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Abstract, The interaction of two radio waves with noticeably different frequencies o and oy
{ew 3> ) inside 2 tungsten single-crystal plate at liquid-helivm temperature have been studied.
The magnetodynamic mechanism of non-linearity owing to the existence of the high-frequency
wave with a large amplitude 7 has been realized, The low-frequency surface impedance Z was
analysed as a function of # and bC magnetic field M. The hysteresis of Z(H} was found and
studied. The origin of this non-linear phenomenon which has a threshold character is connected
with the generation of the current states.

1. Introduction

1t is well known that marked non-linear electromagnetic phenomena may be observed
in pure metals at low temperatures. Among different origins of such phenomena the
magnetodynamic non-linearity is of a specific interest. This non-linearity exists in metals
with a large mean free path [ of electrons and is connected with the influence of the intrinsic
magnetic field of the induced current on the electron trajectories and, therefore, on the metal
conductivity. The manifestations of the magnetodynamic mechanism are of great variety
(see the reviews in [1-3]). The most important of them are as follows:

(1) the noticeable deviation in the I-V characteristics of thin metal slabs and wires
from Ohm’s law in static conditions [4-10];

(2) the pinch effect and the generation of voltage autc-oscillations at high values of
transport current [9, 11];

(3) the peculiarities of the surface impedance in the case of the non-hnear anomalous
skm effect {12, 13].

A point that should be mentioned is the current state generation in metals [13, 14].
This specific hysteresis effect of the radio-frequency (RF) current rectification which has no
analogy in other media was observed and studied for a number of metals. The theory of
current states in metals was developed in [15, 16]. Sometimes, these states are accompanied
by low-frequency auto-oscillations and by the occurrence of dissipative electromagnetic
structures [17-20].

It should be noted that the energy source of the above-mentioned self-oscillations and
disstpative structures is an external high-frequency (HF) electromagnetic wave which excites
the current state. This means that there is an interaction between electromagnetic fields of
different frequencies. Such an interaction was actually observed in [21]. A sharp increase
in the LF surface impedance has been seen within narrow limits of changing the HF wave

0953-8984/93/468741+0850750 ® 1993 IOP Publishing Ltd 8741



8742 L M Fisher et al

amplitude and DC magnetic field. The measurements in [21] were carried out in conditions
when hysteresis of the current states does not exist. It is clear that the current state hysteresis
must lead to a corresponding hysteresis in the wave interaction too. This paper is devoted
just to the investigation of the hysteresis wave interaction onset and to studying the dynamics
of its development with increasing wave amplitude.

2. Experiment

The LF surface impedance Z of a tungsten slab has been measured in a probe field, having
a smail amplitude H) = 0.0]1 Oe and a small frequency /27 = 120 Hz, as a function of
the static magnetic field H parallel to the slab surface. The main aim of our investigation
consists in studying the influence of an intense external HF electromagnetic field M cos(wt)
on Z{H). The vectors of all magnetic fields are collinear. This type of set-up for the
experiment arises from the theoretical paper [22] where the non-linear interaction of radio
waves in metals was considered.

In {22] the case when the anomalous skin effect conditions are obeyed was studied and
the following requirements are met:

o <Koy (D

where v is the electron relaxation frequency. The spatial distribution of the electromagnetic
field inside a metal is characterized by two spatial scales & and 8, representing the anomalous
skin depths for both waves. According to (1), these scales are noticeably different:

5 ~ (Ml jogw)' " <« 8 ~ (Al fonwn)'”. )

Here oy is the static metal conductivity and ¢ is the speed of light. Naturally, the wave
interaction occurs in the interior of the HF skin layer depth & only where both waves coexist.
According to [22], this interaction leads to the appearance of a L¥ current inside the layer
depth 8. Since the depth & is much smaller than the natural scale §; of LF field change, this
current may be considered as a surface type. Thus, owing to the wave interaction, the new
unusual scale § occurs in the LF field distribution.

An analogous surface current appears in the case of the current state generation when
HF current rectification takes place in the presence of a DC magnetic field H [23] (see also
section 3). The rectified current lowing inside the skin layer depth & gives rise to a sharp
change in the static magnetic field in this region. So, the static magnetic field contains
two terms H + & in the sample bulk. The additional term % created by the surface current
depends strongly on the fields H and H: h = A(H, H)}. In our two-wave case the role of
H is played by the field H 4 H) cos(en?) which changes slowly with time, This means that
the expression for the total magnetic field Hiy(x > &) in a slab outside the skin layer depth
& may be written in the form [22}

H, = H + Hjcoswyt + h(H + H cos(ewt), H)
~ H + ha(H, H) + (1 + dh/dH)YH cos(ant). (3)

According to this formula, the amplitude of the LF magnetic field contains an extra factor
¢ (H, H) given by

®(H,H) = (1 +9h/3H) 4)
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owing to the wave interaction. The same factor arises in the expression for the LF surface
impedance Z [22]:

Z(H,H)=Z(H + h, OP(H, H).

The role of this factor is highly essential and may be observed in the experiment. The
derivative 34 /3 H proves to be much higher than unity if generation of the current state takes
place. So, we chose the experimental parameters in such a way that generation of the current
state was realized. Our tungsten slabs with a thickness of about I mm are characterized
by the residual resistance ratio (300 K)/p(4.2 K) ~ 10° which corresponds to an electron
free path of about 1 mm at the temperature T = 4.2 K. We have measured the surface
impedance by the traditional method. The pick-up coil was wound closely on a slab placed
into the magnetic field H + H cos(wt) + Hjcos(w?). The pick-up coil signal connected
with the response of a slab in an AC external field contains full information about the wave
interaction. Using a lock-in amplifier, we extracted the signals proportional to the real part
‘R and the imaginary part X' of the surface impedance Z. To measure the impedance at low
values of H we have compensated for the earth’s magnetic field. Furthermore, we could
rotate the slab to orient the metal surface parallel to the DC magnetic field H precisely.
To justify the orientation of H along the surface we used the strong sensitivity of the RF
size effect to the direction of the magnetic field. The amplitudes and frequencies of the
HF magnetic field were in the intervals 0-200 Oe and 20-500 kHz, respectively. A static
magnetic field was created using a superconducting solenoid.
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Figure 1. The dependences of the surface resistance

R{H, H}YR(0, 0} of a tungsten slab with a thickness
of 09 mm (r || [100]) on the pC magnetic field
at different amplitudes of the HF wave of frequency
w/2r = 110 kHz: curve 1, H = 0; curve 2, H = 2 Og;
curve 3, i = 5 Oe. The amplitude and the frequency of
L¥ field are equal to 0.01 Oe and 130 Hz, respectively.
Curves 2 and 3 are shified along the vertical axis.

'H {C) measured under the conditions indicated in the
caption to figure 1: ——, result of calculations of ¢(H)
using equation (6).

_Figure 1 shows the strong influence of the HF wave on the surface resistance of a
tungsten slab in the vicinity of H = 0. It is clearly seen that the HF wave with even a low



8744 L M Fisher et al

amplitude changes the form of R(H) qualitatively. Curve ] obtained in the linear regime
has a smooth maximum at H = 0. The additional peculiarities for an H of about 40 Oe are
connected with the RF size effect. As the amplitude H of a HF wave increases, a sharp peak
arises on the background of a smooth maximum (curves 2 and 3). The amplitude of the
peak value R(0) grows rapidly with increasing 7{. The dependence of the peak amplitude
on H is shown as open circles in figure 2. We draw the reader’s attention to the great
sensitivity of the impedance to the presence of an HF wave. The impedance changes several
times owing to the strong wave interaction. These results are in good agreement with the
data in [21].

It has been proved that the dependence R{H) in the linear regime may have another
form in the case of thick slabs. This dependence obtained for the slab having a 2 mm
thickness is presented as curve 1 in figure 3. Unlike the case of a thin slab the linear
surface resistance has a2 minimom at # = 0. Let us consider the impedance change in
the non-linear regime in the case of a one-wave situation. When the LF wave amplitude
"Hy exceeds some critical value My, a sharp maximum appears and its height grows rapidly
with increasing H). The value of 7} fails if the frequency w| of the LF wave increases or
the temperature decreases. As an example, increasing w from 2 kHz to 100 kHz involves
a decrease in M} from 1 to 0.003 Oe.
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Figure 3. The surface resistance R{H)R(0) of
the tungsten slab with a thickness 2 mm as a
function of the pC magnetic field at different LF
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The effect of the HF field on the surface impedance becomes more interesting in the
region of higher amplitudes of H. The sequence of curves R{H) at higher H is represented
in figure 4. The shape of R(H) changes essentially at some value of H depending on the
frequencies @ and w;. A comparison of the curves in figures 4(a) and (b) shows that the
maximum 72(H) bifurcates for an H of 14 Oe. Moreover, the behaviour of R(H) becomes
irreversible and sharp jumps in the impedance appear at H > 15 Oe. The dynamics of the
hysteresis development are illustrated in figure 5. The form of the 7R(H) dependence at the
highest amplitude H = 70 Oe is presented in figure 6.

3. Discussions

As mentioned above, the nature of the discussed phenomena is connected with the effect
of HF current rectification. It is highly essential that equation (5) is valid independent of
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Figure 4. The dependence of the swface resistance R(H, H)/R{0, 0} of a slab on the pC
magnetic field in the vicinity of the threshold of the cument state generation at (&) M = 13 Oe,
(A H =14 Oe and (¢} H = 15 Oe at w/27 = 110 kHz: ——, forward magnetic field sweep;
— — —, backward magnetic field sweep.
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Figure 5. The development of the R{H, H)/R(0, 0) hysteresis at high amplitudes of the uF
field for (@) H = 20 Oe and (b) H = 30 Oe at w/2x = 110 kHz: —, forward magnetic field
sweep; — — —, backward magnetic field sweep.

the real physical origin of this rectification. However, the mechanism of rectification in the
conditions of our experiment is well known. It is caused by the current state generation [23].
To understand better the results of our measurements we would like to give a brief picture
of this phenomenon. The reason for this effect is connected with the influence of the total
magnetic field on the electron trajectories inside the skin layer depth 8. The next figure, 7,
adapted from [3], illustrates typical electron trajectories for different moments of the wave
period 27/w. When the total magnetic field on the metal surface and the field H + & in the
sampie bulk outside the skin layer have the same sign, the conductivity of a metal is defined
by the group of Larmor electrons, Their trajectories differ very little from Larmor circles in
the field H 4k (see figure 6(@)). Recall that £ is the induced field of the rectified current.
In the opposite case, when the total field H + Hcoswt on the metal surface changes its
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magnetic field sweep; — — -, backward magnetic field
sweep.

sign, a new group of twisted electrons appears (se¢ figure 6(b)). In fact the plane where the
total magnetic field changes its sign comes into existence in this case, As a result, the sign
of an eleciron trajectory curvature becomes alternating too. The twisted electrons move
inside the skin layer for a much longer time than Larmor electrons and interact with the
electromagnetic wave more efficiently. Therefore, the eleciric conductivity becomes higher
during this part of the wave period. Thus, the metal conductivity proves to be a function
of time and a rectified current occurs.

The theory of the current states has been given in [15, 16,23}, The dependence of the
induced field & on the amplitude A and the pC field H was calculated in these papers.
According to [16], the function #(H, H) is described by the following expression at low 7:

h = (3V3/2m)(H /R H H,H<h (6)

where & = 8cpgpd/el? is the characteristic value of a total magnetic field at which the arc
length of the typical electron trajectory equals the electron free path /; e and pr are the
electron charge and the Fermi momentum, respectively. As we can see from equation (5),
the surface impedance has an additional multiplier ¢ (4) owing to the wave interaction.
This means that the impedance must change quadratically with 7 at # < k. The calculated
dependence of ®(H} is shown in figure 2 by a full curve, So, the experimental data are in
good agreement with the calculated curve.

The curves in figure 8(a) illustrate the dependences of & on H presented in [15] for
different values of H. As the amplitude H increases, portions with & high derivative 34 /9 H
appear on the curves (). The plots of ®(H) for different values of H are presented in
figure 8(b). One can see that ¢ has singularities beginning at a critical value of M, namely
H, which is litile more than k. The onset of hysteresis of $(H) occurs at the same value
of H. The theoretical scenario of the hysteresis development shown in figure 8 agrees well
with experiment (figures 4-6). First, four hysteresis jumps of R{H) arise, two of which
occur on increasing K and the other two on decreasing H. The first and the second jumps
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Figure 8. The dependences of (@) #/H and (&) ® on the DC magnetic field A /H (schematic).
Beginning from the top of this figure, each subsequent plot corresponds to 2 higher amplitude
of H: ——, forward magnetic field sweep; — — —, backward magnetic field sweep.

of each pair take place at the different signs of H (see figure 5(a) and the third curves
from the top in figure 8). As H increases, the first pair of jumps displaces to the positive
direction of H, whereas the second pair shifts in the opposite direction. Finally beginning
from some value of H, both jumps of each pair are observed at the same sign of H (see
figure 5(b) and the fourth curves from the top in figure 8). The curve in figure 6 obtained
at the highest HF amplitude corresponds to the lowest curves in figure 8.

4. Conclusion

Investigation of the wave interaction by measurements of the LF surface impedance is an
effective tool for studying the phenomenon of current rectification in metals. In particular,
this method permits one to determine precisely the threshold amplitude of M, for the
current state appearance. The high sensitivity of this method is caused by the high value
of the derivative 3h/9H in the vicinity of this threshold, The scenario of the critical state
development presented above is not unique. Another scenario has been found in [24, 25].
The two-wave method also provides a good possibility for studying this situation too. It
should be noted that the current state theory predicts the existence of portions of the curve
of h(H} where the factor @ is negative. This means that the reflected LF wave has a
greater amplitude than the incident wave has. To investigate this effect, additional studies
are necessary.
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