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Abstract

We report observation of a peak in the r.f. susceptibilty of a single crystal of

the heavy fermion superconductor UPts. The peak occurs close to but below

Tc=0.53 K. In addition our measurements in the low temperature limit (T < 0.5 T c)

yield the magnetic field penetration depth in UPt3. We obtain a T* power law for

the penetration depth parallel to the c-axis of the crystal. Based on existing

calculations of the penetration depth in anisotropic superconductors we identify the

order-parameter in UPta as an odd-parity axial state.
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A number of experiments have been performed in recent years on the heavy

electron superconductor UPt3. The central results of these experiments are the

power law behavior of various physical quantities such as the specific heat,

ultrasonic attenuation and thermal conductivity etc. It is fairly well accepted now

that these power laws imply that the pairing interaction in these materials is highly

anisotropic with the energy gap going to zero either at points or lines along the

Fermi-surface. Further strength to this unconventional pairing hypothesis is added

particularly by the anisotropy in the transverse ultrasound measurements ' .

However, theoretically, a number of different models for the order parameter appear

4 5 6to fit the experimental results equally well. ' ' It has not been possible to decide if

the superconducting state in UPt, is of even or odd parity. But based on an analysis

7 8 9of the neutron scattering data an even parity state appears to be favored. ' ' It is

imperative therefore that we perform experiments which place additional constraints

on the possible choices of the order-parameter in UPt3.

In this letter we report on measurements of the r.f. susceptibility on a single

crystal of UPt3. In the low temperature limit our experiment yields for the first

time the magnetic field penetration depth in the superconducting state. Contrary to

the favored choice mentioned above these results imply an odd-parity axial state for

UPt3. In addition we report on the observation of an anamolous peak in the

susceptibility below T c .

Our measurement technique is based on the simple idea that the inductance

of an r.f. coil depends on the susceptibility of the material enclosed within it. Since

changes in inductance can be easily converted to changes in frequency the potential

for resolving small features in this technique is very promising. The details of our

technique are similar to that employed by a number of earlier workers in

particular by Moodera et. al. (Ref. 11). We use an LC tank circuit driven by a

tunnel diode and monitor the resonance frequency of the oscillations. The d.c. bias
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on the tunnel diode was gated to a width of 20 ms with a repetition rate of a few

hertz to avoid any heating effects at the lowest temperatures. A thin sample of UPt3

(cross-section = 0.015x0.104 cm2) with the long dimension (=0.3 cm.) oriented along

the c-axis was utilized in the present measurements. This is the same sample as that

used in our earlier work on the upper critical fields. The sample was G.E.

varnished to a OFHC copper block which was bolted to the mixing chamber of a

dilution refrigerator. The tunnel diode oscillator circuit mounted on a G-10 printed

circuit board was independently heat sunk to the mixing chamber. The oscillator

operated at a nominal frequency of 10.1 MHz and with a frequency stability of

better than a hertz at temperatures below 1 K. We verified in separate runs that the

frequency of the empty coil remained constant to within a few hertz in the

temperature range for which the data are reported in this communication.

Figure 1 shows the change in resonant frequency of the tank circuit for the

crystal oriented with the long dimension parallel to the length of the r.f. coil. The

total change in frequency from the the normal state to the complete Meissner state is

a measure of the normal state skin depth. From the known dimensions of the coil

and the sample we estimate a skin depth of 5 microns. This number is in good

agreement with the value calculated from the measured values of the conductivity.

Near T c therefore the r.f. field penetrates an appreciable fraction of the sample and

our technique should be regarded as measuring the bulk susceptibility of the

superconductor. A striking feature of fig.l is the peak in the frequency shift seen

near T c . The transition temperature for this sample measured resistively is 0.53 K

with a width of ± 10 mK. The peak therefore occurs below T c .

At present there appears to be no definite theoretical understanding of this

interesting result. However, the position and structure of the peak in the present

measurements are reminiscent of a similar structure observed in longitudinal

ultrasonic measurements. ' It has been proposed that the ultrasound feature near
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Tc is due to the excitation of relaxational modes of the order-parameter. It is

possible that a similar mechanism is operative here. If so the present experiment

constitutes direct proof for a pairing mechanism mediated by magnetic interactions

in UPt3. We remark in this context that previous low frequency (17 Hz) a.c.

susceptibility measurements did not indicate such a peak structure (see Fig. 1 of Ref.

2. for example).

In the low temperature limit T < 0.5 T c there is additional information

obtainable from the above measurements. The change in frequency of the tank

circuit is related to the change in inductance L, and is given by,

df _ dL
f " L

where A is the effective area of the empty coil and p is the perimeter of the sample

and AL is the London penetration depth. This technique was first used to measure

the London depth in tin crystals As a cross check on our measurements of UPt3

we have repeated this experiment with a 99.999% pure polycrystalline sample of tin

and the results are shown in fig.2. To obtain an absolute penetration depth requires

calibration of the coil with a number of measurements using samples of different

radii. Not having performed this we report only the change in the penetration depth

from its lowest temperature value (inset fig.2). In fig.3 we show the results of a

similar analysis on UPta. Since the cross sectional area of the sample perpendicular

to the long axis was negligible the penetration depth shown in fig.3 is primarily that

parallel to the c-axis.

Hirschfeld et. al. have evaluated recently the London penetration depth, AL,

for various order-parameters . For the axial and polar states it is predicted that AL

should vary as
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AL ~ T* (parallel)

axial

^L ~ T 2 (perpendicular)

XL~ T (parallel)

polar

>L~ T* (perpendicular)

where parallel and perpendicular refer to the orientation of the order-parameter with

respect to the external field. For the data shown in fig. 3 the best fits are obtained

with a T4 power law. Also shown in the figure is a T3 power law which is of

somewhat lower quality. Therefore from the above theoretical results we identify

the order-parameter in UPt3 as axial with nodes along the c-axis. This identification

in turn implies that the order-parameter has an odd parity in UPt3. 'x We also

note that the above mentioned theories do not consider any additional processes near

T c that could contribute to the frequency shift near T c . It is possible that the low

temperature tail due to the peak structure near T c could be making an additional

contribution to the shift in frequency measured in the present experiment. If so the

low temperature behavior of the penetration depth can only assume a higher power

law. Thus even parity polar states in UPt3 appear to be ruled out from our present

results. In addition, assigning an odd parity axial state would suggest, analogous to

superfluid 3He, ferromagnetic interactions mediating pairing in this superconductor.

This is consistent with the ferromagnetic nature of the anomaly near T c .

In conclusion, we have reported the observation of an anamolous peak below
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Tc in the r.f. susceptibility of UPt3. This may constitute further evidence for

magnetic interactions mediating pairing in this unconventional superconductor. In

addition, our measurements have yielded a T* power law for the penetration depth

19
parallel to the c-axis of this superconductor. This in turn implies an odd-parity

axial state with the symmetry axis along the c-axis in UPt,.
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FIGURE CAPTIONS:

Fig.l. The change in resonant frequency of the LC tank circuit resulting

from the change in inductance of a coil loaded with a single crystalline sample of

UPt,. The resistive T c of the sample was 0.53 K with a width of ±10 mK. Near

the transition temperature the measured frequency shift is proportional to the r.f.

susceptibility of UPt r Note the peak in the susceptibility below Tc> The

contribution of the empty coil was verified to be flat to within a few hertz over the

region of temperature reported in this figure.

Fig.2. The change in the resonant frequency of the LC tank circuit

resulting from the change in inductance of a coil loaded with a 99.999% pure sample

of tin. Mounting of the tunnel diode circuit and the sample in this experiment was

performed in exactly the same way as for UPt3. The inset shows verification of the

empirical law AL(T)-AL(0) = (1-(T/Tc)*)-V2.

Fig.3. The low temperature power law behavior of the penetration depth in

UPt3. The solid line represents a T4 fit to the experimental data points below 300

mK. The dashed line represents a T5 fit which performs somewhat poorer in

tracking the experimental behavior.
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