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Microscopic estimation of the deformation potential in a structural model glass
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Starting from a microscopic Hamiltonian we analyze the coupling between tunneling systems (TS's)
and phonons in a structural model glass, chosen to describe NiP. We estimate the TS-phonon coupling
constants, i.e., the longitudinal and transverse deformation potentials yl and y, . They are proportional
to the spatial distance between the two energy minima. This dependence translates into an energy
dependence of the deformation potential, .which is relevant for the temperature dependence of the low-
temperature thermal conductivity. On the basis of TS s in NiP found via a computer search in our previ-
ous work we obtain the values y1=0.38 eV and yi/y, =2.35. We analyze the inAuence of the structure
of typical TS's on the deformation potential. Together with the density of tunneling systems determined
in a previous paper the interaction between tunneling systems can be calculated. In contrast to recent
proposals, the weak-coupling picture and hence the validity of the standard tunneling model is
confirmed.

I. INTRODUCTION

The properties of glasses at very low temperatures
( T ( 1 K) can be nicely explained in the framework of the
standard tunneling model (STM), which assumes that
glasses contain a large number of low-energy excita-
tions. ' These can be viewed as microscopic tunneling
systems (TS's) described as double-well potentials
(DWP's) in the high-dimensional configuration space of
the glass. The Hamiltonian for dielectric glasses, in
which we are mainly interested, can be written generally
as

&=Ms+'N+&~ .

&s describes the TS's, &~ the phonon bath, and 'N the
interaction between TS's and phonons. Whereas the con-
tribution to the specific heat due to TS's only depends on
&s, contributions to other physical properties like the
thermal conductivity, the absorption, or the velocity shift
also depend on the interaction between TS's and pho-
nons. Therefore, it is of principal interest to specify 'N
as exactly as possible.

For low temperatures &s can be projected on the
lowest two eigenfunctions of the TS's. In the localized
representation we can write &s as a sum of independent
TS Hamiltonians hz, where

~0
h =—o. + o.S 2 z 2 x

o., „denoting Pauli matrices. In this representation, o.,
corresponds to the position operator and describes
whether the system is on the right (o, =1) or on the left
(o.,= —1) side of the DWP. b, denotes the asymmetry
and 50 the tunneling matrix element of the corresponding
DWP. The energy di6'erence E between the two levels is
given by E=(b, +b,o)'i . Within the STM the distribu-
tion of TS's is given by

w=yecr, . (4)

e denotes the strain field of the glass and y the deforma-
tion potential. The value of y is a measure for the cou-
pling strength between the TS's and the phonon bath. It
turns out that the value of y depends on the polarization
of the strain field. Hence we have to distinguish be-
tween yi and y, . Within the STM it is assumed that yi,
are constant values and do not depend on parameters
which characterize the TS or the strain field.

Recently we presented a systematic way of finding
large numbers of DWP's in structural model glasses.
We chose a simple model glass in which atoms interact
via pair potentials. The particular example chosen was
NiP (80% Ni, 20% P). On the basis of this set of DWP's
we were able to estimate their underlying distribution
function in dependence of the potential height, the asym-
metry and the distance d between their two minima. The
STM is extended by taking the distribution in d into ac-
count. Whereas in the previous work we confined our-
selves to the microscopic description of &s, we now ex-
tend our analysis to the interaction 'N. To our
knowledge, no microscopic estimation of yi, has been
made as yet; however, rough estimations of the deforma-
tion potential can be found in Refs. 5 and 6.

The paper is organized as follows. In Sec. II we esti-
mate the velocity of sound vI, . In Sec. III we calculate
the deformation potential yi, based only on statistical as-
sumptions about the nature of the TS's. In Sec. IV we
improve our calculation by taking into account the struc-
ture of the TS's that we actually found by the above
method. It turns out that this improved calculation gives

P(h, b, )o=n, /i', o.

This distribution function corresponds to the least biased
choice.

On the basis of elasticity theory 'lV is normally written
as a sum of individual TS-strain interactions w, where
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markedly different results for yI, . Clarifying the reason
for this deviation leads to additional insight in the nature
of TS's. We confirm (see, e.g., Ref. 7) that the deforma-
tion potential is proportional to d. We show that this
property results in a dependence of the deformation po-
tential on the energy of the sound waves.

In Sec. V we discuss two major consequences of our
analysis. The first point concerns the temperature depen-
dence of the specific heat C(T) and the thermal cor'duc-
tivity v( T). Experimentally it turns out that
C(T) ~ T'+ and I(:(T) CC T ~ with 0.1(a(0.3 and
0.05(I3&0.2. In general, one observes a)I3. It has
been stressed that the value of n depends on the time 'T

p
during which the experiments are performed. For
T

p
~ the STM predicts a =0, otherwise cx is positive.

For the value of P the STM predicts I3=0. The systemat-
ic experimental deviations from this prediction prompted
several authors to introduce phenomenological distribu-
tion functions for TS s in order to explain the experimen-
tal results (see, e.g. , Ref. 8 and references therein).

In contrast to the STM, our distribution of DWP's
yields, even in the limit ~„=~, a superlinear behavior
of C(T). In this work we will show that /3) 0 also. We
will argue that for the correct calculation of P it is essen-
tial to take into account the energy dependence of y«.
Only then can the experimental relation a)P be ob-
tained.

In a number of recent publications it has been postulat-
ed that the phonon-mediated interaction between TS's is
much larger than the intrinsic energies connected with
TS's (Refs. 10—14). This statement is equivalent to

PUI, t

(5)

where p is the density of the glass. ' However, a typical
experimental value of 2m. C(, is —„', (Ref. 15) which would

imply that the coupling between TS's is weak. Yu and
Leggett have stressed that the experimental results are no
final proof that the weak-coupling picture really holds, '

since the experiments are always analyzed in the frame-
work of the STM which implicitly assumes a weak-
coupling between TS's. Therefore, the experimental re-
sult 2~ CI, &&1 only shows the self-consistence of the
theory but does not give a definite answer about the true
coupling strength as realized by nature. Hence the true
values of n,z and y«may be different from the ones
determined from experiments. One possible method to
decide which picture holds is to estimate n,~ and yI, on a
microscopic basis without involving experimental results.
In our work we were able to estimate n,z for NiP, ob-
taining n,&=1.6X10 J 'm . Therefore, an estima-
tion of y«allows us to calculate the value of 2~ CI, . We
will confirm the weak-coupling picture supporting the
present interpretation of the experimental data. Due to
the observed universality of glasses this result might also
apply, at least qualitatively, to other glasses.

For reasons of simplicity we always consider a mono-
atomic model glass. Only for the concrete evaluation of
some final results we take into account that NiP contains
two different species.

II. ESTIMATION OF THE VELOCITY OF SOUND

Let our model glass consist of N atoms. Its potential
energy is given by

V0= g f(r;.),

where r,j = ~r;J = ~r,
—

r~ ~
describes the distance between

atoms i and j. For our simulations we specify f(r ) to be

1
VD= —g f' '(r; 0)(r; r; 0)—.

i&j
(8)

f' '(r) denotes the mth derivative of f(r).
We will calculate the contribution to V0 from a single

sound wave with wave vector q and polarization vector
p. o. denotes the polarization of the phonon. If we
choose p~~e, q(~~e„, and q, (~e~ we may describe a single
sound wave (phonon) by

I'

1
r, —r, 0= i [exp(iq—u; 0)b —exp( —iqu; 0)b *

] —e

where q =
~q&, ~

denotes the wave number of the wave. In
case of a longitudinal wave u; 0 is identified with x, 0 (the
x component of r, 0), in case of a transverse wave it is
identified with y;0. b and b* are proportional to the
creation and annihilation operator, respectively. In the
limit of long wavelengths q is much smaller than typical
nearest-neighbor distances. It follows that

1
1;J 1,~ p

=u,~ Dq 6 —e (10)

where we have identified

[exp(iqu; 0)b+exp( iqu; 0)b*]—

with the position operator Q of the corresponding pho-
non. For small displacements we obtain from Eq. (10)

+ij,0 ij, 0 1
r, =r 0+ ' ' q0

r)0 V~
Equation (11) is the basis of a coordinate transformation
to normal mode coordinates. After the transformation
the potential energy reads

V 262 yf (2)( )
'» V1 (x, ,u, ,}'

(12)

f(r ) = A [(ar )
' —1]exp[1/(ar —c )], ar (c

=0, artcc .

This function has been extensively used in the work of
Stillinger and Weber. ' ' f(r) is an approximation to a
Lennard-Jones (LJ) potential. Therefore, we denote our
model glass as a Lennard Jones -(LJ )ty—pe gl-ass. Let r, 0
describe the metastable positions of all N atoms in a typi-
cal glassy state. For small deviations from this metasta-
ble configuration the potential energy may be written ap-
proximately as



48 MICROSCOPIC ESTIMATION OF THE DEFORMATION. . . 9413

In contrast to crystals, in which the influence of a phonon
strongly depends on the direction of its wave vector,
there is no such dependence for amorphous compounds
due to the lack of any long-range order. Therefore, in a
first step, we may average over the different directions of
the wave vector and the polarization vector. Denoting
this average by ( ) we obtain

ns
( V0) = f' '(a)a q 60 4

(14)

Identifying ( V0) with m0) 6 /2, where m describes the
mass of the atoms and co the frequency of the wave, we
obtain

2%
(13)

We have defined s&—= (y ) and s, =(x y ) as averages
over the unit sphere. It turns out that s&=1/5 and
st =sI /3

In a second step we take into account the structure of
the LJ-type glass. Let us assume that each atom is on
average surrounded by n nearest neighbors with distance
a, where a is defined by f")(a)=0. For rare-gas glasses
or metallic glasses like NiP, which are close packed, the
coordination number is n = 12. The contribution of
terms corresponding to pairs which are not nearest neigh-
bors is rather small because f ' )(r) strongly decreases for
larger values of r. Therefore, we finally obtain

III. ANALYTICAL ESTIMATION
OF THE DEFORMATION POTENTIAL

Bri u;-OX;-O

Be r, O

(18)

In this section we estimate the deformation potential
for a "typical" TS, which has to be defined later on. The
positions of the atoms for both minima are described by
r, I and r, ~, respectively. With the definition d; =r; —r,.
we can relate the d; to the total distance d between the
two energy minima via gd; =d .

As a starting point we rewrite the total Hamiltonian as

~0 ~R ~L ~R +L
o + o +X 2 2

We have explicitly incorporated that the glass may
switch between two metastable positions. The tunneling
matrix element Ao is a measure for the transition proba-
bility amplitude. &LR denotes the Hamiltonian of the
glass in the neighborhood of the left and of the right en-

ergy minimum, respectively. It is obvious that the third
term describes the phonon bath and can be identified
with &R. To a good approximation the corresponding
low-frequency phonon displacements are given in analogy
to Eq. (9), if the r;0 are identified with the intermediate
structure of the TS, defined by r, 0—= (r; R +r; I )/2.

Introducing the strain field via e =qa/&X, it follows
from Eq. (11) that

ns
mu — f' '(a)a

2
(15) Using the relation [see Eq. (4)]

1 ~%'R —~L]
A direct evaluation of Eq. (13) on the basis of our gen-
erated glass configurations yields on average 0.95 times
the right side of Eq. (15). Hence our approximation was
very reasonable.

We can rewrite Eq. (15) in terms of the average phonon
velocity u which is defined via (3v =2v, +u& ). In-
corporating the numerical factor of 0.95 we finally obtain
to a very good approximation

we obtain

()[f(r),=, , f(r)l, =, , ]—

'» '»0 [f(1)(» ) f(1)(r )]
i(j rij 0

(20)

mv'= "f(2)(a)a' .
51

(16)

For the case of a two-component LJ-type glass we sim-

ply have to average f' )(a)a over the three different

pairs of atoms with the correct statistics. m is now an
average mass. For the parameters of NiP, given in Refs.
4 and 18, we have f( )(a)a =91000 K and m =56m .
Inserting these values in Eq. (15) we obtain u(=3940
ms ', v, =2280 ms ', and v =2530 ms ' which compare
very well with the experimental values of 5200 ms
2300 ms ', and 2600 ms ', respectively. We have to
keep in mind that the original choice of the energy scales
in the simulation was determined by the melting tempera-
tures of the pure Ni and P crystals. Furthermore, our
analysis shows v I /v, =

s& /s, =3. Most experimental
values range between 2.3 and 4.0 with an average of
3.2. ' We are not aware of any physical reason why the
experimental ratio for NiP of 5.1 is so large.

It has been experimentally derived from pressure-
dependent experiments ' that even under pressure the
number of nearly symmetric DWPs hardly changes. This
statement is equivalent to the fact that the deformation
potential is not correlated significantly with the asym-
metry A. Formally this means that the right side of Eq.
(20) should be uncorrelated to

g [f(r,, ) f(r,, )] . —

Taking into account that for r, =a the deriva"tive f'"(r;J )

is uncorrelated to f(r; ) this property is not surprising.
We conclude that the deformation potential has no pref-
erential sign so that we may restrict ourselves to the es-
timation of y .

For calculating y it is necessary to characterize the
structure of the glass. As a first try one may assume that
the intermediate structure corresponds to the regular
closed-packed structure. Using the approximation
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(f"'(r;,,R ) f—"'(&;,,L )]=f"'(«,
, O)

rij, o

we may write

i j ijo
2

(21)

(22)

tion we obtain

(( 2 )) y [f(2)( )]2r2 (d2+d2)
i&j

ns
(f(2)( ) ]2 2d 2

12

—= r a, stat (26)

with

and

i & jk&1

1 (r;j,o rki, o)
2

~ 'jkl, 1 3
'j, ork1, 0+

rI'~, orkl, o

x If"'(«j.R ) f'"(v,j L ))—
xlf"'(rklR) f (rkl L)]

2=1 ijor klo), ,

~'jkl, t 2 jo kl 0+ r ', orkl, oJ

x [f"'(,,„)—f"'( ...)]

x (f"'(rk(, R ) f"'(rkl L )] . —

(23)

(24)

(25)

It is important to mention that this spatial average does
not limit the generality of our approach (in contrast to
the assumption about the structure of TS's). Therefore,
Eqs. (23)—(25) are still general results.

For calculating the deformation potentia1 for the above
model we assume that the individual atoms move in-
dependently of each other, i.e., d, and d are uncorrelat-
ed, and that the relative motion of two atoms during the
tunneling process is uncorrelated to their relative posi-
tion, i.e., d; and r; 0 are uncorrelated. Due to our mod-
el, r;jo and rkl 0 are also uncorrelated. We indicate the
corresponding spatial averages by a second pair of brack-
ets. Performing the statistical averages in Eq. (23) and
using the approximation in Eq. (21) it tuns out that only
terms with (i j ) =(k, l) contribute. After a short calcula-

j i ijo

Due to the inversion symmetry of the regular closed-
packed structure around each atom it is easy to see that
both inner sums and hence y vanish identically. There-
fore, some disorder is necessary to obtain a nonzero de-
formation potential. In this context disorder denotes de-
viation of the intermediate structure from icosahedral
symmetry. We note in passing that consideration of
higher-order terms in Eq. (21) gives nonvanishing but
small contributions to Eq. (22).

The opposite approach is to assume that the n =12
neighbors of a randomly selected atom are distributed ar-
bitrarily around this atom with distance a. Before actual-
ly using this model we may, in analogy to above, first per-
form a spatial average over the directions of the wave and
the polarization vectors. The calculation is outlined in
the Appendix. We obtain

In analogy to the previous section we only sum over
nearest neighbors. This relation is the main result of the
analytical part of this paper. The deformation potential
varies for different TS's because of its dependence on d.
The consequences will be discussed later on. For the
case of NiP it turns out 1 1 „„=3.51 eV and I,„„=r„„,/&3.

IV. COMPUTATIONAL ESTIMATION
OF THE DEFORMATION POTENTIAL

y, = g'd, 2/nd2, (27)

(d, r, ())'
X2= &'

rig, o

X3= X'(rj, L r, , R
)'—

i &g

d2
(J

&j 3

(d; r; ())X'
i&j ijo

(2&)

(29)

A priori it is not clear how far the above assumptions
hold. For example, we have neglected the condition that
the n atoms which surround one randomly selected atom
must have a minimum distance between each other. This
condition could be incorporated in an improved statisti-
cal analysis. Since the intermediate structure approaches
icosahedral symmetry we would expect a decrease of
((y )) as compared to Eq. (26).

For the related case of low-frequency localized vibra-
tions in glasses Schober and Laird could show that the
nearest-neighbor shell of the central atom of such a mode
is less dense than the average nearest-neighbor shell. ' '

This interesting result suggests that TS's tend to occur in
nontypical regions of the glass, so that a statistical
analysis of TS s, based on typical regions, might give
misleading results. Therefore, rather than refining our
statistical analysis, we try to calculate the deformation
potential via Eq. (23) exactly for the DWP's which we
found by our numerical method (see the Introduction).
Our analysis will be based on 71 DWP's. For notational
simplicity we will omit the brackets when referring to y .
The values for [y(/(d/a)] for all 71 DWPs are shown
in Fig. 1 as a function of d/a. Despite large fiuctuations,
[yl/(d/a)] is largely independent of (d/a), in agree-
ment with the results of the previous section. A least-
square fit yields yl = I i(d /a ) with I i

= l.07 eV. Surpris-
ingly, I 1 differs markedly from our above estimation
I"1„„.Since we have a microscopic description of the
TS s, it is possible to check at which point the assump-
tions which lead to the calculation of I 1 „„are in error.
For this purpose we introduce y; (i = 1, . . . , 5) via
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(32)

are strongly reduced. As already predicted y5 is also
smaller than 1 but we see that our original statistical
description of the "typical" TS, yielding y~ =1, was
reasonable.

I, can be calculated in analogy to I &. We obtain
I i/I, =2.35. The typical experimental value is 2.5. '

We see that our calculation, based on computer generat-
ed TS s, yields a more realistic value for this ratio than
the value of 3 which was the result of our statistical
analysis.

Combining the results of the previous sections we may
finally write to a good approximation

FIG. 1. The dependence of y&/{d/a) on (d/a) for 71 ana-
lyzed DWP's for the case of NiP.

and

2mv

33/n
(33)

X4 p ~ijij, a X Ifij ( ij ) I . ij (rij, L rij, R ) r (30)
showing that the coupling between TS's and phonons can
be calculated from just the knowledge of I, U, and n.

Xs, cr X X ~ij kl, cr X ~ijij, a
i&jk&I i &j

(31)

The prime indicates that the sum only extends over
nearest neighbors. We introduced additional indices for
f ' and a; because for this analysis we explicitly have to
take into account that NiP consists of two species de-
scribed by three different equilibrium distances and three
differential potential functions. We use the convention
that two atoms are nearest neighbors if their average dis-
tance is less than 1.2 a; . We have defined the g; such
that on average

2 2
X1X2X3X4X5, ~, t t

If all statistical assumptions were fulfilled, we would
obtain yl =y2=g3 =y4= I. As already mentioned y5 is
a measure for the disorder of the glass. In case of pure
disorder, as defined in the previous section, we have

=1, whereas complete icosahedral symmetry of the
intermediate structure gives g5 =0.

On the basis of our 71 DWP's we obtain the following
average values for the y;: y, =0.70, F2=0.39, y3=0.99,
F4=0.47, g5 I =0.69, y&, =0.86. The rather small value
of y2 indicates strong correlations between r;J 0 and d;J.
It means that two nearest neighbors favor a relative
movement perpendicular to the vector which connects
both atoms. In this way the change in distance is as
small as possible which is very favorable energetically.
y4«1 can be explained as follows: the sum on the right
side of Eq. (23) is dominated by terms with large values of
~r,j I r,~ R~. For energetic rea—son. s the distance between
two atoms cannot be much smaller than a. Therefore, in
general, a large change in distance can only be accom-
plished if r; I or r,"& is significantly larger than a. It is
then no longer justified to evaluate f ' ' at the point r =a
but one has to choose r =ro with ro &a. As the second
derivative of f(r) strongly decreases with increasing r it
is obvious that the terms which should contribute most

V. DISCUSSIQN

First we discuss some implications of our results for
the temperature dependencies of R( T) and the relation be-
tween a and P. In this context we will show how to esti-
mate y for a specific compound like NiP.

The densities of TS's which are relevant for the
thermal conductivity and the specific heat can be calcu-
lated from the distribution of DWP's via

and

Q2
n,~(E&=(,5(E —V 6'+ 520

&)
(34)

n„„,(E,r,„)=(5(E—'l/ b, +b, )e(r,„„—r„,)), (35)

—1
arel

2y2 y2 E22
+ coth(E/2kR T) .

U,
'

U,
' 2~pa'

(36)

Because of the step function on the right side of Eq. (35),
n„„,(E,r,„)only takes into account TS's with relaxation
times smaller than ~,„.

The deformation potential may be experimentally
determined via acoustic attenuation measurements. '

For example, the inverse mean free path of a phonon
with energy E, interacting resonantly with TS s, is given
by

Etanh(E /2kjt T )
. b,o

l 5(E — b, +ho) I
Ap U] E2 2

rrE tanh(E/2kit T)
y n,s(E),

APU~
(37)

with

respectively, where the brackets denote an average over
the distribution of DWP's. ~„l denotes the relaxation
time of a TS in a phonon bath which is given by
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and

d,s(E)
y =I

a
(38)

0.46

0.45—

( 5(E +g2+ g2)(g2/E2)d 2 )
d,R(E ).=

n.,ff(E )
(39)

0.43—

We have written Eq. (37) in this unusual form to em-
phasize that it is not justified a priori to use a constant
value for y . Numerical evaluation of Eq. (39) yields
d, s(E)=0.36a if we choose E/kz= 1 K. From this

value we determine @1=0.38 eV and y, =0.25 eV. We
will discuss these values further below.

To obtain the temperature dependence of the specific
heat C( T) and the thermal conductivity ~(T), we have to
know the energy dependencies of

0.41—

04—

0.39—

0.38
0.1

I

0.2
I

0.3
I

0.4
1

0.5 0.6 0.7
I

0.8

E [K]

FIG. 2. Energy dependence of yl for NiP.

0.9

61(~ )

~otal'( e.p) "E ' '"'

n,z(E) ~ E ' and d,s.(E) ~ E '. Then a and /3 are simply
given by a=5, (r,„)and P=52+53. For C(T) it is im-
portant to specify the experimental time ~„during
which the measurements are performed. We already
mentioned that even within the STM for finite ~„„the
temperature dependence of C ( T) is superlinear. Given
the distribution of DWP s it is straightforward to calcu-
late 5,(r,„),5z, and 53. For the calculation of r,„„ofNiP
we used the calculated values of y and v . The density
is given by p =8350 kg m . We find 5,(r,„=~ ) =0.09
and 5&(r,„&=5 s) =0.29. &,„=5s is a typical experimen-
tal time for a specific-heat measurement. Furthermore,
we obtain 62=0.28, 53= —0. 14 and therefore a=0.29
and 13=0.14 in excellent agreement with typical experi-
mental values. 53 is negative because with decreasing d
typical tunneling matrix elements Ao and hence typical
energies E become larger. Neglecting the energy depen-
dence of d,s(E) or, equivalently, of y, we would obtain a
value of P so large that we would not verify the experi-
mental relation a) 13. In order to visualize the effect of
the energy dependence of d,&(E) we have plotted the en-

ergy dependence of yI in Fig. 2. Although knowledge of
the distribution of DWP's is necessary for obtaining the
quantitative values we would like to stress that general
features like the energy dependence of the deformation
potential can qualitatively already be deduced without
exact knowledge of this distribution. The important in-
gredient is only the dependence of yl, on d /a.

We are now in a position to check the coupling
strength between the individual TS's which is expressed
by the value of CI, . In Ref. 4 we obtained
n, ff =1.6X 10 J m . Together with the experimental
values of U&, and p and the calculated values of y&, we
obtain 2n C& =1/85 and 2m C, =1/185 which is in ex-
cellent agreement with the typical experimental value
2~ CI, =1/150. We conclude that, in accordance with
the STM and in contrast to the proposal by Yu and Leg-
gett, ' the TS's in NiP may be described in the frame-
work of the weak-coupling picture. Due to the observed
universality of glasses ' it would be surprising if the
weak-coupling picture would not hold in other glasses,
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APPENDIX

In this appendix we would like to sketch the derivation
of Eqs. (24) and (25). We choose q, ((u„ql(~u2, and p)(u2
with u, luz and

~ u, ~

=
~ uz ~

= 1. Furthermore, we define

u3 =u
&
Xuz. For reasons of simplicity we take

r J =(1,0, 0) and rkI =(cosy, sin@, 0). We are interested in
the expression

~ =((r;, q )(r;, p)(rk~ q )(rk&.p)), (Al)

where we average over all possible directions of the wave
and the polarization vector. Using ( u

&
) = 1/& and

( p 2 p 2 ) = 1/15 we immediately obtain

WI =
—,', ( 1+2 cos y ) . (A2)

Now we concentrate on the calculation of 8;. From

too.
C, has been experimentally determined for NiP.

From the temperature dependence of the shift of the ve-
locity of sound the authors obtain 2~ C, =1/840. In
contrast, analysis of the thermal conductivity yields
2~ C, = 1/120. For the thermal conductivity it is impor-
tant to subtract the eA'ect of the electrons; because of the
uncertainties of this subtraction the first value is con-
sidered to be more trustworthy. Arguments can be found
in the literature why the "true" value should lie some-
where in between. ' Our estimation agrees better with
the second value.

In summary, we have presented a microscopic estima-
tion of the deformation potential of LJ-type glasses. We
have shown that, on the one hand, the deformation po-
tential is energy dependent which strongly influences the
temperature dependence of the thermal conductivity and
that, on the other hand, the coupling between TS's is
weak so that the STM is sufficient to explain the dynam-
ics of TS's in glasses at very low temperatures.
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on both sides it turns out

it follows that ~t ((r'j u1) (rkl u2) +(r'j u2) (rkl ul )

((r" u)(r u) )=—— = (2—cosy).
2 15

(A4) —
—,'([(r; Xr„,)(u, Xu )] )

Squaring the Lagrange identity

(r;, u, )(rkl u, ) —(r,, u, )(r„, u1)=(r,, Xrkl)(u, Xu2)
=

—,', (2—cos y) —
—,
' sin tp= —,', (3 cos y —1) . (A6)

(A5) Equations (24) and (25) are hence justified.
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