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state. Thus, this observable overrides the
usual energy limitations, and its study may
be extended to cover energies from a few eV
to tens of MeV.

*Work performed under the auspices of the U.S. Atom-
ic Energy Commission.
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In this Letter we report observations of cy-
clotron resonance and approximate values for
polaron masses in seven different ionic crys-
tals. For the first time, the size of the polar-
on effect can be estimated in a variety of ma-
terials over a wide range of coupling constants.
The measurements were carried out at 2-mm
wavelengths and magnetic fields up to 140 kOe
using an electron-heating technique previous-
ly applied to KBr at longer wavelengths.! The
results can be used to compute band masses
(effective masses in the absence of lattice po-
larization) for the purpose of comparison with
recent band calculations.?™*

Transient currents about 2 usec in duration
were excited in the insulating crystals studied
by repeated flashes of a small xenon flash lamp.
The alkali halides were either x rayed or ad-
ditively colored with F centers, and electrons
were excited by K- and L-band illumination.

In the case of the silver and thallium halides,
the carriers were produced by band-to-band
excitation. Identical positive and negative volt-
age pulses were repetitively applied to the spec-
imen, placed between blocking electrodes im-
mersed in liquid helium. The small transient
photocurrents were then amplified by a low-
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noise wide-band preamplifier® and pulse-shap-
ing main amplifier. The repeated pulses were
averaged in a two-channel boxcar integrating
circuit® in such a way that the photoresponse
could be continuously recorded as a function

of various parameters, for example, as a func-
tion of transverse or longitudinal magnetic fields.
Polarization effects were minimized by the
symmetrical conditions of drift during positive
and negative voltage pulses and by the use of

a depolarizing light during the dark intervals
between pulses. The rms noise of the ampli-
fier was equivalent to a single input pulse of
about 450 electrons; however, repeated puls-
es of only five electrons each could be detect-
ed by pulse averaging. Further apparatus de-
tails will be given elsewhere.”

In order to observe cyclotron resonance of
the photocarriers, 140-GHz microwave pow -
er from a COE-20C Carcinotron was switched
on during alternate pulses of the flash lamp.
The output of the boxcar integrating circuit
was arranged to be proportional to the differ-
ence between alternate photopulses. When us-
ing this differential mode, microwave-induced
changes in the photoresponse as small as 0.1%
could be observed. The crystal was located
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in a longitudinal magnetic field as in Ref. 1,
except that a water-cooled Bitter-type solenoid
was employed instead of a superconducting so-
lenoid. The Carcinotron was located about 10
ft away from the magnet in order to avoid fring-
ing field effects. Transmission through cylin-
drical TE,, mode waveguide minimized losses.
Rapid switching of the microwaves was achieved
either by the use of a ferrite modulator or by
frequency modulation of the Carcinotron over
the passband of the rectangular-to-cylindrical
waveguide mode converter. The high differen-
tial sensitivity of the detection apparatus per-
mitted the use of lower microwave field strengths
than in Ref. 1, consequently, large untuned
samples were employed rather than resonant
dielectric posts.t

Samples of the various alkali halides were
selected for large wT by independent transport
experiments, either by observing a low-tem-
perature Hall mobility in excess of 10* cm?/
V sec, or by observing a critical field (onset
of hot-electron behavior) in the vicinity of 100
V/cm.»® For KCl, KBr, KI, and RbCl as well
as Nal and CsBr, the transverse magnetocon-
ductivity was measured by maintaining the mag-
nitude of the field constant, but allowing its
direction to rotate through 360° in a plane or-
thogonal to the applied electric field. This was
done at various electric field strengths above
and below the critical field, and no variations

greater than 0.5% were observed which were
consistent with cubic symmetry. These results
are in agreement with the assumption of spher-
ically symmetric conduction bands centered
at =0 as well as with isotropic relaxation times.
Similar results were found for electrons in
the silver halides by Tippins.®

Using the differential technique described
above, definite evidence for cyclotron resonance
was obtained for the materials listed in Table I.
A single resonance was found in each case ex-
cept for TICl, where both a low- and a very high-
field resonance was observed. Figure 1 shows
the resonance at #=51 kOe for electrons ex-
cited from F centers in KBr. It should be point-
ed out that the sign and magnitude of the differ-
ential resonance signal shown in Fig. 1 is as-
sociated with a small decrease (0.5%) in the
direct current mobility as electron energy is
increased by the application of microwave pow -
er. The differential signal can also be of op-
posite sign under conditions where the electron
mobility tends to increase with electron ener-
gy. Such effects were sometimes observed at
low electric fields and were associated with
superlinearity in current versus voltage curves
taken under the conditions of the experiment.
This effect could arise from a transverse com-
ponent of magnetic field due to misalignment
(by 1° or 2°) between applied electric and mag-
netic fields. Transport effects in the alkali

Table I. Observed (polaron) mass mp, band mass m, and coupling constant & for the materials shown. The
high (€,,) and low (&) frequency dielectric constants and longitudinal optical frequencies 1/A are also given. The
last two columns contam the mass m* from band theory and reduced masses u=¢€,2G/13.6 from exciton optical data.

/a2
mp/me m/mg o €0 Esa (em™h) m*/mg w/mg
KCl 1.2540.12 0.496 3.97 2.13 4.49 213 0.55P 0.134
0.67¢€
KBr 0.93+0.05 0.428 3.52 2.42 4.52 168
KI 0.67+0.05 0.398 2.60 2.76 4.66 143 0.49¢ 0.22f
RbCl 1.38+0.10 0.515 4.14 2.22 4.58 180
AgCl 0.51+0.04 0.348 2.00 4.04 9.50 197
AgBr 0.33+0.03 0.241 1.69 4.62 10.6 140
TIC1 0.53+ 0.05 0.320 2.55 5.10 37.6 158
2.7240.10 0.936 4.35

4R. P. Lowndes, Phys. Letters 21, 26 (1966).
bRet. 3.
CRef. 2.

dror hvy=8.4 [T. Tomiki, J. Phys. Soc. Japan 21, 409 (1966); see also G. Baldini and B. Bosacchi, to be pub-
lished], E,=8.5 eV [J. Phillips, Phys. Rev. 136, TA1705 (1964)], and the use of €o.
€For hv,=8.4 [T. Tomiki, J. Phys. Soc. Japan 21, 409 (1966); see also G. Baldini and B. Bosacchi, to be pub-
lished], E;=8.9 eV [G. Huggett and K. Teegarden, Phys. Rev. 141, 797 (1966)], and the use of €.
J. Ramamurti and K. Teegarden, Phys. Rev. 145, 698 (1966).
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FIG. 1. Cyclotron resonance signal at 140 GHz for photoelectrons in an additively colored crystal of KBr at 4.2°K.
The vertical scale is inverted and approximately gives the percent change in photocurrent produced by the micro-
waves. This is a single scan. Repeated scans show that the maximum effect occurs in the vicinity of 51 kOe corre-

sponding to a polaron mass my, =eH/wc=0.93m,,.

halides were also observed which could be as-

sociated with spin resonance of F centers. These

will be reported elsewhere.

The 51-kOe peak shown in Fig. 1 corresponds
to a cyclotron-resonance effective mass of 0.93
+0.05 free-electron masses. Presumably this
measured mass (spherical energy surfaces)
is close to that of the polaron since the longi-
tudinal optical frequency in KBr (5100 GHz) °
is much higher than the cyclotron frequency
at resonance (140 GHz). Effects such as dis-
cussed by Johnson and Larsen!! are not expect-
ed to be very important in the present exper-
iments. We therefore use the symbol my, for
both observed and polaron mass since they are
probably very nearly the same number.

The various observed polaron masses, m,,
are given in the first column of Table I, where-
as the second column contains values of band
mass, m, computed by means of an interpola-
tion formula due to Langreth.!? This formula,
which closely approximates the Feynman po-
laron mass, is

m,_=m
b
where the coupling constant a = (e2/7)(m/2hw))*?
X (€g—€,)/€4€w, €g is the static dielectric con-
stant, € the optical dielectric constant, and

( 1-0.0008¢2 > )

1-30+0.00034a?
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w; the longitudinal optical frequency. It is in-
teresting to compare these band masses m
with the predictions of band theory as shown
for two cases?? in the next to the last column
of Table I. Reasonable agreement is found.
The exciton lines of the alkali halides appear
to fit approximately a Wannier model and ser-
ies of the form &y, =Ey~G/n?® where E, is the
interband transition energy and G is the exci-
ton binding energy.'® Dielectric-constant da-
ta and the exciton optical values for G can there-
fore be used to deduce a reduced exciton mass
u1=€%G/13.6, which should be close to the ef-
fective mass of the electron for the narrow
valence bands of the alkali halides. Because
of the local nature of the » =1 exciton state,
it seems most appropriate to determine G from
E, and hv, or higher terms in the series when
these energies are known. A favorable case
is that of KI, where G ~0.4 eV.** Now in de-
termining u from the above formula, there is
a difficulty as to the proper choice of dielectric
constant. The use of the optical dielectric con-
stant for KI, € =2.76, gives u/m,=0.22. This
value of u is considerably less than the band
mass shown in the second column of Table I.
It thus appears that an effective dielectric con-
stant larger than € must be used for these
fairly large orbit exciton states. A value of
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€=3.7, intermediate between €, and €, gives
a reduced mass 1 close to the electron band
mass m. When the static constant e, =4.66 is
employed, a reduced mass u/me=0.64 is ob-
tained which is close to the polaron mass for
KI given in the first column of Table I. Such

a result is consistent and would be expected
for excitons of sufficiently large radius as dis-
cussed by Haken.!® The question is whether

or not bound polaron states with the binding
characterized by an effective dielectric constant
as large as €g are produced during the absorp-
tion process itself.!®

Recently, transitions to the » =2 exciton states
have been identified in the reflection spectra
of KC1 and other alkali halides.'” On the oth-
er hand, values of the band gap energy E, are
not yet known with precision. Table I lists the
reduced masses in KCI using €., and two choic-
es for E,.'®® The first choice, correspond-
ing to a smaller binding energy, yields a val-
ue of 4 much less than the value of m given
in the second column. Again, this would indi-
cate that one should employ an effective dielec-
tric constant somewhat larger than €., as in
the case of KI.

Cyclotron resonances were also found for
band-to-band excitation in AgBr, AgCl, and
TICI. In the first two cases these are almost
certainly due to electrons in agreement with
a Hall effect of negative sign in the silver ha-
lides. The resonance for AgBr overlaps, but is
a little higher than, that previously reported.?
Plasma resonance effects, which are certain-
ly absent here, may have contributed to the
earlier result at higher temperatures and high
light levels. The smaller of the two masses
for TICl1 is in close agreement with recent cy-
clotron resonance absorption measurements
at 6 mm.?! Both electrons and holes have been
found to be mobile in T1Cl.22
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