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Quantum tunneling effects in dipolar ferroelectrics:
A nuclear-quadrupole-resonance study in Hcl-DCl mixed crystals
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Static and dynamical effects from a quantum tunneling contribution to the dipole reorientations
in the ferroelectric phases of the mixed crystals HC1-DC1 have been studied through 'Cl nuclear-
quadrupole-resonance pulse Fourier-transform measurements. Experimental data for the transition
temperatures T, and the local correlation times ~, of both the HC1 and DC1 dipoles, for several per-
centages of deuteration are analyzed in the light of a dynamical Ising model in a transverse field
which includes damping in a heuristic way. The virtual-crystal approximation (VCA) is used in
deriving both the static properties (local order parameters and transition temperatures) and the
reorientational dynamics (local correlation functions). Estimates of the interaction energy and the
tunneling integrals are obtained from the dependence of T, on deuteration. The behavior of the
correlation times for the DC1 dipoles as a function of deuteration, predicted within the framework
of the VCA approach, is consistent with the experimental results. However, for the HC1 dipoles
this theoretical picture does not account for the correlation times in the dilute limit of almost-
complete deuteration. Instead, the persistence of quantum tunneling (namely, short correlation
times) is observed in spite of the interaction with the "classical" DC1 dipoles (long correlation
times). Possible sources for this phenomenon are discussed. The only hypothesis that appears suit-
able involves the effect of local phonon modes on the tunneling of the HC1 dipoles.

I. INTRODUCTION

Most dipolar order-disorder ferroelectrics exhibit
reorientational dynamics of a classical nature. In other
words, in an assembly of permanent electric dipoles or
flipping ions, polarization fluctuations are related to the
exchange of energy with the thermal bath. The time
dependence of the polarization as derived, for instance,
from the Onsager irreversible thermodynamics, is charac-
terized by diffusional relaxational modes, with a correla-
tion time at a critical wave vector which diverges on ap-
proaching the transition temperature. ' In the local repre-
sentation classical fluctuations mean that the electric di-
pole can take the reverse position in a double-mell —type
potential only through thermally activated motion.

For an atom of small mass involved in the reorienta-
tion, a sizable contribution to the collective dynamics can
come from quantum tunneling between the equilibrium
positions. Several static and dynamical properties of the
crystal (Curie constants, transition temperatures, spon-
taneous polarizations, relaxational times, as well as the na-
ture of the dielectric response) can be affectea by the
quantum fluctuations. In practice, sizable effects can be
expected only when hydrogen is the reorienting atom, be-
cause of the strong mass dependence of the tunneling in-
tegral. An analysis of the static effects in the crystals of
the potassium dihydrogen phosphate (KDP) family has re-
cently been carried out in the framework of the square-
well and double-well models for the local potential at the
hydrogen site.

Because of several interesting features the ferroelectric
HC1-DC1 mixed crystals appear to be ideal systems for the
study of quantum effects. Besides the simplicity of the

structure, namely a mere assembly of electric dipoles, the
reorientation involves motion of only the hydrogen atom,
and direct access to the thermal average of the dipole, as
well as to its fluctuations, is provided by Cl nuclear-
quadrupole-resonance (NQR) and relaxation measure-
ments. The relevance of quantum effects is indicated by
a comparison of the correlation times in HCl and DCl: A
decrease by a factor of about 14 in HCl with respect to
DCl occurs. As already observed, only a factor of 1.4,
corresponding to the different moments of inertia, should
be present if the reorientations were classical.

Furthermore, it must be emphasized that the Cl quad-
rupole frequency in HCl is different from that in DC1, so
in the mixed crystal, independent measurements of the
correlation times for the two kinds of dipoles can be per-
formed.

This paper deals with a study, in the ferroelectric phase
of the mixed crystals HC1-DC1, of the static and dynami-
cal effects related to quantum tunneling through the
analysis of the Cl NQR frequencies, linewidths, and
spin-lattice relaxation times.

In Sec. II the experimental results for the transition
temperatures and the local correlations times of the HC1
and DCl dipoles are reported for several percentages of
deuteration. A theoretical picture for the properties of the
mixed crystals is presented in Sec. III. This is based upon
a dynamical Ising model in a transverse field with damp-
ing included in a crude and heuristic way. The data are
then analyzed in light of the theoretical picture, and the
relevant considerations are outlined.

II. EXPERIMENTAL DATA

The 3 Cl NQR and spin-lattice relaxation measurements
have been performed with a heterodyne pulse spectrometer
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FIG. 1. Ferroelectric transition temperatures in the HCl-DCl
crystals as a function of the DCl concentration c~.

with quadrature detection of the rf free induction decay
(FID). Gate pulse formation was accomplished by a
Nicolet 293-A pulse programmer and a gated phase
shifter. The pulse programmer was interfaced with a
Nicolet 1180 computer. Under software control, using the
program NTcFT, the following parameters could be set:
the pulse sequences, the widths and phases of the indivi-
dual pulses, and the repetition rate of the sequence. All
frequencies were obtained from a PTS-160 frequency syn-
thesizer. Quadrature detection, with on-resonance excita-
tion, was particularly important for reliable T~ measure-
ments, because of the relatively large linewidths. These
measurements were made with a standard —,~-t- —,m se-

quence, with subsequent Fourier transform of the
quadrature-detected FID's. Up to 10 FID's were aver-
aged. NTCFT permitted the averaged FID to be the accu-
mulation of a phase-alternating pulse sequence which sig-
nificantly reduced noise not coherent in phase with the rf
pulse.

A cryostat system, with automatic temperature control
(provided by a Scientific Instruments cryogenic tempera-
ture controller) and calibrated platinum resistors, permit-
ted a temperature resolution of about 0.01 K, with negligi-
ble temperature gradients over the sample. The tempera-
ture was stable during the longest periods of measure-
ments to within 0.1 K.

The mixed crystals of HC1-DC1 were obtained by mix-
ing the gases under controlled pressure in a suitable mani-
fold device. The HC1 gas (provided by Matheson Gas)
had a stated purity of 99.99 vol% while the DC1 gas (pro-
vided by Merck Chemical Co.) was stated to contain 99
vol% DC1. Taking into account the accuracy of the
gauge used to measure the pressure in the manifold and
the possible occurrence of exchange of hydrogen in the
whole system, the worst error in concentration percentages
could be around 5 Jo. Further experimental details can be

found elsewhere.
The transition temperatures from the ferroelectric to

the paraelectric phase have been measured by monitoring,
upon heating, the intensity of the Cl NQR signal from
the HC1 and/or DC1 dipoles. The first-order character of
the transition implies a sudden, marked shift of the NQR
frequency. However, pretransitional phenomena cause a
smooth decrease of the intensity of the Cl NQR line as a
function of temperature, at practically constant resonance
frequency, in a transition region of a few tenths of a de-
gree. The transition temperature was located where the
intensity of the line was about 50% of the value at the be-
ginning of the transition region (this is the main source of
the experimental uncertainty in the transition tempera-
tures indicated in Fig. 1). For a given sample, the same
transition temperature was observed from both the Cl
NQR of the HC1 dipoles and the DC1 dipoles, thus sup-
porting the homogeneity of the deuteration of the sample.
In Fig. 1 the transition temperatures in the mixed crystals
HC1-DC1 are reported.

In order to study the tunneling effects on the correla-
tion times for the polarization fluctuations, the NQR T~
measurements were performed in the temperature region
of slow fluctuations, namely, when the reorientational
times are slow compared to the inverse quadrupole fre-
quency cog =(2me qQ/2h) ', and the relaxation rates are
decreasing upon cooling. Then the relaxation rate can be
written

Ti ' ——A(1 —(s) )

where (s ) is a local order parameter (to which the spon-
taneous polarization can be related) resulting from the
time averaging of a biased order-disorder variable describ-
ing the reorientations of the dipole; ~, is the local correla-
tion time for the dipole fluctuations, which is of the order
of the time the dipole spends in the "wrong" position with
respect to the polarization. In Eq. (1), A is a constant of
the order of unity, whose uncertainty will not affect the
conclusions.

In Fig. 2 the relaxation times T& for Cl belonging to
the DC1 and HCl dipoles, at T=55+0.1 K, are reported.
The ability to measure separately the relaxation times of
the two species depends on the different resonance fre-
quencies: 25640 kHz for HC1 and 27493 kHz for DC1;
this frequency shift is predominantly related to the dif-
ferent amplitudes of libration of the dipoles around the
equilibrium positions, as well as to the different values of
the local order parameters (s ).

III. THEORETICAL PICTURE AND ANALYSIS
OF THE DATA

A. Static and dynamical properties of
ferroelectric HC1-DC1 mixed crystals

Following the approach already established, ' a
theoretical model for the effect of tunneling upon proper-
ties of the mixed ferroelectrics HC1-DC1 will be presented
in terms of a local order-disorder variable which assumes
the value + 1 or —1 according to the projection of the di-
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Moreover, by taking into account that QD « Io, the tran-
sition temperature T, is given by the equation

cH nH 1 nD —12k T,
tanh = +cD (6)

2QH 2kT. Ip 4g(kT, )'

It can be observed that for cH ——0 and QD &(Ip Eq. (6)
yields the transition temperature T,'"'=Io/4k expected
for classical dipoles, namely with no tunneling fluctua-
tions. A quantum parameter

q =2[(AH —$1D)cH+ QD]/Ip

t

0.5

FIG. 2. NQR spin-lattice relaxation times for Cl belonging

to HC1 dipoles () and to DC1 dipoles ( ) as a function of the
DC1 concentration cD in the ferroelectric phase of HC1-DCl
mixed crystals. Lines are only a guide for the eye.

HHCI +H~x h eff ~z
(i) H HCI H

HDc] = —Dos —h rr S(l] D DCI D

where

h, =h,g =h rr '=Ip((s, )cH+ (S, )cD),

(3)

with Ip =Q.I~).
From the self-consistency equations for the expectation

pole moment on the polarization axis. To take into ac-
count the classical polarization fluctuations as well as the
quantum tunneling of the dipoles, the model of an Ising
spin in a transverse field will be used. Then the Hamil-
tonian of the system can be written '

IjcHcoS„S,/
i,j,H, D

&Hg—c'„S„", fl g—c, S.. . (2)
l l

where cH is 1 when a HC1 dipole is at the ith position, and
is zero otherwise (analogously for cD in terms of the DCl
dipoles). In Eq. (2) the interaction energy I1 has been ten-
tatively assumed particle independent, AH D are the tun-
neling integrals between the two equilibrium positions of
proton and deuteron, respectively, and 5 ' are the usual
Pauli spin matrices. With the possible exclusion of the di-
lute limits, the virtual-crystal approximation (VCA),
namely, the equivalent of the mean-field approximation
for nonrandom systems, should provide a suitable physical
picture. Therefore, by including in the expectation va1ues
of the pseudo-spin-operators a configurational average,
from Eq. (2), the single-particle Hamiltonians become

can be introduced to take into account the tunneling.
While q=o for classical dipoles, for q=1 quantum tun-
neling inhibits a ferroelectric transition at finite tempera-
tures. Equation (6) predicts T, monotonically decreasing
when cH, and therefore q, increases. It can be mentioned
that through Eqs. (5) other static properties of the mixed
crystals, as for instance the spontaneous polarization,
could be derived in terms of q.

For the dynamical properties, it is well known' that a
Hamiltonian of the form in Eq. (2) generates propagating
waves of resonant character. This is not the case in HC1,
since early dielectric dispersion measurements indicate re-
laxational modes of diffusive type, thus implying strongly
damped pseudo-spin-waves. Then the effective correlation
time can be written ~=@/co, where y is a damping factor
and co are the eigenfrequencies of the pseudo-spin-waves.
In the framework of a standard random-phase lineariza-
tion procedure, on the assumption QD « AH « Io, the
eigenfrequencies in the ferroelectric phase can be derived
as

a'~', =I,'lc„((S,")—(S, ))+(S, )]',
fl Cp2 rdtA +AH —QHIpcH (S )

An inspection of Eqs. (5), taking into account Eq. (4)
and the fact that Io is expected to be significantly greater
than AH D, indicates that the local order parameter
(S, ' ) for the HCl and the DCl dipoles should not be
much different (see later). Then Eqs. (8) show that the
eigenfrequencies depend only slightly on the quantum pa-
rameter q. On the other hand, the experimental TI data
reported in Fig. 2 prove that the effective reorientational
time 7HcI in pure HC1 is more than an order of magnitude
smaller than the corresponding ~DcI in pure DC1. In
consequence of the slight dependence of A@I 2 on q, the
marked difference between ~Hc] and ~Dcl should therefore
be ascribed to the damping factor y, which, in turn, must
be affected by the quantum tunneling. This qualitative
conclusion is corroborated by a Green's-function descrip-
tion of a damped transverse dynamical Ising model
which indicates that for T~T„y ~ T,/Q . For T&&T„
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y is reduced, but is still expected to depend on Q.
The above considerations suggest that a description for

the HC1-DC1 mixed crystals could be carried out in the
framework of a dynamical Ising model of the Cxlauber

type, earlier developed for magnetic systems' and suc-
cessfully used to describe cooperative dipolar reorienta-
tions. " The different damping expected for the HCl and
DC1 dipoles can be taken into account by considering, in a
heuristic way, two different single-particle relaxation
times ~H and ~D. Such a description, although crude, is
appealing for its inherent simplicity and the possibility of
a better physical insight. In a first approximation rH and
~D will be considered concentration independent. After a
thorough discussion (see Sec. III B), the possible effect of
localized modes in causing QH to be a function of the con-
centration and to change significantly in the dilute limit
will be taken into account.

Then the equations for the expectation values of the de-
viations from the VCA solutions, namely

(SS,", &=([S,",' (t) —(S," )])=,." (t),
after introducing the collective variable s, will be written

rHd s-(t)= —s-(t)+ [cHs (t)+cns (t)]
d H H I(q)

4kT

The general solutions are linear combinations of the eigen-
vectors

—t /~+ —t/7-
sH(t) =Ac

&
e ++Bc

&
e

+ —t/7-+ —t/r
sn(t)=Acz e ++Bc2 e

(14)

+c)
=C+ =

C2

where

D~ —Di+[(Di D~)'+—4Dz&3]' '
2D3

(15)

D) ——(1—aHCH)/rH,

D2 AHCD~VH ~

D3 —+Dc H /'TD

Dq ——(1—ancn )/rn .

(16)

From Eqs. (14) for t=0, A and B can be expressed in
terms of c+, and of sH(0) and sn(0). From this the corre-
lation function for sH n(t) can be derived.

The effective correlation times for the HC1 and the DC1
dipoles can be defined in terms of the normalized correla-
tion functions'

where 3 and B must be determined from the initial condi-
tions. The relationship between the eigenvectors is easily
obtained from Eq. (10) in the form

md s-(t)= —s-(t)+ [cHs (t)+cns (t)]dt «4kT ," = f,
"

(sH, n(0) H, n(t))dt/( H, n(0) ) . (17)

sH ———sH+aH(cHsH+cnsn),
dt

d
rn sn sn+an(cHsH+cnsn)

where

aHn ——Io(1 t,,Sz ' ) )/4kT—,

with (S ), the local order parameters, given by Eqs.
(5). The solutions of Eqs. (10) are of the form

—t/7.
SH D =C) 2e

and the eigenvalues are

+2

1 —cxDc D

+D

1 —AHCH

H

+4HDc HcD

2
1 —O'DCD

1/2

X(1—(S, )'),
where the Fourier transform of the VCA dynamical mean
field is introduced. Far from the transition temperature a
slight q dependence can be expected, and one can refer to
the q =0 component in order to derive the behavior of the
local order-disorder variable. Thus Eqs. (9) yield

D3+Di
+e

D]D4 —D2D3

(1—
aHcH )'Tn+ancHrH

1 —an+ (an —aH)cH

B. Analysis of the experimental results and discussion

Equation (6) gives the expected behavior of the transi-
tion temperature in the mixed crystals. The analysis of
the experimental data (see Fig. 1) in light of Eq. (6) can be
performed with the assumption QD « 12k T& Ip. This
inequality should hold in view of the strong mass depen-
dence of the tunneling integral, for which AD «QH, and
because QH is expected to be smaller than Ip. The best fit
of the data, under the above conditions, yields Ip =420 K
and QH ——82 K. Therefore pure DCl can be considered a
quasiclassical ferroelectric crystal for which QD —0, and
the quantum parameter q in Eq. (7) becomes q =0.39 CH.
In Fig. 3 the theoretical behavior for the transition tern-

For the t=0 conditions, by assuming equally polarizable
HC1 and DC1 sublattices, one can set sH(0)/sn(0) =1. The
condition sH(0)/sn(0) = —1, corresponding to the "antifer-
roelectric" t=0 configuration, should be less favored and
lead to negative values for P, ' . Then, from Eq. (14) and
(15), through Eq. (17) one obtains

D4+D2
+e

D)D4 —D2D3

[1—an(1 —cH)]rH+aH(1 —cH )rn
1 —an+ (an —aH)cH
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FIG. 3. Transition temperature as a function of the quantum
parameter q=0. 39cH, compared to T,""'=Io/4k=105 K for di-
poles with no quantum tunneling contribution to the reorienta-
tions. Solid line is the theoretical behavior predicted by Eq. {6),
with Io ——420 K and QH ——82 K, as explained in the text. Exper-
imental data {) are from Fig. 1.

FIG. 4. Dependence of the ratio of the correlation times on
the quantum parameter. Experimental values for the HCl and
DCl dipoles are taken from the data in Fig. 2. For KDP, the
data are from Ref. 14. Lines represent the theoretical behavior
according to Eqs. {18)for two possible choices of the local order
parameters, as explained in the text.

perature as a functio~ of q is reported and compared with
the experimental results, on the assumption
T,""'=Io/4=105 K. On the whole, Eq. (6) appears to
describe satisfactorily the decrease of T, due to quantum
tunneling, and the estimates of Io and QH appear corro-
borated.

With regard to the local order parameters (S, } and
(S, } one can refer to Eqs. (5). Taking into account the
estimates for Io and QH z one can observe that only in the
case (S, ' }~0could a sizable difference (around 30%%uo)

between (S, } and (S, } possibly occur. The first-order
character of the transition rules out interest in this case.
For nonvanishing order parameters, Eqs. (5) yield

(SH } tanh(ab)
(19)

with

a =h, /2kT,
=b1 0+H/h2, ,

and h, given by Eq. (4). Therefore for IO=420 K and
QH ——82 K, with (S, }—(S, }-0.8, the difference be-
tween the local order parameters should be within a few
percent and hardly detectable through static dielectric
measurements (spontaneous polarization and/or static
dielectric constant for pure HC1 and pure DC1 crystals).

For a discussion of the dynamical effects, let us refer to
Eqs. (18). It should be remembered that, in view of Eq.
(1) and the fact that (s } =(S, ' } =0.8 —0.6, which is
practically the same for DC1 and HC1 dipoles, the T~
values reported in Fig. 2 give the local correlation times

directly. From Eq. (18), for pure crystals (cH=0 and
cH ——1), one has

=&H/( 1 ~H) & =1o/( 1 —~o) ~

From Eqs. (11) and (19) nH —ao, and therefore the ratio
of the spin-lattice relaxation times for the pure crystals,
namely 210 msec/16 msec=13. 1, can be attributed to a
ratio of this order of magnitude between the single-
particle relaxation times ~H and ~~ for HC1 and DC1 di-
poles [see Eq. (9)j. It should be mentioned that in the
temperature range from 50 to about 70 K the ratio ~~/~H
appears temperature independent, within the experimental
errors [for T) 70 K the relationship between T~ and r, is
no longer given by Eq. (1), because of the changeover to
the fast-motion regime, and the evaluation of ~, is more
complicated and less reliable). In the low-temperature re-
gion, where classical reorientations of the dipoles due to
thermal motion should occur at a negligible rate, a flatten-
ing of the correlation time for HC1 as a function of tem-
perature can be expected. ' However, it could be difficult
to detect experimentally such a flattening, since dielectric
dispersion measurements would have to be performed in a
very low-frequency range, while the nuclear spin-lattice
relaxation process could be dominated by competing
mechanisms.

With regard to the ratio ~&/~H discussed above, we
would like to emphasize a remarkable coincidence with
the case of KH2PO4 and KD2PO&, where the tunneling
ions H and D are strongly coupled with the lattice. The
correlation times for the effective relaxational modes have
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recently been evaluated by fitting the Brillouin spectrum
on the basis of a model of polarization fluctuations cou-
pled to acoustic phonons. ' A value of 13 has been de-
duced for the ratio 7D~Dp/7KDp. The similarity of this
value with the value for HC1-DC1 is remarkable in view of
the significant differences between the two systems. The
similarity is most likely to be ascribed to the common ori-
gin of quantum tunneling effects.

With respect to the dependence of the relaxation times
for the HC1 and the DC1 dipoles on deuteration, in Fig. 4
we compare the experimental data with the theoretical re-
sults derived in the framework of the model and the ap-
proximations described in Sec. IIIA. According to the
previous conclusions, we have assumed that the effective
relaxation time for pure DCl can be considered to be clas-
sical, i.e., due almost entirely to polarization fluctuations
which result from thermal motion. In Fig. 4 we also re-
port the values obtained for KDP-DKDP (potassium di-
deuterium phosphate) mixed crystals from the fitting of
the Brillouin spectra'; in this case, for the evaluation of
the quantum parameter q we have used for the interaction
energy Io —545 cm ' (an average between the values for
pure KDP, I=450 cm ' and pure DKDP, I=640 cm
it should be remembered that in KDP-type crystals, the
interaction energy is mass dependent because of the cou-
pling with the O-O lattice vibrations) and QH ——86 cm
(Ref. 15). It can be observed that the uncertainty in the
above quantities affects only the scaling factor of q. Fi-
nally, it should be stressed that from the Brillouin scatter-
ing study only an "average" correlation time for the two
types of dipoles is derived. In Fig. 4 the experimental re-
sults are compared with the theoretical expressions, as
given by Eqs. (18). For aH and aD, according to Eqs. (11)
and (19) we have chosen, for T= 55 K, values correspond-
ing to about 80%%uo and 83%%uo of the spontaneous polariza-
tion (aH ——0.7, aD=0.6) and to 73% and 75% (aH ——0.9,
aD=0.8). For aH ——aD a straight line would represent
7 (q) vs cH or q, as may be seen from Eqs. (18).

The general behavior of the correlation times ~, for the
DC1 dipoles as a function of deuteration appears con-
sistent with the theoretical model. In particular, it can be
observed how the coupling with the fast-reorienting HC1
dipoles leads also to short correlation times for the DCl
dipoles. For example, in the HC10 75 DClo 25 crys-
tal, ~, =~, , in satisfactory agreement with the results ex-
pected from the theoretical description. The agreement is
also good for KDP if one assumes that in practice only
the correlation time of the deuteron has been measured
through the fitting of the Brillouin spectra. '

A discrepancy exists between the experimental data and
the theoretical picture for the HC1 dipoles in the dilute
limit of cH~O. In fact, while for cH &0.5 (see also Fig.
2) the correlation times of HC1 dipoles increase for greater
deuteration and are almost equal to those for the DCl di-
poles; at lower cH they exhibit reorientation fluctuations
markedly faster than those for the DC1 dipoles. This
feature can be ascribed to a persistence of dynamical
quantum effects in spite of the coupling with a matrix of
classical dipoles. In the following section some sugges-
tions on possible causes of such a phenomenon will be dis-
cussed.

C. Quantum tunneling in the dilute limit:
Effects of localized phonons

on the tunneling rate

A breakdown of a VCA approach can be somewhat ex-
pected in the dilute limits. However, the short correla-
tion times observed for the HC1 dipoles in the mixed crys-
tals when cH —+0 cannot be considered a "trivial" break-
down of the dynamical VCA. In fact, besides the strength
of the effect (the ratio P/v; is almost 10 for the
HC10 )-DClQ9 crystal), the analogous feature is not ob-
served in the opposite dilute limit (cD~O) where 7 7;
as shown in Fig. 2.

In principle, the assumption of an Ising-type model for
the local potential could be criticized. However, while one
can expect that a more realistic potential leads to a better
description, the persistence of tunneling-driven fluctua-
tions still appears to require a different argument.

In view of the one-dimensional structure of the zigzag
chain of the HC1 or DC1 dipoles one could speculate that
the dipole reorientations are due to solitonlike domain-
wall motions. This mechanism requires a quite different
theoretical description. As a first impression, it seems
hard to justify in any solitonlike picture the fact that in
the dilute limit of cH~O, a soliton causes such a different
rate of reorientation when an HC1 dipole is met along a
DCl chain.

A possible cause of the inadequacy of the model for
small q could be a dependence of the tunneling integrals
upon deuteration. The ordinary volume effect, namely a
local compression of the HC1 dipole in the DCl matrix,
might be expected to cause a decrease of ~, . In fact it
seems reasonable to assume that a volume effect decreases
Q, H, thus increasing &, . '

Another possibility that should be taken into account is
the coupling of the tunneling with the phonon oscillations
within the wells. In the pseudospin picture of dipolar fer-
roelectrics this coupling is usually neglected, ' thus push-
ing to infinite frequency the phonon peaks in the dielectric
response. Though a significant effect of the phonon cou-
pling is likely to occur, the above approximation might be
accepted with some confidence when the lattice modes do
not change much. However, for HC1 dipoles in the dilute
limit, where localized modes at higher frequencies can be
expected, a possible changeover in OH could occur. This
effect might be considered as a particular form of break-
down of the dynamical VCA in the sense that a localized,
site-dependent dynamics is generated. The usual approach
for taking into account the effect of phonon modes on the
tunneling rate is the truncation approximation. ' This
leads to a normalization of the tunneling amplitude by a
factor related to the phonon frequencies. Recently, Seth-
na pointed out that the truncation approximation is
inadequate and suggested an instanton approach which
avoids truncation. The same result has been achieved by
Bocchieri, '

by directly eliminating the degrees of freedom
of the phonon field. In the following we will crudely ap-
ply the main conclusions of the aforementioned descrip-
tions' ' to the HC1 dipoles in the matrix of DC1 by as-
suming, for simplicity, a coupling to a single phonon
mode of frequency m~z. First, we write the tunneling ma-
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trix element explicitly as

Q=2v 3coDw(%St/vr)'~ e

where coDw ——4Vp /QpM'~ is the double-well frequency
given by the curvature of the local potential at the top of
the barrier, and Qp is the distance between the two mini-
ma. Then we introduce in Sl, the action, the effective
mass approximation

S,= I (2M*V)t~'dQ, (22)

M» =M+ A, /m cosh,

where A, is a coupling parameter between the phonon and
the tunneling coordinates and m is the mass of the phonon
modes. On the assumption that A, is not strongly Q depen-
dent, a crude estimate of I V' dQ yields
Sl M Qp Vp, thus giving for Eq. (21)

I+1/2p 1/2g
Q=8&3/~(r/MQ, ) '"M*'"V,'"e

(24)

Although obtained through questionable approximations,
this expression is in gratifying agreement with the tunnel-
ing transition probability 8 T, for molecules in periodic
barriers derived long ago by Das, on the basis of a per-
turbation approach and the N-fold Mathieu equation. In
fact, by considering only the ground torsional state and
setting N=4, since the reorientation of the HCl dipole is
about 90', one can derive

Taking into account the various modes, an effective fre-
quency ~ph can be estimated in the range 5X 10' —10'
rad sec '. Thus in HC1 one could have M'=fM, where f
is a factor between 2 and 3. In partial support of this esti-
mate one could observe that for bare masses, Eq. (24)
yields the ratio of the tunneling integrals for the proton
and deuteron QH/QD —40 which seems too small. For
fH fD ————2.5 one finds QH/QD —315 which appears more
realistic (in KDP the experimental findings are' QH —86
cm ', QD&0.4 cm ').

If an effective mass does indeed determine the tunnel-
ing, the behavior of ~, for eH & 0.5 could be related to the
progressive occurrence of localized modes for the proton,
whose frequencies are higher than those for the DCl ma-
trix. A.n increase of the frequencies by an amount of
20—30% increases the tunneling by a factor of 10. This
increase would in turn decrease the damping and therefore
the effective correlation times for the HCl dipoles in the
HC1025-DClo 75 and HClo &-DClo 9 crystals, as shown in
Fig. 4.

Although the above estimates should only be considered
of a qualitative nature, one can conclude that, at present,
the only hypothesis for the persistence of fast reorienta-
tion for the HC1 dipoles in the DC1 matrix when cH~ 0
that can be accepted with some confidence is the hy-
pothesis related to the effect of localized phonon modes
on the tunneling rate. Quantitative corroboration through
other complementary experimental measurements are
highly desirable and could help in clarifying the contro-
versial problem of the phonon-tunneling coupling in the
dilute limit.

(25)

where I is the moment of inertia involved in the motion
and a is a constant of the order of unity. If in Eq. (24)
one sets M*=M and defines an effective moment of iner-
tia given by I,tt=MQp, the equivalence with Eq. (25) is
apparent. The important novelty in Eq. (24) is the pres-
ence of the mass M, "dressed" by the phonons, instead of
the "bare" mass of the tunneling particle.

An estimate of A, can be obtained by considering that
the dimensionless coupling X /mcophMcoD~ is =1 for the
tunneling of the OH impurity in several alkali halides. '

If one assumes that this approximately applies also to the
90' proton tunneling in the HC1 chain, the dressed mass
can be written M =M(1+coDw/cosh). From the ap-
parent' activation energy Eo ——0. 1 eV, the double-well
frequency in HC1 should be mD~ —8)& 10' rad sec
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