Figure 2 shows together with curves also the experimental data obtained in

[51.
The experimental data were normalized to the point n = 0.

As seen from the figure, the agreement between the experiment and the curve
corresponding to 1500 GeV is very good.

Thus, our analysis shows the following: a) in the intergy interval from
20 to 1500 GeV the inclusive experiment is completely described by the laws
governing a phase space whose uniform filling is distorted only by the smallness
of the transverse momentum; b) a convenient and sufficiently accurate approxima-
tion(ﬁf these laws 1s the two-temperature distribution (1) with parameters (2)
and .
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Observation of surface superconductivity in type I superconductors is pos-
sible only if « > 0.418 [1]. The only pure metal satisfying this requirement is
lead. The occurrence of a superconducting surface layer in lead was confirmed,
for example, in [2 - 4]. However, all the experiments performed to date were on
polycrystalline samples with large impurity contents, or on films. Mention of
measurements on a single crystal is contained in [4], but there are no data what-
ever on the anisotropy of the effect, and even the crystallographic orientation
of the sample is not indicated.

We report here measurements of the surface resistance of lead single crys-
tals whose superconductivity has been destroyed by a magnetic field. The elec-
tron mean free path 2, estimated from the cyclotron-resonance line width [5],
amounts to 0.1 - 0.3 mm at T = 1.5°K and 0.05 - 0.1 mm at T = 4.2°K. Thus, the
case of an extremely pure type-I superconductor (& >> &¢) 1is realized in these
experiments, and a large influence of non-local effects is to be expected.

The samples, in the form of disks 17.8 mm in diameter and 1 and 0.2 mm
thick, were grown in a dismountable polished quartz mold [6] and placed in a
strip resonator tuned to 9.2 -~ 9.6 GHz. The sample surface was not subjected to
any additional treatment.

The change of the surface resistance of the sample in the magnetic field
(Fig. 1) was revealed by the change in a klystron signal passing through a

1)Delni University, India, and UNESCO.
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Fig. 1. Change of the surface impedance of single-crystal lead in a
magnetic field for three directiong in_ the (011) plane and two polari-
zations of the microwave current, 3 | H and J || H. Temperature T =
1.5°K, sample thickness 0.2 mm.

Fig. 2. Anisotropy of eritical field of the surface conductivity HC3 in

the (011) plane at T = 1.5°K. Points - experimental values, curve -
approximation by the series H, (a, By, ¥) = 975[1 + 0.23Ku(a, B, Y)
+ 6.49Kg(a, B, Y) *+ 1.78Ke(a, B, Y)1, where K2n are cubic harmonics
(7], o = cos ¢, B =y = (¥2/2) sin ¢, and ¢ is the angle between i1
and [100].

resonator weakly coupled to the external lines. The use of large-amplitude fre-
quency modulation of the klystron in conjunction with peak detection of the sig-
nal has made it possible to register only the change in the coefficient of
transmission to the resonator due to the change in Q, but independent of the
resonator frequency shift.

The magnetic field was produced with an electromagnet and oriented paral-
lel to the sample surface with accuracy 5 - 10'. A magnetic-field measurement
accuracy of v0.1% was ensured with a NMR running-water magnetometer. In the
measurement of the surface-conductivity critical field HC3’ the magnetic field

was modulated at a frequency 12 Hz and amplitude 2 - 6 Oe, so that the
registered signal (Fig. 1, lower curve) was proportional to dR/dH. TFigure 1
shows the graphic procedure used to determine Hca‘ The reproducibility of this

quantity for different samples with slightly-oxidized surfaces at the same
value of T and identical fleld orientation relative to the crystallographic
axes was 0.3 - 0.5%.

The anisotropy of the fileld H03 was investigated in detail in the (011)

plane, and the results are shown in Fig. 2. Since H03 = CK/?HC = Cch, it is

natural to relate the anisotropy of HC3 to the anisotropy of ch, which in fturn
is shown in [7] to be connected, for metals of cubic symmetry, with the non-
locality of the interaction that determines the superconducting-ordering param-

eter, and with the anisotropy of the Fermi surface. By retaining three angle-
dependent terms in the series expansion of cubic harmonics [7] we obtain the
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angular dependence shown by the continuous %%x(ﬂ

line in Fig. 2 (the points are experi- LeSIR (1)

mental). The coefficients of the first t} °

and second cubic harmonics in the expan~ . o Hu(mj

sion depend on the relative temgerature ° o Hufom

t = T/Tc like 1 - t and (1 - t)°, re- ) ° a N0
(4

spectively, in qualitative agreement with ?
the theory of [7]. It should be noted o
that the anisotropy of Hc3 in lead, ob-

served in the present study, 1s more than 2, ® °
double the anisotropy of H,, in pure % N

niobium [7]. For a complete description 10l 4, mS\
of the observed anisotropy, as seen from A\\\\\
Fig. 2, it 1s necessary to take into ac- N
count terms of higher order in the ex-
pansion in cubic harmonics.

Figure 3 shows the temperature de-
pendence of Hca(t)//§Hc(t) = C(t)x(t), 7 4 . . 1

normalized to its values at t = 1, for ¢
three rational directions in the (011) .
plane. The value of C(1)x(l) is as- z%géhg. gigﬁ:g:&ug?tgi?i?sg?iﬁK(1)
sumed to be 0.52, corresponding to k(1) . b : 1 di 4 .
~ 0.306 + 0.01 at C = 1.695 [1]. Fisher o7 tores ratlonal directions in
[3] obtained for lead films k(1) = 0.328 2ii;gnt;lpv:§3és Qashod lines
and his value of H_ (t) also exceeds by b : ’

C3 - extrapolation in accordance

7 - 10% our values of the critical field with the 1 - t law. (C(1l) =
Hca(t) averaged over all the directions 1.695, k(1) = 0.306 + 0.01).
in the (011) plane (Hc (t) is the zeroth

3

term of the expansion of H03(t) in cubic harmonics).

A characteristic feature, demonstrated in Fig. 1, is the essentially dif-
ferent behavior of R(H) in the dependence on the polarization of the microwave

currents. When J | H, amaximum is observed on the R(H) plot, with (Rmax -

Rn)/Rn = 0.1 - 0.3, where Rn is the surface resistance in the normal state.

According to the theory [8], for cont%min ted type-II supercon%uctgrs, the
increase of the surface resistance at J | % in comparison with J || H is con-
nected with the collective fluctuations of the ordering parameter in the super-
conducting layer, which in the case of the vortical state are none other than
the vortex oscillations. It is shown in [9] that even at a small angle of in-
clination of the magnetic field to the surface of the metal, a homogeneous
superconducting surface layer can go over into the vortical state. It is clear
that when microwave currents flow transversely to the vortex structure, the
yortex oscillations lead to additional absorption in comparison with the case

|| H. The question of the calculation of this absorption for pure lead remains
open, however. Fisher and Klein [10] also observed an R(H) dependence with a
maximum, but judging from the figure in their paper, the maximum was not re-
peated when the temperature was lowered. It must be emphasized that in our ex-
periments the absorption maximum was observed for all seven investigated single
crystals at 1.5°K < T < 4.2°K provided only Hca(T) > Hc(T) and at a microwave

power level variation of 40 dB (maximum power ~1 mW).

The authors thank P.L. Kapitza for interest, V.S. Edel'man, S.M. Chere~
misin, and V.M. Pudalov for useful discussions, and G.S. Chernyshev for techni-
cal help.
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We propose the following explanation for the experimentally observed en-
hancement of the echo in ferrites [1]. Owing to the internal nonlinear inter-
actions, the oscillations of the magnetic moment, which are coherent with the
first weak pulse (signal), become parametrically amplified by oscillations pro-
duced by the second powerful pulse (pump). As a result, when the time inter-
val between the exciting pulses (t) is increased, the echo signal first in-
creases to a certain value, and then decreases as a result of the relaxation
processes.

The propcsed mechanism makes it possible to predict qualitatively a new
phenomenon in spin echo, namely, enhancement when pumped at double frequency.

For a quantitative description of the enhanced echo we write down the equa-
tions of motion of the oscillation amplitudes of the v-th mode (av), which
interact parametrically with the oscillations produced by the second pulse

9, - iw,a,+ iavexp[Zin(r - r)la: = 0. (1)

Here w_ is the complex natural frequency of the oscillations of the v-th mode

v
(w, = ws + img), 0. is a quantity that depends on the magnetic moment produced

v v
by the second pulse and the system parameters.

Solving Eq. (1) with the initial condition a, = aﬁ exp (iwvr) at ¢t = 1,
where ai is the amplitude of the oscillations produced by the flrst pulse, we

can show that an enhanced echo signal becomes phased~in at t = 2t. The ex-
pression for the gain is

1
K= — exp[la' (1 -expl -2m"r])]—
4 2w°°
lal .- v
- exp ———”(exp[~2m rl-1)]lexp(-4w”’7) (2)
@
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