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Dynamics of microwave-induced currents in ionic crystals
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The recent theory of averaged ponderomotive action of microwave fields in solids is expanded to describe
guasistationary ionic currents driven by that action. Several limiting cases are explored in detail, and in all
cases the effect is shown to depend upon the interfacial properties of the ionic crystal. Experimental results on
the dynamics of the microwave-induced currents in AQCl and NaCl are presented. Agreement between experi-
ment and theory provides further and stronger evidence for the general validity of the theoretical model.
[S0163-182697)02906-9

[. INTRODUCTION oped and compared with detailed experimental measure-
ments. These dc currents are shown to originate from recti-
Over the past decade, results from experimental investification of the high-frequency currents due to the near-
gations of microwave processing of materials have repeasurface second-order interactions similar to those suggested
edly suggested the existence of an unknown, nonthermal i Ref. 4. The asymmetry between the surface properties at
teraction between high-strength microwave fields and ioni¢he two ends of the crystal results in a nonzero net current
materials' Because this nonthermal interaction was origi-through the crystal.
nally unanticipated and not fully understood, it has been
broadly termed t_he “micrpwave effect.” .For _high— Il. EXPERIMENTAL SYSTEM
temperature ceramic processing experiments involving ther-
mally activated diffusional processes, the common manifes- A full description of the experimental system appears
tation of the microwave effect is to enhance the processlsewheré,but a brief description of a slightly modified ver-
kinetics by either reducing the temperature or the time necsion is provided here for context. The experimental configu-
essary to complete the process. At first appearance, the esation for measuring microwave radiation effects on ionic
perimental results insinuate a possible enhancement of ionicurrents consists of three subsysterfis: microwave pulse
diffusion, although there is no theoretical basis for such ageneration(2) heating and temperature control; ai¥l elec-

claim. tronic circuit for measurement of ionic currefmo dc bias is
Freeman, Booske, and Cooper performed ionic conducapplied to the crystal in the results presented here
tion experimentsthat were specifically designétb test for The key element of our configuration, where all three sub-

solid-state, bulk(lattice) diffusion enhancements from in- systems meet, is the waveguide applicator. The inside of the
tense microwave irradiation. The results clearly showed n@pplicator has standard Ku band rectangular waveguide di-
increase in the bulk diffusion coefficient. Instead, it wasmensions, and the T transmission mode is employed at
found that microwave fields could by themselves induce quai4 GHz. The electric field is parallel to the direction of ionic
sistationary ionic currents to flow in the crystal. current flow, and the field strength is approximately 20m
Concurrent to these experiments, Rybakov and Senfenownside the waveguide for 1 kW of microwave power. The
developed a theory that included second-order interactionsicrowave power is applied in short, “single shot” pulses of
between high-frequency electrical fields and charged poinapproximately 1—-10 ms duration.
defects in ionic materials. By application of perturbation The waveguide applicator is heated “conventionally” us-
methods they showed that oscillatory defect fluxes, driven byng heating tape/strips, a thermocouple, and a temperature
the microwaveE field, are rectified near crystal surfaces andcontroller. The sample is contained within the heated wave-
boundaries. The net result is that charged defects can kguide, and the sample/applicator are not heafsidnifi-
driven away from, or pulled towards a surface, producing acantly) by the short microwave pulses.
near-surface depletion or accumulation. This constitutes a Single crystals of NaCl and Ag@® mm X 5 mm in cross
driving force for diffusional flows of defects within the ma- section, 7.5 mm in lengjtare studied. The ends of the crys-
terial, which may result in creep deformatfoend/or forma- tals are coated with metallic electrodes. In the case of NaCl,
tion of quasistationary distribution of electric potenfial. plasma sputtered platinum is used. For AgCI, conductive sil-
This paper describes results of a collaborative effort tover paint is employed. The crystal is then sandwiched in the
verify the validity of the theoretical model by directly apply- applicator between two platinum foil electrodes. A gold
ing it to analysis of more recent experimental results. Spewire, welded to the Pt foil, conducts the current within the
cifically, an analysis of the temporal nature of theheated region. This current is measured by a Keithley 428
microwave-induced quasistationafgc) currents is devel- current amplifier which outputs a corresponding voltage to
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an oscilloscope. The closed electrical curcuit in which the Ill. THEORY
microwave-induced quasistationary currents flow thus con-

sists of the ionic crystal with the metallic electrodes and thqnduced in an ionic crystal by a high-frequeniéyF) electric
input impedance of the measuring devicarrent amplifie). {14 js hased on the mathematical model described below.
The resistance of the ionic crystal is very high compared tq\g gpposed to Refs. 4 and 5, this model describes the charge
the input resistance of the measuring device. The principalot masy transport phenomena and includes nonstationary
delay time in the external circuit derives from op-amps in thes|0W|y varying processes. The model accounts for diffusion
current amplifier; these rise times vary in the range 10-10Qf mobile charge carriers in the solid and their drift in the

The theoretical study of quasistationary electric currents

MS. electric field. The flux of charge carriers is expressed as
The preliminary experimerftavere specifically designed

to test for enhancements of ionic diffusion during microwave gND

irradiation. The approach taken was to first establish an ionic J=-DVN TRT E, @

current in the sampléypically NaC)) by applying an exter-
nal bias across the sample. After several milliseconds, whewhereN is the concentrationD is the diffusivity, q is the

the current had approximately stabilized to its dc value, theelectric charge of carriers, aril is the electric-field vector.
crystal was irradiated by high-strength microwave fields forThe Nernst-Einstein relation was used to express mobility in
about 0.5 msec. After this exposure, the ionic current wa£q. (1).

allowed to stabilize for several more milliseconds before the As long as action of sources and sinks of charge carriers
external bias was turned off. can be neglected\ andJ are linked by the continuity equa-

The important steps taken in the experimental design wertion,
to:

(a) heat the crystalline sample by conventional means so
that no temperature gradients existed to complicate the
analysis;

(b) keep the microwave pulse short so as to not signifi- The electric field in the solid is assumed to be quasistatic:
cantly heat the sample by microwave absorption;

(c) apply a constant driving forc@ssentially the external VXE=0, (V-€'E)=pleg, 3
biag throughout the experiment, so that the analysis is not

complicated by time-varying driving forces such as in diffu- vv_hereep is dielectric permitti\_/ity of free space_,’ s relative
sion experiments or processing experiments: dielectric constant of the solid, and the density of free elec-

(d) maintain a known and controlled electric-field orien- fiC chargep is determined by the deviations of charge-
tation with respect to the sample. carneroconcentranonSI from their equilibrium value in the

The preliminary resulfsare summarized here. First, an SClidN". We assume that in equilibriupr=0, and we do not
enhancement of the ionic current was observed during th&ccount for the influence of mobile charge carrierseon
microwave pulse. Second, careful study revealed that this " @ uniform unbounded solid the HF field can cause only
enhancement was unrelated to the applied external bidaF drift of mobile charge carriers. To obtain a nonzero net
(driving force. If the microwave fields had acted to increase (lime-averagemotion of carriers, it is necessary to have
either the microscopic diffusion coefficient or the defect con- rectified” HF currents. Such rectification can take place
centration(i.e., increase the conductivitythen the magni- only due to nonlinear effects associated with nonuniformities

tude of the enhancement would have scaled with the drivindf) Properties of the solid with respect to carrier motion. In-
forces. This proved that neither the diffusion coefficient nort€'faces represent a typical example of such nonuniformities.
the defect concentration are significantly affected by micro/n this study, we consider the nonuniformity associated with
wave fields(for which there was also no theoretical basis the interface of an ionic crystal with metallic electrodes. In
Third, it was determined that the microwave fields seemed t@ccordance with the experimental configuration, we consider
be providing an additional driving force for ionic transport, f[hel closed nonunlform_electrlc circuit that consists _of the
in effect causing a current that was superimposed upon thi@nic crystal, the _metallllc elec_trodes, and the measuring de-
ionic current driven by the external bias on the crystal. Thes&iCe. Most attention will be given to dc current generation

observed microwave-induced currents seemed to correspofiocesses which take place in the regions of the contact be-
to the theoretical modél. tween the crystal and the electrodes.

Finally, it was noted that the experimental system was | he analysis of Eq41)—(3) is carried out in one dimen-
designed to measure microwave radiation effects on bulk dif$ion with all vectors directed along theaxis. We assume
fusion, and it was not ideally suited for measuring and charthat there is only one sort of mobile charge carrier in each
acterizing this newly discovered phenomenon of microwave;SO“d- I.n_ particular, |n'the |on(|)c crystal these are vacancies or
induced currents. There are, however, further investigation§terstitials characterized dy;’, D;, andq;, whereas in the
possible with the existing system. In the experiments demetal these are electrons characterizedNfyy, D,, and
scribed in this paper, the microwave pulse length is increasedn - We will also consider the contact region between the
by up to 40 times, so that the temporal nature of the induce®ulk of the ionic crystal and the electrode as a separate part
currents could be studied. The magnitude of the effect is alsof the circuit, with the parametemd?, D., andq.. This
better characterized versus the electric-field strength. The e6ontact region has the same crystalline structure as the bulk
fect is further observed in AgCl, a material with different of the ionic crystal; however, it may have different conduc-
defect chemistry. tivity due to a relatively high concentration of ionic and elec-
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tronic defects(introduced when forming electrodewhich
can act as electron donors or acceptors. Diffusivities and
equilibrium concentrations are assumed to be constant within

each of the described parts of the circuit, with the following Bulk
relationships between therr,,>D., D;; NJ>N2, N?. fonic
The boundary conditions at the interfaces include conti- Crystal

nuity of the conduction current densify=qJ and the dis-
placement current densigge’ JE/dt. Also, permeability of
the metal-ionic crystal interfac® for carrier fluxes is taken
into account by introducing kinetic coefficients, Bm:’

j|S: qcﬁc[Nc|S_ Ng]_qmﬁm[Nm|S_ N?n] (4)
The boundary conditiori4) arises due to the difference in
crystalline structure of the solids, which “slows” carrier - -
fluxes. This does not happen at the boundary between the X <0 x=0 x>0

bulk of the ionic crystal and the contact region, in other

words, the kinetic coefficient® are infinitesimally high

there. _ , . .
In the absence of the external electric field there are no, F!C- 1. Graphic representation of the interface region at the end

charge-carrier fluxes, and the carrier concentrations take thef 1€ ¢rystal and the coordinate axis definition used in the model.

equilibrium valuesN®. If the field is not too strong, so that .

the field-induced deviations of the concentrations from the f w f” T ‘"N E.dt’ (11)

equilibrium values are small, Eqgl)—(3) can be solved by 2wN° J, =1

the perturbation method developed (iRef. 4. Concentra-

tion, flux, and field can be presented as follows: is the electromotive forcéemf) per unit length, caused by

the averaged ponderomotive action of the HF field on the
N=N°+N;+No+ ..., carriers. This emf plays the role of a source term in Egs.
(8)—(10). By virtue of Eq.(7)

J=J1+3+ ..., (5) f PE "
E=E,—delox+. .. . 4gN° ox
Here N;=Re Nexp(wt)] is the first-order HF perturbation Within each part of the circuit. .
of concentration under the field actioN, is the second-  The sequence of analysis of the described model thus con-
order quasistationary perturbation. Similarly, Sists of two steps. First, the first-ordgtF) Egs.(6) and(7)
E,=Rq Eexp(wt)] is the HF electric fieldg is the second- Should be solved in order to obtain the HF figldand the
order quasistationary electric potential. “ponderomotwe” emff. After that the dynamics of the qua-
Equations(1)—(3) in the first order of the perturbation Sistationary currents can be calculated based on &js.
theory can be presented in the following form: 10.
In the first-order problem, we consider one of the two
) PN N°Dq o€ contacts between the ionic crystal and an electrode. Let the
o= Da_xf_? o?_x; (6) coordinate of the interface between the two crystalline struc-
tures bex=0, so that atx<<0 there is the contact region
(e E)lox=gM eg. (7) within the ionic crystal, and at>0 there is meta(Fig. 1).

Equations(6) and (7) on each side of the interface can be

The (second-ordér equations for the quasistationary €asily transformed into the following equation:
guantities can be obtained from Ed4)—(3) by averaging

2 -
over a period of the HF field: M:""_“ (13
x> De'"’
9p2/9t+ 9121 9x=0, ® wheree= €’ —i€" is (within our approximatiopthe complex
op P dielectric permittivity of the solid, and” = o/eyw. The so-
i—_p2z2_ 7% lution of Eq.(13) is
i2 D o (ro,'x-i—a'f, (9) q
N=nexpx\iwe./Dce), x<O,
9|92 __p2 (10 (14)
X\~ ox €' N=nexp—X\iwe,/Dne), x>0

wherep,=qN, is the density of quasistationary free charge,(the square root hereafter is chosen so that its real part is
i»=0qJ, is the density of quasistationary electric current,positive. The thicknesses of both the contact region and the
o=0°DNYKT is the conductivity associated with mobile metal electrode are much greater than the scale lengths
charge carriers, and VD€'l we on which carrier concentration is perturbed by the
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HF field. Therefore, in the HF problem we may consider ANV D,
solely the crystal-electrode contact, not giving attention to E=Emo—
other parts of the closed circuit.

The HF electric field, by virtue of Eq.7), is

€ Viwene,

Determining the constants,, n,, &.., and&,. via the

E=Ept AN : De _ x<0, (15)  boundary conditions listed above, we obtain the following
€0 lwece, expressions for the HF electric fiel{x):
|
Eo Bun(€c— €m) + (€c— €)ViwDpnem/ €, /iwfc
= —_— N eX _,X 1 X<O!
€c Bm€mt BiveceemDml €rD o+ \iwDcem/ €l Deec
(16)
Eo Bel€m— €c)+(€m—€m) ViwD e/ e lwen
E=—|1+ - exp — X ||, x>0,
€m Bt BmVememecDc/€.Dm+ \iwD e /€, Dmém

whereEy= e.&... is the amplitude of the external field.

The ponderomotive enffon the metallic side of the contact is negligible due to high concentration of free elefatfoRs.
(12)]. We will only calculate the ponderomotive erhfon the “ionic” side of the contact. Assuming thaf<e_, e> €/,
€.~ €, We can rewrite the first equation from Ed.6) as follows:

E 1+i)x
5=—?[1+Aexp[( )

€. le

. x<0, (17

where

B i Bm/ o\,
A= Beetleral )+ (Uer)—il Bl ohm) + (Boctl bl 1"

(18)

Am= VD meoe/ o is the Debye-Huckel radius in the metal, ftween the contact region with enhanced conductivity and the
and| = \2D_/w is the characteristic diffusion length in the bulk of the ionic crystal. It can be shown that this contribu-
contact region of the ionic crystal tion is insignificant as long as<e¢/, €.<e., since the

: : i : total change in the electric field on that boundary is sl
Calculation off in accordance with Eq.12) gives .
4129 Eqg. (12)]. According to Eq.(18), the absolute value of the
éoE(z) emf F reaches its maximum whep,,/o\,,>1, which

f(x)= ﬁ[ |A|?e®/'c+ ReA.- e¥'e yields A= —1. For simplicity, the results in this section im-

2€cqcNcl e ply that this condition is fulfilled. Other parameters of the
X X equivalent circuit are defined in the usual way:
X —| —sin| —
CO{ lc) sm( lc) & Ri=di/0S, Ci=eo€S/d;,
Having now solved for the HF field and emff, we can R
proceed to analyze the quasistationary processes described —VVAV—/
by Egs. (8)—(10). For simplicity, we will first ignore the o}
diffusion term in Eq.(9), aiming at only a qualitative de- —%l—
scription of the dynamics of quasistationary currents. Within r F
this approximation, an analysis of E48)—(10) can be car- L L
ried out in terms of the equivalent circuit shown in Fig. 2. It . -
can be shown that the value of the electromotive fdfca ™ R T R
this circuit is given by Ce ¢ C. ¢
0 €oE; 2 /A\
= = — +
F ﬁxf(x)dx 4eéch2(|A| 2 Red), (20 \J

provided that the conductivity in the contact region where FiG. 2. Equivalent circuit used to model the bulk ionic crystal
the emf is generatedr., is constan{as follows from Eq.  (subscripti) and the contact regiofsubscriptc) at the ends of the

(19), the scale length of this region lig]. Not included here crystals.F is the electromotive force resulting from the pondero-
is the contribution of the emf generated at the boundary bemotive action, and\ is the current measurement instrumentation.
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R.=dc/0cS, C.=epe.Sd,, (22) Taking the time derivative of Eq9) and using Eq(26),
we obtain the following integrodifferential equation fr
whered, d; are the lengths of the contact region and of theyithin the contact region:
ionic crystal, respectivelyd,<d;), and S is the crosssec-
tional area of the crystal. The contribution of the electromo- j [ﬁf d (DC ]
— =0, —c

i

€0€,

. (27)

tive forces generated at the two contacts in the lifearthe ot % gt " ax
time scale of our quasistationary process@suit is additive

due to the superposition principle, therefore we will consider The source term in Eq27) is that containingf/at. If the
only one of them. Being interested in the processes with timgye glectric field and therefore the enif are turned on

scales greater than the time constant of the measuring deVi%ruptly, then at the first instance of time after that
we will assume that the latter does not influence results of

the experiment. Under these assumptions, the measured cur- j(t=04+,x)=0¢f(x), (28)
rent is given by

oc IX

which can be used as an initial condition for the equation

| F N F RC—R.C, p( R+ R, t) ) Dy il (=]
= exp — ~ a a a -
R+R. R+R, R.C, RR. C. Do 22 T 29
(22 ot oX\ o¢ IX €p€c
(here we used the fact th&t.>C;). that no longer contains a source term.
If the conductivity(and the dielectric constant the bulk We will consider Eq(29) at times which are smaller than

of the crystal were the same as in the contact region, then, dke steady-state current establishment time, which is of order
seen from Eqs(21) and (22), the measured current should of the relaxation time constant in E€R2). Obviously, the
not depend upon the time. However, in the case whesteady-state current is uniform along the circuit and therefore
o> (i.e., RiC.<R,C;) the measured current has strong equal to(j). Since the initial curren¢28) is confined to the

dependence upon the time given by contact regior(in which the emff is induced, and since the
length of this region is small compared to the length of the
= F N F &exp( ot ) 23 ionic crystal, during the steady-state establishnmeéatmuch
R R:.C; R.C./)’ greater than(j). Therefore, we will omit(j) in Eq. (29).

Also, for time scales smaller thagge./ o, we can neglect the

term j which is responsible for relaxation rather than diffu-

sion of current. As a result, we obtain a diffusion-type equa-
(24)  tion for the current density within the contact region:

or

| EosEg
4Eéch8di

€ ot
gito.—exp — 71 -
€ €0€;

Thus, the dynamics of the microwave-induced quasistation- =D¢—>
ary currents are strongly dependent upon the properties of at IxX
the region within the ionic crystal close to the metallic elec-
trode.

d] 3
d-p) (30

Since the current on the metallic side of the contact re-
Having completed the analysis dfffusionlessquasista- 12x€S and becomes equal to the small vdllevery rapidly
tionary problem, we can now consider the case wiidu- due to the high conductivity of metal, we consider E8Q)

sionin Eq. (9) cannot be neglected. In this case, representa@" the “ionic” side (at x<0) with the boundary condition
tion of the contact region of the ionic crystal by the J(X=0)=0. The initial condition for Eq(30) is Eq. (28).
componentR,, C., andF would be incomplete. Instead, an The solution of Eq(30) that satisfies these conditions is

element with a more complicated current-potential depen-

dence should be included into the equivalent circuit. L T 0 £(8) ex;{ _ (x—§)°
To obtain this dependence, let us note that Egs-(10) J 2\/@ —w 4Dt
describe the quasistationary current in the entire closed cir-
cuit. From Eqs(8) and (10) it follows that (x+§)?
N 4Dt (3Y)
J

=0, (25)

, 9 [de)
€€ x| at) !
where the coordinat& is counted along the closed circuit
(we will not use the subscript “2” here and furthernte- I=5(j) (32)

grating Eq.(25 and then averaging over the length of the _
entire circuit(the length-averaged quantities here and furthetcf. Eg.(27)]. On the other hand, the observed current is also

X The observed curremton time scales exceeding the delay

time of the measuring device is equal to

will be denoted by angular brackets), we obtain equal to the sum of currents R andC; :
L [de) ) _.du v
€€ 5<5)—1=—<1>(t). (26) I=Cigr ™t R’ (33

Here we used the fact th&abe/dx)=0 since the circuit is whereU is the difference of potentials applied ®C; . The
closed. derivative dU/dt can be obtained by integrating E¢R6)
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over the contact regiofwe are again considering one of the IV. RESULTS AND DISCUSSION

W n iven th rren nsity within it: . . .
two contacts given the current density wit t The most important theoretical results can be summarized

du s | as follows.
ar C_<j e~ C.’ (34) When a contact of an ionic crystal with metal is subjected
c c . : AN ;
to the microwave field, a quasistationadc) electromotive
where (j).=[°.jdx/d. is the current averaged over the force (emf) is induced. It is proportional to the microwave
contact regior(and in this sense the lower limit of the inte- power, i.e., to the square of the electric-field strength. This
gration should be understopdJsing Eq.(31), we obtain result is consistent with an earlier experimental observaétion.
The magnitude of the emf is significantly dependent upon
Y X the properties of the contalong with the bulk properties
(e=- d—cfocf(x)erf<2JD_ct)dx, B9 4t the ionic crystal and metalIn the typical case of low
, . ) ) conductivity of the crystal ¢ <ege,w) and high conductiv-
where erf) = (2m) [ 5exp(= 7’)d7. Sincef (x) is localized ity of metal (o,> egel,0) the magnitude of the emf depends
within the small lengtH ; from the boundarycf. Eq. (19)],  mostly upon the kinetic properties of the crystal — metal
we may cut the interval of integration 4|<\2Dt and interface @., 8,) and frequency. As discussed in Ref. 2,
replace erff) with (2//m)z. Usingf from Eq.(19) and per-  the two contacts of the same crystal with the electrodes gen-
forming the integration, we obtain the time dependence okrally have different kinetic properties, therefore the net emf

(et is nonzero. However, at low frequencies, when

) Bmlo\y=>1 [cf. Eq. (18)], the contacts become largely
. €oEqoec 1 equivalent, and the net emf disappears. This may explain
(De=Zea N0 : (36)  \yhy the effect is not observed at f ies below the mi-

€.0cNJde 2ot why the effect is not observed at frequencies below the mi

crowave rangé.

It should be noted that an expanded form of B3R The general picture of the temporal dynamics of the qua-
sistationary current correlates with the time profile of the

| = di E+ d () 37) microwave power as follows. When the power is turned on

di+d; R d.+d; Ve abruptly, the current exhibits a spike with the peak value

significantly exceeding the steady state. Then relaxation of
o the current occurs, until the steady state is established. When
system cons_|st|ng of Eq¢33), (36), and(37), allows us to the power is turned off, there is a similar spike of the oppo-
obtain the time dependence of the observed currents |y girected current that is also followed by the relaxation.

form is generally governed by the parameterso. (Or  The’second spike is superimposed on the current remaining
R.C./RiC;, which is the sameandd./d; and can be rather after the relaxation of the first spike.

complicated. We will only analyze here some limiting cases.  The time dependence of the current during relaxation de-

can also be derived from Eg$33) and (34). The closed

In the caseri/oc<1, for t<epec/oc we obtain pends upon the properties of the contacts. At times less than
d €o€.l o the dynamics of the observed current is determined
|= d_cs<j>°’ (39 by diffusional processes within the contact region and may
i

be complicated and not even monotonic, depending on the
parameters of the contact region. In fact, this sensitivity of

or, using Eq.(36), . :
using Eq.(36) the current dynamics to the physical parameters may be ex-

€ SE2 ploited to obtain certain information about the structure of

0 EOO-C 1 . .

=— 5 ) (39 the contact region from data on the current dynamics. On
4€cqcNcdi 270t longer time scales, the current may stabilifec.<o;) or

At t~ egell o, this dependence passes over into the exponeanh'b't further decrease governed by space charge relaxation

ial rel . ith the ti b ' f E processes within the contact region. In the simplest
tial relaxation with the time constant aboegec/ o [cf. Eq. case(when the dipolar relaxation processes are not taken

(22)]. ; :

In the cased,/d,<o./oi<1, Eq. (39 is valid only for Tté)xp(a_cccr(:;;)tél)t.he current  decreases - exponentially,
t<eoei/o;, after which the current Increases s until it These theoretical predictions are in general agreement
reaches the steady-state valug &tqe/ o - with the experimental results. Typical oscilliscope traces of

_Finally, in the caser./oi<d./d; the observed current the currentupper trackand microwave poweflower trace
displays the same time dependence as in the previous caggm the experiments with single crystals of NaCl and AgCl
until t~(eo€i/0y)(d;/dc), but instead of stabilizing at a are shown in Figs. 3 and 4, respectively. No bias is applied to
steady-state value, it consequently experiences another dgre crystal; the current results solely from the application of

crease described by the equation microwave fields. The oscilloscope is used in the average
) mode so that the traces in Figs. 3 and 4 are actually an
€Sk, 1 (40) average of 16 separate pulsed experiments. Using the oscil-

I= 4eéch8dc \/m loscope in the average mode effects some smoothing of the
traces and enhances the signal-to-noise ratio. Further

(€o€//0y)(di/d)<t<egelloe. In this case the current smoothing is performed before the traces are analyzed.

reaches its steady-state valuet atepe /o . The results presented here are from a single AgClI crystal
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NaCl 200 T T T T
Current Dynamics in NaCl
N 188: Following Pulse
Current M e e At ?8 i i ©=10msec ]
_NMW*’TO W/ﬂ" $1OO pA ' 2 60 | E E
a 250} f
‘ [ ] 40 E
Power 5 %
3%
k 3 Microwave Puise
: 20t
5ms
During Pulse
FIG. 3. Oscilloscope traces of the ionic curréapper tracgin
a NaCl crystal at 120 °C in response to a pulse of microwave 10 ! : . !
radiation(lower trace. The horizontal scale is 5 ms/div. The verti- 0 2 ti:;le (mse?:) 8 10

cal scale is 100 pA/div for the current trace.

_ FIG. 5. The current dynamics in NaCl during and following the
and a single NaCl crystal. Three AgCl crystals were testedmicrowave pulse fit by an exponential decay.

and approximately ten NaCl crystals were investigated. Each

crystal gives qualitatively similar results, but the magnitudesent for the initial spike in NaClFig. 3, which appears to
vary within about an order of magnitude. For some CryStalSrespond more S|OW|y to the microwave-induced emf.
the current signal is virtually impossible to resolve from the |n Fig. 5, the data on the relaxation of the current in NaCl
noise level. We have hypothesiZethat the magnitude is following the microwave pulsérom Fig. 3 are plotted on a
dependent on the asymmetric nature of the ends of the crysogarithmic scale versus time. It can be seen that the relax-
tals. ation in NaCl following the microwave pulse is exponential
As is best seen in the results for Aglig. 4), when the  to very good accuracy. This is consistent with the theoretical
microwave pulse is applied, a large spike of negative currenfnodel that does not account for diffusion effects on the cur-
results. This is followed by a relaxation of the current duringrent[cf. Eq. (24)]. According to the theory, the time constant
the pulse. Following the pulse, a spike of positive currentof the relaxation should beye. /. Calculation of the con-
occurs and then relaxes back to zero current. As discussed Hictivity in the contact regiong.., using the time constant

(Ref. 2, experimentation has shown that the time scales ofiom the experiments~+10 mseg gives a value X 10~

the relaxations are consistent with ionic diffusion and polarohm cm ~. This is about one order of magnitude larger
ization phenomena. The spikes indicate a very rapid physicahan the bulk conductivity of “pure” NaCl at this tempera-
response within the crystal and ek_act_rodes to the applicati.Of]Jre [which makes Eq(24) applicabld, which suggests that
and removal of the microwave radiation, but the full magni-5 higher level of impurities exists in the contact region. The
tude of the spikes is likely truncated by the slower rise timegitference between the relaxation dynamics during and fol-
of the current amplifier electroni¢d0 us for this amplifica- lowing the pulse seen in Fig. 5 suggests that the perturba-
tion setting. The initial decay of the spikevithin about 40 tjons of carrier concentration in NaCl caused by the micro-

ws) shows concave rather than convex curvature, and that igave field may be not small in the sense of perturbation
also probably attributable to the amplifier response timemethod applicability.

Therefore, it is not until about 10,03 after the Spike that the Evidence for impurities in the contact region is seen in

data analysis actually begins. The behavior is slightly differ-rig. 6, which shows the Rutherford backscattering spectros-
copy (RBS) spectra for the two ends of a NaCl crystal with
sputtered platinum electrodes. Analysis of these spéatrd
specifically the trailing edge or left side of the Pt peak, which
\ characterizes in part the interface between electrode and ha-
lide crysta) using theRuMP/GENPLOTSOftware package indi-
cates that both ends of the crystal have some intermixing of
W\M Pt, Na, and CI over a few hundred Angstroms distance. The
I Isoo PA difference between the two spectra also offers strong experi-
mental evidence for our claffithat the asymmetry of prop-
erties at the ends of the crystal leads to our measurement of
a net current rather than two equal and opposing currents.
Microwave Pulse The data from the experiments with Ag(Hig. 4) are best
YT ' ' fit by plotting the current versus {f, as shown in Fig. 7. For
approximately the first millisecond, the time dependence of
FIG. 4. Oscilloscope traces of the ionic curréapper tracein  the current demonstrates excellent agreement with(4Q),
an AgClI crystal at 180 °C in response to a pulse of microwave\NhiCh results from the theoretical model that covers diffu-
radiation(lower trace. The horizontal scale is 0.5 ms/div. The ver- sion effects on the current. After one millisecond, the current
tical scale is 500 pA/div for the current trace. dynamics begin to deviate from this model and tend asymp-
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FIG. 8. The magnitude of the currefiitoth peak and plateain

FIG. 6. RBS spectra of the two ends of a NaCl crystal with AgCl depends linearly on poweEg).
plasma-sputtered platinum electrodes.

As further evidence for the agreement of the experimental
totically towards a steady-state current (200 pA) during ~ data with the theory, we present in Fig. 8 measurements of
the pulse or towards zero current following the pulse, also ifh® current magnitude versus microwave power. The linear
agreement with the theoretical expectations. The Agter- re_latlons_hlp is in agreement with the the_oretlcal model and
stitial defect mobility is sufficiently high in AgCl that one With earlier resultSin NaCl. Furthermore, in AgCl the mag-
would expect diffusion effects to play out quicker than this, Nitude of the peak current and the magnitude of the plateau
so the fact that this transition is observed at the milliseconurrent(near the end of the microwave pulseaintain the
time scale suggests that the conductivity in the contact regiof@me ratidabout 8:1 at all power levels. In other words, the
is much lower than the bulk conductivity of AgCl crystals. A decay dynamics are always the same, regardless of the peak
possible reason for such a decrease in the near-surface cofflu€- This indicates that the crystal-metal contact in AgCl is
ductivity may be due to Ag interstitial defects recombining linéar with respect to the quasistationary currents, thus vali-
with electrons(from semiconduction-type defegtto form dating the use of perturbation techniques in the theoretical
neutral species. In the same vein, the Frenkel defect formdodel.
tion equilibrium could be perturbed near the Ag-painted
electrode(due to a lack of free surfageresulting in a lower V. CONCLUSIONS

concentration of Ag defects in the contact region. . .
g 9 The theory of the averaged ponderomotive action of the

HF electric field in solids was applied to description of qua-
sistationary ionic currents induced in ionic crystals by micro-

1000 CUF;RENTIDYNAIMICS ;N AgCII ' wave irradiation. Microwave-induced currents in NaCl and
AgCl single crystals were studied experimentally. The theo-
800 - T retically obtained dependences of the current upon time and
microwave power are in agreement with experimental obser-
600 - . vations. The theory shows that the magnitude and dynamics
< of the current greatly depend on the properties of the contact
= 400 | During Pulse ] region between the ionic crystal and metal electrode. This
g has been verified by RBS spectra for NaCl. This is a direct
S Lol | experimental confirmation of the theory that suggests a
mechanism of nonthermal influence of HF electromagnetic
Following Pulse fields on charge anthasstransport in solids.
0 .
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