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Dynamics of microwave-induced currents in ionic crystals

K. I. Rybakov and V. E. Semenov
Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, 603600, Russia
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~Received 29 April 1996!

The recent theory of averaged ponderomotive action of microwave fields in solids is expanded to describe
quasistationary 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 AgCl and NaCl are presented. Agreement between experi-
ment and theory provides further and stronger evidence for the general validity of the theoretical model.
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I. INTRODUCTION

Over the past decade, results from experimental inve
gations of microwave processing of materials have rep
edly suggested the existence of an unknown, nontherma
teraction between high-strength microwave fields and io
materials.1 Because this nonthermal interaction was ori
nally unanticipated and not fully understood, it has be
broadly termed the ‘‘microwave effect.’’ For high
temperature ceramic processing experiments involving t
mally activated diffusional processes, the common mani
tation of the microwave effect is to enhance the proc
kinetics by either reducing the temperature or the time n
essary to complete the process. At first appearance, the
perimental results insinuate a possible enhancement of i
diffusion, although there is no theoretical basis for suc
claim.

Freeman, Booske, and Cooper performed ionic cond
tion experiments2 that were specifically designed3 to test for
solid-state, bulk~lattice! diffusion enhancements from in
tense microwave irradiation. The results clearly showed
increase in the bulk diffusion coefficient. Instead, it w
found that microwave fields could by themselves induce q
sistationary ionic currents to flow in the crystal.

Concurrent to these experiments, Rybakov and Seme4

developed a theory that included second-order interact
between high-frequency electrical fields and charged p
defects in ionic materials. By application of perturbati
methods they showed that oscillatory defect fluxes, driven
the microwaveE field, are rectified near crystal surfaces a
boundaries. The net result is that charged defects can
driven away from, or pulled towards a surface, producin
near-surface depletion or accumulation. This constitute
driving force for diffusional flows of defects within the ma
terial, which may result in creep deformation5 and/or forma-
tion of quasistationary distribution of electric potential.6

This paper describes results of a collaborative effort
verify the validity of the theoretical model by directly apply
ing it to analysis of more recent experimental results. S
cifically, an analysis of the temporal nature of th
microwave-induced quasistationary~dc! currents is devel-
550163-1829/97/55~6!/3559~9!/$10.00
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oped and compared with detailed experimental meas
ments. These dc currents are shown to originate from re
fication of the high-frequency currents due to the ne
surface second-order interactions similar to those sugge
in Ref. 4. The asymmetry between the surface propertie
the two ends of the crystal results in a nonzero net curr
through the crystal.

II. EXPERIMENTAL SYSTEM

A full description of the experimental system appea
elsewhere,3 but a brief description of a slightly modified ver
sion is provided here for context. The experimental config
ration for measuring microwave radiation effects on ion
currents consists of three subsystems:~1! microwave pulse
generation;~2! heating and temperature control; and~3! elec-
tronic circuit for measurement of ionic current~no dc bias is
applied to the crystal in the results presented here!.

The key element of our configuration, where all three su
systems meet, is the waveguide applicator. The inside of
applicator has standard Ku band rectangular waveguide
mensions, and the TE10 transmission mode is employed
14 GHz. The electric field is parallel to the direction of ion
current flow, and the field strength is approximately 105 V/m
inside the waveguide for 1 kW of microwave power. Th
microwave power is applied in short, ‘‘single shot’’ pulses
approximately 1–10 ms duration.

The waveguide applicator is heated ‘‘conventionally’’ u
ing heating tape/strips, a thermocouple, and a tempera
controller. The sample is contained within the heated wa
guide, and the sample/applicator are not heated~signifi-
cantly! by the short microwave pulses.

Single crystals of NaCl and AgCl~5 mm3 5 mm in cross
section, 7.5 mm in length! are studied. The ends of the cry
tals are coated with metallic electrodes. In the case of Na
plasma sputtered platinum is used. For AgCl, conductive
ver paint is employed. The crystal is then sandwiched in
applicator between two platinum foil electrodes. A go
wire, welded to the Pt foil, conducts the current within t
heated region. This current is measured by a Keithley 4
current amplifier which outputs a corresponding voltage
3559 © 1997 The American Physical Society
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3560 55RYBAKOV, SEMENOV, FREEMAN, BOOSKE, AND COOPER
an oscilloscope. The closed electrical curcuit in which
microwave-induced quasistationary currents flow thus c
sists of the ionic crystal with the metallic electrodes and
input impedance of the measuring device~current amplifier!.
The resistance of the ionic crystal is very high compared
the input resistance of the measuring device. The princ
delay time in the external circuit derives from op-amps in
current amplifier; these rise times vary in the range 10–
ms.

The preliminary experiments2 were specifically designed
to test for enhancements of ionic diffusion during microwa
irradiation. The approach taken was to first establish an io
current in the sample~typically NaCl! by applying an exter-
nal bias across the sample. After several milliseconds, w
the current had approximately stabilized to its dc value,
crystal was irradiated by high-strength microwave fields
about 0.5 msec. After this exposure, the ionic current w
allowed to stabilize for several more milliseconds before
external bias was turned off.

The important steps taken in the experimental design w
to:

~a! heat the crystalline sample by conventional means
that no temperature gradients existed to complicate
analysis;

~b! keep the microwave pulse short so as to not sign
cantly heat the sample by microwave absorption;

~c! apply a constant driving force~essentially the externa
bias! throughout the experiment, so that the analysis is
complicated by time-varying driving forces such as in diff
sion experiments or processing experiments;

~d! maintain a known and controlled electric-field orie
tation with respect to the sample.

The preliminary results2 are summarized here. First, a
enhancement of the ionic current was observed during
microwave pulse. Second, careful study revealed that
enhancement was unrelated to the applied external
~driving force!. If the microwave fields had acted to increa
either the microscopic diffusion coefficient or the defect co
centration~i.e., increase the conductivity!, then the magni-
tude of the enhancement would have scaled with the driv
forces. This proved that neither the diffusion coefficient n
the defect concentration are significantly affected by mic
wave fields~for which there was also no theoretical basi!.
Third, it was determined that the microwave fields seeme
be providing an additional driving force for ionic transpo
in effect causing a current that was superimposed upon
ionic current driven by the external bias on the crystal. Th
observed microwave-induced currents seemed to corres
to the theoretical model.2

Finally, it was noted that the experimental system w
designed to measure microwave radiation effects on bulk
fusion, and it was not ideally suited for measuring and ch
acterizing this newly discovered phenomenon of microwa
induced currents. There are, however, further investigati
possible with the existing system. In the experiments
scribed in this paper, the microwave pulse length is increa
by up to 40 times, so that the temporal nature of the indu
currents could be studied. The magnitude of the effect is a
better characterized versus the electric-field strength. The
fect is further observed in AgCl, a material with differe
defect chemistry.
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III. THEORY

The theoretical study of quasistationary electric curre
induced in an ionic crystal by a high-frequency~HF! electric
field is based on the mathematical model described bel
As opposed to Refs. 4 and 5, this model describes the ch
~not mass! transport phenomena and includes nonstation
slowly varying processes. The model accounts for diffus
of mobile charge carriers in the solid and their drift in th
electric field. The flux of charge carriers is expressed as

J52D“N1
qND

kT
E, ~1!

whereN is the concentration,D is the diffusivity, q is the
electric charge of carriers, andE is the electric-field vector.
The Nernst-Einstein relation was used to express mobility
Eq. ~1!.

As long as action of sources and sinks of charge carr
can be neglected,N andJ are linked by the continuity equa
tion,

]N

]t
1~“•J!50. ~2!

The electric field in the solid is assumed to be quasista

“3E50, ~“•e8E!5r/e0 , ~3!

wheree0 is dielectric permittivity of free space,e8 is relative
dielectric constant of the solid, and the density of free el
tric charger is determined by the deviations of charg
carrier concentrationsN from their equilibrium value in the
solidN0. We assume that in equilibriumr50, and we do not
account for the influence of mobile charge carriers one8.

In a uniform unbounded solid the HF field can cause o
HF drift of mobile charge carriers. To obtain a nonzero n
~time-averaged! motion of carriers, it is necessary to hav
‘‘rectified’’ HF currents. Such rectification can take plac
only due to nonlinear effects associated with nonuniformit
in properties of the solid with respect to carrier motion. I
terfaces represent a typical example of such nonuniformit
In this study, we consider the nonuniformity associated w
the interface of an ionic crystal with metallic electrodes.
accordance with the experimental configuration, we cons
the closed nonuniform electric circuit that consists of t
ionic crystal, the metallic electrodes, and the measuring
vice. Most attention will be given to dc current generati
processes which take place in the regions of the contact
tween the crystal and the electrodes.

The analysis of Eqs.~1!–~3! is carried out in one dimen
sion with all vectors directed along thex axis. We assume
that there is only one sort of mobile charge carrier in ea
solid. In particular, in the ionic crystal these are vacancies
interstitials characterized byNi

0 , Di , andqi , whereas in the
metal these are electrons characterized byNm

0 , Dm , and
qm . We will also consider the contact region between t
bulk of the ionic crystal and the electrode as a separate
of the circuit, with the parametersNc

0 , Dc , and qc . This
contact region has the same crystalline structure as the
of the ionic crystal; however, it may have different condu
tivity due to a relatively high concentration of ionic and ele
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55 3561DYNAMICS OF MICROWAVE-INDUCED CURRENTS IN . . .
tronic defects~introduced when forming electrodes! which
can act as electron donors or acceptors. Diffusivities
equilibrium concentrations are assumed to be constant w
each of the described parts of the circuit, with the followi
relationships between them:Dm@Dc , Di ; Nm

0 @Nc
0 , Ni

0 .
The boundary conditions at the interfaces include co

nuity of the conduction current densityj[qJ and the dis-
placement current densitye0e8]E/]t. Also, permeability of
the metal-ionic crystal interfaceS for carrier fluxes is taken
into account by introducing kinetic coefficientsbc , bm :

7

j uS5qcbc@NcuS2Nc
0#2qmbm@NmuS2Nm

0 #. ~4!

The boundary condition~4! arises due to the difference i
crystalline structure of the solids, which ‘‘slows’’ carrie
fluxes. This does not happen at the boundary between
bulk of the ionic crystal and the contact region, in oth
words, the kinetic coefficientsb are infinitesimally high
there.

In the absence of the external electric field there are
charge-carrier fluxes, and the carrier concentrations take
equilibrium valuesN0. If the field is not too strong, so tha
the field-induced deviations of the concentrations from
equilibrium values are small, Eqs.~1!–~3! can be solved by
the perturbation method developed in~Ref. 4!. Concentra-
tion, flux, and field can be presented as follows:

N5N01N11N21 . . . ,

J5J11J21 . . . , ~5!

E5E12]w/]x1. . . .

HereN1[Re@Nexp(ivt)# is the first-order HF perturbation
of concentration under the field action,N2 is the second-
order quasistationary perturbation. Similarl
E15Re@Eexp(ivt)# is the HF electric field,w is the second-
order quasistationary electric potential.

Equations~1!–~3! in the first order of the perturbatio
theory can be presented in the following form:

ivN5D
]2N
]x2

2
N0Dq

kT

]E
]x

; ~6!

]~e8E!/]x5qN/e0 . ~7!

The ~second-order! equations for the quasistationa
quantities can be obtained from Eqs.~1!–~3! by averaging
over a period of the HF field:

]r2 /]t1] j 2 /]x50, ~8!

j 252D
]r2
]x

2s
]w

]x
1s f , ~9!

]

]x S e8
]w

]x D52
r2
e0
, ~10!

wherer25qN2 is the density of quasistationary free charg
j 25qJ2 is the density of quasistationary electric curre
s5q2DN0/kT is the conductivity associated with mobi
charge carriers, and
d
in

i-

he
r

o
eir

e

,
,

f5
v

2pN0E
t

t12p/v

N1E1dt8 ~11!

is the electromotive force~emf! per unit length, caused by
the averaged ponderomotive action of the HF field on
carriers. This emf plays the role of a source term in E
~8!–~10!. By virtue of Eq.~7!

f5
e0e8

4qN0

]uEu2

]x
~12!

within each part of the circuit.
The sequence of analysis of the described model thus

sists of two steps. First, the first-order~HF! Eqs.~6! and~7!
should be solved in order to obtain the HF fieldE and the
‘‘ponderomotive’’ emf f . After that the dynamics of the qua
sistationary currents can be calculated based on Eqs.~8!–
~10!.

In the first-order problem, we consider one of the tw
contacts between the ionic crystal and an electrode. Let
coordinate of the interface between the two crystalline str
tures bex50, so that atx,0 there is the contact regio
within the ionic crystal, and atx.0 there is metal~Fig. 1!.
Equations~6! and ~7! on each side of the interface can b
easily transformed into the following equation:

]2N
]x2

5
ive

De8
N, ~13!

wheree5e82 i e9 is ~within our approximation! the complex
dielectric permittivity of the solid, ande95s/e0v. The so-
lution of Eq. ~13! is

N5ncexp~xAivec /Dcec8!, x,0,
~14!

N5nmexp~2xAivem /Dmem8 !, x.0

~the square root hereafter is chosen so that its real pa
positive!. The thicknesses of both the contact region and
metal electrode are much greater than the scale len
ADe8/ve on which carrier concentration is perturbed by t

FIG. 1. Graphic representation of the interface region at the
of the crystal and the coordinate axis definition used in the mo
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HF field. Therefore, in the HF problem we may consid
solely the crystal-electrode contact, not giving attention
other parts of the closed circuit.

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

E5Ec`1
qcN
e0
A Dc

ivecec8
, x,0, ~15!
l,
e

rib

-
hi

It

re

b

r
o E5Em`2

qmN
e0
A Dm

ivemem8
, x.0.

Determining the constantsnc , nm , Ec` , andEm` via the
boundary conditions listed above, we obtain the followi
expressions for the HF electric fieldE(x):
E5
E0

ec
F11

bm~ec2em!1~ec2ec8!AivDmem /em8

bmem1b iAecec8emDm /em8Dc1AivDcem /em8
expSAivec

Dcec8
xD G , x,0,

~16!

E5
E0

em
F11

bc~em2ec!1~em2em8 !AivDcec /ec8

bcec1bmAemem8 ecDc /ec8Dm1AivDcec /ec8
expS 2A ivem

Dmem8
xD G , x.0,

whereE05ecEc` is the amplitude of the external field.
The ponderomotive emff on the metallic side of the contact is negligible due to high concentration of free electrons@cf. Eq.

~12!#. We will only calculate the ponderomotive emff on the ‘‘ionic’’ side of the contact. Assuming thatec9!ec8 , em9 @em8 ,
ec8;em8 , we can rewrite the first equation from Eq.~16! as follows:

E5
E0

ec8
H 11AexpF ~11 i !x

l c
G J , x,0, ~17!

where

A5
ibm /vlm

~bcec8/em8 v l c!1~1/em8 !2 i @~bm /vlm!1~bcec8/em8 v l c!#
, ~18!
the
u-

-
e

tal

o-
.

lm5ADme0em8 /sm is the Debye-Huckel radius in the meta
and l c5A2Dc /v is the characteristic diffusion length in th
contact region of the ionic crystal.

Calculation off in accordance with Eq.~12! gives

f ~x!5
e0E0

2

2ec8qcNc
0l c

H uAu2e2x/ l c1ReA•ex/ l c

3FcosS xl cD2sinS xl cD G J . ~19!

Having now solved for the HF fieldE and emff , we can
proceed to analyze the quasistationary processes desc
by Eqs. ~8!–~10!. For simplicity, we will first ignore the
diffusion term in Eq.~9!, aiming at only a qualitative de
scription of the dynamics of quasistationary currents. Wit
this approximation, an analysis of Eqs.~8!–~10! can be car-
ried out in terms of the equivalent circuit shown in Fig. 2.
can be shown that the value of the electromotive forceF in
this circuit is given by

F5E
2`

0

f ~x!dx5
e0E0

2

4ec8qcNc
0 ~ uAu212 ReA!, ~20!

provided that the conductivity in the contact region whe
the emf is generated,sc , is constant@as follows from Eq.
~19!, the scale length of this region isl c#. Not included here
is the contribution of the emf generated at the boundary
ed

n

e-

tween the contact region with enhanced conductivity and
bulk of the ionic crystal. It can be shown that this contrib
tion is insignificant as long ase i9!e i8 , ec9!ec8 , since the
total change in the electric field on that boundary is small@cf.
Eq. ~12!#. According to Eq.~18!, the absolute value of the
emf F reaches its maximum whenbm /vlm@1, which
yieldsA'21. For simplicity, the results in this section im
ply that this condition is fulfilled. Other parameters of th
equivalent circuit are defined in the usual way:

Ri5di /s iS, Ci5e0e i8S/di ,

FIG. 2. Equivalent circuit used to model the bulk ionic crys
~subscripti ) and the contact region~subscriptc) at the ends of the
crystals.F is the electromotive force resulting from the ponder
motive action, andA is the current measurement instrumentation
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Rc5dc /scS, Cc5e0ec8S/dc , ~21!

wheredc , di are the lengths of the contact region and of t
ionic crystal, respectively (dc!di), andS is the crosssec
tional area of the crystal. The contribution of the electrom
tive forces generated at the two contacts in the linear~on the
time scale of our quasistationary processes! circuit is additive
due to the superposition principle, therefore we will consid
only one of them. Being interested in the processes with t
scales greater than the time constant of the measuring de
we will assume that the latter does not influence results
the experiment. Under these assumptions, the measured
rent is given by

I5
F

Ri1Rc
1

F

Ri1Rc

RiCi2RcCc

RcCc
expS 2

Ri1Rc

RiRc

t

Cc
D
~22!

~here we used the fact thatCc@Ci).
If the conductivity~and the dielectric constant! in the bulk

of the crystal were the same as in the contact region, then
seen from Eqs.~21! and ~22!, the measured current shou
not depend upon the time. However, in the case w
sc@s i ~i.e., RcCc!RiCi) the measured current has stro
dependence upon the time given by

I5
F

Ri
1

F

Rc

Ci

Cc
expS 2

t

RcCc
D , ~23!

or

I5
e0SE0

2

4ec8qcNc
0di

Fs i1sc

e i8

ec8
expS 2

sct

e0ec8
D G . ~24!

Thus, the dynamics of the microwave-induced quasistat
ary currents are strongly dependent upon the propertie
the region within the ionic crystal close to the metallic ele
trode.

Having completed the analysis ofdiffusionlessquasista-
tionary problem, we can now consider the case whendiffu-
sion in Eq. ~9! cannot be neglected. In this case, represe
tion of the contact region of the ionic crystal by th
componentsRc , Cc , andF would be incomplete. Instead, a
element with a more complicated current-potential dep
dence should be included into the equivalent circuit.

To obtain this dependence, let us note that Eqs.~8!–~10!
describe the quasistationary current in the entire closed
cuit. From Eqs.~8! and ~10! it follows that

]

]x Fe0e8
]

]x S ]w

]t D2 j G50, ~25!

where the coordinatex is counted along the closed circu
~we will not use the subscript ‘‘2’’ here and further!. Inte-
grating Eq.~25! and then averaging over the length of t
entire circuit~the length-averaged quantities here and furt
will be denoted by angular brackets^&), we obtain

e0e8
]

]x S ]w

]t D2 j52^ j &~ t !. ~26!

Here we used the fact that^]w/]x&50 since the circuit is
closed.
-

r
e
ce,
f
ur-

as

n

n-
of
-

a-

-

ir-

r

Taking the time derivative of Eq.~9! and using Eq.~26!,
we obtain the following integrodifferential equation forj
within the contact region:

] j

]t
5scF] f

]t
1

]

]x SDc

sc

] j

]xD 1
^ j &2 j

e0ec8
G . ~27!

The source term in Eq.~27! is that containing] f /]t. If the
HF electric field and therefore the emff are turned on
abruptly, then at the first instance of time after that

j ~ t501,x!5scf ~x!, ~28!

which can be used as an initial condition for the equation

] j

]t
5scF ]

]x SDc

sc

] j

]xD 1
^ j &2 j

e0ec8
G ~29!

that no longer contains a source term.
We will consider Eq.~29! at times which are smaller tha

the steady-state current establishment time, which is of o
of the relaxation time constant in Eq.~22!. Obviously, the
steady-state current is uniform along the circuit and theref
equal to^ j &. Since the initial current~28! is confined to the
contact region~in which the emff is induced!, and since the
length of this region is small compared to the length of t
ionic crystal, during the steady-state establishmentj is much
greater than̂ j &. Therefore, we will omit^ j & in Eq. ~29!.
Also, for time scales smaller thane0ec8/sc we can neglect the
term j which is responsible for relaxation rather than diff
sion of current. As a result, we obtain a diffusion-type equ
tion for the current densityj within the contact region:

] j

]t
5Dc

]2 j

]x2
. ~30!

Since the current on the metallic side of the contact
laxes and becomes equal to the small value^ j & very rapidly
due to the high conductivity of metal, we consider Eq.~30!
on the ‘‘ionic’’ side ~at x,0) with the boundary condition
j (x50)50. The initial condition for Eq.~30! is Eq. ~28!.
The solution of Eq.~30! that satisfies these conditions is

j5
sc

2ApDct
E

2`

0

f ~j!H expF2
~x2j!2

4Dct
G

2expF2
~x1j!2

4Dct
G J dj. ~31!

The observed currentI on time scales exceeding the dela
time of the measuring device is equal to

I5S^ j & ~32!

@cf. Eq. ~27!#. On the other hand, the observed current is a
equal to the sum of currents inRi andCi :

I5Ci

dU

dt
1
U

Ri
, ~33!

whereU is the difference of potentials applied toRiCi . The
derivative dU/dt can be obtained by integrating Eq.~26!
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3564 55RYBAKOV, SEMENOV, FREEMAN, BOOSKE, AND COOPER
over the contact region~we are again considering one of th
two contacts! given the current densityj within it:

dU

dt
5

S

Cc
^ j &c2

I

Cc
, ~34!

where ^ j &c5*2`
0 jdx/dc is the current averaged over th

contact region~and in this sense the lower limit of the inte
gration should be understood!. Using Eq.~31!, we obtain

^ j &c52
sc

dc
E

2`

0

f ~x!erfS x

2ADct
D dx, ~35!

where erf(z)5(2/Ap)*0
zexp(2h2)dh. Sincef (x) is localized

within the small lengthl c from the boundary@cf. Eq. ~19!#,
we may cut the interval of integration atuxu!A2Dt and
replace erf(z) with (2/Ap)z. Using f from Eq.~19! and per-
forming the integration, we obtain the time dependence
^ j &c :

^ j &c5
e0E0

2sc

4ec8qcNc
0dc

1

A2pvt
. ~36!

It should be noted that an expanded form of Eq.~32!

I5
di

di1dc

U

Ri
1

dc
dc1di

S^ j &c , ~37!

can also be derived from Eqs.~33! and ~34!. The closed
system consisting of Eqs.~33!, ~36!, and ~37!, allows us to
obtain the time dependence of the observed currentI . Its
form is generally governed by the parameterss i /sc ~or
RcCc /RiCi , which is the same! anddc /di and can be rathe
complicated. We will only analyze here some limiting cas

In the cases i /sc!1, for t!e0ec8/sc we obtain

I5
dc
di
S^ j &c , ~38!

or, using Eq.~36!,

I5
e0SE0

2sc

4ec8qcNc
0di

1

A2pvt
. ~39!

At t;e0ec8/sc this dependence passes over into the expon
tial relaxation with the time constant aboute0ec8/sc @cf. Eq.
~22!#.

In the casedc /di!sc /s i!1, Eq. ~39! is valid only for
t!e0e i8/s i , after which the current increases asAt until it
reaches the steady-state value att;e0ec8/sc .

Finally, in the casesc /s i!dc /di the observed curren
displays the same time dependence as in the previous
until t;(e0e i8/s i)(di /dc), but instead of stabilizing at a
steady-state value, it consequently experiences anothe
crease described by the equation

I5
e0SE0

2sc

4ec8qcNc
0dc

1

A2pvt
, ~40!

(e0e i8/s i)(di /dc)!t!e0ec8/sc . In this case the curren
reaches its steady-state value att;e0ec8/sc .
f

.

n-

ase

de-

IV. RESULTS AND DISCUSSION

The most important theoretical results can be summari
as follows.

When a contact of an ionic crystal with metal is subject
to the microwave field, a quasistationary~dc! electromotive
force ~emf! is induced. It is proportional to the microwav
power, i.e., to the square of the electric-field strength. T
result is consistent with an earlier experimental observatio2

The magnitude of the emf is significantly dependent up
the properties of the contact~along with the bulk properties
of the ionic crystal and metal!. In the typical case of low
conductivity of the crystal (sc!e0ec8v) and high conductiv-
ity of metal (sm@e0em8 v) the magnitude of the emf depend
mostly upon the kinetic properties of the crystal – me
interface (bc , bm) and frequency. As discussed in Ref.
the two contacts of the same crystal with the electrodes g
erally have different kinetic properties, therefore the net e
is nonzero. However, at low frequencies, wh
bm /vlm@1 @cf. Eq. ~18!#, the contacts become largel
equivalent, and the net emf disappears. This may exp
why the effect is not observed at frequencies below the
crowave range.2

The general picture of the temporal dynamics of the q
sistationary current correlates with the time profile of t
microwave power as follows. When the power is turned
abruptly, the current exhibits a spike with the peak va
significantly exceeding the steady state. Then relaxation
the current occurs, until the steady state is established. W
the power is turned off, there is a similar spike of the opp
sitely directed current that is also followed by the relaxatio
The second spike is superimposed on the current remai
after the relaxation of the first spike.

The time dependence of the current during relaxation
pends upon the properties of the contacts. At times less
e0ec8/sc the dynamics of the observed current is determin
by diffusional processes within the contact region and m
be complicated and not even monotonic, depending on
parameters of the contact region. In fact, this sensitivity
the current dynamics to the physical parameters may be
ploited to obtain certain information about the structure
the contact region from data on the current dynamics.
longer time scales, the current may stabilize~if sc!s i) or
exhibit further decrease governed by space charge relaxa
processes within the contact region. In the simpl
case~when the dipolar relaxation processes are not ta
into account! the current decreases exponentially,I
;exp(2sct/e0ec8).

These theoretical predictions are in general agreem
with the experimental results. Typical oscilliscope traces
the current~upper trace! and microwave power~lower trace!
from the experiments with single crystals of NaCl and Ag
are shown in Figs. 3 and 4, respectively. No bias is applie
the crystal; the current results solely from the application
microwave fields. The oscilloscope is used in the aver
mode so that the traces in Figs. 3 and 4 are actually
average of 16 separate pulsed experiments. Using the o
loscope in the average mode effects some smoothing of
traces and enhances the signal-to-noise ratio. Fur
smoothing is performed before the traces are analyzed.

The results presented here are from a single AgCl cry
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and a single NaCl crystal. Three AgCl crystals were tes
and approximately ten NaCl crystals were investigated. E
crystal gives qualitatively similar results, but the magnitud
vary within about an order of magnitude. For some cryst
the current signal is virtually impossible to resolve from t
noise level. We have hypothesized2 that the magnitude is
dependent on the asymmetric nature of the ends of the c
tals.

As is best seen in the results for AgCl~Fig. 4!, when the
microwave pulse is applied, a large spike of negative curr
results. This is followed by a relaxation of the current duri
the pulse. Following the pulse, a spike of positive curr
occurs and then relaxes back to zero current. As discusse
~Ref. 2!, experimentation has shown that the time scales
the relaxations are consistent with ionic diffusion and pol
ization phenomena. The spikes indicate a very rapid phys
response within the crystal and electrodes to the applica
and removal of the microwave radiation, but the full mag
tude of the spikes is likely truncated by the slower rise ti
of the current amplifier electronics~40ms for this amplifica-
tion setting!. The initial decay of the spikes~within about 40
ms! shows concave rather than convex curvature, and th
also probably attributable to the amplifier response tim
Therefore, it is not until about 100ms after the spike that the
data analysis actually begins. The behavior is slightly diff

FIG. 3. Oscilloscope traces of the ionic current~upper trace! in
a NaCl crystal at 120 °C in response to a pulse of microw
radiation~lower trace!. The horizontal scale is 5 ms/div. The vert
cal scale is 100 pA/div for the current trace.

FIG. 4. Oscilloscope traces of the ionic current~upper trace! in
an AgCl crystal at 180 °C in response to a pulse of microwa
radiation~lower trace!. The horizontal scale is 0.5 ms/div. The ve
tical scale is 500 pA/div for the current trace.
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ent for the initial spike in NaCl~Fig. 3!, which appears to
respond more slowly to the microwave-induced emf.

In Fig. 5, the data on the relaxation of the current in Na
following the microwave pulse~from Fig. 3! are plotted on a
logarithmic scale versus time. It can be seen that the re
ation in NaCl following the microwave pulse is exponent
to very good accuracy. This is consistent with the theoret
model that does not account for diffusion effects on the c
rent @cf. Eq. ~24!#. According to the theory, the time consta
of the relaxation should bee0ec /sc . Calculation of the con-
ductivity in the contact region,sc , using the time constan
from the experiments (;10 msec! gives a value 2310210

~Ohm cm! 21. This is about one order of magnitude larg
than the bulk conductivity of ‘‘pure’’ NaCl at this tempera
ture @which makes Eq.~24! applicable#, which suggests tha
a higher level of impurities exists in the contact region. T
difference between the relaxation dynamics during and
lowing the pulse seen in Fig. 5 suggests that the pertu
tions of carrier concentration in NaCl caused by the mic
wave field may be not small in the sense of perturbat
method applicability.

Evidence for impurities in the contact region is seen
Fig. 6, which shows the Rutherford backscattering spect
copy ~RBS! spectra for the two ends of a NaCl crystal wi
sputtered platinum electrodes. Analysis of these spectra~and
specifically the trailing edge or left side of the Pt peak, whi
characterizes in part the interface between electrode and
lide crystal! using theRUMP/GENPLOTsoftware package indi-
cates that both ends of the crystal have some intermixing
Pt, Na, and Cl over a few hundred Angstroms distance. T
difference between the two spectra also offers strong exp
mental evidence for our claim2 that the asymmetry of prop
erties at the ends of the crystal leads to our measureme
a net current rather than two equal and opposing curren

The data from the experiments with AgCl~Fig. 4! are best
fit by plotting the current versus 1/At, as shown in Fig. 7. For
approximately the first millisecond, the time dependence
the current demonstrates excellent agreement with Eq.~40!,
which results from the theoretical model that covers dif
sion effects on the current. After one millisecond, the curr
dynamics begin to deviate from this model and tend asym

e

e

FIG. 5. The current dynamics in NaCl during and following th
microwave pulse fit by an exponential decay.
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totically towards a steady-state current (; 200 pA! during
the pulse or towards zero current following the pulse, also
agreement with the theoretical expectations. The Ag1 inter-
stitial defect mobility is sufficiently high in AgCl that one
would expect diffusion effects to play out quicker than th
so the fact that this transition is observed at the milliseco
time scale suggests that the conductivity in the contact reg
is much lower than the bulk conductivity of AgCl crystals.
possible reason for such a decrease in the near-surface
ductivity may be due to Ag1 interstitial defects recombining
with electrons~from semiconduction-type defects! to form
neutral species. In the same vein, the Frenkel defect form
tion equilibrium could be perturbed near the Ag-painte
electrode~due to a lack of free surface!, resulting in a lower
concentration of Ag1 defects in the contact region.

FIG. 6. RBS spectra of the two ends of a NaCl crystal wi
plasma-sputtered platinum electrodes.

FIG. 7. The current in AgCl during and following the micro
wave pulse shows a 1/At dependence for the first millisecond befor
asymptoting towards a steady-state current.
n

,
d
n

on-
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As further evidence for the agreement of the experimen
data with the theory, we present in Fig. 8 measurement
the current magnitude versus microwave power. The lin
relationship is in agreement with the theoretical model a
with earlier results2 in NaCl. Furthermore, in AgCl the mag
nitude of the peak current and the magnitude of the plat
current~near the end of the microwave pulse! maintain the
same ratio~about 8:1! at all power levels. In other words, th
decay dynamics are always the same, regardless of the
value. This indicates that the crystal-metal contact in AgC
linear with respect to the quasistationary currents, thus v
dating the use of perturbation techniques in the theoret
model.

V. CONCLUSIONS

The theory of the averaged ponderomotive action of
HF electric field in solids was applied to description of qu
sistationary ionic currents induced in ionic crystals by mic
wave irradiation. Microwave-induced currents in NaCl a
AgCl single crystals were studied experimentally. The the
retically obtained dependences of the current upon time
microwave power are in agreement with experimental obs
vations. The theory shows that the magnitude and dynam
of the current greatly depend on the properties of the con
region between the ionic crystal and metal electrode. T
has been verified by RBS spectra for NaCl. This is a dir
experimental confirmation of the theory that suggests
mechanism of nonthermal influence of HF electromagne
fields on charge andmasstransport in solids.
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FIG. 8. The magnitude of the current~both peak and plateau! in
AgCl depends linearly on power (E0

2).
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