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Vibrational dynamics of bond-center hydrogen in crystalline silicon

M. Budde,1,* C. Parks Cheney,1 G. Lüpke,1,2 N. H. Tolk,1 and L. C. Feldman1,3

1 Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235
2 Department of Applied Science, The College of William and Mary, Williamsburg, Virginia 23187

3 Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
~Received 31 October 2000; published 11 April 2001!

The absorption line shape associated with the fundamental transition of the H-related stretch mode of
bond-center hydrogen in crystalline silicon is measured as a function of temperature with infrared spectros-
copy. In addition to the shift in frequency and increase in linewidth usually observed for local vibrational
modes in solids, the absorption line becomes asymmetric at elevated temperatures. A theoretical model is
developed, which describes the temperature-dependent line shape in terms of thermal fluctuations in the
occupation number of a low-frequency mode coupled anharmonically to the stretch mode. The model success-
fully describes the shift, broadening, and asymmetry of the absorption line and gives new insight into the
nature of the low-frequency mode. The mode has a frequency of 114 cm21, is twofold degenerate, and exhibits
no isotopic shift when deuterium is substituted for hydrogen. It is assigned to a pseudolocalized, Si-related
mode of bond-center hydrogen.

DOI: 10.1103/PhysRevB.63.195203 PACS number~s!: 61.72.Tt, 63.20.Pw, 78.30.Am
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I. INTRODUCTION

Infrared spectroscopy of local vibrational modes~LVM’s !
is one of the most powerful techniques for studying t
atomic-scale structure of light impurities and their complex
in crystalline solids.1,2 One of the most prominent applica
tions of LVM spectroscopy has been the investigation
H-related defects in crystalline semiconductors.3–5 In this
case, the combined information obtained from LVM spe
troscopy and first-principles theoretical calculations6 has led
to the identification of a large number of H-related defec
including complexes of H with dopants,7 transitions metals,8

intrinsic defects,9 and other H atoms.10–12Most of the inves-
tigations reported to date have focused on determining
defect structure, i.e., the equilibrium positions of the imp
rity atom~s! and the host atoms to which they are bond
Such studies are usually based on measurements—at
particular cryogenic temperature—of the frequencies of
absorption lines, their isotopic shifts, and the splitting p
terns induced by uniaxial stresses applied along low-in
crystal axes.

Another characteristic feature of the infrared absorpt
spectrum, which has received much less attention, is its t
perature dependence. Absorption lines associated
LVM’s generally shift in frequency and broaden with in
creasing temperature. Moreover, the absorption lines m
become asymmetric and, in rare cases, new absorption p
appear next to the low-T line at elevated temperatures.13,14

TheT dependence of the line shape is generally attribute
random, thermal excitation and deexcitation of lo
frequency vibrational modes that are coupled anharmonic
to the LVM. Another possible cause of line broadening is
decrease in the lifetime of the first-excited state of the LV
which sets in at elevated temperature.15 Until recently the
lifetimes of Si–H stretch modes were believed to be in
nanosecond range based on direct measurements of the
time of Si–H bonds on H-terminated Si surfaces.16 Such life-
times correspond to natural linewidths of the ord
0163-1829/2001/63~19!/195203~18!/$20.00 63 1952
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0.005 cm21, much less than the widths usually observed
LVM’s in semiconductors, and the lifetime contribution t
the T dependence of the linewidth has therefore been
glected until now. However, as we have recently shown,
vibrational lifetimes of Si–H stretch modes associated w
point defects in semiconductors can be 2–3 orders of m
nitude shorter than on H-terminated Si surfaces, and the
time contribution to the widths of LVM’s may be
significant.17

In this work, we extend our recent investigations of t
population dynamics of the H-related stretch mode of bo
center hydrogen (HBC

(1)) in Si at 1998 cm21, reported in Ref.
17, to also include phase relaxation dynamics. HBC

(1) in Si has
been studied extensively experimentally17–24 and
theoretically,6,25–29and is very well characterized. The prop
erties of HBC

(1) were recently reviewed in Ref. 22 and sha
therefore not be repeated here. In this work, the absorp
line shape of the 1998-cm21 mode of HBC

(1) is measured with
infrared absorption spectroscopy as a function of tempe
ture. TheT-dependent lifetime contribution to the linewidt
obtained in Ref. 17 is subtracted from the measured li
width, and theT dependence of the corrected width and t
center frequency is analyzed in terms of the exchange m
for vibrational phase relaxation developed by Harris a
co-workers,30–32 which assumes that the phase relaxation
governed by thermal fluctuations in the population num
of one particular low-frequency mode coupled anharmo
cally to the LVM. However, the Harris theory is a low-T
approximation and turns out to be invalid in almost the en
temperature range studied in the present work. We there
extend the theory beyond the low-T limit. In addition to
modifying the theoretical expressions for the line shift a
broadening, the extended theory gives an explicit formula
the line shape function that allows the line shape to be as
metric. The absorption line shape of the 1998-cm21 mode of
HBC

(1) agrees very well with this theoretical line shape fun
tion at all temperatures. The parameter determining
©2001 The American Physical Society03-1
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asymmetry of the line is found to be a factor of 2 less th
observed experimentally. This discrepancy originates fr
the degeneracy of the low-frequency mode: in the excha
theory of Harris and co-workers, and all other dephas
theories reported to date, the low-frequency mode has
plicitly been assumed to be nondegenerate. However,
present work demonstrates that the predictions of the
change model depend critically on the degeneracy of
low-frequency mode, and the discrepancy in the asymm
parameter is removed if the low-frequency mode is assum
to be twofold degenerate instead of nondegenerate. ThT
dependence predicted by the extended exchange model
excellent agreement with the behavior of the 1998-cm21 line
of HBC

(1) up to;100 K. From this we conclude that the pha
relaxation of the 1998-cm21 mode is governed by anha
monic coupling to a twofold degenerate mode at 114 cm21.
The frequency of the low-frequency mode does not cha
when D is substituted for H, and we therefore assign it t
vibrational mode of the Si atoms in the immediate vicinity
the defect.

II. HOMOGENEOUS LINE SHAPE OF DIPOLE
TRANSITIONS

In this section, the theory of homogeneous spectral
shapes of electric dipole transitions is reviewed. The the
has been applied to a wide variety of transitions, includ
transitions between nuclear and electronic spin states, vi
tional states in gases and solids, and electronic states. In
present context we focus on the fundamental transitionu0&
→u1& of a LVM in a solid. The absorption spectrum asso
ated with the fundamental excitation of a LVM can genera
be expressed as the Fourier transform of the dipole-dip
correlation function:33,34

I u0&→u1&~v!}E
2`

`

dt exp~ ivt !^m01~0!m01* ~ t !&, ~1!

where v is the angular frequency, andm01(0)
5^0um̂(0)u1& and m01* (t)5^0um̂†(t)u1& are the expectation

values of the dipole operatorm̂ and its Hermitian conjugate
at time 0 andt. The bracket̂ •••& means that the function
m01(0)m01* (t) has to be averaged over all possible time e
lutions, which corresponds to performing an ensemble a
age. The dipole-dipole correlation function can be expres
as

^m01~0!m01* ~ t !&5exp~ iv01t !w01~ t !. ~2!

Here, the exponential term is the time dependence of
unperturbed LVM, whereas the functionw01(t) represents
the effect of anharmonic interactions with other norm
modes, which cause the amplitude of^m01(0)m01* (t)& to de-
cay. The decay of the correlation function can be viewed
a loss of phase coherence among the oscillators of the
semble, and is often referred to as dephasing. In this p
we are only concerned with the homogeneous line shape
neglect inhomogeneous broadening of the absorption l
e.g., due to strain fields induced by nearby defects.
19520
n

ge
g
-

he
x-
e
ry
d

in

e
a

e
ry
g
a-
the

-

le

-
r-
d

e

l

s
n-
er
nd
e,

Phase relaxation processes are usually divided into
classes. The first class consists of those processes that ch
the quantum number of the LVM, thus causing the states
the mode to have finite lifetimes. For the fundamental tra
sition of a normal mode, the decay function due to popu
tion relaxation processes is

w01
T1~ t !5z expF2

t

2T1
G , ~3!

where T1 is the lifetime of the first-excited state, andz is
real. The second class of phase relaxation processes
caused by interactions that conserve the quantum numbe
the LVM. This type of phase relaxation is caused by anh
monic terms, which couple the LVM to other normal mode
thus causing the LVM transition frequencyvLVM52v01 to
depend on the occupation numbers of the modes to which
LVM is coupled. Thermal fluctuations in the occupatio
numbers then give rise to fluctuations in the transition f
quencies, which lead to loss of phase coherence and c
^m01(0)m01* (t)& to decay. This type of phase relaxation
usually called ‘‘pure dephasing,’’ but for brevity we sha
also use the abbreviated term ‘‘dephasing’’ in this paper.
Sec. V we show that the correlation function of such a ra
domly modulated transition can be expressed as

w
01
T2* ~ t !5~zRe1 izIm!expF iDv01t2

t

T2*
G , ~4!

wherezRe, zIm , Dv01, andT2* are real.T2* is the relaxation
time due to ~pure! dephasing. Population relaxation an
dephasing are usually treated as independent processes
the combined dipole-dipole correlation function can the
fore be written as

^m01~0!m01* ~ t !&5exp@ iv01t#w01
T1~ t !w01

T2* ~ t !. ~5!

Insertion of Eqs.~3!–~5! into Eq.~1! yields the homogeneou
line shape function35

I u0&→u1&~v!}zReF G/2

~v2@vLVM2Dv01# !21~G/2!2

2a
~v2@vLVM2Dv01# !

~v2@vLVM2Dv01# !21~G/2!2G , ~6!

where

G5
2

T2*
1

1

T1
. ~7!

Thus, the homogeneous line shape is a Lorentzian cent
at vLVM2Dv01 with full width at half maximum~FWHM!
G, plus an asymmetric dispersion-type line shape defined
the same parameters. Hence, dephasing can cause the a
tion line to broaden, shift in frequency, and become asy
metric. The amplitude of the asymmetric part is given by t
parametera[zIm /zRe, and the homogeneous line sha
therefore reduces to a Lorentzian ifzIm→0.
3-2
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TABLE I. Sample implantation conditions. Going from left to right, the columns contain the name o
sample, implanted ion, minimum implantation energy, maximum implantation energy, number of ene
width of implantation profile, hydrogen concentration, implantation temperature, and the location whe
experiment was performed.

Sample Ion Emin Emax Number of Width CH Timpl Location
name ~MeV! ~MeV! energies (mm) ~ppm! ~K!

SiH 1 H1 1.0 1.8 29 24 8.3 80 Vanderbilt
SiH 2 H1 1.2 2.8 57 44 14 20 Aarhus
SiDa D1 6.0 10.8 46 316 1.3 20 Aarhus

aImplanted through a 100-mm-thick Al foil
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Although vibrational frequencies and photon energ
conventionally are expressed in wave number units (cm21)
in infrared spectroscopy, we shall almost exclusively use
gular frequencies~rad/s! in the theoretical expressions give
in the present paper. Angular frequencies are readily c
verted to wave number units by division with 2pc, wherec
is the speed of light in free space. Thus, the homogene
linewidth ~7! takes the form

Gs5
G

2pc
5

1

pcT2*
1

1

2pcT1
. ~8!

Expressions~7! and ~8! for the Lorentzian part of the line
shape function have been used extensively in the past,
in studies of absorption lines associated with vibratio
modes of adsorbates on surfaces36 and molecular crystals.37

However, to our knowledge, the homogeneous line sh
function ~6! has not been specified previously. In Sec. IV w
use Eq. ~6! in the analysis of the temperature-depend
shape of the 1998-cm21 line of HBC

(1) in Si. We find that the
1998-cm21 line becomes significantly asymmetric at e
evated temperatures and that Eq.~6! represents the observe
line shape very well at all temperatures. The best-fit l
shape parametersa, Dv01, andG are strongly dependent o
the temperature at which the absorption spectrum is m
sured. To understand the physical processes giving ris
this T dependence, we develop a theoretical model in Sec
which expresses the temperature dependence of the
shape parameters in terms of well-defined physical qua
ties.

III. EXPERIMENTAL DETAILS

HBC
(1) in Si is unstable at room temperature and theref

has to be formed and kept at cryogenic temperatures to
vent it from migrating and reacting with impurities and d
fects. This is accomplished by implanting protons~or deuter-
ons! into Si at 80 K or below, where they freeze in at bon
center sites forming HBC

(1) ~or DBC
(1)). The absorption spectr

are measuredin situ, i.e., without heating the sample to roo
temperature between implantation and the spectrosc
measurements. The samples used in the present work
sisted of 2-mm-thick, double-side polished, high-resistiv
(.600 V cm) Si single crystals. To facilitate the transfer
the implanted sample to the infrared spectrometer with
19520
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heating, the sample was mounted in a cryostat that could
attached to the end of the accelerator beam line. A gate v
was mounted between the cryostat and the beam line, w
allowed the ions to pass while the valve was open and m
possible detachment of the cryostat from the beam line, w
out breaking the cryostat vacuum, with the valve closed.
practical reasons the gate valve was replaced by
100-mm-thick Al foil, in the case of the deuteron-implante
sample, with the deuterons penetrating the foil before be
implanted into the Si sample. The ion beam was swept h
zontally and vertically during implantation to ensure a u
form lateral distribution of the implanted species. To min
mize the defect concentration, while maintaining a sufficie
area density of HBC

(1) or DBC
(1) defects for the spectroscopi

studies, the spatial profile of implanted ions was spread
longitudinally by implanting at multiple energies. The do
at each energy was obtained from Monte Carlo simulati
of the implantation profiles with the software packa
SRIM,38,39 and were chosen to yield a uniform hydrogen
deuterium concentration profile over the depth interval
fined by the ion range at the minimum and maximum i
plantation energy. The implantation parameters for
samples are given in Table I.

The experiments at Vanderbilt University were perform
with a flow cryostat cooled with liquid He, whereas a close
cycle cryostat was used for the experiments at Aarhus U
versity. Both cryostats were capable of cooling the sample
;10 K. The sample temperature was measured with Si
odes mounted on the sample holder a few millimeters fr
the sample. The cryostats were equipped with a resis
heater, controlled by a commercial temperature control
which allowed the temperature to be set at any tempera
in the range 10–300 K. The measured temperature was
erally stable within60.05 K. The cryostats were equippe
with a pair of windows~CsI or CaF2) mounted perpendicu
larly to the implantation port. After implantation, the cryost
was detached from the beam line, and the cold finger
sample holder of the cryostat was rotated by 90° to allow
infrared light to propagate through the windows and the i
planted sample. Then, the cryostat was moved to the c
mercial Fourier transform infrared~FTIR! spectrometer used
for the absorption measurements. The sample tempera
increased by less than 10 K during the transfer of the c
ostat. The infrared absorbance spectra of the samples
measured as a function of sample temperature in the ra
10–135 K. The spectral resolution was chosen to yield n
ligible instrumental broadening of the absorption lines, a
3-3



te
in
u

in

a

ll

io
e
n

d
p
e

e
in
r

f
K
pe
tly

f t

t
ed
lity

nted

.

ima-

l
s

line-

q.

ad-

nt

can
In
to
f the
een
n-

ted
of

ift
ude

ed
tion

BUDDE, CHENEY, LÜPKE, TOLK, AND FELDMAN PHYSICAL REVIEW B 63 195203
ranged from 0.3 at the lowest to 1.0 cm21 at the highest
temperatures.

IV. EXPERIMENTAL DATA

The homogeneous shape of an absorption line is de
mined by a combination of population and pure dephas
processes. In the case of vibrational transitions in solids, p
dephasing processes vanish in the low-T limit (lim T→0T2*
5`), because all vibrational degrees of freedom freeze
the ground state.37 Hence, it follows from Eqs.~6! and ~7!
that the low-T homogeneous line shape is Lorentzian with
FWHM given by the natural linewidth

G05
1

T1
. ~9!

In a recent Letter we confirmed this relation experimenta
for the 1998-cm21 line of HBC

(1) in Si by directly measuring
T1 and the spectral width at low temperatures.17 The lifetime
was measured to beT157.860.2 ps at;20 K by ultrafast,
time-resolved infrared spectroscopy. Infrared absorpt
measurements at;10 K revealed that the shape of th
1998-cm21 line was very well represented by a Lorentzia
and that the width of the line converged towardsG0 when the
implanted hydrogen concentration was reduced to;1 ppm.
The temperature dependence ofT1 was also measured, an
T1 was found to be essentially temperature independent u
;60 K, where it started to decrease. At 125 K the lifetim
was reduced to'4 ps.

Figure 1~a! shows the absorbance profile of th
1998-cm21 line measured at various temperatures. The l
shape is strongly temperature dependent, exhibiting a la
downshift in frequency of 6 cm21 and increase in width o
15 cm21, when the temperature is raised from 10 to 111
Moreover, the line shape changes from being an almost
fect Lorentzian at low temperatures to being significan
asymmetric at elevated temperatures. As an example o
asymmetric line shape, Fig. 2 shows the 1998-cm21 line
measured at 111 K. The curve in the figure represents
best fit of Eq.~6! to the experimental data. The fits obtain
at all the other temperatures were of similar or better qua

FIG. 1. ~a! Absorbance spectra showing the 1998-cm21 line of
HBC

(1) at various temperatures.~b! Linewidth parameterG as a func-
tion of temperature (s) and lifetime contribution to the linewidth
(d) obtained from Eq.~9! and theT1 values reported in Ref. 17.
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Thus, the experimental line shapes are very well represe
by the homogeneous line shape function~6! at all tempera-
tures. Figure 1~b! shows the measured linewidthG and the
natural linewidthG0 as a function of temperature.G0 was
calculated from Eq.~9! and theT1 data reported in Ref. 17
The temperature dependence ofT1 is clearly much too weak
to explain the broadening of the 1998-cm21 line with in-
creasing temperature. Consequently, the line shape is pr
rily determined by pure dephasing processes above;50 K.

The change in linewidth due to pure dephasingDGT2* can be
extracted from the widthsG by subtraction of the natura
linewidth G0 and the contribution from inhomogeneou
broadening. The temperature dependence of the natural
width is represented by the function

G0@T#5G0
LT exp@\vLVM /kBT#21

)
j 51

6

~exp@\v j /kBT#21!

, ~10!

where kB is the Boltzmann constant,vLVM51998 cm21,
v15v25v35150 cm21, v45v55v65516 cm21, and
G0

LT is obtained from Eq.~9! and the experimental low-T
lifetime T157.860.2 ps. As demonstrated in Ref. 17, E
~10! represents the temperature dependence ofT1, and hence
the natural linewidth, quite well. The inhomogeneous bro
ening corresponds to the difference betweenG andG0 below
30 K, shown in Fig. 1~b!, and is assumed to be independe
of temperature.

As already mentioned, pure dephasing processes
cause aT-dependent shift of absorption line frequencies.
addition, vibrational frequencies of LVM’s are expected
change with temperature because of thermal expansion o
host lattice, which changes the lengths of the bonds betw
the impurity and the host atoms, and thus the LVM freque
cies. The latter contribution to the line shift can be calcula
if the thermal expansion coefficient and elastic constants
the host crystal, and the sensitivity of the 1998-cm21 line to
strain are known. In Appendix A it is shown that the sh
due to thermal expansion is at least two orders of magnit

FIG. 2. Absorbance spectrum atT5111 K showing the asym-
metry of the 1998-cm21 line. The circles represent the measur
spectrum, whereas the curve is the best fit of the line shape func
~6! to the data.
3-4
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smaller than the shifts observed. We therefore neglect
contribution and ascribe the experimental shifts to p
dephasing.

Figures 3~a,b! show the absolute value of the frequen
shift uDvu and the pure dephasing contribution to the lin

width DGT2* as a function of temperature. The behavior
low temperature is presented more clearly by semilogar
mic plots of the data as a function of 1/T @see Figs. 3~c,d!#.
Two data sets are shown in the figures, which were obtai
with the two different cryostats. The data are in excelle
agreement below;100 K, indicating that systematic error
in the temperature measurements are very small. The de
tions between the data sets above;100 K, are probably due
to differences in cryostat and sample holder design. Ho
ever, only the data below;80 K are used in the quantitativ

FIG. 3. Temperature dependence of the line shape paramete
the 1998-cm21 line. ~a! Frequency shiftuDvu5uv2^v&LTu vs T,
where ^v&LT is the low-T mean frequency obtained by averagin
over four measurements ofv in the range 10–30 K.~b! Change in

linewidth due to dephasing,DGT2* 5G2G02G inhom, as a function
of T. Here,G0 is the T-dependent natural linewidth given by Eq
~10!, and DG inhom represents the contribution to the width fro
inhomogeneous broadening.~c! and~d! show semilogarithmic plots
of the same data as~a! and ~b! as a function of 1/T. The two data
sets were obtained with the two proton-implanted samples Si
~l! and SiH 2~s! listed in Table I. The solid curves represent t
best-fit theoretical results obtained with the exchange model a
nondegenerate exchange mode. The number of exchange mod
els (ne

max11) was chosen large enough that the model results w
independent ofne

max. The dotted curves, which essentially coinci
with the solid curves, show the model predictions for a twofo
degenerate exchange mode. The best-fit parameters are list
Table II. The dashed curves show the results obtained with
two-level exchange model, i.e., withne

max51.
19520
is
e

-

t
-

d
t

ia-

-

analysis, and the errors at elevated temperatures there
have no influence on the conclusions of the present pap

According to Fig. 3~c,d!, the data points representing th
frequency shift and line broadening in the temperature ra
30–80 K fall on a straight line in the semilogarithmic plo

of uDvu andDGT2* versus 1/T. Thus, both quantities exhibi
Arrhenius-type behavior and can be expressed asA( j )exp
@2\V(j)/kBT# in this regime. A quantitative analysis39 yields
the best-fit parametersV (uDvu)511462 cm21 and V (DG)

511762 cm21, which shows thatV (uDvu) and V (DG) are
equal within the experimental errors. This behavior is in e
cellent agreement with the theoretical models of vibratio
dephasing developed by Harris and co-workers30–32 and by
Persson and co-workers.41

Both models assume that the LVM is coupled anharmo
cally to another vibrational mode with frequencyve , where
ve!vLVM . The anharmonic coupling changes the ene
level spacings as shown in Fig. 4. In the manifoldu0,ne&,
neP$0,1, . . .%, in which the LVM is in the ground state, th
anharmonic coupling term changes the level spacing fr
\ve to \ve8[\(ve1 1

2 dv), whereas the spacing in th
u1,ne& manifold is \(ve81dv). As explained in more de-
tailed later,dv is determined by the strength and type of t
anharmonic coupling. According to Fig. 4, the transition e
ergy for fundamental transitions of the LVM,u0,ne&
→u1,ne&, are given byDEu0,ne&→u1,ne&5\(vLVM8 1nedv),

where vLVM8 [vLVM1 1
2 dv. Thus, the fundamental trans

tion energy of the LVM depends on the quantum numberne
of the low-frequency mode, and thermal fluctuations inne
lead to a random modulation of the transition energy, wh
in turn results in loss of phase coherence. In addition tove
and dv, the lifetimet of the ne51 state of low-frequency
mode enters as a model parameter.

of

1

a
lev-
re

in
e

FIG. 4. Energy-level diagram of the exchange model defin
the three model parametersve8 , dv, andt. The level spacing in the
LVM ground-state manifoldu0,ne& is \ve8 , whereas it is\ve8
1dv in the LVM singly-excited manifoldu1,ne&. Thus, the transi-
tion energy for the electric dipole transitionu0,ne&→u1,ne& is equal
to \(vLVM8 1nedv). The parametert is the spontaneous lifetime o
the u0,1& level. For simplicity, only three levels in each manifold a
shown. In the model of Harriset al., only two exchange-mode lev
els unLVM,0& and unLVM,1& are taken into account (ne

max51),
whereas the extended exchange model includes as many leve
required to make the model predictions independent ofne

max.
3-5
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A. The model of Harris and co-workers

Harris and co-workers showed that in the limitkBT
!\ve8 , the pure dephasing contribution to the homogene
line shape is Lorentzian, and exhibits a temperatu
dependent frequency shift and broadening given by30–32

Dv5
dv

11~dvt!2
exp@2\ve8/kBT# ~11!

and

DGT2* 5
2dv2t

11~dvt!2
exp@2\ve8/kBT#. ~12!

As mentioned above, a fit of Eqs.~11! and ~12! to the ex-
perimental data yieldsve8;115 cm21. Thus, the assumption
kBT!\ve8 , corresponding toT!160 K, is not fulfilled for
any of the data points shown in Fig. 3. However, the exc
lent agreement below 80 K suggests that the model of Ha
and co-workers contains the essential physics governing
T dependence of the line shape. In the following sections
will extend this model beyond the low-T limit.

B. The model of Persson and co-workers

Persson and co-workers derived the frequency shift
broadening due to vibrational exchange in the weak coup
limit udv tu!1, and obtained the results

Dv5dvn̄e@T# ~13!

and

DGT2* 52dv2tn̄e@T#~ n̄e@T#11!, ~14!

where n̄e@T#5(exp@\ve8/kBT#21)21 is the mean population
number of the exchange mode in thermal equilibrium. E
pressions~13! and ~14! are valid at all temperatures. Bot
models of Harris and co-workers and of Persson and

workers both yieldDGT2* /Dv52dv t in the low-T limit,
and the coupling parameterdv t can therefore be obtaine
from this ratio. Experimentally, we finddv t521.2 for the
1998-cm line. Consequently, the model of Persson and
workers cannot be used to analyze theT dependence of the
1998-cm21 line of HBC

(1) in Si.

V. DEPHASING BY RANDOM FREQUENCY
MODULATION

In this section the dephasing model of Harris and
workers is extended beyond the low-T limit. The main rea-
son for the breakdown of this model is that the first-exci
state of the low-frequency mode becomes significantly po
lated whenkBT;\ve8 , which makes possible thermal exc
tation into states withne>2. Hence, the crucial step in ex
tending the model is to increase the quantum numberne

max

above which the low-frequency mode is truncated fro
ne

max51, as assumed by Harris and co-workers, to a num
sufficiently large for the results to be independent ofne

max.
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In this case, no simple analytical expressions for the l
shape parameters like Eqs.~11! and~12! can be given. How-
ever, the homogeneous line shape function~6! remains ap-
proximately correct, and the frequency shift, linewidth, a
the amplitude of the asymmetric function can be calcula
numerically for any givenT. For simplicity, the following
derivation is first carried out assuming a nondegenerate
change mode. Subsequently, the theory is generalized to
case of a twofold degenerate exchange mode.

A. The exchange model

The Hamiltonian of the model system, for which the h
mogeneous line shape is derived, is assumed to be

Ĥ5Ĥ01Ĥanh1Ĥexch. ~15!

Here,Ĥ0 is the zero-order, harmonic Hamiltonian consisti
of the sum of all the normal-mode Hamiltonians of the s
con crystal with aHBC

(1) defect:

Ĥ05(
i

1
2

]2

]Qi
2

1 1
2 v i

2Qi
2 ,

whereQi is the normal-mode coordinate of the modei, and
v i is its frequency.Ĥanh consists of anharmonic terms whic
couple the LVM with a single low-frequency mode with fre
quencyve , also calledthe exchange modefor reasons that
will become apparent later.Ĥanh can generally be expresse
in terms of normal coordinates as

Ĥanh5(
l ,m

Cl ,mQLVM
l Qe

m , ~16!

where the sum extends over combinations ofl and m with
l 1m.2, but we shall limit the present discussion to term
of the typeC2,2QLVM

2 Qe
2 andC2,1QLVM

2 Qe . Symmetry does
not impose any restrictions on the existence of terms of
first type, whereas the second type only exists if the
change mode hasA1g symmetry.31

The final term,Ĥexch, of the system Hamiltonian couple
the exchange mode to the ‘‘phonon bath’’ consisting of
the other normal modes of the system, and ensures tha
exchange mode is in thermal equilibrium with the bath. W
assume that the equilibration of the exchange mode ta
place throughexchangeof single vibrational quanta with the
phonon modes characterized by a vectork¢ and a branch in-
dex s, i.e., ne→ne61 andnk¢ ,s→nk¢ ,s71, wherene andnk¢ ,s
are the quantum numbers of the exchange mode and the
non modes. The simplest type ofĤexch that has this property
is

Ĥexch5(
k¢ ,s

ak¢ ,sQeQk¢ ,s

5(
k¢ ,s

ak¢ ,sA \2

4vevk¢ ,s

~ âe
†1âe!~ âk¢ ,s

†
1âk¢ ,s!, ~17!
3-6
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where the creation and annihilation operatorsâ j
† and â j of

the modes have been introduced, andak¢ ,s are constants re
lated to the lifetimet of the exchange mode.

B. Time dependence of the dipole moment

Having defined the system of interest, we will now u
the Hamiltonian~15! to derive an expression for the hom
geneous line shapeI u0&→u1& of the fundamental transition o
the LVM. We first calculatem01(t), i.e., the expectation
value of the dipole operatorm̂ at time t. The time evolution
of the matrixm representing the dipole operator is given

i\
dm

dt
5@H,m#,

where H is the matrix representation ofĤ. Following
Anderson,33 the solution to this differential equation can b
written as42

m i j ~ t !5„m~ t !…i , j5m i j ~0!expF2 i S v i j t1E
0

t

Dv i j ~ t8!dt8D G ,
~18!

where

v i j [@~H0! i ,i2~H0! j , j #/\

and

Dv i j ~ t8![@„Hanh~ t8!…i ,i2„Hanh~ t8!…j , j #/\,

which for the fundamental transition reduces to

v0152vLVM ~19!

and

Dv01~ t8!52dv@ne~ t8!1 1
2 #. ~20!

Here, it has been used thatHanh(t8) depends on time throug
the time dependence ofne . The variabledv appearing on
the right-hand side of Eq.~20! depends on the type of anha
monic coupling between the LVM and exchange mode
Ĥanh5C2,2QLVM

2 Qe
2 , thendv can be calculated using firs

order perturbation theory and is given by

dv5
C2,2\

vLVMve
. ~21!

If, instead,Ĥanh5C2,1QLVM
2 Qe , then the first-order contri-

bution vanishes, anddv has to be calculated by second-ord
perturbation theory, which gives

dv5
22C2,1

2 \

4vLVM
3 ve2vLVMve

3
. ~22!

Notice, that Eq.~22! implies thatdv is negative, whereas
dv can be either positive or negative ifĤanh

5C2,2QLVM
2 Qe

2 , depending on the sign ofC2,2.
Combining Eqs.~18!–~20!, the time dependence of th

dipole moment can be written as
19520
f

r

m01~ t !5m01~0!expF ivLVM8 t1 idvE
0

t

ne~ t8!dt8G .
According to this equation,m01(t) consists of two
t-dependent factors; an oscillatory term with frequencyvLVM8
that determines the center frequency of the absorption lin
the limit T→0, and a term that depends on the fraction
the time that the exchange mode is in one of its exci
states. Thus, the temperature dependence of the line sha
caused by the change in occupation number of the excha
mode.

C. Dipole-dipole correlation function

The next step in the derivation of the homogeneous l
shape is to calculate the ensemble average ofm01(0)m01* (t).
To this end, we again follow the approach devised by And
son in Ref. 33. In short, the time intervalt is divided intok
subintervals of equal lengtht/k, wheret/k is much shorter
than the time scale of population transfer between the le
of the exchange mode. If the transition rates between
various levels are known, one can calculate the probab
for a given sequence of population numbe
$ne@1#,ne@2#, . . . ,ne@k#% to occur, wherene@m# is the oc-
cupation number in themth interval. For such a sequence,

m01~0!m01* ~ t !5um~0!u2exp@2 ivLVM8 t#

3expF2 i
dvt

k (
m51

k

ne@m#G .

The ensemble average is calculated by performing
weighted average over all possible sequences, with
weight of each contribution given by the probabili
P(ne@1#, . . . ,ne@k#) for that particular sequence to occu
Assuming thatne is a Markovian random function,43 this
probability is

P~ne@1#, . . . ,ne@k# !5p~ne@1# !Pne[2],ne[1]

3Pne[3],ne[2] . . . Pne[k],ne[k21] ,

where p(ne@1#) is the thermal-equilibrium probability for
the exchange mode to be in statene@1#:

p~ne@1# !5~12exp@2\ve8/kBT# !exp~2\ve8ne@1#/kBT!,
~23!

and Pne[m],ne[m21] is defined as the probability that the o

cupation number of the exchange mode isne@m# in the mth
interval provided that it attained the valuene@m21# in the
preceding time interval, which is given by33

Pne[m],ne[m21]5dne[m],ne[m21]1Wne[m],ne[m21]

t

k
.

Here,Wne[m],ne[m21] is the transition probability for the tran

sition ne@m21#→ne@m#. Using Fermi’s golden rule, the
operator~17!, and the principle of detailed balance, it can
shown44 that
3-7
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Wne[m],ne[m21]52
1

t
~ne@m#1n̄e12ne@m#n̄e!dne[m],ne[m21]

1
1

t
~ne@m#11!~ n̄e11!dne[m],ne[m21]21

1
1

t
ne@m#n̄edne[m],ne[m21]11 , ~24!

where n̄e5@exp(\ve8/kBT)21#21 is the mean occupation
number of the exchange mode. From Eq.~24! it follows that
limT→0W0,151/t, which identifiest as the spontaneous life
time of thene51 state of the exchange mode.

The ensemble average of the dipole-dipole correlat
function ^m01(0)m01* (t)& is now calculated as the weighte
average of the correlation functionsm01(0)m01* (t) of the in-
dividual population sequences:

^m01~0!m01* ~ t !&5 (
ne[1] 50

`

. . . (
ne[m] 50

`

3P~ne@1#, . . . ,ne@k# !m01~0!m01* ~ t !,

which can be expressed as33

^m01~0!m01* ~ t !&5um01~0!u2

3exp@2 ivLVM8 t#p¢Texp@~WT2 i dv!t#1¢.

~25!

Here,WT is the transpose of the transition probability mat
defined in Eq.~24!, dv is the diagonal matrix with element
dvl ,m5mdvd l ,m , p¢T is the row vector$p(0),p(1), . . .%
with components defined by Eq.~23!, and 1¢ is a column
vector with all components equal to unity. Notice th
^m01(0)m01* (t)&, apart from the constantum01(0)u2, is
uniquely determined by the three model parametersve8 , dv,
andt, and the temperatureT.

Twofold degenerate exchange mode

Until now it has been assumed implicitly that the e
change mode is nondegenerate. In reality this might no
the case. For instance, one of the likely exchange mode
didates, the bend mode of HBC

(1) where the H atom vibrate
perpendicularly to the Si–H–Sibond axis, is twofold degen
erate. In this subsection the exchange model is generalize
the case of a twofold degenerate exchange mode. As it t
out, the expression for the dipole-dipole correlation funct
~25! remains valid, but the vectorp¢ and the matricesW and
dv have to be redefined.

As in the case of a nondegenerate exchange mode
assume that the twofold degenerate exchange mode is
monic, except from the coupling to the stretch mode and
phonon bath given by Eqs.~16! and ~17!. We can therefore
treat the exchange mode as two independent, nondegen
vibrational modes with normal mode coordinatesQe1 and
Qe2, quantum numbersne1 andne2, and with the same har
monic frequencyve . The cubic coupling termC2,1QLVM

2 Qe
19520
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vanishes unless the exchange mode hasA1g symmetry. Con-
sequently, we only have to consider quartic anharmonic c
pling in the case of a degenerate exchange mode. We ass
that the coupling interaction is given by

Ĥanh5C2,2QLVM
2 ~Qe1

2 1Qe2
2 !,

which results in the level structure shown in Fig. 4, whe
dv5\C2,2/(vLVMve), ve85ve1 1

2 dv, vLVM8 5vLVM

1dv, and the statesunLVM ,ne& indicated in the figure cor-
respond tounLVM ,ne11ne2&. The equilibration of the degen
erate exchange modes with the phonon bath is again assu
to take place through exchange of single vibrational qua
and the exchange interaction is taken to be

Ĥexch5(
k¢ ,s

ak¢ ,sA \2

4vevk¢ ,s

@~ âe1
† 1âe1!~ âk¢ ,s

†
1âk¢ ,s!

1~ âe2
† 1âe2!~ âk¢ ,s

†
1âk¢ ,s!#.

The thermal-equilibrium probability of the exchang
mode being in stateune1 ,ne2& is

pE~ne1 ;ne2!5p~ne1!p~ne2!, ~26!

wherep(nei) is given by Eq.~23!. The transition probability
for the une18 ,ne28 &→une1 ,ne2& transition is

~WE!(ne1 ;ne2),(n
e18 ;n

e28 )5Wne1 ,n
e18

dne2 ,n
e28

1Wne2 ,n
e28

dne1 ,n
e18

,

~27!

whereWnei ,n
ei8 is defined in Eq.~24!. The shift in transition

frequency due to population of the exchange mode level

~dvE!(ne1 ;ne2),(n
e18 ;n

e28 )5dv~ne11ne2!dne1 ,n
e18

dne2 ,n
e28

.

~28!

The variables in Eqs.~26!–~28! can be expressed in matri
form by associating an indexl with each pair of quantum
numbers (ne1 ;ne2). Thus, the matrixWE can defined as
(WE) l ,l 8[(WE)(ne1 ;ne2),(n

e18 ;n
e28 ) . The matrix dvE and the

vector p¢E are defined in terms of Eqs.~26! and ~28! in a
similar way. The dipole-dipole correlation function of th
exchange model with a twofold degenerate exchange m
is then simply given by Eq.~25! with W, dv, andp¢ replaced
by WE , dvE , andp¢E .

D. Absorption spectrum predicted by the exchange model

Having obtained the expression~25! for the dipole-dipole
correlation function, the absorption spectrum can be ca
lated. In this section we show that the spectrum predicted
the exchange model can be approximated by the homo
neous line shape function~6!, and show how the line shap
parametersG, Dv01, anda are related to the physical quan
tities ve8 , dv, t, andT. Then, the exchange model is applie
to analyze theT dependencies of the H-related stretch mod
of HBC

(1) and DBC
(1) in Si. Finally, the approximate line shape

compared to the exact absorption spectrum of the excha
model.
3-8
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1. Approximate line shape

The first step towards calculating the spectrum is to tra
form the matrixM5WT2 i dv to the basis defined by it
eigenvectors.M can be expressed asM5TLT21, whereL
is the diagonal matrix with the eigenvaluesl i of M as diag-
onal elements, andT is the transformation matrix with col
umns consisting of the eigenvectors ofM . Using this trans-
formation,

^m01~0!m01* ~ t !&}exp@2 ivLVM8 t#p¢TT exp@Lt#T211¢,
~29!

which can be written as

^m01~0!m01* ~ t !&}(
l 51

l max

zl exp@2 ivLVM8 t1l l t#, ~30!

where l max is the dimension of the matricesT, M , W, and
dv, which equalsne

max11 in the case of a nondegenera
ve

o

na

io

te
ed

i-
b

rg
q

19520
s-

exchange mode and12 (ne
max11)(ne

max12) if it is twofold
degenerate, and

zl5p¢TTS~ l !T211¢. ~31!

Here,S( l ) is the matrix with elementsSi , j ( l )5d i ,ld j ,l , i.e.,
with all elements equal to zero, exceptSl ,l( l ) which is equal
to unity.

From Eqs.~30!, ~4!, and ~5! it follows that the spectrum
consists of a superposition of absorption peaks with the
mogeneous line shape~6!, with center frequencies shifte
from vLVM8 by the imaginary parts ofl l , widths given by the
real parts ofl l , relative intensities Re@zl #, and asymmetries
given by al[Im@zl #/Re@zl #. At low temperatures (kBT
&\ve8), the theoretical expression for the spectrum simp
fies significantly, because only one of the terms, sayl 50,
has appreciable intensity. In this limit, the spectrum c
therefore be approximated by a single line of the type
I u0&→u1&~v!}Re~z0!F ~2T1!211uRe~l0!u

$v2@vLVM8 2Im~l0!#%21@~2T1!211uRe~l0!u#2

2a0

v2@vLVM8 2Im~l0!#

$v2@vLVM8 2Im~l0!#%21@~2T1!211uRe~l0!u#2G . ~32!
odel
The
ich
ot be
n in

iffer
-
-
n be

ed

using
Notice, that the broadening due to the lifetimeT1 has been
included in this expression by multiplying Eq.~30! with Eq.
~3! before calculating the Fourier transform. Also, we ha
used the fact that the real part ofl0 is negative, i.e.,
uRe(l0)u52Re(l0), to obtain this expression.

2. Comparison with the experimental temperature dependence
HBC

„¿…

Having generalized the exchange model for vibratio
dephasing to higher temperatures and twofold degenerate
change modes, we can now compare the model predict
with the experimental data obtained for the 1998-cm21 line
of HBC

(1) . The solid curves in Figs. 3~a,c! and 3~b,d! show the
frequency shift uIm(l0)u/(2pc) and the line broadening
u2 Re(l0)u/(2pc) as a function ofT and 1/T. The curves
were calculated with the exchange model, assuming anon-
degenerateexchange mode and using the best-fit parame
for HBC

(1) given in Table II. The parameters were obtain
by a combined fit of ln@uIm(l0)u/(2pc)# and
ln@u2 Re(l0)u/(2pc)# to the natural logarithm of the exper
mental data in the temperature range 25-80 K. The num
of exchange-mode levels,ne

max11, was chosen sufficiently
large that the model predictions were independent ofne

max.
We note that the line shape of the extended model conve
towards the results of Harris and co-workers given by E
~11! and ~12! for T→0, as expected.
f

l
ex-
ns

rs

er

es
s.

The dotted curves in Figs. 3~a–d! show the best-fit shift
and broadening obtained with the extended exchange m
in the case of a twofold degenerate exchange mode.
dotted and full curves are nearly indistinguishable, wh
shows that the degeneracy of the exchange mode cann
determined from the shift and broadening alone. As show
Table II, the best-fit parametersdv and t obtained for a
nondegenerate and twofold degenerate exchange mode d
by a factor of two, whereasve8 is independent of the degen
eracy. Consequently,dv and t cannot be determined accu
rately unless the degeneracy of the exchange mode ca
determined by some other means.

TABLE II. Exchange model parameters obtained by a combin
least-squares fit of ln@uIm(l0)u/(2pc)# and ln@u2 Re(l0)u/(2pc)#
of the extended exchange model to the experimental shift lnuDvu
and broadening lnDGT2* of HBC

(1) and DBC
(1) in the temperature range

25–80 K. The parameters in the columns denotedA mode (E mode!
were obtained assuming a nondegenerate~twofold degenerate! ex-
change mode. The error bars on the parameters were obtained
the procedure described in Ref. 45.

HBC
(1) HBC

(1) DBC
(1) DBC

(1)

A mode E mode A mode E mode

ve8 (cm21) 11463 11463 11262 11262
dv (cm21) 24468 22264 24664 22362
t ~ps! 0.1460.03 0.2860.06 0.1860.02 0.3760.04
3-9
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Both the solid and dotted curves in Figs. 3~a–d! are in
excellent agreement with the data forT,80 K. However, at
higher temperatures the absolute deviations are quite
stantial. There are a number of possible explanations
these deviations: First, it cannot be ruled out that the stre
mode of HBC

(1) is coupled anharmonically to another exchan
mode with largerve8 , which starts to get thermally populate
around 100 K. Second, we have assumed that the excha
mode levels are equally spaced. However, anharmon
quite generally causes the level spacing to decrease with
creasing quantum number, which may affect the tempera
dependence of the line shape. Finally, the thermal excita
and deexcitation of the exchange mode was described w
the Markovian approximation, which requires that the me
time between thermal excitation events for the excha
mode~inverse excitation rate! be much larger than the cor
relation time of the phonon bath. With the parameters giv
in Table II, the inverse rate ofune50&→une51& excitations
is ;1 ps at;100 K. This is quite similar to the lifetimes o
acoustic phonons in Si, obtained from neutron scatter
measurements,46 which can be taken as a measure of t
phonon correlation time. Thus, phonon correlation effe
may be important at;100 K and above.

In addition to exhibiting a large shift in frequency an
increase in linewidth, the 1998-cm21 line becomes signifi-
cantly asymmetric at elevated temperatures. Figures 5~a,b!
show the amplitude of the asymmetric term of the line sh
functiona as a function ofT and 1/T. The parametersa were
obtained by fitting Eq.~6! to the experimental absorbanc
profiles. The solid and dotted curves in the figure are
temperature dependencies of the asymmetry parametea0
obtained with the extended exchange model for, respectiv
a nondegenerate and twofold degenerate exchange m
The curves were calculated from the model parameter
Table II, which were obtained by fitting the model predi
tions to the shift and broadening of the 1998-cm21 line.
Consequently,no additional fitting has been performedto

FIG. 5. ~a! Plot of the asymmetry parametera of the 1998-cm21

line as a function ofT. ~b! Semilogarithmic plot ofa vs. 1/T. The
data indicated by diamonds~l! were obtained with sample SiH
~SiH 2!. The solid~dotted! curves represent theT dependence of the
asymmetry parameter obtained from the exchange model wi
nondegenerate~twofold degenerate! exchange mode using the pa
rameters given in Table II. The dashed curves were obtained
the two-level exchange model.
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obtain the curves in Figs. 5~a,b!. Both the experimental and
theoretical temperature dependencies of the asymmetry
rameters exhibit Arrhenius-type behavior. The two simula
curves are nearly parallel with the experimental data, wh
shows that the exchange model predicts the activation en
quite accurately. In fact, the activation energy predicted
the model is\ve8 , identical to those of the frequency shi
and the line broadening. More interestingly, the solid a
dotted curves are displaced from each other, which sh
that the preexponential factor is strongly dependent on
degeneracy of the exchange mode. In fact, the asymm
parameter with a twofold degenerate exchange mode is
actly twice as large as with a nondegenerate exchange m
According to Fig. 5~a!, the dotted curve is in much bette
agreement with the data than the full curve, and we there
conclude that the exchange mode is twofold degenerate

3. Comparison with the two-level exchange model

The temperature dependencies of the model of Harris
co-workers given in Eqs.~11! and ~12! were derived under
the assumptionkBT!\ve8 . More specifically, they were
based on two low-T assumptions: First, only the two lowes
levels of the exchange mode were taken into account (ne

max

51), and, second, the frequency shift and broadening w
expanded to first order in the quantityh5exp@2\ve8/kBT#
abouth50. This expansion is invalid at elevated tempe
tures, and the result of extending the exchange mode
include levels withne.1 should therefore be evaluated b
comparison with the predictions of the model of Harris a
co-workers without the low-T Taylor expansion. This can b
done using the extended exchange model limited to only
exchange-mode levels, which is referred to asthe two-level
exchange modelin the remainder of this paper.47 The theo-
retical frequency shift and line broadening of the two-lev
exchange model are shown as the dashed curves in F
3~a–d!. The line broadening has a maximum at;150 K, in
disagreement with the experimental data, which exhibi
monotonic, superexponential increase up to this tempera
In contrast, the two-level exchange model reproduces
frequency shift quite accurately. The dashed curves in F
5~a,b! show theT dependence of the asymmetry parame
a0 obtained from the two-level exchange model. As in t
case of the line broadening, the asymmetry parameter of
two-level exchange model has a maximum at;100 K in
contrast to the experimental observations.

4. Isotope substitution

The excellent agreement between the measured temp
ture dependence of the 1998-cm21 line and the theoretica
predictions of the extended exchange model strongly s
gests that the dephasing of the stretch mode of HBC

(1) in Si is
caused by anharmonic coupling with a twofold degenera
vibrational mode with frequencyve85114 cm21. Insight
into the nature of the exchange mode can be obtained
isotope substitution experiments. If, for instance, the
change mode corresponds to the H-related bend mod
HBC

(1) , then substitution of H with D is expected to chan

a

th
3-10
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FIG. 6. Comparison of theT dependencies of the 1998-cm21 line of HBC
(1) (s) and the 1449-cm21 line of DBC

(1) (d). The two data sets
were obtained with the same experimental setup~samples SiH 2 and SiD described in Table I! in order to minimize systematic errors on th
measured temperatures. The linewidth data shown in~b! have not been corrected for the lifetime contribution to theT dependence. The solid
and dotted curves represent the best fit of the exchange model to the SiD data for, respectively, a nondegenerate and a twofold
exchange mode. The curves were generated with the parameters listed in Table II.
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the frequency of the exchange mode by a factor;A2. In
contrast, no isotopic shift ofve8 is expected if the exchang
mode primarily involves vibration of Si atoms. To inves
gate if H is directly involved in the exchange mode, t
absorption line shape of the stretch mode of DBC

(1) at
1449 cm21 was measured as a function of temperature. F
ures 6~a–c! show semilogarithmic plots of the shift, broad
ening, and asymmetry parameter of the 1449-cm21 line as a
function of 1/T. For comparison, the experimental data o
tained for the 1998-cm21 line of HBC

(1) with the same cryosta
are shown in the same figures. The temperature depend
of the lifetime (T1) contribution to the width of the
1449-cm21 line has not been measured directly, and
DBC

(1) and HBC
(1) data have therefore not been corrected for

lifetime contribution in Fig. 6~b!. As shown in Fig. 6~b!, the
increase in linewidth of the 1449-cm21 line associated with
DBC

(1) coincides with that of HBC
(1) at all temperatures in the

range 25–130 K. In contrast, the frequency shifts of the t
lines differ slightly@see Fig. 6~a!#, the frequency shift of the
1449-cm21 line being consistently smaller than that of th
1998-cm21 line in the temperature interval 25–80 K. A
higher temperatures the shift of the 1449-cm21 line in-
creases faster than the 1998-cm21 line. The asymmetry pa
rameter of DBC

(1) , shown in Fig. 6~c!, essentially has the sam
temperature dependence as that of HBC

(1) , except that it has an
oscillatory structure superimposed on the exponential beh
ior. We believe that this structure is an experimental artif
caused by the fact that the 1449-cm21 line is located close to
the edge of the three-phonon absorption band of the Si
tice, which makes baseline correction difficult. The so
~dotted! lines in Figs. 6~a–c! correspond to the line shap
parameters obtained with the extended exchange mode
the best-fit parameters of DBC

(1) given in Table II assuming the
exchange mode to be nondegenerate~twofold degenerate!.
As in the case of HBC

(1) , the asymmetry for a twofold degen
erate exchange mode is in significantly better agreement
the DBC

(1) data than the asymmetry of a non-degenerate
change mode. According to Table II,ve8 does not shift when
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D is substituted for H. Consequently, there is no eviden
that the exchange mode corresponds to the H-related ben
mode of HBC

(1) .

5. Exact line shape of the exchange model

Although the line shape function~32! represents the ex
perimental line shapes very well at all temperatures, it is
approximation—even within the extended exchange mo
It is therefore important to check the validity of the approx
mation by comparing the result of Eq.~32! with the exact
spectrum obtained with the same parameters.

To derive the exact absorption spectrum, we start
combining Eqs.~1! and ~29!:

I u0&→u1&~v!}p¢TTE
2`

`

exp@K t#dt T211¢,

where K[ i (v2vLVM8 )I1L2I (2T1)21. Performing the
time integral yields35

I u0&→u1&~v!}p¢T@TK 21T211T* ~K* !21~T21!* #1¢,

which can be expressed as

I u0&→u1&~v!}Im@p¢TA211¢#, ~33!

where A[2 iTK T 215(v2vLVM8 )I2dv2 i @WT

2(2T1)21I #. Equation~33! is equivalent to the expression
obtained previously by Persson and co-workers44 and Shelby
and co-workers32 by significantly different methods, excep
that they did not explicitly take into account the lifetime (T1)
contribution to the line shape. Figure 7 compares the
proximated and exact line shapes of the 1998-cm21 line at
T5135 K obtained from Eqs.~32! and~33! with the best-fit
model parameters given in Table II in the case of a non
generate exchange mode, and with an assumed lifetim
T154 ps. The two spectra are nearly identical, which jus
fies our use of the approximated function~32! in the analysis.

An alternative expression for the exact line shape, wh
is completely equivalent to Eq.~33!, can be obtained by
3-11
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Fourier transformation of Eq.~30!. This formulation gives
the spectrum as a sum ofl max functions of the type in Eq.
~32!. The approximated line shape corresponds to neglec
all terms in this sum except the one with nonvanishing a
plitude Re(zl) in the limit T→0. The other terms in the sum
give rise to sidebands, which may be observed at elev
temperatures. In the case of HBC

(1) in Si, these sidebands ar
very broad because of the very short lifetimet;0.2 ps of
the exchange mode. If, however, the lifetime is longer,
t;1 –10 ps, then the sidebands are relatively narrow
may appear as well-defined peaks in the spectrum. As m
tioned in the Introduction, such sidebands have indeed b
observed in the case of interstitial oxygen14 and the AlSi :H
and GaSi :H complexes in Si.13 We believe that the exchang
model, in its present formulation, is able to account qua
tatively for the T dependence of the position, width, an
intensity of the sidebands observed at elevated temperat

VI. DEPHASING DUE TO ANHARMONIC
INTERACTIONS WITH LATTICE PHONONS

As demonstrated in the previous section, theT-dependent
shift, broadening, and asymmetric shape of the 1998-cm21

line of HBC
(1) in Si is in very good agreement with the e

change model, which assumes that dephasing originates
thermal fluctuations in the occupation number ofone par-
ticular low-frequency mode. However, it may seem pecul
that one particular mode should dominate the dephasing
namics considering that a;1-cm3 sample has;1.531023

phonon modes, all of which in principle could contribute. T
clarify this issue, this section shows how the exchange mo
can be generalized to include an arbitrary distribution of
dependent exchange modes. In particular, dephasing du

FIG. 7. Exact and approximated line shapes of the excha
model. The solid curve shows the exact line shape obtained f
Eq. ~33! assuming a nondegenerate exchange mode, and usin
HBC

(1) parameters given in Table II. The dashed curve is the appr
mated line shape obtained from Eq.~32! with the same parameters
The bottom graph shows the difference between the two
shapes.
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lattice phonons is described using the Debye model to r
resent the phonon distribution. We conclude that therm
fluctuations in the occupation numbers of acoustic phon
modes cannot explain theT-dependent shape of th
1998-cm21 line.

A. Existing phonon dephasing model

The effect of phonons on the spectral shapes of LV
absorption lines was studied theoretically by Elliott a
co-workers more than three decades ago.48 They showed that
anharmonic coupling between the LVM and a phon
mode k¢s changes the transition frequency byDvk¢ ,s

5dvk¢ ,s(n̄k¢ ,s@T#1 1
2 ), where n̄k¢ ,s@T#5@exp(\vk¢ ,s /kBT)

21#21 is the mean thermal occupation number of the ph
non mode, and the parameterdvk¢ ,s represents the strength o
the anharmonic coupling. Assumingdvk¢ ,s to be proportional
to the frequency of the phonon modevk¢ ,s , Elliott and co-
workers found

Dv5(
k¢ ,s

Dvk¢ ,s}(
k¢ ,s

\vk¢ ,s~ n̄k¢ ,s1
1
2 !5U~T!,

i.e., that the frequency shift is proportional to the mean
brational energyU(T) of the lattice. If the Debye model is
used to represent the phonon modes, then the temper
dependence takes the form

Dv@T#5CDvE
0

1

x3n̄@x,T#dx, ~34!

wheren̄@x,T#[$exp@(uD /T)x#21%21, CDv is a constant, and
uD is the Debye temperature. Furthermore, Elliott and
workers assumed the width of the absorption line to be p
portional to the sum of the rates for exchange processe
the type unLVM ;nk¢ ,s ,nk¢8,s8&→unLVM ;nk¢ ,s61,nk¢8,s871&,
which exchange one vibrational quantum between the p
non modesk¢s and k¢s8

8 and conserve the LVM occupatio
number. In the Debye approximation theT dependence of
the linewidth takes the form

DG@T#5CDGE
0

1

x6n̄@x,T#~ n̄@x,T#11!dx. ~35!

Equation~35! has also been derived independently by M
Cumber and Sturge.49

Expressions~34! and ~35! have previously been used t
analyze theT dependencies of the line shapes of the ZnGa:H
and BeGa:H complexes in GaP,50 and the SAs :H and TeAs :H
complexes in GaAs.51 In both cases, the theoretical expre
sions represented the data well. We have also fitted Eqs.~34!
and ~35! to the shift and broadening of the 1998-cm21 line
of HBC

(1) in Si, and found the fit to be in excellent agreeme
with the data at all temperatures. It is therefore appropriat
look into dephasing by lattice phonons in more detail.

B. Dephasing dynamics due to phonon coupling

The theory of Elliott and co-workers described abo
does not take the dynamic nature of the dephasing proce

e
m
the
i-

e
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into account, but simply assumes the frequency shift to
given by the equilibrium population of the phonon mode
Moreover, the theory does not correlate the magnitude of
frequency shift and line broadening, nor does it account
the actual shape of the absorption line. Thus, the theory
to be extended to treat the shift, broadening, and asymm
in the same footing, in order to be a viable alternative to
exchange model.

The exchange model is quite easily extended from on
an arbitrary number of exchange modes, provided that c
tributions of the modes to the dephasing of the LVM can
treated independently. More specifically, we assume that
dipole-dipole correlation function takes the form

^m01~0!m01* ~ t !&}expF2 ivLVMt2
t

2T1
G)

k¢ ,s

wk¢ ,s~ t !,

~36!

where the phase relaxation functionw
01
T2* (t) of Eq. ~5! has

been replaced by a product of functions of the type

wk¢ ,s~ t !5zk¢ ,sexp@lk¢ ,st#, ~37!

where wk¢ ,s(t) is the phase relaxation function due to t
modek¢s . The variablelk¢ ,s is the eigenvalue obtained from
the exchange model, whereaszk¢ ,s is the complex amplitude
given by Eq.~31!. In order to calculatelk¢ ,s and zk¢ ,s , the
exchange-mode parametersdvk¢ ,s , tk¢ ,s , and vk¢ ,s have to
specified for each exchange mode. It should be noted
although we choose to specify the exchange modes by
tors k¢ and branch indicess, most of the theory developed i
this section is nonspecific to the type of exchange mo
involved, and would therefore apply equally well to e
change modes other than phonons. From Eqs.~1!, ~36!, and
~37! it immediately follows that the absorption line sha
takes the form of Eq.~6!, where the lineshift is given by

Dv52(
k¢ ,s

Im@lk¢ ,s#,

the increase in Lorentzian FWHM by

DG52(
k¢ ,s

2 Re@lk¢ ,s#,

and the asymmetry parameter by

a5ImF)
k¢ ,s

zk¢ ,sG Y ReF)
k¢ ,s

zk¢ ,sG
'S )

k¢ ,s

Re@zk¢ ,s# D(
k¢ ,s

Im@zk¢ ,s#

Re@zk¢ ,s#
.

The last relation holds provided that Im@zk¢ ,s#!Re@zk¢ ,s# for
all exchange modes, which is the case for coupling to lat
phonons as we will demonstrate later.

If a large number of phonon modesN, N@1, are assumed
to contribute significantly to the dephasing of the LVM, th
each mode is coupled weakly to the LVM, and their con
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bution to theT dependence can be described with the we
coupling theory of Persson and co-workers.41 The frequency
shift is then given by

Dv@T#5(
k¢ ,s

dvk¢ ,sn̄k¢ ,s@T#

and the linewidth by

DG@T#5(
k¢ ,s

2dvk¢ ,s
2

tk¢ ,sn̄k¢ ,s@T#~ n̄k¢ ,s@T#11!.

Similarly, theT dependence of the asymmetry parameter52

a@T#5(
k¢ ,s

2~dvk¢ ,stk¢ ,s!
3n̄k¢ ,s@T#~ n̄k¢ ,s@T#11!

3~2n̄k¢ ,s@T#11!. ~38!

The summations over the phonon modes can be perfor
explicitly if the phonons bands are approximated by the D
bye model. With the additional assumptionsdvk¢ ,s
5dvD(vk¢ ,s /vD) and tk¢ ,s5tD(vk¢ ,s /vD)2, where vD
5kBuD /\ is the Debye frequency, the results are identica
the T dependencies~34! and ~35! obtained by Elliott and
co-workers, except that the prefactors now are given in te
of the coupling strengthdvD and the lifetimetD at the De-
bye frequency asCDv59dvDN andCDG518dvD

2 tDN. The
integral appearing in expression~35! for the broadening is
always less than the one in the expression~34! for the shift
for the sameuD , and the ratio between the line broadeni
and frequency shift is therefore less than 2dvDtD at all tem-
peratures. However,dvDtD;1/N !1 and anharmonic cou
pling of the LVM to a large number of phonon modes c
therefore not give rise to line shifts and broadening of sim
magnitude. Similarly, it follows from Eq.~38! that the asym-
metry parameter is of the order (1/N)2. Thus, the asymmetry
of the line shape is negligible.

To recapitulate, we have argued that anharmonic coup
of the LVM to a large number (N@1) of exchange modes
e.g., phonons, cannot account for line broadening com
rable in magnitude to the line shift, nor for the absorpti
lines being asymmetric. The reason for this is quite simple
many exchange modes contribute to the shift, then the c
tribution from each mode is small, and the LVM and th
exchange modes are weakly coupled. In the weak-coup
regime the frequency shift is proportional to the coupli
parameter, which scales as 1/N, and when the contributions
from all N exchange modes are added, the total line s
becomes independent ofN. However, the line broadening
and asymmetry parameter contributions from each m
scale as 1/N2 and 1/N3, respectively. Therefore, these qua
tities remain vanishingly small, despite the addition ofN
contributions, ifN is large.

VII. DISCUSSION

To investigate the dependency of the exchange mode
the defect configuration and phonon spectrum of the h
material, we now compare the results obtained for HBC

(1) in Si
3-13
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with those reported previously for H-related modes in se
conductors. Most studies of theT-dependence of absorptio
line shapes have used the weak-coupling theory of Per
and co-workers,53–55 whereas Vetterho¨ffer and Weber51

found thatudvtu;1 for the SAs :H and TeAs :H complexes in
GaAs, and therefore based their analysis on the theor
Harris and co-workers. Although H-related bend modes h
been studied also,51,54we shall limit the present discussion
H-related stretch modes, the results of which are summar
in Table III. Since the parametersdv and t are unreliable
unless the degeneracy of the exchange modes are kn
only the values ofve8 are listed in the table.

Table III also contains results for the stretch mode of HBC
(1)

in Ge, which was identified recently byin situ infrared
spectroscopy.57 The line shape studies of HBC

(1) in Ge were
performed using the same approach as in the present pap58

The 1794-cm21 line of HBC
(1) in Ge was found to exhibit

Arrhenius-type frequency shifts, line broadening, and asy
metry parameters, all of which were characterized by an
tivation energyve857562 cm21. The magnitude of the
asymmetry parameter was in good agreement with the
change model provided that the exchange mode was
sumed to be twofold degenerate. Consequently, theT depen-
dencies of the stretch modes of HBC

(1) in Si and Ge are very
similar, as one might expect for defects with the same str
ture.

All the exchange modes listed in Table III are locat
within the acoustic phonon branches of the pertinent cry
lattices. Most of the modes nearly coincide with TA phon

TABLE III. Summary of T-dependent line shape studies
H-related stretch modes in semiconductors. The defects den
XY :H in the second column correspond to a H atom forming
complex with an impurity atomX located on~or slightly displaced
from! a substitutionalY site of the semiconductorYZ listed in col-
umn 1. TheVIn :H4 complex consists of four H atoms each bound
one of the four P atoms surrounding an In vacancy in InP. T
exchange mode frequencies obtained from theT dependencies o
the absorption lines and the exchange theories of Persson an
workers~Ref. 40! and of Harris and co-workers~Refs. 29–31! are
listed in the column denotedve8 . The columns ‘‘High symmetry
phonon’’ and ‘‘vphonon’’ list the high-symmetry phonon mode o
the host crystal closest tove8 and the corresponding phonon fre
quency. Here, a high-symmetry phonon is defined as a phonon
a k vector equal to one of the high-symmetry pointsG, X, andL in
the Brillouin zone, where the phonon density of states is large.
phonon frequencies were obtained from Ref. 56.

ve8 High-symmetry vphonon Reference
Material Defect (cm21) phonon (cm21)

GaAs CAs :H 78 TAX 79 53
GaAs SiGa:H ;64 TAL 62 54
GaAs SAs :H ;70 TAX 79 51
InP ZnIn :H 61 TAL 55 55
InP CdIn :H 50 TAL 55 55
InP VIn :H4 136 LAL 166 55
Ge HBC

(1) 7562 TAX (TAL) 79 ~62! 58
Si HBC

(1) 11463 TAL 114 This work
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modes at either theX or the L point of the Brillouin zone,
where the phonon density of states is large, which led so
of the authors to assign the exchange modes to such h
symmetry phonons.53,55According to Table III, the exchange
mode of HBC

(1) in Si coincides with TAL phonons in Si. How-
ever, we believe that this coincidence is accidental and
stead assign the exchange mode to a pseudolocalized m
~PLM! associated with the HBC

(1) defect. There are severa
reasons for doing so: First, we do not see any reason why
stretch mode of the defect should couple preferentially to
particular phonon mode. If coupled to phonons, we wo
therefore expect dephasing of the stretch mode to be g
erned by coupling to a wide distribution of modes. Howev
according to the discussion in Sec. VI B, dephasing by
harmonic coupling to lattice phonons cannot simultaneou
account for the shift, broadening, and asymmetry of
1998-cm21 line. Second, the exchange modes of HBC

(1) in Si
and Ge are located differently relative to the phonon ba
of the two materials~see Table III!. Since HBC

(1) has the same
structure in Si and Ge, we expect the relative strengths of
anharmonic coupling between the stretch mode and the l
frequency modes to be the same in both materials. Co
quently, the stretch mode of HBC

(1) should couple to the sam
type of exchange mode in the two materials, in conflict w
the exchange mode being a TAL phonon in Si but not in Ge.
Finally, theT dependence of the AlSi :H complex in Si, stud-
ied by Stavola and co-workers,13 is completely consisten
with the H-related stretch modes of this complex bei
coupled to an exchange mode withve8578 cm21. In con-
trast to HBC

(1) , this exchange mode shifts down in frequen
by a factor;A2 when D is substituted for H, which identi
fies it as the H-related bending mode of the complex.59 The
structure of the AlSi :H complex is very similar to that of
HBC

(1) . In both cases, H is located at the bond-center site,
the nearest-neighbor atoms relax substantially to accom
date the H atom. The fact that theT dependence of the
stretch mode of AlSi :H is determined by anharmonic cou
pling to the bending mode of the complex, which is reson
with the phonon bands, demonstrates that it indeed is p
sible for a single PLM to determines the dephasing dynam
of a stretching mode. Hence, it strongly supports our ass
ment of the 114-cm21 exchange mode to a PLM associat
with HBC

(1) .
PLM’s are vibrational modes that, despite being reson

with the phonon continuum, are confined to the vicinity
the defect. Relatively little is known about PLM’s becau
they generally are difficult to study experimentally and the
retically. H-related PLM’s, like the bending mode of AlSi :H,
may exist if the H vibration is coupled weakly to the vibr
tional motion of the surrounding Si atoms. Moreover, S
related PLM’s may exist if the distortion of the lattice aroun
the defect is sufficiently large.1 Since Si-related PLM’s pri-
marily involve Si atoms, they will not exhibit isotopic shift
when D is substituted for H. When a proton is placed at
center of a Si–Si bond to form HBC

(1) , the two Si atoms move
apart by a distance corresponding to a;40% increase in the
Si–Si bond length.6 Because of this very large relaxation
HBC

(1) in Si is likely to have Si-related PLM’s.
The vibrational modes of HBC

(1) can be illustrated with the
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simplified model system shown in Fig. 8~a!, which consists
of a H atom surrounded by two shells of Si atoms, conta
ing, respectively, two and six atoms. The model system h
D3d point group like HBC

(1) . For simplicity, we keep the six
outermost Si atoms fixed, which leaves nine vibrational
grees of freedom. Displacement of the three atoms parall
the trigonal axis gives rise to three nondegenerate mo
one mode withA2u symmetry, which primarily involves the
H atom ~the H-related stretch mode!, and two Si-related
modes withA1g andA2u symmetry@see Fig. 8~b!#. Vibration
perpendicular to the trigonal axis gives rise to three twof
degenerate modes, two withEu symmetry and one withEg
symmetry. If the coupling matrix element between the t
Eu modes is much less than their frequency difference, t
one of the modes can be associated with the vibration o
perpendicular to the trigonal axis~the H-related bend mode!,
whereas the other mode primarily involves displacemen
the two Si atoms in the same direction, as shown in Fig. 8~b!.
Finally, theEg mode corresponds to the two Si atoms vibr
ing in opposition perpendicularly to the trigonal axis. In t
previous sections we have presented strong evidence tha
exchange mode of HBC

(1) in Si is twofold degenerate, and th
three E modes described above are therefore the best
change mode candidates. Furthermore, the absence of i
pic shift for ve8 suggests that the exchange mode isnot H
related, and we therefore ascribe it to the Si relatedEg or Eu
modes in Fig. 8~b!. This interpretation is consistent wit
simple geometric considerations. Stretch-mode frequen

FIG. 8. ~a! Structure of HBC
(1) in Si and Ge. The white circle

represents the H atom, whereas the gray circles are Si or Ge~b!
Normal modes associated with HBC

(1) in Si and Ge. The norma
modes are highly simplified to better illustrate the basic feature
the modes: Only vibration of the H atom and its two nearest ne
bors are considered. Moreover, the vibrational amplitudes of
host atoms associated the H-related modes and the amplitud
the H atom for the Si-related modes are not shown. Finally,
vibrational amplitudes are not drawn to scale.
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are known to be strongly dependent on the bond length.
instance, first-principle calculations of the LVM frequenci
of the H2* defect in Ge have shown that elongation of t
Ge–H bond by 3% caused the stretch mode frequenc
decrease by;250 cm21.11 Excitation of the Si-relatedEg
mode shown in Fig. 8~b! increases the root-mean-squa
~rms! length of the Si–H–Si bond because the rms distan
of the Si atoms from thê111& axis increases with increasin
quantum number of theEg mode. In contrast, excitation o
longitudinal Si-related modes, like theA1g and A2u modes
shown in the figure, does not increase the rms Si–H–Sibond
length if the Si atoms vibrate symmetrically around th
equilibrium positions. Thus, simple geometric consideratio
are consistent with the stretch mode of HBC

(1) being coupled
more strongly to transverse Si-related modes than to lo
tudinal modes and also explain the negative sign ofdv.

The preceding discussion of the normal modes of HBC
(1) is

highly simplified because of the small number of Si ato
included in the model. In reality, the Si-related modes, a
possibly also the H-related bend mode, will couple to t
vibrational degrees of freedom of the surrounding shells
Si atoms, which will make the normal modes more deloc
ized than shown in Fig. 8~b!. The degree of localization de
pends on the change in the force constants of the Si
bonds in the vicinity of the defect due to the;40% expan-
sion of the Si–H–Si bond. Such quantities are difficult t
estimate, but should be within the reach of first-princip
calculations. Our studies of the vibrational dynamics of HBC

(1)

reported here and in Ref. 16 strongly suggest that PLM
play an important role in pure dephasing and population
laxation processes of LVM’s. However, a better theoreti
understanding of PLM’s is required to fully understand t
nature of dephasing and population relaxation processe
point defects in solids.

VIII. CONCLUSION

In conclusion, the shape of the fundamental absorpt
line of the H-related stretch mode of HBC

(1) in Si was mea-
sured within situ infrared spectroscopy. The line exhibits a
Arrhenius-type down-shift in frequency and increase in lin
width with the same activation energy\ve8 , as predicted by
theoretical dephasing models of Harris and co-workers
of Persson and co-workers. In addition, the absorption
becomes significantly asymmetric at elevated temperatu
which cannot be explained within these dephasing theor
To explain the experimental data, the model of Harris a
co-workers was extended beyond the low-T limit, and the
theory was generalized to include a twofold degenerate
change mode. It was shown that the shift, broadening,
asymmetry predicted by the exchange model depe
strongly on the degeneracy of the exchange mode and
the parametersdv andt obtained from the model therefor
are unreliable unless the degeneracy of the mode is kno

The T-dependence predicted by the extended excha
model was found to be in excellent agreement with the
servations for HBC

(1) in Si. In particular, the theoretical line
shape function represented the asymmetric shape of

of
-
e
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1998-cm21 line very well at all temperatures. The best-
frequency shifts and linewidths were in excellent agreem
with the experimental data up to;100 K, irrespective of the
degeneracy of the exchange mode. In contrast, the asym
try parameter was in good agreement with the data only
the case of a twofold degenerate exchange mode. TheT de-
pendencies of HBC

(1) and DBC
(1) are essentially identical, show

ing that the exchange mode does not correspond to
H-related bend mode of the defect.

The exchange model was generalized from 1 toN ex-
change modes, whereN@1, in order to investigate the effec
of coupling to many modes. The expressions for the line s
and broadening were consistent with the theory of Elliott a
co-workers, but the magnitude of the line broadening p
dicted by the model was of the order 1/N less than the fre-
quency shift. This is inconsistent with the experimental d
for HBC

(1) in Si, and we therefore conclude that dephasing
the 1998-cm21 mode is not governed by coupling to lattic
phonons.

TheT-dependent shape of the 1998-cm21 line is in excel-
lent agreement with the exchange model in its present fo
which suggests that the dephasing of the H-related str
mode of HBC

(1) is caused by thermal fluctuations in the occ
pation number of a single, twofold degenerate mode
114 cm21. The exchange mode is ascribed to a Si-rela
pseudolocalized mode associated with HBC

(1) .
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APPENDIX: FREQUENCY SHIFT DUE TO THERMAL
EXPANSION

Frequencies of LVM’s are strongly dependent on t
length of the bond~s! between the impurity and the atoms
the crystalline host material. Changes to the bond leng
induced by thermal expansion~or compression! of the crystal
will therefore generally lead to a temperature dependenc
the LVM frequencies. Since this contribution to th
T-dependent shift of the absorption line is not included in
exchange model for vibrational dephasing, we need to e
mate its magnitude and correct for it, if necessary.

The frequency shift induced by thermal expansion can
calculated once the response of the absorption line
uniaxial stress, the elastic properties of the host material,
its thermal expansion coefficient are known. The stre
induced frequency shift can in the case of a nondegene
LVM be expressed as60
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3

Ai , js i , j , ~A1!

whereAi , j are the elements of the piezospectroscopic ten
which can be determined by uniaxial stress experiments,
s i , j are elements of the stress tensor. Thermal expansio
isotropic and therefore results in an isotropic stress ten
with elements

s i , j~T!5@C1112C12#
a@T#2a@10K#

a@10K#
d i , j , ~A2!

expressed in terms of the second-order elastic moduli of
C11 andC12, and the fractional change in lattice parame
(a@T#2a@10 K#)/a@10 K# relative to the lattice paramete
at T510 K. With this form of the fractional change in lattic
parameter, the frequency shift is calculated relative to
frequency atT510 K, the lowest temperature at which th
absorption spectrum was measured in the present work
serting Eq.~A2! into Eq. ~A1! yields

v@T#2v@10K#53@C1112C12#A1

a@T#2a@10K#

a@10K#
,

~A3!

where we have introducedA1, which is equal toA1,1, A2,2,
andA3,3 for anA2u mode of a defect withD3d symmetry like
the 1998-cm21 mode of HBC

(1) .60

The fractional change in lattice parameter can be
pressed in terms of the linear thermal expansion coeffic
a@T# as

a@T#2a@10K#

a@10K#
5expF E

10K

T

a@T#dTG21. ~A4!

Using the valueA159 cm21/GPa for the 1998-cm21 line
~Ref. 61!, and tabulated values ofa@T# ~Ref. 62!, C11, and
C12 ~Ref. 55! for Si, the frequency shift due to thermal ex
pansion of the Si lattice can be calculated from Eqs.~A3!
and~A4!. As shown in Fig. 9, the frequency shift is less th
331023 cm21 in the temperature range 10–200 K, and th
mal expansion therefore contributes negligibly to the f
quency shift of the 1998-cm21 line.

FIG. 9. Frequency shift of the 1998-cm21 line caused by ther-
mal changes to the lattice constant of the Si lattice.
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