
VOLUME 82, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 MARCH 1999

e
avior
the

der.

2378
Anisotropic dc Magnetization of SuperconductingUPt3
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We have measured the dc magnetization of three high-quality single crystals of UPt3 with a SQUID
magnetometer down toø5 mK in magnetic fields below 2 mT. With$B in the ĉ direction we find a
double superconducting transition, while for$B k â we observe only one. At lower temperatures th
temperature dependence of the magnetization follows power laws indicating unconventional beh
for the penetration depth. Below 20 mK a steep diamagnetic drop occurs, coinciding with
specific heat anomaly which we found earlier at 18 mK, pointing to static antiferromagnetic or
[S0031-9007(99)08720-7]

PACS numbers: 74.70.Tx, 75.20.Hr, 75.40.Cx
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Among the heavy fermion compounds which are know
for their unusual superconducting (SC) and magnetic pro
erties UPt3 is the most likely candidate for unconventiona
superconductivity in the sense that the symmetry of t
order parameter is lower than that of the Fermi surfac
Despite the fact that the exact symmetry has not yet be
identified, an unconventional order parameter is strong
indicated by the existence of multiple superconductin
phases including measurements of specific heat [1], a
under applied magnetic field [2], and pressure [3], as w
as ultrasonic attenuation [4], tunneling [5], and anisotrop
of the lower and upper critical fields [4,6]. These resul
show that there are three SC phases (usually denotedA,
B, andC) in the magnetic field-temperature (B-T ) plane.
The existence of these phases leads to a double transi
at T1

c andT2
c , separated by about 60 mK, and to kinks i

Bc1sT d andBc2sT d. In addition, evidence for unconven-
tional behavior of UPt3 follows from specific heat [1,2,7],
thermal conductivity [8], and superconducting penetratio
depth [9–12], that exhibit power laws at low tempera
tures instead of the classical exponential behavior.

On the theoretical side, models have been proposed
a two-component order parameter coupled to a symm
try breaking field for which antiferromagnetism (AF), ob
served below 5 K in neutron scattering experiments,
considered the most likely candidate [13,14]. Alternativ
scenarios have been suggested having accidentally n
degenerate order parameters [15,16] or one-dimensio
representations combined with weak spin-orbit couplin
[17]. However, there is as yet no consensus as to wh
class of models is correct.
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Of key importance to this problem is the magnetic natu
of the various SC phases of UPt3. So we have performed
new static magnetization measurements down to very l
temperatures in low magnetic fields with a SQUID ma
netometer. In earlier work extensive studies of the pe
etration depth of various samples have been perform
notably an investigation of four samples using ac indu
tance methods [11], finding a significant frequency depe
dence in some cases. These results suggested the nee
static measurements, particularly at very low temperatur
performed on high quality single crystals. Owing to sp
cial annealing procedures [18], our samples have very h
Tc ’s (551 mK) and residual resistivity ratiosrrr * 900;
see Table I. We have cooled these samples to temperat
close to 5 mK, which has allowed us to detect, for the fir
time, a magnetization signal associated with AF orderin
a key component of theoretical models that require a sy
metry breaking field. We identify this transition with the
low temperature specific heat anomaly at 18 mK that w
have reported previously [7].

The static magnetic susceptibility was measured
a SQUID pickup system (described in Ref. [19]), i

TABLE I. Properties of the samples used in this work;rrrc is
the residual resistivity ratio, measured along thec axis.

Mass T1
c T2

c Annealing
Sample (mg) mmole (mK) (mK) temperature (±C) rrrc

#1 485.5 589.7 540 476 Not annealed 20
#2 19.214 23.338 551 427 800, 6 days 89
#3 14.020 17.029 549 970, 6 days 957
© 1999 The American Physical Society
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magnetic fields between 0.05 and 2 mT. The therm
coupling of the samples to a nuclear demagnetizat
stage was provided by a 2-mm-diam Ag wire. To rea
the lowest temperatures the samples were squeezed
Ag clamp attached to the Ag wire, all of high purity
(99.999%). The temperature was measured with carb
resistors down to 10 mK. After demagnetization t
ø1.6 mK (sufficient to cool the samples to their limit) the
temperature of the nuclear stage,Tnst, was calculated from
the warm-up curve using its known heat capacity. Belo
ø20 mK the sample temperature was determined from t
heat leak, the thermal conductance of the link, measu
independently, andTnst. A conservative estimate taking a
typical value of6 mWymole for the radioactive heat leak
of UPt3 grown from depleted uranium [19], resulted in
final temperature for the samples of&5 mK.

We have investigated three samples in this wor
Sample #1 is a single crystal grown at the Universi
of Konstanz by electron beam melting using especia
depleted uranium. Its shape is a 2-mm-diam cylind
with its axis along thêc direction and a slanted top face
Samples #2 and #3 were two single crystals grown
Northwestern University using float-zone refining an
annealing in ultrahigh vacuum [18]. Their dimensions a
(0.5 3 0.5 3 4 mm3) cut out of a larger piece by spark
erosion with the crystallographiĉc axis (#2) andâ axis
(#3) oriented along its length. They were subsequen
etched, removing10% by weight, and annealed at800 ±C
and970 ±C, respectively. Both have a very high and sha
Tc, as well as very high rrr values given byr300-Kyr0-K
where r0-K is defined as theT ! 0 extrapolation of
the quadraticT dependence of the resistivity measure
below 1 K. For samples #2 and #3, respectively,r0-K
was 0.148 and 0.477 mV cm, and the resistive transition
widths (90% 10%) were 5.7 and 2.3 mK. Sample #3
was found to have nearly 2 orders of magnitude smal
hysteresis in high-field magnetic torque measureme
[20] as compared to sample #1, and even to sample
attesting to its excellent quality.

The field cooled (Meissner) signals showed increasi
diamagnetic values upon successive temperature swe
and only after a few sweeps the signal was quasirevers
with only a slight long-term drift from flux creep pro-
cesses [21]. We subtracted this creep from the raw d
as well as aT -dependent background from the Ag coo
ing finger which resulted in a maximal systematic e
ror of 15% at the lowest temperatures. The Meissn
signal was approximately2% of the shielding signal
(zero field cooled) owing to strong flux pinning in
UPt3, leaving a large background of trapped flux insid
the sample, in spite ofB , Bc1. The T dependence
of lsT d 2 ls0d was deduced from the quasireversib
Meissner signals.

The data for the Meissner signals of the three samp
are shown in Fig. 1 after subtraction of the drift and of th
Ag background. For the samples$B k ĉ, a double transition
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FIG. 1. T dependence of the penetration depth of three UP3
single crystals. The solid curves are the flux changes in
SQUID magnetometer measured in units of the flux quantu
F0. Their T dependence is proportional tolsTd 2 ls0d.
Different absolute values are due to different sample sizes. T
field is oriented parallel to the long geometrical axes of th
samples. The transitionsT1

c andT2
c are indicated as the onse

of the x decrease. For the dashed lines, see text.

at T1
c and T2

c is clearly observed. This is also true fo
the unannealed sample #1 which did not show a dou
peak in the specific heat atTc [7]. In the case$B k â we
observed only a single transition atT1

c . In Fig. 1 the data
are shown for sample #3 but the absence of a second d
in this orientation was confirmed with sample #1. Belo
30 mK a magnetization anomaly consisting of a sm
increase starting near 30 mK and an additional drop bel
15–20 mK is observed in both samples #2, and #3 (Fig.
We identify it with the onset of AF order (see below)
After numerical subtraction of this anomaly, power la
fits for lsT d 2 ls0d to the intermediate parts of differen
curves (between 30 and 120 mK) gave exponents betw
0.97(1) and 1.00(1) for$B k â. The additional systematic
error from the background subtraction leads to an expon
of 1.0 (10.3y20.1) in this case. For the$B k ĉ orientation
the resulting exponent is 2.0s60.1d.

In previous work Grosset al. [9] used a dc magneti-
zation method, similar to that reported here, but at mu
higher temperatures. Broholmet al. [10] analyzed their
mSR measurements finding a linear behavior ofl for
$B k ĉ and a quadratic dependence for$B k â, in contrast
2379
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FIG. 2. Low temperature part of the UPt3 penetration depth
(same scales as in Fig. 1). Dotted lines: Quadratic fit f
$B k c and linear fit for $B k a. The diamagnetic drop below
18 mK points to AF order. It is preceded by a “paramagneti
precursor.

to our work. However, based on absolute measureme
of the penetration depth [9], it was claimed [12,22] th
the intrinsicT dependence was not observed in the mu
spin rotation (mSR) experiment. Similarly, NMR experi-
ments [23] did not have the resolution to see the effects
lsT d on the lineshape. Signoreet al. [11] used ac induc-
tance methods with a survey of four samples to determ
the temperature dependence ofl for $B k ĉ, finding at
low frequency a clearly observable double transition and
quadratic power law for two unannealed crystals. For
annealed sample it was linear. The power law expone
became larger at high frequency, up to 16 MHz. O
static magnetization results are consistent with their o
servation of a double transition for$B k ĉ and, in addition,
we have shown that the double transition is not observ
for $B k â. However, our observation of a quadratic pow
law behavior for $B k ĉ, with the annealed sample #2, i
inconsistent with results from their annealed crystal. D
ferences between the experiments include sample pur
annealing, surface conditions, and the effects of trapp
flux. We argue that the systematic errors and impur
scattering always favor power laws higher than linear a
that if a linear dependence is observed, it should be clo
to the intrinsic temperature dependence. Indeed,
sample #2 showed a much higher hysteresis in torq
measurements compared with sample #3, and itsT2 de-
pendence might not be intrinsic. In this respect, comb
ing the results of Signoreet al. [11] for $B k ĉ and our
present finding for$B k â, there is good evidence for lin-
ear temperature dependence for the penetration dept
UPt3 in both directions.

We interpret these penetration depth data in terms
a simple model of screening currents combined with u
2380
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conventional superconductivity with point and line node
of a two-dimensional order parameter. The penetrati
of magnetic flux into the superconductor is given by th
London formulal22 ­ 4pe2

c2
ns

mp . In an anisotropic super-
conductornsymp is a tensor quantity. The movement o
the quasiparticles ink space is confined to the intersec
tion lines of Landau cylinders (very closely spaced in lo
fields) with the Fermi surface. Whenever supercurren
have to pass a node of the order parameter, there
vanishing numberns of Cooper pairs available to carry
the current, and the screening of flux is weaker, i.e., t
penetration depth is larger. The effect of point nodes
small because only very fewk-space trajectories are in
fluenced. From Fig. 1 it is seen that after the initial dro
belowT1

c (different for samples #1 and #2 due to small
flux pinning in the latter) the SQUID signal would fol-
low the temperature variation ofns; see dashed lines. Fo
$B k ĉ, but not for $B k â, belowT2

c a second mechanism
sets in leading to an increased Meissner effect (shorterl)
which means aqualitative change of the order parame
ter between theA and B phase. This can be explaine
by an enhancement ofns due to development of a secon
component of the OP and the disappearance of meridio
lines, present in theA phase, but not in theB phase. It
is hard to explain this observation in 1D models, e.g.,
an additional isotropic OP component as we will show
the following discussion (where we use the notation of
spherical Fermi surface).

The AB model [15] involves two accidentally near
degenerate 1D order parameters (A andB representation)
of the same parity. TheA1g OP transforms as unity,A1u

as ẑkz. Neither have meridional line nodes. TheA2g
representation includes line nodes along six meridion
great circles [basis function (BF),kxkysk2

x 2 3k2
yd sk2

y 2

3k2
xd], andA2u additionally at the equator [BF(A2g) times

ẑkz]. The appearance or disappearance of such a no
structure would affect bothl k andl ' to ĉ, because in
both cases a high number of Landau cylinders inters
with the line nodes. TheB representations have the BF
kys3k2

x 2 k2
yd sB1d and kxs3k2

y 2 k2
xd sB2d, multiplied by

kz for even parity or byẑ for odd parity. This means
nodes on three meridians (and for even parity also
the equator) so that the same argument as forA2 applies
and anisotropy is not expected. The same holds
the nearly degenerate OP model using theA1 and E1
representations [16]. Here the OP has line nodes aro
two circles parallel to the equatorial plane (k2

x 1 k2
y 2

2k2
z ­ 0) which would disappear at the lower transition

In this case screening currents would be influenced o
when the field is in the basal plane, contrary to what w
observe. In the scenario of weak spin-orbit coupling [1
the orbital part of the OP belongs to a single 1D od
parity representation in the whole SC region, and only t
spin part changes atT2

c which would not influencel.
The weak SO coupling model also does not account
the observed anisotropy.
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The E1g and E2u models incorporate two-dimensiona

representations with basis functionskzs kx
ky

d andẑkzs k2
x 2k2

y

2kxky
d,

respectively. In the whole SC region both models exhib
point nodes at the poles and line nodes at the equator
the Fermi surface. The line nodes reducens for shielding
currents in the situation$B k â, but do not change atT2

c .
In the A phase additional line nodes appear on one
two meridians, respectively, which additionally reduc
ns for the shielding of $B k ĉ. Therefore, an effect on
la,b is expected in theE models, whereaslb,c is not
influenced. We conclude that bothE models can explain
our observation of an anisotropic double transition in th
penetration depth.

We now look at the low temperature part oflsT d. The
two E models differ in thek dependence of the gap
around the point nodes which leads to different powe
laws. The E1g model predicts a linearT dependence
for la,b ( $B k ĉ) and a quadratic forlc. With $B k â
we measure a combination oflb and lc and at low
temperatures the linear term should dominate. For theE2u

model a linear behavior is expected in both field direction
[24,25]. We infer that eitherE model is consistent with
our experiment.

There have been attempts to explain larger than line
exponents. One of them has been resonant impur
scattering [24], which should, however, produce th
sameT2 dependence in both field directions. Anothe
possibility includes nonlocal effects [26], but they shoul
occur only at very low temperatures.

At the lowest temperatures the “diamagnetic” dro
coincides with anomalies in specific heat [7] and therm
expansion [27]. On the other hand,Bc2sT d shows no
effect in this temperature region [19]. This suggests th
the anomaly is not due to the SC state, but to a change
magnetization in the normal state. Fomin and Flouqu
[28] predict long-range antiferromagnetic ordering at
very low temperature with only short-range fluctuation
setting in at 5 K, a view that has been recently supporte
by neutron scattering experiments [29] where it was foun
that the [12 , 0, 1] magnetic reflection, present below 5 K,
shows a distinct narrowing below 20 mK. This was
interpreted as due to AF correlations of a typical length o
40 nm below 5 K and long-range magnetic order belo
20 mK. With our new observations of static magneti
ordering there is growing evidence in support of thi
view. This might be significant for theoretical models tha
invoke magnetic order as a symmetry breaking field.

In summary, we have reported on dc magnetizatio
studies on high-quality UPt3 single crystals. The data
are interpreted within a model of critical currents in
an anisotropic superconductor with unconventional 2
order parameter symmetry. Unfortunately, the issue
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the E1g versus theE2u model is still unresolved and a
clarification is hindered by an anomaly which we hav
discovered near 18 mK. We believe that this anomaly
the magnetization signature for onset of static long-ran
antiferromagnetic order.
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