VOLUME 27, NUMBER 2

PHYSICAL REVIEW LETTERS

12 JuLy 1971

'E. C. Snow, Phys. Rev. 171, 785 (1968).

3. 0. Dimmock, A. J. Freeman, and R. E. Watson,
in Optical Properties and Electronic Structure of Me-
tals and Alloys, edited by F. Abelés (North-Holland,
Amsterdam, 1966), p. 237.

3U. Rossler, Phys. Rev. 184, 733 (1969).

4J. Korringa, Physica (Utrecht) 13, 392 (1947);

W. Kohn and N. Rostoker, Phys. Rev. 94, 1111 (1954).

’R. L. Hengehold and R. J. Almassy, Phys. Rev. B 1,
4784 (1970).

D. W. Langer and C. J. Vesely, Phys. Rev. B 2,
4885 (1970).

Y. S. Park et al., DESY Report No. 7019, 1970 (to
be published).

8G. F. Derbenwick, dissertation, Stanford University,
1970 (unpublished).

SW. F. Krolokowski, dissertation, Stanford Univer-
sity, 1970 (unpublished).

10w, E. Spicer and C. N. Berglund, Rev. Sci. Instrum.
35, 1665 (1964).

“TIR. C. Eden, Rev. Sci. Instrum. 41, 252 (1970).

I2R. Powell, W. E. Spicer, and J. McMenamin, unpub-
lished.

Bw. E. Spicer and R. C. Eden, in Proceedings of the
Ninth Intevnational Conference on the Physics of Semi-
conductors, Moscow, U. S. S. R., 1968 (Nauka, Lenin-
grad, U.S.S.R., 1968).

14y, Fano and J. W. Cooper, Rev. Mod. Phys. 40, 441
(1968).

15D, Beaglehole, in Optical Properties and Electronic
Structurve of Metals and Alloys, edited by F. Abeles
(North-Holland, Amsterdam, 1966), p. 154.

Temperature Dependence of the Cyclotron Mass of an Electron Polaron in AgBrT*

J. E. Baxter,i G. Ascarelli, and S. Rodriguez
Department of Physics, Purdue University, Lafayette, Indiana 47907
(Received 14 May 1971)

We report measurements of the cyclotron eftfective mass of AgBr as a function of the
temperature, which show a temperature dependence given by m* (T) =m*(0) +u exp(—6/T).
The quantities 4 and m*(0) are expressed in units of the free electron mass; g is sample
dependent and on the order of 1, m*(0) is between 0.286 and 0.289, and the activation tem-
perature 0 is #80°K. This result can be interpreted as arising from a resonant electron-
phonon interaction between an electron in the conduction band of the crystal and a bound

impurity state mediated by a LA phonon.

Previous workers® have observed that the cy-
clotron mass of an electron in many ionic crys-
tals (AgBr, AgCl, KCl, KBr, KI, RbCl, RbI)
depends on the magnitude of the electric field
used in the measurement. In the case of AgBr
they estimated the carrier temperature to be
~T70°K and assigned the change of mass to the
nonparabolicity of the polaron band. The pres-
ent data, obtained using a superheterodyne spec-
trometer and optically excited carriers, show
instead that these changes are related to an inter-
action of the carriers with defects rather than to
a polaron effect characteristic of a perfect crys-
tal. The same argument developed here to ex-
plain the observations in the case of AgBr will
explain the anomalously large spin-dependent
scattering cross section of carriers by F centers
in alkali halides.? The evaluation of carrier tem-
peratures given in Ref. 1 appears to be an over-
estimate.

High-purity samples have been used (w7 >25
at 55 GHz and 4°K).? The temperature depen-
dence of the mass (Fig. 1) can be described by
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the expression m *(T)=m*(0) + u exp(-0/T).

All of the parameters [m*(0), pn, and 6] depend
somewhat on the individual sample and its pre-
vious history. When most of the available traps
have been saturated with electrons at low tem-
perature, m*(0) is between 0.286m, and 0.289m,,
6 is between 70 and 85°K, and u/m, is on the or-
der of 1. Representative data corresponding to
two extreme cases are shown in Fig. 1. It is dif-
ficult to get a good estimate of the electron mass
below ~10°K because the measured mass is a
strong function of the applied electric field.

At 4.8°K a noticeable change of the measured
cyclotron-resonance mass (Fig. 2) is still ob-
served even when the electric field is changed in
the vicinity of 0.3 V/cm. Such changes affect the
estimate of »*(0) that in turn is responsible for
larger uncertainties in both y and 4. Another
significant experimental observation is the ex-
treme asymmetry of the cyclotron line at low
temperatures (Fig. 3); it becomes broader and
more symmetric when the temperature is in-
creased.



VOLUME 27, NUMBER 2 PHYSICAL

REVIEW

LETTERS 12 Jury 1971

o,
310 6 7/ 1.
- ... : 'Q
L —5 x
E'OSVO |
[WTezq M o
8 ~ * B
305~ Mo 18
L o 4
- —43
| 1 >
S~
300 183
a i AgBr N-2 ] °
- (e} -1 -
4 i X w N33
= | o w N-44 3
- A v N-64 @
§.295_ 0 n N7 g
E [ ¢ onone ]
@t B
o [ 1E
W 290+ \ 15
2 N A N 13
- £++ 0 1 >
| + e \\ — o
.285:— B -7 WTe 3 ]
T B L b
5 10 15 20
T, °K

FIG. 1. Temperature dependence of the cyclotron mass m*/my; relative area under the cyclotron absorption,
o (right-hand scale); and cyclotron mobility 4. The dotted line is obtained from the extrapolation to zero micro-
wave field of the microwave field dependence of the cyclotron absorption width. The data shown correspond to
samples labeled 2 to 8. Data from other samples lie between curves 1 and 2.

Finally it has been observed that the low-tem-
perature—induced conductivity is predominantly
due to holes that contribute a nonresonant back-
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FIG. 2. Dependence of the observed effective mass
on the microwave electric field used in the measure-
ment.

ground to the rf conductivity. From the temper-
ature dependence of this background signal it is
concluded that the hole traps are smaller in
number than the electron traps and that the re-
combination of a free electron and a free hole is
more probable than in the case when the former
is trapped. The electron traps have been studied
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FIG. 3. Shape of the cyclotron resonance absorption
as a function of temperature. The scale factors cor-
responding to different temperatures are not the same.
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previously.® Their number is on the order of
10'® ¢cm "2 even in the best samples available.
The nature of these traps is unknown. We mea-
sured their thermal activation energy (270 + 30°K)
(see Fig. 1); our result is in good agreement
with the optical data.® Although our ESR sen-
sitivity is 10" spins per cm?® at 4.2°K for a line-
width of 1 G and an incident microwave power of
10 yW, we were unsuccessful in detecting any
ESR signal that could be related to the above
traps.

Between 16 and 22°K, w7 has an exponential
temperature dependence with an activation ener-
gy of 85+30°K (Fig. 1) while at lower tempera-
tures its temperature variation is slower. The
observed mobility (34 000 cm?/V sec at 21°K) is
too low to be determined by LO-phonon scatter-
ing* and its temperature dependence is too rapid
to be accounted for by LA phonons.

A study of the indirect optical absorption®
shows that neither the exciton binding energy nor
the self-energy of the electron polaron change
with temperature up to at least 45°K implying
that the present observation of the changes in
effective mass is not an intrinsic property of the
perfect crystal.

An estimate of the binding energy of an elec-
tron bound in a state corresponding to a quantum
number n=2 of a Coulomb center yields® ~8 meV,
within the framework of the effective-mass ap-
proximation. We notice that this energy is close
to the observed activation energy of m* (6.5
<6<17.5 meV). The predicted n=3 and n=4
states would give rise to induced-optical-absorp-
tion lines that coincide with previous observa-
tions of Brandt and Brown.?

The proximity of the activation energy of m*
and the binding energy of the impurity, the im-
portant hot-electron effects observed by us as
well as by Hodby,' and finally the conclusion that
the present observation is not characteristic of
a perfect crystal, lead us to search for an ex-
planation related to scattering by impurities.

We visualize such a process as the resonant
capture of a conduction-band electron in state
lk) into a bound state 1) of a charged impurity
with the emission of a virtual phonon Iq, ) of
wave vector q and polarization u. The bound
state is supposed to have energy E, below the
conduction band. The electron is immediately
reemitted into state |k) with the absorption of the
phonon. This effect becomes important when the
energy of the phonon, 7w, is in the vicinity of
E,. The formal aspects of the theory are similar
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to those used for the study of the resonant elec-
tron-phonon interaction for bound states.” Let
us consider the Hamiltonian of a single electron
moving in the crystal in the presence of an im-
purity and coupled with the lattice by the elec-
tron-phonon interaction H,. We suppose that H,
couples states Ik, n,,) and 1b, n,, +1), where in
the first the electron is in a state with wave vec-
tor k in the conduction band and there are ng,
phonons in mode qu present while in the second
the electron is bound in the state b and there are
n,, +1 phonons in the mode qu. All other phonon
modes remain unchanged. The matrix element
of H, between these states will be designated by

<b’ nqu+ 1 |H1‘i;’ nqy) = qu (nqu+ 1)1/20 (1)

The energy eigenvalues of the system are the
real parts of the solutions of the equation

|Buf g *1) @)
ap WHE, —fw,, + 30

W=¢,+

Here, 7/T is the lifetime of the state |). The
level corresponding to the electron in the conduc-
tion band with wave vector Kk is obtained by ex-
panding the right-hand side of Eq. (2) in powers
of W, keeping only the first power, and solving
for W. In Eq. (2) we take for n,, its thermal-
equilibrium value. This expansion is valid in
view of the fact that the linewidth I is certainly
non-negligible since in the case of AgBr the rele-
vant state is not the ground state of the impurity
but one which we assume to have an energy near-
ly one-LO-phonon energy above the ground state.
As expected this mechanism leads to shifts in
the band edge and the zero-temperature effective
mass, and in addition it gives rise to a tempera-
ture dependence of the polaron mass of the form

m*(T) =m*(0) + u exp(-E, /kT). (3)

For our purposes, the significant dependence in
temperatures gives a result which is in agree-
ment with the data. We do not give a numerical
estimate of the constant u because it would re-
quire a detailed model of the impurity and of the
vibrational spectrum of the crystal. This analy-
sis is reserved for a future publication.

TWork supported in part by the National Science
Foundation under Grant No. GP 12757.

*A preliminary report of this work appeared in Bull.
Amer. Phys. Soc. 16, 145 (1971). The higher effective
mass reported therein [m*(0)/m,=0.293] results from
heating of the carriers by the applied electromagnetic
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Vanishing of the Ferroelectric and Antiferroelectric States in
KH,PO, -Type Crystals at High Pressure*

G. A. Samara
Sandia Labovatories, Albuquevque, New Mexico 87115
(Received 3 May 1971)

The ferroelectric phase of KH,PO,4 and the antiferroelectric phase of NH,H,PO, vanish
at hydrostatic pressures >17 and 33 kbar, respectively. The results are qualitatively
discussed in terms of the coupled proton-lattice model developed by Kobayashi and
others, and they reemphasize the important role of the hydrogen bond in these crystals.
We discuss possible important changes with increasing pressure in the character of the

ferroelectric mode in KH,PO;.

The purpose of this Letter is to report and dis-
cuss the observation of the vanishing of the or-
dered ferroelectric (FE) state in KH,PO, (KDP)
and antiferroelectric (AFE) state in NH,H,PO,
(ADP) at high pressures and low temperatures.
The work is the first of its kind, and the results
reveal important information concerning the na-
ture of the phase transitions in these important
hydrogen-bonded crystals. Before presenting
the results and discussing their implication, a
brief account of the background which motivated
the work is useful.

At high temperatures KDP and ADP are iso-
morphous—tetragonal [42d—and are paraelec-
tric (PE). The crystal structure consists of tet-
rahedral PO, groups connected by a network of
O-H- -+ O hydrogen bonds which lie very nearly
in the basal planes. On cooling, KDP transforms
to an orthorhombic (Fdd,) FE phase at 123°K
with spontaneous polarization along the ¢ axis,
whereas ADP transforms to an orthorhombic
(P2,2,2)) AFE phase at 148°K. One of the most
intriguing features of the behavior of these crys-
tals is the crucial role played by the protons in
the transition. This is most evidenced by the
~80% (for KDP) and ~60% (for ADP) increases in
transition temperatures observed on complete
deuteration.

Very extensive experimental and theoretical
work has been reported, particularly on KDP,
and several models for the FE behavior of this

crystal have been proposed.! Although many
questions remain unsettled,! the picture that has
emerged and the point of view taken here is that
the onset of ferroelectricity in KDP is triggered
by an order-disorder transition of the protons in
the H bonds, and that the motion of the protons
is strongly coupled to the displacements of the
other ions (particularly along the c axis). In the
PE phase each proton can occupy either of two
equilibrium positions along the H bond (i.e.,
there is a double-minimum potential), but it is
ordered on one of them in the FE phase. The or-
dering is such that in a single domain all protons
order near “upper” or “lower” oxygens of the
PO, groups, depending on the polarity. In the
AFE phase of ADP the ordering is such that the
protons occupy one “upper” and one “lower” cor-
ner of each PO, tetrahedron, and the resulting
coupling to the lattice is modified so as to cause
antiparallel ionic displacements and an AFE
phase. It has been recognized that the shape of
the potential along the H bond is strongly depen-
dent on the length of the bond. Since the H bond
is mechanically the weakest link in the crystal
structure, the properties of these crystals can
be expected to be strongly pressure dependent.
This was largely the motivation of the earlier
low-pressure work.2"¢

The details of the proton-lattice coupling and
transition in KDP are very complicated, and
quantitative models are lacking. However, a
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