to the normal state paramagnetism, from which we obta
xk

n ­ 5.8 3 1026 emuyg andx'
n ­ 1.1 3 1025 emuyg.

In both samples and for both field directions, we observ
that the irreversibility inMsHd increases again in a narrow
region just belowHc2 [14]. This is a so-called “peak
effect,” occasionally observed in type-II superconducto
[15]. Hereafter, we defineHc2 as the field above which the
irreversibility vanishes completely. We show the resultin
Hc2 vs T plots in Fig. 2, which are in good agreement wit
those previously obtained by other experimental metho
[1,4]. The onset field of the peak effectHp is also shown
in the figure.

When the magnetization hysteresis is small, the eq
librium magnetizationMeq of the vortex state can be
well approximated by the average of the increasing- a
decreasing-field data [15]. The results forMeq are shown
in Fig. 1 by thin solid lines. Also shown by the dot
ted lines are the extrapolated normal state magnetizat
Msk,'d

n ­ x sk,'d
n H. Evidently, the paramagnetic contribu

tion to Meq is quite large for both directions. Note tha
the difference betweenM'

eq andM'
n is surprisingly small

nearHc2, whereasMk
eq shows a small but distinct devia-

tion from Mk
n belowHc2.
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FIG. 2. H-T phase diagram of UPt3 for sample 3-S (solid
symbols) and sample 4 (open symbols). The phase boundari
indicated by dotted lines are not observed in the presen
measurements. The onset field of the peak effectHp is also
plotted as a reference.

The behavior ofMeq becomes more clear by plotting
the magnetization differenceM0

eq ­ Meq 2 Mn in an en-
larged scale in Figs. 3(a) and 3(b), where the results fo
higher temperature are also shown for comparison. Th
small humps or dips seen in the curves for 50 mK nea
Hc2 are probably due to the peak effect; the averaging pro
cedure might not work well due to a nonlinear distribution
of the vortex lines [15]. It is rather natural to assume a
smooth variation ofM0

eq, as indicated by dot-dashed lines.
We first note the feature inM0

eq that is associated with
the B-C transition. Since this transition is of second or-
der, we may expect a discontinuity indM0

eqydH which
can be estimated from the specific heat measurements [1
to be DsdM0

eqydHd , 5 3 1027 emuyg. We could as-
certain a discontinuity of this order at lowT, as shown in
Fig. 3(c). The critical fieldHBC thus obtained is also in-
dicated in Fig. 2. The anomaly inM0

eq at HBC was, how-
ever, smeared with increasing temperature, and could n
be traced up to the tetracritical point. We also note tha
no appreciable change was observed inM0

eq across theA-B
transition.

The salient feature ofM0
eq at T ­ 50 mK is the marked

anisotropy nearHc2. There is an order of magnitude
difference in the slopes ofM0

eqsk,'d nearHc2. Moreover,
the curvature ofjM0

eqj in the C phasesHBC , H , Hc2d
distinctly changes with the field direction; downward
(upward) forH k c sH ' cd. In general,M0

eq nearHc2
can be expressed in terms of a Ginzburg-Landau param
eter k2 as M0

eq ­ sH 2 Hc2dy4pbs2k
2
2 2 1d [11], where

b is a number of order unity that depends on the vortex
lattice configuration. From the results in Fig. 3, we obtain
highly anisotropic values ofk2 at T ­ 50 mK, k

'
2 , 140,

andk
k
2 , 40; i.e., k

'
2 yk

k
2 ø 3.5. Here, thek2 values were

determined from the average slope ofM0
eq betweenHp and

Hc2. Thus, the actual value ofk'
2 could be even larger,

due to the upward curvature ofM0
eq'. In a conventional
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FIG. 3. Field variation of the magnetization differenceM0
eq

in the superconducting mixed state of UPt3 (sample 4) for
(a) H ' c and (b) H k c, and the differential susceptibility
around HBC at 50 mK (c). The dot-dashed lines in (a) an
(b) indicate the expected smooth variation ofM0

eq in the region
of the peak effect betweenHp and Hc2. The inset shows the
relative change in the susceptibility forH k c nearHc2.

superconductor,k2 could be direction dependent reflectin
the effective mass anisotropy, which can be estimated
k

'
2 yk

k
2 ø sH'

c2yH
k
c2dT,Tc [17]. For UPt3, this results in a

much smaller value k
'
2 yk

k
2 , 0.6 [4]. Evidently,

effective-mass anisotropy (anisotropic orbital curre
is not the origin of the low-temperature anisotropy
M0

eq [18].
The upward curvature ofjM0

eq'j with a vanishingly
small change of the slope atHc2 is specific to a clean
superconductorin the absence ofthe paramagnetic effec
[19]. This implies that the orbital current contributio
is predominant inM0

eq'. By contrast, the downward
d

g
by

nt)
in

t
n

curvature ofjM0
eqkj with a sharp change of the slope atHc2

is the typical behavior of the ordinary paramagnetic effe
[20]; suppression of the spin polarization due to pairin
enhancesjM0

eqj belowHc2. This strongly suggests that the
spin susceptibility forH k c is somewhat reduced in the
C phase of UPt3. Note that these features inM0

eq become
weaker with increasing temperature, as expected [11].

It should be noticed that the anisotropy inM0
eq changes

at low field as can be seen for the curves at 50 m
in Fig. 3; M0

eq' becomes larger thanM0
eqk below H ,

6 kOe. This crossover is consistent with the thermo
dynamic constraintH2

c y8p ­ 2
RHc2

0 M0
eqsk,'ddH, where

Hc is the direction independentthermodynamic critical
field. ExtrapolatingM0

eqsk,'d to lower fields, we can obtain
HcsT , 0d ø 260 Oe for both curves, in agreement with
the value that can be estimated from the specific heat d
[21]. These facts confirm that the observed anisotropy
M0

eq is indeed closely related to that ofHc2. It is very im-
portant to point out that the paramagnetic energyxnH2

c2y2
significantly exceeds the condensation energyH2

c y8p by
a factor of,10 skcd and,25 s'cd; the paramagnetic po-
larization in the vortex state is essentially large for bot
directions.

Temperature variation ofk2 evaluated fromM0
eq is sum-

marized in Fig. 4, which further confirms the existence o
the anisotropic paramagnetic effect. The anisotropy rat
of k2 at ,450 mK decreases tok'

2 yk
k
2 ø 0.8, approach-

ing the value,0.6 expected from the mass anisotropy. Re
markably,k'

2 sT d continues toincreaseon cooling, without
an indication of saturation. This is actually the behavio
that is predicted for a clean superconductorin the absence
of the paramagnetic effect [22], wherek2 ~

p
lnsTcyT d

as T ! 0 as shown by the dotted line. In contrast,k
k
2

continues todecreaseon cooling; the typical behavior in

FIG. 4. Temperature variation of the Ginzburg-Landau pa
rameterk2. The dotted line is the theoretical prediction for
a clean superconductor without paramagnetic effect. The so
lines through the data points are guide to the eye.
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the presence of the paramagnetic effect [11] where
pair breaking by the Zeeman energy becomes importan
low temperatures. As a result, there is a crossover in
anisotropy ratiok

'
2 yk

k
2 at aboutT , 0.7Tc. Except for

this crossover, the sign reversal indk2ydT between two
directions is in agreement with the results inferred fro
the recent specific heat measurements [16].

The anisotropic paramagnetic effect itself is not unusu
For instance, in ErRh4B4, where ferromagnetic interaction
between Er ions compete with the superconductivity
conduction electrons, a strong paramagnetic effect is
served in the magnetization for the spin-easy axissH k ad,
while the effect is weak for the hard axissH k cd [20]. The
crucial point in UPt3 is that the paramagnetic effect inM0

eq
is apparently absent for the directionsH ' cd, where the
normal state paramagnetic susceptibility is largest. This
is the opposite of what is normally expected for a cle
spin-singlet superconductor. It is important to note th
the spin-orbit scattering mechanism is not relevant in t
case. In the presence of strong spin-orbit scattering,
paramagnetism might be recovered in the singlet pair
states [23]. This mechanism, however, would be ess
tially isotropic and therefore does not explain the slight b
appreciable paramagnetic effect forH k c. It should also
be noticed that the present samples are in the clean li
the mean free path of the carriers can be estimated from
residual resistivitysr0k ø 0.2 mV cmd to be over 2000 Å,
much longer than the coherence lengthj0 , 120 Å ex-
pected from theHc2 values.

Let us now turn to the implication of the unusu
anisotropic paramagnetic effect. The probable scen
that emerges is the odd-parity pairing with anisotropic pa
spin orientation. The apparent lack of the paramagn
effect in the basal plane would imply an equal-spin pair
in this direction, whereas the appreciable paramagn
effect along thec direction would mean that the pair-sp
orientation is somewhat confined in thec plane, implying
a non-negligible spin-orbit coupling in the pairing chann
[5]. This scenario relies largely on the results of the rec
NMR Knight shift experiment on single crystals [3] whic
reports the spin susceptibility to be largest forH ' c
[24]. Our results are consistent with theirs, except for
anisotropy along thec direction; no change is observed
the Knight shift for two principal directions. We stress
however, that the expected pair-spin anisotropy is not v
strong. To show this somewhat quantitatively, we n
that the orbital current contribution toM0

eqk would be small
for ,0.8Hc2 # H # Hc2, as expected fromM0

eq'. Then
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M0
eqk near Hc2 consist mostly of the spin susceptibility

changeDxk
s due to pairing, which can be estimated a

Dxk
s yxk

n , M0
eqkyxk

nH. The result is plotted in the inse
of Fig. 3(b), which indicatesDxk

s in the C phase to be,
at most, a few percent ofxk

n . This amount of change
might not be detected in the Knight shift measuremen
[2,3] within the resolution of the experiment.
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