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Low-field AC susceptibility measurements have been carried-out on single-crystalline samples of the unconventional supercon-
ductor UPt; and on UPt; doped with 11% boron. Both components of the susceptibility, ¥’ (T) and " (T) have been found to
depend strongly on the AC field amplitude. on the superimposed DC field (up to 200 Oe), and on the orientation of the field with
respect to crystallographic axes. A discussion of the experimentally determined peneiration depth close to 7. is presented, leading
to the conclusion that the mechanism described by Campbell makes a large contribution to the field penetration into the super-
conductor. A phase diagram constructed on the basis of field penetration into the bulk sample is only partly in agreement with
H,, (T) results published earlier. We argue that a vortex-glass state may be formed in UPt; close to T, due to the coupling between

the AF and unconventional SC order parameters.

1. Introduction

The unconventional nature of the superconduct-
ing order parameter in UPt; seems to be well doc-
umented. The microscopic origin and the symmetry
class, however, are still not clear [1]. The aniso-
tropic properties of the superconducting state close
to 7. have been revealed in a nuuaber of experi-
ments: ultrasound attenuation [2,3], thermal ex-
pansion [4,5], radio-frequency susceptibility [6] and
thermal conductivity [7]. Significant anisotropies
have been reported for the first [8] and second crit-
ical field [9,10]. The splitting of the superconduct-
ing transition observed as a two-step anosmaly in the
specific heat [11] and as a change in the slope of H_,
and of H_, is possibly due to the interaction between
the superconducting (SC) and antiferromagnetic
(AF) order parameters [12-14].

However, some discrepancy between the differcni
results reported for the electrodynamic properties can
be noticed. The H,, (T) values are not consistent be-
tween different reports (see table 1). There are dif-
ferences in the position of the kink temperature and
in the slope dH,,/d7. There is no consistency be-
tween f, and reported values of 4. the penetration

Table |
Summary of the reported resulis for H,, (after analysis of the
results contained in the cited references)

T¢-Tank —dH /4T Ref.
(Oe/10 mK)
Hle Hla, b
180 - 2 i8]
75 5.6 4.3 (9]
no kink - 1.2 [19]
50 4.0 4.1 [22]
63 - 2 [26]
145 2.7 2.1 [40]

depth, at low temperatures, if the usual relation be-
tween them is used: H,, =@oln kg, /4nA%, where kg,
is the Ginzburg-Landau parameter. Furthermore, the
iow temperature behaviour seems to depend on the

experimental methodiat 7 T, (T} —-A(0)~ T, is

obtained with » close to 2 in DC measurements [15]
whereas =4 is deduced from the high-frequency
susceptibility [16]. This disagreement between A{T)
obtained in different ways is believed to be caused
by the frequency dependence of the penetration depth
[17], a property connected with the nodal siructure
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of the gap function. Magnetic relaxation effects have
been observed in the superconducting state at fields
comparable to H;, [18,19]. This observation fo-
cuses the attention on the possibility that dynamic
effects, together with the finite value of the super-
current induced in the material during M(H) mea-
surements, disturbs the determination of the first
critical field. A similar situation has been found in
high-T, superconductors [20].

The most realistic values of H,, are obtained from
the London penetration depth deduced from p*-spin
relaxation measurements of the distribution of in-
ternal fields in the mixed state [21]. This method
yields A(0) ~0.8um, which implies H_;(0)=13 Oe,
a value 5-10 times smaller than the results of other
measurements. It should be noted, however, that in
order to deduce A from p*-relaxation data the con-
ventional vortex core structure must be assumed.

The height of the specific heat jump at T, can be
used to determine the thermodynamic critical field.
H_(0) obtained in this way (about 250 Oe) is close
to reported values of H_,(0) [22], contrary to the
expectations based on the large Ginzburg-Landau
parameter Kq,.

In this paper we present the results of a systematic
study of the electrodynamic properties of pure and
boron-doped UPt; in the SC state by means of AC-
susceptibility measurements, extending investiga-
tions of Piquemal et al. [23]. Measurements of the
AC susceptibility have been carried out on rather pure
single-crystalline samples, characterised in table 2.
As the superconducting properties of UPt, are known
to depend strongly on sample preparation, it is im-
portant to have a wide class of results obtained on
physically identical samples. Some preliminary mea-

surements of the AC susceptibility on two of the
samples investigated here (samples A and B in table
2) have been published [24], together with the spe-
cific heat and resistivity results. For samples C and
D the field dependence of the two-step anomaly in
C(T) and H,, measured resistively have been de-
scribed [25]. The first critical field for samples C
and D has been investigated by M(H) measure-
ments [26]. In the present work an unexpected, large
difference is reported in the AC susceptibility mea-
sured with the AC field parallel and perpendicular to
the c-axis. The AC susceptibility is found to be in-
dependent of amplitude at lower temperatures up to
rather high values of the AC field. This is manifested
in the lack of temperature dependence in y” below
a certain temperature, which however does depend
on the AC field amplitude. In this temperature re-
gion the value of x” is very close to zero. The ob-
served A{T) dependence implies that the sample is
not in the pure Meissner state. The results are con-
sistent with the temperature dependence of Camp-
bell’s penetration depth [27], which is supposed to
be relevant in the presence of an interaction of the
current with pinned vortices [28]. That interaction
gives a contribution to the reactive part of the com-
plex impedance, increasing strongly the observed
penetration depth above the London penetration
depth. The paper is organised as follows. In section
2 the samples are characterised and the experimental
details are described. The basic experimental results
are contained in section 3 with their detailed anal-
ysis in section 4. An explanation of the observed
temperature dependence of the penetration depth is
proposed, based on the notion of a glassy state in
UPt; due to the coupling between the antiferro-

Table 2
Sample characterisation
Sample size Po 4 i T. (mK)
axbxc (U cm) (uQ em/K*) atp=0
{mm?)
UPt,
A 0.6 x0.65x3.6 0.70 0.69 446 Hic
B 0.9x8x1.15 1.35 1.65 443 Hjb
Uptg"" 11%B
C 3.0x0.3x4.0 0.27 0.82 548 Hjc
D 0.87x5.0x0.88 0.45 1.75 545 Hib
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agnetic and superconducting order parameters, as put
forward by Joynt et al. [29].

2, Samples and details of measurements

Samples were prepared by the Czochralski method
[30]. A suitable, rectangular shape has been realised
by spark erosion. Results are reported for two pairs
of samples, each pair originating from the same batch:
sample A and B are pure UPt; materials, while sam-
ples C and D are of UPt; doped with 11% boron
{nominal concentration ). The boron doped samples
have been found [25] to possess exceptional super-
conducting properties: relatively high 7, with a well
pronounced double SC transition observed in spe-
cific heat measurements. The largest dimension for
samples A and C is along the crystallographic ¢ di-
rection and for samples B and D along the & direc-
tion. In the susceptibility measurements the field was
applied for samples A and C along the c-axis, and for
B and D along the b direction. The onset tempera-
ture of the superconducting transition in C(7) is the
same for samples A and B and the same foi C and
D. For each sample a trace of the two-step transition
can be noticed. For the resistivity the temperature
dependence p=p,+AT?, typical for heavy-fermion
systems, is observed at low temperatures, with p, and
A given in table 2. The AC susceptibiiity has been
measured by a mutual inductance method using a
PAR 5208 lock-in amplifier in a computer-con-
trolled system. Both components of the susceptibil-
ity, ¥’ and x" were registered simultaneously. In the
data analysis we assume that the sample geometry
can be approximated by the shape of a long cylinder.
In the superconducting state, the two-fluid model is
used to describe the magnetic field distribution in
the sample. Using the Maxwell equations, one ob-
tains the following result for the field penetration into
the material filling the half-space x> 0:

B=B, n(x) exp(iwt) . ()

A differential equation is obtained for the function
n{x), the solution being

n(x)=exp(—xx), (2)

where the « is given in terms of the normal state skin
depth é and of the penetration depth A connected with

the imaginary part of the complex conductivity in
the superconducting state:

K= —1/A%2+2i/62, (3)
2
2. O (4)
2nwo

where ¢ is the normal state conductivity and w=2=nf
is the circular frequency of the applied AC field. With
these parameters, the complex AC susceptibility of
a long cylinder of radius d is written [31] as

Any= - 1+ (2/xd)J, (kd) [ Jo(kd) , (5)

where J, are the Bessel functions given by the infi-
nite series:

J(z)=(z/2)" ZO (—1/4z)y/nl(n+v)!. (6)
=

For the field applied along the axis of the cylinder
the demagnetisation coefficient D is equal to 0. For
the samples used by us D is also small, close to 0.2.
We normalise the low temperature susceptibility to
—1/4n. The difference between the actual suscep-
tibility and the measured one, due to the finite de-
magnetisation effect, is negligible, as long as
4ry’ +1 <« 1. The error introduced by the procedure
is only significant close to 7., when |y| <« 1/4r.
However, close to T, the sample is no longer in the
Meissner state, as we will show, even for small AC
field: a large ", dependent on the amplitude of the
AC field, is observed. Then any correction for the
demagnetisation effect is bound to be inaccurate, as
the detailed current distribution in the sample is un-
known. Summarizing: we normalise the low-T part
of ' (T) to a value close io — 1/4n and the error in-
troduced in this way has little influence on the
analysis.

Most of the results were obtained with an AC fre-
quency of 1000 Hz. At this frequency the normal-
state skin depth is still a few times larger than the
sample dimension and then both components of the
susceptibility in the normal state are very small. Al-
though we observe some frequency dependence of g,
essentially the same resvlts are obtained at much
lower frequencies.
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3. Complex susceptibility of UPt,

The temperature dependence of the complex sus-
ceptibility of the pure UPt; samples is shown in fig.
1, for AC field parallel (sample A) and orthogonal
(sample B) to the c-axis. Large differences are ob-
served between these two orientations. The onset of
diamagnetism is observed in ' at a temperature
about 30 mK lower for the AC field along the ¢ di-
rection. A strong AC field dependence is observed in
relatively low field. The dy’ /dT extrema correspond
well to the maxima in x” (7). For the c-axis sample
the two-step transition is clearly observed both, in
¥ (T) and in x” (T). At low AC fields, the maximum
values of x” (T) are much smaller than what is ex-
pected in the critical state (about 0.2/4n, [32]),
where the losses are connected with the hysteretic
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Fig. 1. (a) the real part y', anc 'h) the imaginary part " of the
complex AC susceptibility of UPt, single crystalline samples.

magnetic response of a superconductor. Such a sit-
uation can be expected for the AC field amplitude
exceeding the first critical field. For higher fields, the
maximum tends to be close to about 0.4/4r, the flux-
flow result [33]. A similar conclusion follows from
the results on the boron-doped samples (fig. 2).
However, the double-step structure in y{T) is not
observed here. One can observe that below a certain
temperature, which depends on the amplitude of the
AC field, the imaginary part becomes temperature
independent and is equal to zero within the accuracy
of our measurements. We have checked that for a
given AC-fieid amplitude this temperature is inde-
pendent of the frequency of the applied field, with
an accuracy of about § mK, within about two dec-
ades of the frequency.
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Fig. 2. (a) the real part x', and (b) the imaginary part " of the
complex AC susceptibitity of UPt; doped with 11% boron for a
set of AC field amplitudes.
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Figure 3 presents the results on the influence of a
DC field on the AC susceptibility measured with a
low AC amplitude. The DC field is causing a much
smalier shift of the curves toward lower tempera-
tures than an AC field of similar value. This obser-
vation implies that a finite value of the critical cur-
rent, which is field dependent, is responsible for the
field dependence of the AC susceptibility, rather than
the effects connected with the crossing of the critical
fields, for instance of H_,, during a temperature
sweep. A similar conclusion follows from the results
of fig. 4. There, for several stabilised temperatures,
the changes of ¥’ and ¥ measured at low AC field
(0.2 Oe) are shown after applying a DC field (in
zero-field-cooled samples). x’ is strongly dependent
on the DC field, already at low fields. This is not a
good method to determine H_;; we do not observe
any change in the character of ¥' (Hpc) at the DC
field value close to H,, expected on the basis of M(H)
measurements [26]. There is a difference between
our x' (Hpc) and that of Shivaram et al. [8], where
a very similar method, albeit with higher frequency
and smaller AC field, was used successfully to cleariy
determine H,,. Although ' is observed to depend on
Hpc at any finite field and at any temperature, x”
shows a different behaviour. being independent of
the DC ficld, with high accuracy, if the field or tem-
perature are not too high (see data for T=4735 mKk
in fig. 4(b)).
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Fig. 3. The influence of a DC field on the real part of the AC
susceptibility of samples doped with boron. measured in an AC
field of 1 kHz and 0.35 Q¢ 1n amplitude on ficld-cooled samples.
DC ficld values (m Oe) are given in the figure.
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The changes of the susceptibility in comparison with y(Hpe=0)
are presented.

4. Analysis of the results

The following picture emerges after an analysis of
the above results. At high enough AC field, the cur-
rent density induced in the sample approaches the
critical current density j.. At small AC field the re-
sponse resembles the Meissner-state behaviour.
However, a DC field has an influence on y.c, which
1s different from the response expected in the Meis-
snier state. In particular y should not be amplitude
dependent and " should vanish in a proper Meis-
sner statc. The strong amplitude dependence of the
AC susceptibility is illustrated in fig. S, representing
plots of x” versus y' for different amplitudes. There
is a tendency toward the flux-flow dependence, for
higher AC fields. The solid ‘ine in the figure has been
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Fig. 5. The x” versus x’ plots obtained for a boron-doped sample
(sample D) for the AC field parallel to the b-axis. Each set of
data represents essentially the same results as those presented in
fig. 2 but the temperature is used here as an implicit parameter.
The AC field ampiitudes (in Oe) are given in the figure. The
solid curve is calculated using eq. (3~5), with A—oo0.

calculated using egs. (3) and (5), in which Ai—-o0
has been assumed but ¢ has been used as a variable
parameter. This corrcsponds to the situation of the
normal state skin-effect susceptibility, or to the flux-
flow regime where the same expression for y is ob-
tained as in the normal state, but the physical mean-
ing of d is different [33]. The convergence of the ex-
perimental curves towards the calculated one suggests
that the large dissipation is due to the fact that the
current density induced in the sample is higher than
Jji.. If that is the casc, for any given temperature there
should exist a region of AC field, where the crossover
from the reversible (field independent susceptibil-
ity) to the critical state and then, with increasing
field, to the flux-flow-lire behaviour can be ob-
served. The y" Hic product (total loss signal) can be
fitted within Campbell’s model: above a certain AC
field Ho(T) the induced current density reaches the
maximal possible value and then the losses become
proportional to (H,c—H,)*. However, this analysis
must be treated as a first approximation. We can ¢x-
pect for instance a nonlinear current-voltage depen-
dence, as it is observed in the vortex-glass state [34].
[t would be useful to have a detailed model describ-
ing the response of a superconductor on the AC field
in the case of nonlinear current—voltage dependence.
At lower temperatures, when the imaginary part of
the susceptibility is small, the AC field penetration

depth 4 can be calculated from the measurements of
X' (T). To do this, resu.ts s'milar to those in fig. 3
have been used together wita eq. (5) for the AC sus-
ceptibility, in which the teinperature independ: nt,
normal state d is assumed (we verified that the choise
of J has small influence on this analysis). The out-
come is presented in fig. 6 for the case without ex-
ternal DC ficld and for a few values of the DC field
applied parallel to the AC field. Suprisingly, the re-
sults for A(7T) cannot be fitted by the usual
A=Ao(T.—T)~#, with $=1; an exponent close to |
is obtained, not 1. The best fit is obtained with 8=35/
4, though deviations are observed very close to T..
If one ignores these deviations and determines T, by
extrapolating to A-*/5=0 (the solid lines in fig. 6),
T. is found to depend on the applied DC field. This
reflects the H.,(T) dependence, as we checked for
higher fields with a better accuracy. The slopes of the
solid lines in fig. 6 give 4, for various values of Hpc.
As illustrated in fig. 7, the results are consistent with
Ao(Hpe)=4o(0)+yYHYE. If we 1ake for the char-
acteristic dimensions of the c-axis and b-axis sam-
ples d=0.15 and d=0.45 mm, respectively, then the
same values of 1, and y are obtained for both field
dircctions, within the accuracy of the measurements.
The only results known to us giving a A(7) aepen-
dence with the exponent g8 close to 1. are the high-
field measurerients on high-7,. materials [35] in the
temperature range where vortices are strongly pinned
1o the lattice. Due to the small external AC field they

30

UPty +11%B, H //b

(a/n) 0 8

D_—‘L“’_L—

0.46 0.50 0.54 0.58

Fig. 6. (d/4)°% as a function of temperature for different DC
fields. determined from the data of fig. 3, for field parallel to the
b-axis of the sample doped with boron.
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Fig. 7. Ap/d as a function of Hpc'’? for boron-doped samples.
The lower curve is obtained for field parallel to the b-axis and the
upper one for ficld parallel to the c-axis. Note that the sample
dimension d is different for both samples (cf. table 2).

oscillate in their potential minima giving a contri-
bution to the reactive component of the impedance.
In order to describe the properties of such a system,
we need a relation between the electric field and the
supercurrent density. This problem has been treated
lately in a few publications, for instance by Coffey
and Clem [36]. Generally, the normal-state ckin
depth J, the skin depth arising from the vortex mo-
tion. the London penetration depth A,, and the
Campbell penetration depth i, enter into the for-
mula for the complex impedance of the supercon-
ductor. In our case it should be sufficient to take into
account the Campbell penetration depth, only. We
find then that the desired relation between the su-
percurrent and electric field is similar to the London
equation, the only difference being that the London
penetration depth 4, is replaced by 4, given by ref.
[36] (in the himit A,>>4,):

2 B¢n
A= Gk (1

Above, the Labusch parameter & is connected with
the curvature of the pinning potential. The precise
form of A(T) is not known and it depends on the
detaiis of the pinning mechanism. However, at low
fields. & should be proportional to the condensation
energy per unit length of a single vortex line.

K(TY=pH (T /K, . (8)

where kg, is the Ginzburg-Landau parameter and p
some constant, usually assumed to be between 10 and
10°, due to vortex interaction. The temperature de-
pendence of K( 7') which follows from eq. (8), is ob-
served in experiments on high-7. materials [37]. The
temperature dependence of the penetration depth 4,
which follows egs. (7) and (8), with the exponent
B close to 1, is in agreement with our results for the
penetration depth measured in the superimposed DC
field. We see thai eq. (7) gives the desired field de-
pendence, in accordance with our observations as
well (fig. 7): A,~ B'/2. The very approximately cal-
culated amplitude of this effect, with H.(0) =250 Oe
and kg, about 30 is in agreement with the observed
slope dA,/dH ¢ in fig. 7, if the parameter p~ 10% is
used. A problem arises with the interpretation of the
temperature dependence of the penetration depth
without applied DC field, as it has the same form as
in the case with the applied field. The latter could be
understood if the presence of vortices in the bulk su-
perconductor in zero external field is assumed. (We
do not think that the penetration of the AC field of
a small amplitude may create the namber of vortices
sufficient to explain the results; moreover, ' and
consequently the penetration depth are practically
independent of AC field amplitude at very small AC
field amplitudes. ) However, vortices may be present
in zero external field in the case of UPt; where an
interaction exists between the AF and unconven-
tional SC order parameters, whick may iead to the
formation of the vortex-glass state even without ex-
ternal field, as argued by Joynt et al. [29]. An in-
portant aspect of the results reported here is the pos-
sible connection with earlier attempts to determine
H., and its temperature dependence. We have ar-
gued that the procedure of ¥’ (Hpcy measurements is
not suitable to obtain H,,. In fig. 8 the H-T phase
diagrams constructed from the y(7) measurements
for different H, amplitudes are shown. The data
represent the temperature points, below which y” be-
comcs icmperature independent {(and equal io zero,
within the experimental accuracy) for a given AC
ficld. This method is used sometimes to determine
H.,.(T) [38]. For comparison, fip. § 2lso contains
the data for the first critical field measured on the
same samples [26] by the DC method. Both sets of
curves should be discusses in terms of the critical
current density rather then connecting them with
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Fig. 8. Temperatures and AC field amplitudes where the offset of
x"(T) is observed, determined form the data similar to those in
fig. 2, (filled symbols)., compared with the first critical field re-
sults for the same samples, taken from ref. [26], (open sym-
bols). The squares are for the AC or DC field parallel to the b-
axis and the circles for field parallel to the c-axis.

H_, (1), despite the coincidence of the data for sam-
ple D at lower temperatuics ¢ close to 7, there is no
such agreement). The field values of fig. 8 are close
in order of magnitude to the thermodynamic critical
field, no to H,, as noted by Vincent et al. [22] in
connection with attempts to determine H,, from
M(T) measurements. As noted earlier, the strong
amplitude dependence of the AC susceptibility might
be discussed in terms of a nonlinear current-voltage
dependence. The temperature dependence of d has
been neglected by us, while in the superconducting
state the real component of the complex conductiv-
ity (to which § is related) should change strongly
close to T.. These problems will be addressed in fur-
ther investigations. Another approach to the above
results and to an interpretation of the low field elec-
trodynamic properties of UPt; would be to consider
thic possible role of the formation of a surface energy
barrier for flux entrance into the sample, the phe-
nomena discussed by Bean and Livingston [39].
There are some results of Pollini [19] giving evi-
dence for the existence of such an energy barrier and
some of our results could be understood in these
terms. However, this is a difficult experimental
problem, requiring a large number of further
investigations.

5. Conclusion

A large anisotropy of the AC susceptibility for a
field directed along the b- and c-axes of single-crys-
talline samples of pure and boron-doped UPt; is ob-
served. The double-step superconducting transition
in C(T) is also visible in x(T) for the pure UPt,
sample measured with fields parallel to the c-axis,
but some features of the double-step transition can
be found from i detailed analysis of results for all
samples. The penetration depth close to T, cannot be
described by the conventional dependence with the
critical exponent S equal to ; instead, we find S close
to 1. The results are qualitatively consistent with the
assumption of the existence of a spontaneous vortex
state in the sample. An interaction between current
and trapped vortices modifies the effective penetra-
tion depth and its temperature dependence. The pos-
sible origin of vortices in the absence of an external
field is the formation of the vortex-glass state due to
the interaction between the unconventional SC or-
der parameter and antiferromagnetism. At a given
temperature, for a low AC field the response of the
samples is linear as a function of field amplitude. This
is explained by assuming that the supercurrent in-
duced in the material has smaller value than the crit-
ical supercurrent density [27,28], not as a signature
of the Meissner state. It is argued that earlier mea-
surements of H, (T} from DC magnetization, per-
formed also on two of our samples, are not really giv-
ing the first critical field values but should be
discussed in terms of the critical current density. The
above effects are sample dependent and one should
keep in mind that they may be caused by inhomo-
geneities. However, the large temperature interval in
which they are observed and the high values of T, of
our samples, with a well-developed two-step transi-
tion in C(T), expecially for samples doped with bo-
ron, make this very unlikely.
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