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We have investigated all the zero-phonon branches of the Bose spectrum in the A phase of a model Fermi
system with pairing in the p-state. The Bose spectrum of the collective excitations is determined by a

functional of the hydrodynamic action obtained by the functional-integration method. In the A phase, all the
zero-phonon spectra E (k) are complex even at k =0, and the corresponding collective excitations attenuate
moderately. The energies E ,(0) = 4 ,(1.96-i0.31) and E ,(0) = 4 ,(1.17 = i0.13) are calculated.

PACS numbers: 71.45. — d, 05.30.Fk

1. INTRODUCTION

We continue here an investigation of a the Bose spec-
trum of a model previously proposed! for He®. In this
model, the Bose spectrum is defined by a “hydrody-
namic-action” functional obtained by the method of func-
tional integration, after integrating over the Fermi
fields. In a preceding paper? we investigated the pho-
non branches of the spectrum and calculated the cor-
rections to the linear dispersion law, while in Ref, 3
we obtained all the zero-phonon Bose branches in the
B-phase of the model.

In this paper we investigated all the zero-phonon Bose
branches in the A phase of the model at 7=0. The
main result is that the energy E(k) of all the zero-pho-
non Bose excitations in the A phase are complex, while
the imaginary parts differ from zero even at k=0.

This result is physically obvious and is due to the pos-
sibility of the decay of a Bose excitation into two fermi-
ons. A Bose excitation with nonzero energy and with
small momentum can always decay kinematically into
two fermions whose momenta are almost opposite and
close to the preferred directions along which the gap in
the Fermi spectrum vanishes.

Zero-phonon branches of the Bose spectrum in the A
phase of He® were considered in a number of studies.
The imaginary parts of the spectrum were calculated
only in Ref. 8, but not for all the modes. In this paper
we calculate the complex energies of all the zero-pho-
non Bose branches at zero momentum in the A phase of
the model, using the technique developed in Refs. 1, 2,
and 3.

The calculation of the zero-phonon Bose spectrum in
the A phase is technically more complicated than in the
B phase. ¥ Even at k=0, the equation F(E)=0 for the
spectrum has in the left-hand side of F(E) an integral
that cannot be expressed in terms of elementary func-
tions, while the roots of the equation turn out to be
complex. They were calculated with a computer.

2. He® MODEL AND ZERO-PHONON BRANCHES
OF THE SPECTRUM

The model system considered here! is determined by
the hydrodynamic-action functional
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obtained by functional integration after integrating over
the Fermi fields. In (2.1), ¢,(p) is the Fourier trans-
form of the Bose field ,, (x, 7) with vector index ¢ and
isotopic index a, while M is the operator
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Here t=cp(k - kg), n;=Fk,/kp, H is the magnetic field,
i is the magnetic moment of the quasiparticle, o, (a=1,
2,3) are Pauli matrices, and w=(2rn+1)7T are the Fer-
mi frequencies. The negative constant g is proportion-
al to the amplitude of scattering of two fermions near
the Fermi sphere, under the assumption that the ampli-
tude is g(k; — k,, kg — k), where k; and k, are the mo-
menta of the incoming fermions, and k; and k; are those
of the outgoing ones. The method of obtaining the func-
tional S, is described in greater detail in Ref. 1.

The Bose spectrum is determined in first-order ap-
proximation by the quadratic part of S,, which is dif-
ferent for the different superfluid phases. The quadra-
tic part of S, for the A phase of the model is a sum of
three quadratic forms, the first of which depends on
the variables c 4, the second on ¢y, and the third on
Ci3. The second and third form are transformed into
the first by the substitutions ¢, —c, and ¢ ;3 ~icp. The
quadratic form of the variables c is?

2{cl|+ (p)ci(p) [E" + ﬂ_‘ nyinyy GG (Eitio,) (B Hio,) ]

P g pVPlT‘Pz-P
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where
G(p)= (@ +E+A) =, A’=AZ(ni+m?) =Adsin’6, (2.4)

Here A, is the maximum value of the energy gap of the
Fermi spectrum. In the term (n;+ in,)? of (2.3) the up-
per and lower signs are taken when the multiplication is
by ¢ 4'c,s" and by ¢ 4c,4, respectively.

We investigate now all the Bose-spectrum branches

© 1981 American Institute of Physics 945



defined by (2.3) at zero momentum k. At k=0 the form
of the variables ¢ ;(w,k=0) and c;;"(w,k=0) is a sum of
a form of ¢, cy1", g1, Cg1" and a form of c3y, c3".

The functions that are the coefficients of c,fcn, Cu+0 ,,*,
and cycyq (i,j=1, 2) can be expressed in the form

‘. A
ig!—'*‘% ‘wznynuﬂu(ir*‘iﬁ)x) (8:+iw,) G\G-
— B T ) (o) (eHH0) GGG,
2 Pi1+pr=p i (2. 5)
A" Z (nyxin,)? nyngG.G, = by; ZZgoV 2‘ (n*+n.?) G,G,.
Pi+py=p Pitpr=p
Here by, (i,j=1,2) are the elements of the matrix
1 =i
( +i —1) (2.6)

in which the minus sign corresponds to the variables
cqaCy, and the plus sign to ¢j,cj,.

On going from the left to the right sides of the formu-
las in (2.5) we used the possibility of averaging (at k
=0) over the azimuthal angle, on which the functions
Gy, Gy, &4, and &, are independent. We have used also
the inequality

by, Z°
g ESV

which determines the value of the gap that enters in G
=(w? +£2+ A2sin%0,) 2,

ﬂ:i"rle1=0,

(2.7)

We denote the coefficient 6, in (1. 5) by f(w), and the
coefficient of b, by g(w). We put also

(2.8)

The quadratic form of the variables u;, u,, vy, v, (k=0)
can then be expressed as a sum of two forms:

[(f(0)+g(0)) (ul+v*) —2¢ (o) ups]

u,=Recy, vi=Imcy,, u,=Recs, v.=Imec,.

+(f(0)—g(0)) (vitus?) —2¢ (o) viu.]. (2.9)
These forms _corres;_)ond to the matrices
flo)+go) —glo) fo)—g@)  —g(o)
( —g(w) f(w)+g(m)) ’ ( —g(@) /(m)—g(m)) @.10)

Equating to zero the determinants of the matrices
(2.10), we obtain the equations
f(0) (f(w) +2¢(0)) =0, f(o)(f(0)—2¢(w))=0
or (2.11)
f(0)=0, f(0)+2¢(0)=0, f(w)—2g(w)=0.
We add to (2. 11) the equation obtained from an exam-
ination of the terms with cg; and c3,:

h(o)=g" +% ny’ (§,+Hio,) (8. +io:) GiG.

PitPy=p

BV Z (2n (8, +i0,) (8+i0,) GG, — (n2+n?) G} =0. (2. 12)

Pi+P2=p

The three equations of (2.11) can be combined into one:

Z (n*+n2) [((§+i0,) (Gatios) (1,0)4%) 6,6,:~G,1=0, (2. 13)

Prtpr=p

in which £(1, 0)A? denotes either A% or -A? or 0.

Changing over (at 7=0) in (2.12) and (2.13) from the
sums to integrals and substituting the expressions for
G; and G,, we rewrite (2.12) and (2.13) in the form
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Taking the integrals with respect to w; and &; with the
aid of the Feynman technique (see Ref. 2), we get

2kt ¢ , A? a(l—a)w?
d :04dQ[ 10 - ]=-o,
4n=c,-! a [ cos [ Ata(l—a)o  Ata(l-a)e’
(2. 15)
Z%ks A?
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4n’c,-! a.jsm o A*ta(1—a)w?

_ 2a(1—a) 0*+A*F (1,0) A? ]=(J
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Calculating the integrals with respect to a, substitut-
ing w —~A(w, and putting cosf =x, we arrive at the
equations

f dz(1—at)—2F40=2) | loHid-a)]"te
Tolo (A=) T" e Hh(-a) e
(L) F2U=F) | [ette(i—a) [*to
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(2. 16)
ozt~ 0 [0 +4(1—2") "o _
-’.dx(i Iz) [(.)'-{—4(1_11)]‘1- n[mz+4(1_zz)]v,_m—0,

o*+2(1—2%)
!dz [m[m’+4(1—z’)]"’

[@*+4(1—2) "tw
. [o*+4(1-2) "0 ! ] =0.

The first of this equation is the equation f- 2¢g =0, the
second is f=0, the third is f+2g=0, and the fourth is
h=0. Itis they which determine the Bose spectrum at
k=0 following the analytic continuation iw — E. The
spectrum branches corresponding to the second and
fourth equations are doubly degenerate. To take into
account the forms of the variables ¢z and ¢ ;3 which lead
to similar equations for the spectrum, it is necessary
to multiply by 3 the multiplicity of each branch in the
considered model.

The third and fourth equations in (2. 16) have roots w
=0 and correspond to the phonon branches. From the
first and second equation we can obtain the complex en-
ergies of the zero-phonon branches E;(k=0) and E,(k
=0).

3. CALCULATION OF E4(0) AND E>(0)

In an actual calculation of the nontrivial roots of the
equations in (2.16) we encounter the problem of the
analytic continuation iw — E of the function
[o*+4(1—2) ]*+0
[4(1—~2*) — E*]*—iE
[4(1—2%) — E*]"+iE
E+i[4(1—2%)— E*]™ in
E—il4(1—2)— E*)*  [4(1—7)— E* 1"

in the integrands. The right-hand side of (3.1) is con-
venient for a continuation first from the positive imagi-
nary axis E =iw (w> 0) to the upper (physical) half-
plane, and then to the lower one through the interval
[0, 2] of the real axis. The first term in the right-hand
side of (3.1) is analytic in the vicinity of the interval

[0*+4(1—2%)]"1n

=[4(1—2*)—E*]~"1n

=[4(1—2*)— E*]~"In (3.1)
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[0,2]. The contribution made to the integrals of (2. 16)
by the second term can be calculated in terms of ele-
mentary functions that can be easily continued to the un-
physical sheet through [0, 2].

Using also the formula

Eti[4(1—2*) - E*]" E-il4(1—z*)— E*] ™"

E—i[4(1—2?)— E*]" —2In 2(1—z*)" ’ 8.2)
we can write down the first and second equations of
(2. 16) in the form
; e E—ild(1—2*)— E*]*
F, E)= — d. —_? — 2y _ F2\
(E) an' z(1—2%) [4(1—2%) — E*] " 1n G
- .—n[ (E*—4) (E*+12)In((E+2)/(E—2)) + 4E (12—E?) | =0,
128 3.3)

(1=2") [2(1—2)— E*]
[4(1—z%)— E?]*

E—il4(1—2%)— E*]"
2(1—z%)"

F.(E)= —Zfdz

- E"e[ (SE‘+24E*—48)In((E+2)/(E—~2)) + 4E (12—5E*) ] =0.

The logarithm outside the integral sign in (3. 3) takes,
upon analytic continuation into the lower half-plane
through the segment [0, 2], the form

(3.4)

Formulas (3.3) and (3. 4) were used to calculate the
roots E;(0) and E,(0) with a computer. The result takes
the form

In ((E+2)/(E—2))=—in+In (2+E)—In (2—E).

(3.5)

the second of the branches being doubly degenerate.

E(0)=A.(1.96—i0.31), E.(0)=A,(1.17—i0.13),

A computer search was made also of nontrivial roots
of the third and fourth equations of (2.17) (which have
trivial roots w=0). No nontrivial roots were found for
the third equation, For the fourth equations we found
the nontrivial root

E.(0)=A,(0.7—i0.5). (3.6)

4. CONCLUSIONS

The obtained energies of the collective modes can be
compared with the results of a number of studies. We
recall first that in the A phase of the model the number
of phonon modes (9) is larger than in real He*~A (5),
and all the modes are triply degenerate. The degener-
acy is due to the use of the weak-coupling approximation
in the model. Allowance for close-coupling effects (see
the Appendix) decreases the number of phonon modes
from 9 to 5. Application of a magnetic field decreases
the number of phonon modes from 9 to 6 in the model
considered here and from 5 to 4 when close-coupling is
taken into account.

Despite the additional degeneracy inherent in the mod-
el, the modes calculated here agree well with those ob-
tained by essentially different methods. The zero-pho-
non spectrum of the considered model consists of three
E, branches and six E, branches. The real part Re
E;(0) agrees within 2% with the branch E =24, obtained
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in Ref. 7 by the kinetic-equation method, while ReE,(0)
agrees within 4% with the energy of the E =1. 224, of
the clapping (spin) mode. The difference is apparently
due to the neglect of the weak coupling, since the error
in the numerical calculation does not exceed 1%. The
flapping (orbital) mode E =1, 564, (Refs. 4 and 5) (E
=1.584,, Refs. 7 and 8) does not appear in the consid-
ered model of the A phase of He® (see the Appendix).
The width I'y ~7wg of this mode’ is so large (larger by
an order of magnitude than for the clapping mode), that
the flapping mode is poorly defined and is therefore not
as interesting from the experimental point of view as
the well defined clapping mode.

The results reported here lead to the conclusion that
the use of the weak-coupling approximation has little
effect on the calculated frequencies of the collective
modes. We note in this connection that in the B-phase
the agreement between the frequencies in the weak and
close-coupling approximations was exact. ®

The identification of the modes E; and E, with the
modes obtained in Refs. 4-8 is based on the values of
the real parts of the mode energies. A more detailed
classification of the spectrum with respect to the de-
grees of freedom of the order parameter (see the Ap-
pendix) shows that the number of the 24, modes (3) and
of the clapping modes (6) in the present paper and in
that of Wolfle® are the same. The only difference is
that the four phonon modes of the orbital waves go over
in our model into the flapping modes of Ref. 5 when the
close-coupling effects are taken into account.

As for the imaginary parts of the zero-phonon mode
energies, they were not calculated in Refs. 4-7. The
damping of the clapping mode 0. 44, obtained in Ref. 8
is larger than our value 0.134,. The branches E =24,
were not obtained in Ref. 8 at all.

Our calculated imaginary parts of the energies E;(0)
and E,(0) are of the order of 15% of the real ones, so
that the damping can be regarded as moderate, and the
excitations themselves can be regarded as resonances.
We note that the damping increases with increasing real
part of the energy (from 13 to 17%).

The solution (3. 6) has an imaginary part of the order
of the real one, and it cannot be interpreted as a reso-
nance. This is not surprising, since the variable cor-
responding to the solution (3. 6) is of the phonon type,
and with it is already associated a weakly damped pho-
non mode.

We (as well as the authors of Refs. 4, 6, and 7) did
not consider the case of nonzero k. It is clear that at
small k the energy E(k) remains complex.

Wolfle® and Tewordt et al.® considered the case of
small kiil. The zero-sound absorption at which zero-
phonon modes can be excited® become noticeable only
when the orientations of k and 1 are different.® Just as
in the B-phase, experiments aimed at observing zero-
phonon modes can yield detailed information on the tem-
perature dependence of the gap A, =24,(T).

We take the opportunity to thank V.S. Pekhov and
A. A. Sukhanov for help with the numerical calculations.
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APPENDIX

INFLUENCE OF CLOSE COUPLING AND OF A
MAGNETIC FIELD ON THE STRUCTURE OF THE
BOSE SPECTRUM

We shall show that allowance for the close coupling
effects decreases the number of phonon modes from 9
to 5, and that turning-on a magnetic field decreases the
number of phonon modes from 9 to 6 for weak coupling
and from 5 to 4 when close-coupling effects are taken
into account.

We consider, in the Ginzburg-Landau region |7~ T,
< T, thatpart Il of the action which is independent of
the gradients. In the weak coupling model we have!

N=—tr AA++vir AYAP+(tr AA*)*+tr AATAAY
Hr AA*A"A™—tr AATA"A*—t/otr AA” tr A+ A", (A.1)
where A (the order parameter) is a complex matrix
with elements A,. The A-phase in the weak coupling is
described by the order parameter

100
% i 0 o), (A.2)
000
and the phonon variables are
Ua—Vy1, Uiat Vs, UistVas, Bay, Vayy Usa, Vsz, Uss, Vss, (A- 3)

where u,=ReA, and v,,=ImA,,. These variables
correspond to the branches of the spectrum not only in
the Ginzburg-Landau region, but also at all T<T,. In
the limit as T — 0, the first three of the variables in
(A.3) correspond to sound waves with cz&/V3, and the
six remaining to orbital waves cyk,.! The phonon spec-
trum is thus degenerate in the spin index.

To take into account the close-coupling effects, we
consider II with arbitrary coefficients of the fourth-or-
der terms:

H=—trA*A+vtr A*AP+a(tr A*A)*+btr AA*AAY
+etrAA*A'ATHd ir AATA'Atetr AAT tr A*A”.

(A.4)

The condition 811 =0 yields in the A-phase an order
parameter in the form

. /100
T(a+b+.i)""(i 0 0f.
000

(A.5)

To find the phonon variables, we calculate the second
variation &

8 =—tr AA*+v tr A*AP+atr [ (A*C)*+(C+A)?
+24*AC+CH2A+CC+A+b tr [2AA*CCH+24%ACHC
+AC*AC++A*CA*Cl+c tr [AA*C'CT+A+A*CTC
+A*ATCC*+ATACHC*+AC+A*CT+ATCAC*)
+d tr [AATC'CHHATACTCHAA*CCH+AYACTC 1 +heltr CTA|Y, (A, 6)

where C is the matrix (A.5), and A is a variable ma-
trix. Substituting the values of C, C*, C*, and CT we
get
8 =v(a+b+d) (U, + v H e HUa st +vss?)
+a (u,|+U“)z+2b [ 2 (Uru+vz|) B (U:S—Uzs)z
— (@2—vn) 3 (uzz""vaz) P (uzs+vu) 22 (us+vs®
+u332+l7332) ]+20[2(uu-‘vu) 42 (uzx+Vu) 2
+ (U2 —v22) *+ (a0 0) "+ (13— 33) *+ (25t 015) °]
+2d[2 (@4 +v21) *— (U2 —V22) *— (13— V23) P~ (2t vs2)?
-2 (uzz—vxz) -2 (uzs_vm) 2— (u23+Vu) -2 (u,22+v,22
Fiss*+vy?) 1Hdel (wo—va) '+ (e tvy) 21 (A.7)

We consider first the system in a zero magnetic field
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(v=0). Then (A.7) is the sum of five quadratic forms
multiplied by the independent coefficients a, b, ¢, 4,
and e. The variables

(A.8)

do not enter in any of these forms, and corresponding
to them are therefore phonon modes. Thus, allowance
for the close-coupling effects decreases the number of
phonon branches from 9 to 5. The modes ugy, v3p, %33,
and v33, which correspond in the weak-coupling approx-
imation to orbital waves, become zero-phonon modes
when the close-coupling effects are taken into account.

un+Un, uas+”u, Uzy—Vyy, Us, Vst

Expression (A.7T) at v#0 describes the system in a
magnetic field. In the weak binding approximation the
number of phonon modes decreases from 9 to 6, and the
variables u3 + vy3, %33, and v;3 become zero-phonon be-
cause of the appearance of the gap ~uH in the spectrum.
In a system with close-coupling the mode that becomes
zero-phonon upon application of a magnetic field is u;;

+ vy, (the modes u33 and vg; in the case of close-coupling
zero-phonon also at v=0), and the number of phonon
modes decreases from 5 to 4.

To gain an idea of the total Bose spectrum (including
the zero-phonon branches) when close-coupling effects
are taken into account, we rewrite (A.7) at H=0 (v=0)
in the form

8 lI=4(a+b+d) (utva)*+4(cte) [ (y—vs)®
+ (U21+Vu)z] +2 (C—b“d) [ (un_vza) *+ (utz—Uz:) 2
+ (uzz+vu) + ('hs‘*'”u) 2] _4d[ (uu—vn) z
+ (B2—1) ] —4 (bFa) (s Faret+vsi+vss?). Aa.9)
For comparison, we write down 621 in the weak coupling
approximation, putting in (A.9) a=b=c=-d=-2e=1:
82 II=4[ (uystvay) 2+ (Bas—v13) *+ (22— 012) *]
+2[ (43— v24) 2+ (2 Fvi) *+ (13— v25) '+ (012—V22)

(Uaa+H00) o (as003) 2] H0- [ua FUa? + 0520452 ). (A.10)

The form (A. 10) has three eigenvalues 4, correspond-
ing to the variables wuyy + vy, Uy — vy, and uy3— vy3. It
is just to these variables that the branches E; corre-
spond as T —~0. The other nonzero eigenvalue 2 corre-
spond to six variables: uy; + vy, gy — Vyp, 43— Va3, Uy
— vy, My3 +vq3, and six E, branches as T —0.

The calculation of the Bose spectrum in Ref. 6 yields
6 spin modes and three 24, modes, i.e., as many as in
the weak binding case considered here. Formula (A.9)
shows that in the general case allowance for the close-
coupling effects leads to splitting. The spin modes
break up into two groups—two branches corresponds to
the eigenvalue 4(c + ¢) and four correspond to the num-
ber 2(c- b -d). The three 24, branches also break up
into one branch with eigenvalue 4(a+ b +d) and two
branches with eigenvalue —4d. We note that no conclu-
sion can be drawn from the data of Ref. 5 concerning
the splitting of the branches.

The branches uyy, us3, v3y, and vs3, Which in the weak-
binding approximation are orbital waves, go over into
the normal flapping mode and the super-flapping mode
when account is taken of the close-coupling effects, as
shown by comparison with the data of Ref. 5.
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Dynamics of laser damage in KDP crystals

V. N. Genkin, A. M. Miller, and L. V. Soustov

Institute of Applied Physics, USSR Academy of Sciences
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Zh. Eksp. Teor. Fiz. 79, 1880-1887 (November 1980)

Photoresponse investigation has revealed the dynamics of laser damage in KDP crystals. It is established that
in sufficiently pure crystals the damage develops in the volume at the speed of sound and terminates in
formation of cracks characterized by a substantial surface-charge density. Characteristics of the damaged
region, such as pressure, temperature, absorbed-energy density, and absorption coefficient are determined.
The role played by the pressure wave in the process of damage to dielectrics by nanosecond laser pulses is

discussed.

PACS numbers: 79.20.Ds, 62.30. + d, 62.20.Mk

1. INTRODUCTION

The mechanisms whereby materials are optically
damaged have been intensively studied for more than a
decade, and it has been established by now that the de-
velopment of sizeable (107*-10"% ¢cm) damage in pure
substances is not the direct consequence of heating of
the absorbing inhomogeneities, but is due to the absorp-
tion by the medium itself under the influence of the la-
ser radiation. [A substance is regarded is here as
pure if the absorbing inclusions are small enough and
their heating cannot cause directly any noticeable dam-
age in the medium, the distance between the inclusion
being 1,> (7,x)'/2, where 7, is the duration of the la-
ser pulse and y is the thermal diffusivity of the medi-
um.] The nature of this absorption and the mechanisms
of its onset in real crystals are still the subjects of
debates. Many papers have dealt with absorption of la-
ser by free carriers, whose appearance is attributed,
for example, to a thermal absorption wave® or to ultra-
violet preionization of the matrix.? These mechanisms
differ substantially both in the values of the parameters
(e.g., the matrix temperature) needed for their realiza-
tions, and in the rate of propagation of the absorption
produced by them. One should therefore expect an
analysis of the dynamics of damage development to
cast light on the roles of the different mechanisms in
the breakdown.

Most frequently, attempts to track the dynamics of
the damage are made by studying the emission that ac-
companies the damage, and the scattering of the light
from the damaged region (see, e.g., Refs. 3 and 4).
Experiments have shown, however, that both the light
and the scattering appear during later stages of the
damage, frequently after the termination of the laser
pulse.!’ It seems promising therefore to investigate
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the damage dynamics by using the photoelectric re-
sponse. In fact, the large amount of information pro-
vided by this method has been well demonstrated with
photoelectric spectroscopy of semiconductors as the
example, but the methods developed for semiconduc-
tors cannot be directly applied to dielectrics. Owing
to the low volume conductivity, the surface and contact
phenomena in dielectrics are relatively strong and im-
pede seriously the interpretation of the results, espe-
cially in the study of damage. This may be the reason
why hardly any investigations of photoconductivity in
transparent have been made until now, while Belikova
et al.® attributed the damage in corundum, whose
strength is 10'° W/cm?, to the formation of an electron
avalanche, an assumption that does not seem to be
reliable enough.?

We report below the results of an investigation of
the dynamics of the photoresponse in damage of KDP
crystals, which were used as an example to develop a
technique® that eliminated the influence of contact and
surface phenomena. It was established with the aid of
this technique that the generation of free carriers and
nonstationary heating of the crystal lattice produce

'photoresponses of opposite polarity, J, and J;, respec-

tively. The current
To~ [ot,r)av
Vo
(0 is the light-induced conductivity in the volume V)

corresponds to an increase of the sample conductivity,
while the thermoelectric current

Jo~P . de/dT

(P, is the radiation power absorbed in the sample, ¢
is the low-frequency permittivity of the crystal, and T
is the lattice temperature) decreases the conductivity.
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