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not strictly Debye-like also leads to a temperature de-
pendence of the second-sound velocity. Numerical evalu-
ation of this temperature dependence by R. J. Hardy and
S. S. Jaswal [Phys. Rev. 3, 1440 (1971)]for NaF and B.
J. Bennett [Solid State Commun. 8, 65 (1970)] for rare-
gas solids show also a decrease in the second-sound
velocity with increasing temperature. However, for the
case of NaF where experimental data are available, it is
apparent that the temperature dependence due to the non-
linearity of the phonon spectrum is not sufficient to de-
scribe the experimental findings. The solution of Eq.
{15)predicts a variation of the second-sound velocity from
c& to the e&&(1+2') as the temperature increases and
the system gradually moves from a purely ballistic re-
gime into a hydrodynamic one. This agrees qualitatively
and quantitatively well with the temperature dependence
of this velocity found experimentally. A detailed numeri-
cal analysis of this will be published separately.
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The paraelectric resonance (PER) of Ag' in RbCl for frequencies 7.3-36 GHz is reported.
Assuming nearest-neighbor tunneling is dominant, the data are in agreement with the previous-
ly reported (111) orientation, and the observed dipole moment (uncorrected for local field)
is 4. 6 +0.1 D. Assuming a Lorentz local-field correction, this result can be interpreted as
a charge e displaced approximately 0. 5 )i along a (ill) direction. The distortion of the PER
line as a result of a large linewidth is discussed using a simple model, and the observed
line shape at low frequencies is explained. An upper limit to the zero-field splitting is found
to be 3.0 GHz.

I. INTRODUCTION

In recent years a number of investigators have
studied paraelectric centers in alkali halides using
paraelectric resonance (PER). ' ' Of the centers
studied so far using this technique most have been
diatomic centers with a permanent electric dipole
such as OH and CN in alkali halide hosts. Only
one paraelectric system (Li' in KCl) in which the
electric dipole is formed by an ion sitting off-cen-
ter in the crystal has been studied in detail by
PER. "' ' ' We now report the investigation of
another off-center system —Ag' in BbC1. A pre-
liminary discussion of the results has been given
previously. "

The system HbCl: Ag' has received considerable
attention of late. Dreybrodt and Fussgaenger'
observed a temperature dependence of the dipole
oscillator strength and explained it on the basis of
the Ag" displaced along (111)directions. Electro-
caloric measurements of Kapphan and Luty' in-
dicated that the cation is oriented along (111)di-
rections, forming an electric dipole moment with
a magnitude of 4. 0 +0. 4 D (uncorrected for local
field). Recent infrared studies'a suggest that the
off-center cation is oriented along (110)direc-
tions in the crystal and has a very small dipole
moment. The present results generally agree with
those of Kapphan and Luty and the discrepancies
between infrared studies and other measurements
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are still unexplained.
The effects of linewidths in PER have been

treated phenomenologically. Using a simple mod-
el, the distortion of the observed derivative sig-
nal, at low microwave frequencies where the Q of
the line is —1, can be easily explained. The anal-
ysis shows that if the center of the line is taken as
the zero crossing, the position of the resonance in
electric field becomes nonlinear with microwave
frequency in a manner suggestive of zero-fieM
splitting effects. Thus, for low-Q lines, the cen-
ter of the line is not at the zero crossing. We
will, however, continue to use the zero crossing
since it is an easily obtained experimental param-
eter.

The organization of the paper is as follows: The
apparatus is described in Sec. II, followed by a
presentation of the data in Sec. III; the interpreta-
tion of the results is given in Sec. IV and a sum-
mary of the conclusions is given in Sec. V.

II. METHOD AND APPARATUS

The measurements were taken on reflection
spectrometers at the X band between 7. 3 and 11.5

GHz and at the E, band between 27 and 36 GHz.
For most measurements, the power reflected from
the cavity was observed using a 10-dB directional
coupler as in. Fig. 1. Although less sensitive than
spectrometers which incorporate matched magic
tees, these spectrometers operated over the entire
waveguide band —a necessity for these experiments.
A few measurements were also taken using matched
magic tees with center frequencies of 9. 2, 28. 5,
and 35 GHz. At the K, band, two OKI klystrons
were used —one covered the range 27-32 GHz and
the other the range 32-36 GHz. At the X band,
Varian V-58 klystrons were used. Several used
klystrons were adjusted beyond their normal limits
to give a total available range of 7. 2-12 GHz.

At each frequency, the klystron was frequency
locked to the microwave cavity using lock-in tech-
niques. The error signal was applied to the kly-
stron repeller using an electrooptical device which
had dc response but allowed the output to float up
to 5 kV. A G. E. SSL-5 photodiode and a G. E.
L14A502 phototransistor were used. A similar
electrooptical device has been described by Falick
and Myers. '

A multimode cavity was used for most of the
measurements. The samples were lightly held
against the wall (using a beryllium-copper spring)
in such a manner that the dc and microwave elec-
tric fields were parallel. The stress applied to the
2-cm -size sample by the beryllium-copper spring
was negligible as evidenced by no change in the
paraelectric resonance signal (shape or position)
when the spring was tightened slightly or when it
was so loose that the sample was free to slide.
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FIG. 1. Block diagram of the spectrometer for use
across a waveguide band. For some measurements, the
directional coupler was replaced by a magic tee.

(The ]atter case was very noisy. ) A variation of

the electrical contacts —from evaporated gold elec-
trodes on the sample to holding the sample between
metal plates via the beryllium-copper spring —also
gave no change in the signal.

Standard lock-in techniques were used for detec-
tion. The electric field was modulated at frequen-
cies between 0. 04 and 4 kHz, and a PAR HR-8 lock-
in detector was used to observe the derivative of
the absorption signal.

The crystals were prepared from three boules
grown at the Crystal Growing Facility at the Univer-
sity of Utah with Ag' concentrations of approximate-
ly 2-4, 20-40, and 100-200 ppm. The relative
concentrations of Ag' were determined from the
height of the absorption peak at 200 m p, .' Samples
were oriented using an x-ray diffractometer and
then cut using a string saw with water. Samples
were oriented within 2' from the (100), (111)and

(110) directions. After cutting, the orientation of
the slice was checked and the sample then lapped
using a small amount of water and methanol on a
stretched linen cloth. Sample thickness ranged
from 0. 7 to 2 mm and were measured to 1%. A

few samples which were mechanically polished
gave slightly larger (&10% change) linewidths than

the water-lapped samples.
The samples were fairly delicate and could be

easily strained. The narrowest lines (&30% nar-
rower) were obtained on samples which were very
carefully handled using a vacuum holder (a device
consisting of a soft plastic tube which could be par-
tially evacuated when the open end of the tube was
placed on the sample). Invariably, if the sample
was removed and then remounted in the microwave
cavity and rerun, the linewidth would be slightly
larger. With the multimode cavity used in these
experiments, the same cavity could be used be-
tween 7. 3 and 36 GHz, and thus measurements
could be taken over this frequency range on the
same sample without reloading it.

Two different heat treatments were tried. First
a quenching technique was tried to disperse any
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FIG. 2. Integrated intensity of the absorption line as
a function of the Ag' concentration in RbCl. The graph
shows that the integrated intensity is proportional to the
number of centers in the sample.

III. EXPERIMENTAL RESULTS

clumping of silver impurities that may have oc-
curred. The sample was heated to within 50 C of

its melting point in a RbC1 crucible (argon atmo-
sphere) and then rapidly cooled to room tempera-
ture. This procedure always gave broader lines,
presumably produced by strains.

Secondly we tried annealing the samples to re-
move strains. The samples were held within 50'C
of melting for 1 h in a RbCl crucible in argon gas
and then cooled slowly for 10 h to room tempera-
ture. Annealing of carefully made samples gave a
negligible decrease in the linewidth of the observed
signals (& 10/z). This technique, when applied to
samples previously quenched, narrowed the ob-
served lines to their original value (within 5%).

.35 GHz
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LLJ

Cl

60 GHz

spectively, for the electric field F- parallel to a
(111)axis. At the higher frequencies (27-36 GHz)

the line is nearly symmetric, the position of the

resonance (zero crossing) is proportional to the

frequency, and the linewidth is constant. The data
indicate that in the 27-36-GHz range the system is
in the high-electric-field limit. As the frequency
is lowered the observed signal becomes distorted-
the negative part of the signal being much larger
than the positive part. Moreover, the zero cross-
ing is no longer proportional to the microwave
frequency. This may be seen more clearly in Fig.
5 where the position of the resonance (taken as the
zero crossing) is plotted as a function of frequen-
cy. This deviation from linearity is suggestive of
a zero-field splitting effect but, as will be pointed
out shortly, is caused by the breadth of the line.

At the lower microwave frequencies where the
line was badly distorted, we were concerned wheth-
er or not we were observing pure absorption or a
mixture of absorption and dispersion. To check
this possibility, a phosphorus-doped silicon sam-
ple was also placed in the cavity and the paramag-
netic signal observed simultaneously using a sec-
ond lock-in detector. The paramagnetic signal

Paraelectric resonance absorption of Ag' in HbCl

was observed as a function of Ag' concentration, of

temperature between 1.4 and 4. 2 K, of electric
field orientation relative to the crystal axes, and

of frequency between 7. 3 and 36 GHz. In Fig. 2

the integrated intensity of the observed line for the

applied field along a (111)direction and a frequen-

cy v= 35. 4 GHz is plotted as a function of the Ag'

concentration in the crystal. The data show that
the observed strength of the resonance is propor-
tional to the Ag' concentration and therefore is
strong evidence that the observed signal is pro-
duced by Ag' in RbCl. No signals were observed
in pure RbCl.

Typical experimental data of the derivative of
the absorption curve is shown in Figs. 3 and 4

for frequencies 7. 3-11 GHz and 27-36 GHz, re-

: Ag
I I I)
. 2' K
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FIG. 3. Derivative signal at 7.36, 9.60, and 11.35
GHz for a (111)electric field. The distortion of the
observed line and the rapid shift of the zero-crossing
position to lower fields, when the frequency is lowered,
are easily seen. This effect is attributed to the large
linewidth.
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FIG. 4. Derivative signal at 27. 45, 30.03 and 35.4
GHz for a (ill) electric field. The line is very nearly
symmetric, the linewidth is independent of frequency,
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was symmetric at all values of the electric field
on the paraelectric sample, indicating that we were
observing pure absorption.

Next let us consider the position of the center of

the line, at constant frequency, as a function of the
electric field orientation relative to the crystal
axes in the high-electric-field limit. In Fig. 6

the resonance at 35. 5 GHz is shown for the elec-
tric field along the (100), (110), and (111)axes.
We define the field at which the zero crossing oc-
curs for an orientation (ijk) as E&,, Then the ob-
served ratios relative to the (100) orientation
are

E»~/Esoo= 1.71+0.05, Egso/Egoo= 1

Since as indicated earlier, we are in the gigh-
field limit, these ratios should be independent of
frequency. Experimentally the same ratios were
observed at several frequencies between 27 and

36 GHz.
Measurements taken as a function of tempera-

ture give a temperature-independent linewidth of
the PER signal. However, a strong temperature
dependence was observed in the saturation of the

system at v= 9. 6 GHz. Below about 2 K the sys-
tem could be saturated fairly easily. Between 2

and 4. 2 'K the ability to saturate the system with

the available microwave power (50 mW) decreased
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FIG. 6. Derivative signal at 35 GHz for the electric
field parallel to the (100), (110), and (111)directions.
The figure shows the dependence of the zero crossing on

crystal orientation.

FIG. 5. Position in electric field of the zero crossing
of the derivative signal as a function of the microwave
frequency for (ill) electric field. All measurements
except the 7. 3-GHz data were taken on the garne sample.
The deviation from linearity at low frequencies is a
result of the large linewidth. The dotted line shows the
effect of a zero-field splitting of 5 GHz when the effects
of the linewidth are neglected.
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rapidly, and the system could not be saturated at
4. 2'K.

IV. INTERPRETATION

A, Model Hamiltonians

When Ag' is introduced into the RbCl host lat-
tice, two positions of the ion are possible —one in

which Ag' forms an interstitial impurity that is
eventually frozen in position at low temperatures,
and one in which the Ag' substitutionally replaces
the Bb' ion. Since experimentally Ag' in BbC1
forms an electric dipole that readily reorientates
at low temperatures, the interstitial position is
ruled out and it is assumed that Ag' replaces Bb'
substitutionally. To produce an electric dipole
an additional requirement must be imposed —the
Ag' must not occupy a site of symmetry but must
sit off-center along one of a set of symmetry di-
rections in the crystal. ' ' Reorientation between
equivalent directions in the crystal is possible via
a tunneling model. This model is a good approxi-
mation as long as the tunneling parameters are
small as is the case in RbCl: Ag'.

In this model it is assumed that a multiwell po-
tential restricts the orientation of the dipoles to
lie along one of the symmetry directions in the
crystal. For octahedral symmetry the three most
likely potentials are the XF6 with 6 equivalent ori-
entations along (100) directions, the XY, with 8
equivalent orientations along (111), and the XY,3
with 12 equivalent orientations along (110) direc-
tions. Following Gomez et al. , we define tunnel-
ing parameters p, p, , v, 0 to be the crystal-field
matrix elements for tunneling between nearest-
neighbor potential minima, next-nearest-neighbor
potential minima, etc. Using Fig. 7, the matrix
elements of the crystal-field Hamiltonian K, are
defined as follows:

XF6 systems —two parameters:

~(90') = &~l&. l»= &~l&. le& ",
p, (180') = &o z.

I
~& = (r I16.

I
»

The splittings of the energy levels (called the
zero-field splitting parameters) at E = 0 are deter-
mined by the tunneling parameters.

When the effects of an applied electric field are
included, an additional term Xdfp j Pp E must be
included to give

crystal+ di pole y

where P„ is the apparent dipole moment, uncor-
rected for local-field effects, and E is the external
electric field.

Several investigators ' have obtained the ener-
gy levels as a function of electric field for various
choices of dipole orientations and values of the
tunneling parameters. It is useful to consider the
results in the limits of high and low electric fields.
For low electric fields (P, E & tunneling parameter)
the energy levels are nonlinear in electric field and
in many cases approach the zero-field values
quadratically. In principle if one observes para-
electric resonance at several frequencies just above
the zero-field splitting value, one should be able
to infer the value of the zero-field splitting. This
limit is not applicable to the RbCl: Ag' system
since for the frequencies available, 5»& zero-
field splitting.

In the high-field limit a first approximation is to
neglect the effects of the zero-field splitting param-
eters in the energy levels and only introduce the
tunneling parameters to determine which transitions
are allowed. One may then ask the question: How

does the position of the resonance line vary in elec-
tric field as the orientation of the field is changed?
For a constant microwave frequency, the ratios of
the resonance position for (ill) and (110) direc-
tions of field relative to the (100) direction are
given in Table I using the definitions

+111/+100 t ~ @110/E100 ~

There are of course many other possible values
of the tunneling parameters that could be consid-

XFS systems —three parameters:

)(P0. 5 )=&llz, l6&= &llg, l8). . . ,

g (109.5') = (1 IR, I
4) = (1

I
x,

I
5&. . . ,

v(180 ) = (1 IK,
I
2)

XY6
XY8

XF» systems —four parameters:

q(60 )= (a IR, lg& . . . ,

&(90 ) = &ul &. If& ~

v(120') = (a IX, la) ~ ~ ~

o(180')= (a I+cl5)

~Q

XYI

FIG. 7. Orientations of the dipoles for the three sys-
tems. The crystal-field matrix elements are defined
using this labeling.
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TABLE I. Ratios of the positions of allowed PER transitions at a constant microwave frequency for different orien-
tations of the electric field. The notation is that of Gomez et aE. (H, ef. 21). The parameters n and P are defined by
+ =+iii~@$00 p =E1io/ ioo ~

pc 0

v&0

p=0

e = -,' &3; P = v 2, —,.' v 2

g=0

+=~3; P=~2

XY8

p, v=-0

e= v 3 P=&2

g, v=0

P =~2, 2~2

q, p=0
~= —'v3 vS P=-'v2

p, v, o=0

G. = —,'~3; p = W2, M2

q, v, o = 0

a=vS P=&2

g, v, o'=0

Many lanes

q, p, o.=0

o. & 0

ered. When one of the tunneling parameters domi-
nates, the ratios of Table I are expected; if two or
more parameters are comparable, the ratios will
be different from those listed.

It is interesting to note that the same ratios &

and P can be obtained for more than one system.
In particular, &= v3, P= V2 is possible for the XY6
system with q= 0, p &0 (180' tunneling), for the
XYS system with q e0, p, v= 0 (edge tunneling—
70. 5 ), and the XY&z system with p & 0, q, v, o' = 0
(face tunneling —90'). In fact for these choices of
tunneling parameters the ratio E»/ Ey Owoill be the
same for all three systems for any orientation of
field. Therefore some assumptions must be made
about the tunneling parameters before the orienta-
tion data can be interpreted.

B. Interpretation of Data

The temperature dependence of the resonance
gives two results. First the independence of the
linewidth with temperature indicates that the pho-
non contribution to the broadening is small. This
is consistent with a system broadened by either
internal strains or internal electric fields. Sec-
ondly, the rapid decrease in the ability to saturate
the resonance, which occurs just above 2 'K in-
dicates that the dipole-lattice relaxation rate 1/T&
is changing very quickly with temperature. The
crossover point between a slow temperature depen-
dence and a fast temperature dependence occurs
around 2 K and may be the crossover point from
1/T~~ T to a very rapid temperature dependence
which may not have a simple analytical solution.
Using the power level at which the normalized sig-
nal intensity drops to z (with no saturation, the
normalized signal should be 1), one can obtain a
rough estimate of the temperature dependence.
The preliminary data indicates that between 2. 3
and 3 K the dependence could be described by
I/T~ CC T" where n = 5. Further measurements will
be made to understand the relaxation in more de-

tail.
In Fig. 5, the position of the zero crossing of

the derivative curve deviates from linearity with
frequency below 10 GHz. This is the expected
response when the microwave energy approaches
the zero-field splitting energy. If one assumes
that the orientation of the dipoles is (111)with
g» p. , o and a zero-field splitting of 5 GHz, then
the data agree fairly well with the calculated curve
as shown by the dotted line in Fig. 5. However,
the effects of the linewidth are neglected in such
an interpretation.

Instead, let us make the following assumptions:
(i) The zero-field splitting is small compared to
the microwave energies available; (ii) at 35. 4
GHz there is negligible overlap of the lines at plus
and minus E fields and thus the observed signal
(35. 4 GHz) may be used to give the shape function
of the line; and (iii) for simplicity, assume that
the linewidth is produced by a distribution of elec-
tric fields in the sample. In this model the line-
width remains constant as the frequency is changed
as is experimentally observed between 27 and 36
GHz. The absorption of energy must be symmetric
in electric field E, and therefore the derivative
must be antisymmetric. Let A(f, E) be the absorp-
tion signal at a frequency f and A'(f, E) the deriva-
tive with respect to E. Then

A(f, E)=A(f, E), A'(f, E)= —A'(f, E) . — —

As the microwave frequency is lowered the tails
of the resonance for positive and negative E fields
will start to overlap at low electric fields, thereby
distorting the observed resonance line.

We will define G (&) as the derivative shape func-
tion obtained from the data at fo= 35. 4 GHz with a
zero crossing at E=EO. G'(&)= 0 at &=0. Then
we can calculate the expected line shape as a, func-
tion of E at lower microwave frequencies by shift-
ing the high-field line to lower fields by the same
fractional change as the decrease in the frequency,
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A'(f, E) = G'(E —h f/P „)—G'(-E —h f/P~),

where G'(e) = 0 for & ——Eo,
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and the actual center of the line is at
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I"IG. 8. Position in electric field of the zero crossing
of the derivative signal as a function of the microwave
frequency for (111)electric fields. All data except the
7.3 GHz were taken on the same sample in the same
cavity. The solid line is the calculated position of the
zero crossing using the 35.4-GHz data.

~o=&o- ~
The calculated zero crossings (not line centers)

are compared in Fig. 8 with the data taken on the
same sample at several frequencies (without han-

dling the sample). The good agreement is even more
striking when one compares the observed and cal-
culated line shapes as shown in Fig. 9 for 8. 8 GHz.
To check the effect of changes in the linewidth, a
second calculation was made with the 35. 4-GHz
data broadened by 10/q. The calculated line for
8. 8 GHz then showed a much larger distortion and
the zero crossing moved down in field by 20/z.
Therefore we conclude that the observed distortion
and shift of the zero crossing of the observed reso-
nance at low frequencies must be a result of the
large linewidth and not the effect of the zero-field
splitting. Moreover if the zero-field splitting is
—~ (linewidth energy), its effect will probably not
be observed (less than a 4% effect). We place an

upper limit of 3.0 GHz on the zero-field splitting.
Similar linewidth-dependent zero crossings of

paraelectric resonance lines have been observed
in other systems —notably KCl: QH where the
zero crossing was observed to move to a higher
electric field when the linewidth was decreased.
For this system, the linewidth energy is of the or-
der of the microwave energy used, and an analysis
which includes the distortion near zero electric
field which results from the overlap of the tails of
resonances at positive and negative electric fields
should explain these observations in KCl: OH .

Next, consider the orientation data. The exper-
imental values for & and P are very close to vS

and &2, and therefore we have one of three pos-
sibilities —an XY6 system, with p»g, an XY8
system withe» p, , v or XYq2 with p, »q, v, a. It
is probably reasonable to assume that 180' tunnel-
ing does not dominate over 90' tunneling for the XY6
system, and thus we can eliminate this system.

hl

I-
KP

LLja

Rb Cl: Ag~ (Approx. pp ppM)
Calculated from 35.4 6Hz data for fs 8.8 6Hz
Digitized data at 8.8 6Hz

X X X FIG. 9. Line shape at 8. 8 GHz.
The figure shows good agreement
between the line calculated using
the 35.4-GHz data and the 8.8-
GHz data taken on the same sam-
ple. The calculation was normal-
ized to give the same peak-to-
peak height.
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For the XF8 system q» p, v (nearest-neighbor
tunneling) is a reasonable assumption, but for the
XF» system the situation is not obvious. It is easy
to conceive of a potential for which the tunneling
parameter LU. for second-nearest-neighbor tunneling
is important —for example, a potential with a saddle
point in the (100) directions. However, for such a
potential, nearest-neighbor tunneling could also
proceed via the (100) directions and thus both q, p
should be important. To have p. »g places strong
restrictions on the potential, and we therefore
suggest that the observed ratios probably indicate
that the dipole orientation is (111) in agreement
with Kapphan and Luty and Dreybrodt and Fuss-
gaenger, but not with Kirby et al. If other experi-
ments definitely resolve the orientation of the di-
pole, then the PER orientation data will indicate
which tunneling parameters are dominant.

Finally, the electric dipole moment P, (un-
corrected for local fields) may be obtained from
the high-field slope of the line position vs frequen-
cy data (Fig. 5). Assuming a (111)orientation
for the dipoles, then

P„=4.6+0. 1 D.
This agrees fairly well with the value 4. 0+0.4 D
obtained by Luty et al. , but disagrees strongly with
the infrared data of Kirby et a/. , for which I'„ is
very small.

If one attempts to correct for local-field effects
using the Lorentz local fieM, a corrected dipole
moment of 2. 03 D is obtained. Interpreting this
dipole as a charge e displaced a distance ~ along a
(111)direction gives a value for r of 0. 43 A. This
agrees well with the theoretical value of 0. 54 A
calculated by Wilson et aE. ' and is less than a fac-
tor 2 larger than the value obtained by Dreybrodt
and Fussgaenger. Considering that the Lorentz
Local-field correction is only an approximation for
permanent dipoles, the agreement is reasonable.

The disagreement of the infrared data with PER
and electrocaloric data, along with recent data of
Hanson, and the fact that Luty's data did not fit the
(111)orientation exactly, point out that the
RbCl: Ag+ is probably not a simple system. Ag'
may for example form more than one type of center
in RbCl. The variations in the observations would
then be attributed to different experiments having
different relative sensitivities for each type of
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Foundation.
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V. CONCLUSIONS

The observed paraelectric resonance is attributed
to off-center Ag' in the RbCI host. The orientation
data agree with the (111)orientation obtained by
Kapphan and Luty, and Dreybrodt and Fussgaenger, '
if one assumes nearest-neighbor tunneling is domi-
nant. However, if one assumed that one of the other
tunneling parameters is dominant, then the data
agree with a (110) orientation if p» q, v, o (face
tunneling) or a (100) if p»g (180' tunneling).

Assuming a (111)orientation, an electric dipole
moment of 4. 6 +0. 1 D is obtained. Using a Lorentz
local-field correction, this result may be inter-
preted as a charge e displaced approximately 0. 43
A along the (111)direction, in fair agreement with
the theoretical value. '

The shift of the zero crossing and the distortion
of the PER line at low frequencies has been ex-
plained assuming that the tails of resonance lines
for positive and negative E fields, overlap at E = 0.
Assuming that the broadening may be represented
by a distribution of electric fields in the sample,
and that the zero-field splitting is very small, the
line shape calculated for low frequencies (8. 8 GHz)
using the high-frequency data (35.4 GHz) agrees
very well with the low-frequency experiments on
the same sample. This simple analysis shows that
if the linewidth energy —4X (zero-field splitting),
the effects of the zero-field splitting will be masked
(less than a 4%%uo effect). After correcting the data
for linewidth effects an upper-limit estimate for
the zero-field splitting was found to be 3 GHz.

The saturation data indicated that the tempera-
ture dependence of the relaxation rate changed
rapidly around 2 'K. More work is necessary to
check this result.

The disagreement between infrared studies and
other measurements is still unexplained. This
might be a result of Ag' forming several types of
PER centers with the possibility that different ex-
periments are sensitive to different impurities.
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The transient photoinjection of holes from amorphous selenium into layers of poly{N-vinyl

carbazole) (PVK) has been studied. A variety of techniques are described which lead to the
conclusion that no barrier to injection need be invoked. The injection threshold observed in
the Se:PVK structure using the xerographic condenser technique can be accounted for in terms
of the achievement of space-charge-perturbed currents in the polymer dielectric. The steep-
ness of the observed threshold arises from the field dependence of the drift mobility of holes
in PVK.

I. INTRODUCTION

Regensburger has recently described the sen-
sitization of the dielectric poly(N-vinyl carbazole)
(PVK) by overcoating with a thin layer of amorphous
selenium as a sensitizer. The sensitization was
studied using a xerographic condenser discharge
technique and the results were interpreted as the
injection of holes photogenerated in the amorphous
Se into PVK. An abrupt drop in the gain of the sys-
tem was observed on going to lower fields.

Several possibilities exist for the origin of what
Begensburger termed a threshold field for carrier
injection. These can be conveniently classified in-
to two categories. One would be the presence of
some type of "injection barrier" as suggested by
Regensburger. This could have its origin in a
potential energy barrier due to the mismatch of
electronic energy levels in the sensitizer and the
dielectric, or it could result from macroscopic

mechanical barrier at the interface between the
sensitizer and the dielectric. The second category
would arise, not because of any injection or inter-
face limitation, but rather from bulk properties.
Two outstanding possibilities in this class would be
a range limitation in either the sensitizer (or the
dielectric) or an absence (or at least reduction)
of the field within the sensitizer due to permanent
charge accumulation at the sensitizer-dielectric
interface. As far as the bulk limitations are con-
cerned, the range limitation can be eliminated in
the amorphous Se: PVK system because of the in-
dependent knowledge of the ranges of Se and PVKS
from transient measurements.

The aim of this paper is to indicate from an in-
vestigation of transient photoconductivity in Se: PVK
structures that a decrease in injection efficiency
observed in the xerographic mode can arise from
the trap-free space- charge-perturbed currents
(TFSCPC) in PVK.


