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Vibrational dynamics of bond-center hydrogen in crystalline silicon
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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, demtwofold 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.
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l. INTRODUCTION 0.005 cm %, much less than the widths usually observed for

LVM’s in semiconductors, and the lifetime contribution to
Infrared spectroscopy of local vibrational mode¥M's)  the T dependence of the linewidth has therefore been ne-
is one of the most powerful techniques for studying theglected until now. However, as we have recently shown, the
atomic-scale structure of light impurities and their complexesyibrational lifetimes of Si—H stretch modes associated with
in crystalline solids:* One of the most prominent applica- point defects in semiconductors can be 2—3 orders of mag-

tions of LVM spectroscopy has been the investigation ofpjtude shorter than on H-terminated Si surfaces, and the life-
H-related defects in crystalline semiconductdrsIn this  time contribution to the widths of LVM's may be

case, the combined information obtained from LVM SPe€C-significant!’
troscopy and first-principles theoretical calculatfohas led
to the identification of a large number of H-related defects
including complexes of H with dopanfgransitions metal§,

In this work, we extend our recent investigations of the
population dynamics of the H-related stretch mode of bond-

) . . *l .
intrinsic defects, and other H atom&~?Most of the inves- center hydrogen (k) in Si at 1998 cm®, reported in Ref.

tigations reported to date have focused on determining th&/: t0 @ls0 include phase relaxation dynamic E)HQ Sihas
defect structure, i.e., the equilibrium positions of the impu-0€en  studied - extensively experimentdly*  and
rity atom(s) and the host atoms to which they are bonde .the.oret|cally‘,3* ~~and is very well characterized. The prop-
Such studies are usually based on measurements—at ofilies of H;d were recently reviewed in Ref. 22 and shal
particular cryogenic temperature—of the frequencies of théherefore not be repeated here. In this work, the absorption
absorption lines, their isotopic shifts, and the splitting pat-line shape of the 1998-crt mode of H; is measured with
terns induced by uniaxial stresses applied along low-inde¥nfrared absorption spectroscopy as a function of tempera-
crystal axes. ture. TheT-dependent lifetime contribution to the linewidth
Another characteristic feature of the infrared absorptiorobtained in Ref. 17 is subtracted from the measured line-
spectrum, which has received much less attention, is its tenwidth, and theT dependence of the corrected width and the
perature dependence. Absorption lines associated witBenter frequency is analyzed in terms of the exchange model
LVM’s generally shift in frequency and broaden with in- for vibrational phase relaxation developed by Harris and
creasing temperature. Moreover, the absorption lines mago-workers:’~32which assumes that the phase relaxation is
become asymmetric and, in rare cases, new absorption peagggverned by thermal fluctuations in the population number
appear next to the low- line at elevated temperatures:®  of one particular low-frequency mode coupled anharmoni-
The T dependence of the line shape is generally attributed tgally to the LVM. However, the Harris theory is a low-
random, thermal excitation and deexcitation of low-approximation and turns out to be invalid in almost the entire
frequency vibrational modes that are coupled anharmonicalljemperature range studied in the present work. We therefore
to the LVM. Another possible cause of line broadening is theextend the theory beyond the loWimit. In addition to
decrease in the lifetime of the first-excited state of the LVM,modifying the theoretical expressions for the line shift and
which sets in at elevated temperatiiteUntil recently the broadening, the extended theory gives an explicit formula for
lifetimes of Si—H stretch modes were believed to be in thethe line shape function that allows the line shape to be asym-
nanosecond range based on direct measurements of the lifesetric. The absorption line shape of the 1998-¢mode of
time of Si—H bonds on H-terminated Si surfa¢&Such life- H(B+C) agrees very well with this theoretical line shape func-
times correspond to natural linewidths of the ordertion at all temperatures. The parameter determining the
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asymmetry of the line is found to be a factor of 2 less than Phase relaxation processes are usually divided into two
observed experimentally. This discrepancy originates frontlasses. The first class consists of those processes that change
the degeneracy of the low-frequency mode: in the exchangthe quantum number of the LVM, thus causing the states of
theory of Harris and co-workers, and all other dephasinghe mode to have finite lifetimes. For the fundamental tran-
theories reported to date, the low-frequency mode has imsition of a normal mode, the decay function due to popula-
plicitly been assumed to be nondegenerate. However, thion relaxation processes is

present work demonstrates that the predictions of the ex-

change model depend critically on the degeneracy of the Ti/en
low-frequency mode, and the discrepancy in the asymmetry <p01(t)—zexr{ B 2_T1
parameter is removed if the low-frequency mode is assumed . . . .
to be twofold degenerate instead of nondegenerate. Trhe where T, is the lifetime of the first-excited state, anrds

dependence predicted by the extended exchange model is {§2- The second class of phase relaxation processes are
excellent agreement with the behavior of the 1998-tiine caused by interactions that conserve the quantum number of

of H{Z up to~100 K. From this we conclude that the phasetmhgn%/g'rr:?'s tﬁ"éﬁ 2:;ph|2st?1ée|l_?/x|\itl[gnoltigfﬁgﬁg;{%ﬁg@r-
relaxation of the 1998-cimt mode is governed by anhar- thuslcausin 'n’]e' LVM Ltjre:msition frequen _ to '
monic coupling to a twofold degenerate mode at 114 tm 9 . qQUENBY ym =~ wo1 X

epend on the occupation numbers of the modes to which the
The frequency of the low-frequency mode does not chang VM is coupled. Thermal fluctuations in the occupation
when D is substituted for H, and we therefore assign it to & piea. P

vibrational mode of the Si atoms in the immediate vicinity Ofnumbgrs the"! give rise to fluctuations in the transition fre-
quencies, which lead to loss of phase coherence and cause

: ()

the defect. (m01(0)ug,(t)) to decay. This type of phase relaxation is
usually called “pure dephasing,” but for brevity we shall
Il. HOMOGENEOUS LINE SHAPE OF DIPOLE also use the abbreviated term “dephasing” in this paper. In

TRANSITIONS Sec. V we show that the correlation function of such a ran-

In this section, the theory of homogeneous spectral linélomly modulated transition can be expressed as
shapes of electric dipole transitions is reviewed. The theory
has been applied to a wide variety of transitions, including T’g(t):(z +iz)ex
transitions between nuclear and electronic spin states, vibra- Po1 Re %Im
tional states in gases and solids, and electronic states. In the
present context we focus on the fundamental transitiyn ~ Wherezge, zy,, Awoy, andT3 are realT; is the relaxation
—|1) of a LVM in a solid. The absorption spectrum associ-time due to (pure dephasing. Population relaxation and
ated with the fundamental excitation of a LVM can generallydephasing are usually treated as independent processes, and
be expressed as the Fourier transform of the dipole-dipoléhe combined dipole-dipole correlation function can there-

: 4

iAwgt— —
2

correlation function>3* fore be written as
= . 0) (1)) = expi woitle 2t 012 (). 5
|\o>a|1>(w)°‘ledtexp('wt)<M01(0)M31(t)>, (1) (mo2(0) (1)) Hiwos ]‘POl( )‘POl( ) 5)
Insertion of Eqs(3)—(5) into Eq.(1) yields the homogeneous
where  is the angular frequency, anduo(0) line shape functiof?
=(0|x(0)[1) and wd,(t)=(0|x"(t)|1) are the expectation /o
values of the dipole operat()]: and its Hermitian conjugate I (w)xz
- ; |0)—[1) R 2 2
at time 0 andt. The bracket - - -) means that the function (0—[orym—Awu]) +(I'/2)

o1(0)ug,(t) has to be averaged over all possible time evo-

lutions, which corresponds to performing an ensemble aver- —a (0—[wiym=Awe]) (6)
age. The dipole-dipole correlation function can be expressed (0—[wLym—Awer])2+(I'12)2]
as
where
(101(0) gy(1)) = eXpli wont) @os(t). 2 > 1
I'= 7

Here, the exponential term is the time dependence of the
unperturbed LVM, whereas the functiapy(t) represents
the effect of anharmonic interactions with other normalThus, the homogeneous line shape is a Lorentzian centered
modes, which cause the amplitude(@fy,(0)ug,(t)) to de-  at w yy—Awg; with full width at half maximum(FWHM)

cay. The decay of the correlation function can be viewed a§’, plus an asymmetric dispersion-type line shape defined by

a loss of phase coherence among the oscillators of the ethe same parameters. Hence, dephasing can cause the absorp-
semble, and is often referred to as dephasing. In this pap¢ion line to broaden, shift in frequency, and become asym-
we are only concerned with the homogeneous line shape andetric. The amplitude of the asymmetric part is given by the
neglect inhomogeneous broadening of the absorption linggarametera=z,,,/zz., and the homogeneous line shape
e.g., due to strain fields induced by nearby defects. therefore reduces to a Lorentziarzjf,— 0.

R
T3 Ty
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TABLE I. Sample implantation conditions. Going from left to right, the columns contain the name of the
sample, implanted ion, minimum implantation energy, maximum implantation energy, number of energies,
width of implantation profile, hydrogen concentration, implantation temperature, and the location where the
experiment was performed.

Sample lon Emin Emax Number of Width Cy Timpi Location
name (MeV) (MeV) energies fem) (ppm) (K)

SiH 1 H* 1.0 1.8 29 24 8.3 80 Vanderbilt
SiH 2 H* 1.2 2.8 57 44 14 20 Aarhus
SiD? D* 6.0 10.8 46 316 1.3 20 Aarhus

dmplanted through a 10@m-thick Al foil

Although vibrational frequencies and photon energiesheating, the sample was mounted in a cryostat that could be
conventionally are expressed in wave number units 9m attached to the end of the accelerator beam line. A gate valve
in infrared spectroscopy, we shall almost exclusively use anwas mounted between the cryostat and the beam line, which
gular frequenciegrad/s in the theoretical expressions given allowed the ions to pass while the valve was open and made
in the present paper. Angular frequencies are readily corPossible detachment of the cryostat from the beam line, with-
verted to wave number units by division withr2, wherec ~ Out breaking the cryostat vacuum, with the valve closed. For

is the speed of light in free space. Thus, the homogeneod%.ractical reasons the gate valve was replaced by a
linewidth (7) takes the form 100-um-thick Al foil, in the case of the deuteron-implanted

sample, with the deuterons penetrating the foil before being
I 1 1 implanted into th_e Si sample. _The ion b_eam was swept ho_ri-
_ _ + _ (8) zontally and vertically during implantation to ensure a uni-
7 2mC  gpcTy 2wCTy form lateral distribution of the implanted species. To mini-
mize the defect concentration, while maintaining a sufficient
Expressiong7) and (8) for the Lorentzian part of the line area density of K or DS defects for the spectroscopic
shape function have been used extensively in the past, e.gtudies, the spatial profile of implanted ions was spread out
in studies of absorption lines associated with vibrationallongitudinally by implanting at multiple energies. The dose
modes of adsorbates on surfateand molecular crystaff.  at each energy was obtained from Monte Carlo simulations
However, to our knowledge, the homogeneous line shapef the implantation profiles with the software package
function (6) has not been specified previously. In Sec. IV wesRIM,**3? and were chosen to yield a uniform hydrogen or
use Eq.(6) in the analysis of the temperature-dependendeuterium concentration profile over the depth interval de-
shape of the 1998-cnt line of HSY in Si. We find that the  fined by the ion range at the minimum and maximum im-
1998-cm! line becomes significantly asymmetric at el- plantation engrgy._The implantation parameters for the
evated temperatures and that ). represents the observed Samples are given in Table I~~~
line shape very well at all temperatures. The best-fit line _The experiments at Vandgrbll_t Umversﬂy were performed
shape parametess Awg,, andl” are strongly dependent on with a flow cryostat cooled with liquid He, whereas a closed-

the temperature at which the absorption spectrum is mea‘:-ycIe cryostat was used for the experiments at Aarhus Uni-

sured. To understand the physical processes giving rise t\6ersity. Both cryostats were capable of cooling the sample to

this T dependence, we develop a theoretical model in Sec. V,_ 10 K. The sample temperature was measured with Si di-

which expresses the temperature dependence of the IirQﬁdes mounted on the sample holder a few millimeters from
{

shape parameters in terms of well-defined physical quanti- e sample. The cryostats were _equped with a resistive
ties. heater, controlled by a commercial temperature controller,

which allowed the temperature to be set at any temperature
in the range 10-300 K. The measured temperature was gen-
erally stable within£0.05 K. The cryostats were equipped
with a pair of windows(Csl or Cak) mounted perpendicu-
HEY in Siis unstable at room temperature and thereforgarly to the implantation port. After implantation, the cryostat
has to be formed and kept at cryogenic temperatures to prevas detached from the beam line, and the cold finger and
vent it from migrating and reacting with impurities and de- sample holder of the cryostat was rotated by 90° to allow the
fects. This is accomplished by implanting protdnsdeuter- infrared light to propagate through the windows and the im-
ons into Si at 80 K or below, where they freeze in at bond- planted sample. Then, the cryostat was moved to the com-
center sites forming §P (or D{Y). The absorption spectra mercial Fourier transform infrare@ TIR) spectrometer used
are measureih situ, i.e., without heating the sample to room for the absorption measurements. The sample temperature
temperature between implantation and the spectroscopificreased by less than 10 K during the transfer of the cry-
measurements. The samples used in the present work coostat. The infrared absorbance spectra of the samples were
sisted of 2-mm-thick, double-side polished, high-resistivitymeasured as a function of sample temperature in the range
(>600€) cm) Si single crystals. To facilitate the transfer of 10—135 K. The spectral resolution was chosen to yield neg-
the implanted sample to the infrared spectrometer withouligible instrumental broadening of the absorption lines, and

Ill. EXPERIMENTAL DETAILS
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FIG. 1. (a) Absorbance spectra showing the 1998-¢ntine of FIG. 2. Absorbance spectrum &t=111 K showing the asym-

i )
H(B+C) at various temperaturegb) Linewidth parameteF as a func- metry of the 1998-cm™ line. The circles .represer.n the measureq
tion of temperature ®) and lifetime contribution to the linewidth ~ SPectrum, whereas the curve is the best fit of the line shape function

(@) obtained from Eq(9) and theT, values reported in Ref. 17.  (6) to the data.

ranged from 0.3 at the lowest to 1.0 chat the highest Thus, the experimental line shapes are very well represented
temperatures. by the homogeneous line shape functi@h at all tempera-
tures. Figure (b) shows the measured linewidih and the
IV. EXPERIMENTAL DATA natural linewidthlI"y as a function of temperaturd., was
calculated from Eq(9) and theT; data reported in Ref. 17.
The homogeneous shape of an absorption line is detefFhe temperature dependenceTafis clearly much too weak
mined by a combination of population and pure dephasingo explain the broadening of the 1998-chline with in-
processes. In the case of vibrational transitions in solids, purgreasing temperature. Consequently, the line shape is prima-
dephasing processes vanish in the Bwimit (limt_oT5  rily determined by pure dephasing processes abeé K.

=), because all vibrational degrees of freedom freeze intgrpo change in linewidth due to pure dephasMQTz can be

7 .
the ground stat&” Hence, it follows from Eqs(6) and (7)  exiracted from the widthd by subtraction of the natural
that the lowT homogeneous line shape is Lorentzian with a;;,e\width ', and the contribution from inhomogeneous

FWHM given by the natural linewidth broadening. The temperature dependence of the natural line-
width is represented by the function

I'y= ! 9
O_Tl . ( )
In a recent Letter we confirmed this relation experimentally To[T]=T%7 bf”"‘ﬂ“”LVM”‘BT]_1 (10)
for the 1998-cm* line of HSY in Si by directly measuring 0 ’
T, and the spectral width at low temperatuté3he lifetime J.Hl (exdfw;/kgT]—1)

was measured to bg;=7.8+0.2 ps at~20 K by ultrafast,

time-resolved infrared spectroscopy. Infrared absorption

measurements at-10 K revealed that the shape of the where kg is the Boltzmann constaniy yy=1998 cm %,

1998-cm ! line was very well represented by a Lorentzian, w;=w,=w3=150 cm !, w,;=ws=wg=516 cm !, and

and that the width of the line converged towafswhen the  T'5" is obtained from Eq(9) and the experimental lovi-

implanted hydrogen concentration was reducee-tb ppm.  lifetime T,=7.8+0.2 ps. As demonstrated in Ref. 17, Eq.

The temperature dependenceTgf was also measured, and (10) represents the temperature dependendg oind hence

T, was found to be essentially temperature independent up tthe natural linewidth, quite well. The inhomogeneous broad-

~60 K, where it started to decrease. At 125 K the lifetimeening corresponds to the difference betw&eandI’, below

was reduced te=4 ps. 30 K, shown in Fig. 1b), and is assumed to be independent
Figure Xa shows the absorbance profile of the of temperature.

1998-cm! line measured at various temperatures. The line As already mentioned, pure dephasing processes can

shape is strongly temperature dependent, exhibiting a largeause ar-dependent shift of absorption line frequencies. In

downshift in frequency of 6 cm' and increase in width of addition, vibrational frequencies of LVM'’s are expected to

15 cmi 1, when the temperature is raised from 10 to 111 K.change with temperature because of thermal expansion of the

Moreover, the line shape changes from being an almost pehost lattice, which changes the lengths of the bonds between

fect Lorentzian at low temperatures to being significantlythe impurity and the host atoms, and thus the LVM frequen-

asymmetric at elevated temperatures. As an example of thaes. The latter contribution to the line shift can be calculated

asymmetric line shape, Fig. 2 shows the 1998-éntine  if the thermal expansion coefficient and elastic constants of

measured at 111 K. The curve in the figure represents thehe host crystal, and the sensitivity of the 1998-¢nline to

best fit of Eq.(6) to the experimental data. The fits obtained strain are known. In Appendix A it is shown that the shift

at all the other temperatures were of similar or better qualitydue to thermal expansion is at least two orders of magnitude

195203-4



VIBRATIONAL DYNAMICS OF BOND-CENTER. . . PHYSICAL REVIEW B 63 195203

12 25 E
(a) . (b) o A
tor 20f Py + 260 + 260 ) 4 cevveennne e [12)
< 8 o e 15 .’ Ao+ 80 + ) T ——-f-+=-[LI)
S o /| & ; howg 1 7 1)
— J o | o E
% 4 £ [a' 10 0,/ ——————— :; : s
[
2f T |
] 2hog T -f-dieeee |0,2)
0 40 80 120 160 0 40 80 120 160 ] |
T(K) T(K) hos 1 -17-- o 0,1)
15080 50 35 25 100 50 35 25 2 o 1+ _I_|00)
T T T T n T T T T T b »
10 F (C)_E B (d)]
b ] 10 E 3 FIG. 4. Energy-level diagram of the exchange model defining
‘-;E‘ L 1< C ] the three model parameteasg , w, andr. The level spacing in the
S E 1E 3 LVM ground-state manifoldO,n,) is #wg, whereas it isfiwg
= 18 2 3 + dw in the LVM singly-excited manifold1,ng). Thus, the transi-
291k 4 = o1l ] tion energy for the electric dipole transitid@,n.)—|1,n.) is equal
E to i(w|ym+ Nedw). The parameter is the spontaneous lifetime of
C ] [ ] the|0,2) level. For simplicity, only three levels in each manifold are
0.01 e 0.01 L L shown. In the model of Harrist al., only two exchange-mode lev-
0.00 002 004 000 002 004 006 g5 |n,,,0 and |n.yyu1) are taken into accountnf®*=1
AT (K 1/T(K‘1) INLvms ) INLvms ) E] )

whereas the extended exchange model includes as many levels as

FIG. 3. Temperature dependence of the line shape parameters B%quwed to make the model predictions independent{5t"

the 1998-cm? line. (a) Frequency shiffAw|=|o—{w) 7| vs T,
where(w), 1 is the lowT mean frequency obtained by averaging
over four measurements af in the range 10-30 K(b) Change in

linewidth due to dephasingyI' 2 =I'—T',—I'"""°™ a5 a function ; hift and line broadening in the t ¢
of T. Here,I'y is the T-dependent natural linewidth given by Eq. requéncy shiit and ine broadening In the temperature range

(10), and AT'™h°™ represents the contribution to the width from 30-80 K fall on *a straight line in the semilogarithmic plots
inhomogeneous broadening) and(d) show semilogarithmic plots  0of |Aw| andAT'T2 versus 1T. Thus, both quantities exhibit
of the same data &8) and(b) as a function of I. The two data  Arrhenius-type behavior and can be expressedA&&exp
sets were obtained with the two proton-implanted samples SiH T—#Q0/kgT] in this regime. A quantitative analysfsyields
(#) and SiH 2(O) listed in Table I. The solid curves represent the the best-fit parameterﬁ(m“"): 114+2 cm ! and Q@D
best-fit theoretical results obtained with the exchange model and & 117+2 cm™ !, which shows that(2«) and Q@D gre
nondegenerate exchange mode. The number of exchange mode legual within the experimental errors. This behavior is in ex-
els (ng'™*+ 1) was chosen large enough that the model results wergg|ient agreement with the theoretical models of vibrational
independent ofig'®*. The dotted curves, which essentially coincide dephasing developed by Harris and co-work&r2 and by
with the solid curves, show the model predictions for a twofold Persson and co-workefs.
degenerate exchange mode. The best-fit parameter_s are I_isted in Both models assume that the LVM is coupled anharmoni-
IA?:-llee V”e'l Z:fhgsszer:ogfl\’?se SCV?;V?;DE 1r esults obtained with the,\ 15 another vibrational mode with frequenay, where
9 T ' we<w_ yy . The anharmonic coupling changes the energy
level spacings as shown in Fig. 4. In the manif¢@h,),
smaller than the shifts observed. We therefore neglect thia < {0,1, ...}, in which the LVM is in the ground state, the
contribution and ascribe the experimental shifts to pureanharmonic coupling term changes the level spacing from
dephasing. hoe t0 hw,=h(we+3dw), Whereas the spacing in the
Figures 3a,b show the absolute value of the frequency|1,n,) manifold is#%(wi+ dw). As explained in more de-
shift |Aw| and the pure dephasing contribution to the line-tailed later,5w is determined by the strength and type of the
width AT'™2 as a function of temperature. The behavior atanharmonic coupling. According to Fig. 4, the transition en-
low temperature is presented more clearly by semilogaritherdy for fundamental transitions of the LVM|One)
mic plots of the data as a function ofTisee Figs. &,d].  —I1Ne), are given byAEjn ) j1n)=A(@lyytNedw),
Two data sets are shown in the figures, which were obtainedhere o= yu+ 3 dw. Thus, the fundamental transi-
with the two different cryostats. The data are in excellenttion energy of the LVM depends on the quantum nummer
agreement below-100 K, indicating that systematic errors of the low-frequency mode, and thermal fluctuationsnin
in the temperature measurements are very small. The devi(ead to a random modulation of the transition energy, which
tions between the data sets abov&00 K, are probably due in turn results in loss of phase coherence. In additiow{o
to differences in cryostat and sample holder design. Howand dw, the lifetime 7 of the n,=1 state of low-frequency
ever, only the data below 80 K are used in the quantitative mode enters as a model parameter.

analysis, and the errors at elevated temperatures therefore
have no influence on the conclusions of the present paper.
According to Fig. &,d), the data points representing the
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A. The model of Harris and co-workers In this case, no simple analytical expressions for the line
shape parameters like Eq41) and(12) can be given. How-
gver, the homogeneous line shape functi6nremains ap-
proximately correct, and the frequency shift, linewidth, and
the amplitude of the asymmetric function can be calculated
numerically for any givenl. For simplicity, the following
derivation is first carried out assuming a nondegenerate ex-

Harris and co-workers showed that in the limkgT
<hw}, the pure dephasing contribution to the homogeneou
line shape is Lorentzian, and exhibits a temperature
dependent frequency shift and broadening givet? b

= 5—wexp[—ﬁwg/kBT] (11) change mode. Subsequently, the theory is generalized to the
1+(SwT)? case of a twofold degenerate exchange mode.
and
A. The exchange model
«  200°T The Hamiltonian of the model s i -
™ N ystem, for which the ho
o 1+(5w7)2exq frwe/keT]. (12 mogeneous line shape is derived, is assumed to be
As mentioned above, a fit of Eqél1) and (12) to the ex- 0= |:|0+ |:|anh+ Hexch- (15)

perimental data yielde®,~ 115 cni t. Thus, the assumption

kgT<fiwe, corresponding td <160 K, is not fulfilled for  Here, A, is the zero-order, harmonic Hamiltonian consisting
any of the data points shown in Fig. 3. However, the excelof the sum of all the normal-mode Hamiltonians of the sili-
lent agreement below 80 K suggests that the model of Harrigon crystal with a-|(B+C) defect:
and co-workers contains the essential physics governing the
T dependence of the line shape. In the following sections we 52
will extend this model beyond the loW-limit. Ho=>, %F +102Q?,

! i

B. The model of Persson and co-workers whereQ; is the normal-mode coordinate of the mddend

Persson and co-workers derived the frequency shift ang, is its frequencyH ., consists of anharmonic terms which
broadening due to vibrational exchange in the weak couplingouple the LVM with a single low-frequency mode with fre-
limit [Sw 7|<1, and obtained the results quencyw,, also calledthe exchange modier reasons that

Aw=SonlT 13 will become apparent Iateﬂanh can generally be expressed
®=0wne[T] (13 in terms of normal coordinates as
and

A | m
ATT2=28w?mT](nT]+1), (14) Hann % CimQLvmQe (16)
wheren [ T]= (exd%wy/ksT]—1)"* is the mean population where the sum extends over combinationd ahd m with
number of the exchange mode in thermal equilibrium. Ex-+m>2, but we shall limit the present discussion to terms
pressions(13) and (14) are valid at all temperatures. Both of the typeC, ;Q7,Q3 and C, 1Q7yuQe. Symmetry does
models of Harris and co-workers and of Persson and conot impose any restrictions on the existence of terms of the
workers both yieIdAFTZ/Aw=25w 7 in the lowT limit,  first type, whereas the second type only exists if the ex-
and the coupling parametek = can therefore be obtained change mode had, symmetry?*
from this ratio. Experimentally, we findw 7=—1.2 for the The final termHg,cp, Of the system Hamiltonian couples
1998-cm line. Consequently, the model of Persson and cdhe exchange mode to the “phonon bath” consisting of all
workers cannot be used to analyze theependence of the the other normal modes of the system, and ensures that the

1998-cm * line of HSY in Si. exchange mode is in thermal equilibrium with the bath. We
assume that the equilibration of the exchange mode takes
V. DEPHASING BY RANDOM FREQUENCY place througtexchangeof single vibrational quanta with the
MODULATION phonon modes characterized by a vedtaand a branch in-

] ) ] ] dexs, i.e.,ng—ng*=1 andng s—ni s+ 1, whereng andng ¢
In this section the dephasing model of Harris and co-re the quantum numbers of the exchange mode and the pho-

workers is extended beyond the Iowlimit. The main rea- : ~ .
son for the breakdown of this model is that the first-excited modes. The simplest type ey that has this property

state of the low-frequency mode becomes significantly popu-
lated whenkgT~% w/, which makes possible thermal exci-

tation into states witm.=2. Hence, the crucial step in ex- Hexch=2 ag sQeQk s

tending the model is to increase the quantum nunmg&t ks

above which the low-frequency mode is truncated from 2

ng'®*=1, as assumed by Harris and co-workers, to a number => aps (al+ ée)(éE Aage), (1D
sufficiently large for the results to be independenngf*. ks Wi s ’ '
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where the creation and annihilation operatafsand a; of B -, N L
the modes have been introduced, ang, are constants re- Hor() = por(0)ex "”LVMH'&"LnQ(t ydt’y.
lated to the lifetimer of the exchange mode.
According to this equation,ugq(t) consists of two

B. Time dependence of the dipole moment t-dependent factors; an oscillatory term with frequeagy
that determines the center frequency of the absorption line in
the limit T—0, and a term that depends on the fraction of
. " the time that the exchange mode is in one of its excited
geneous line shapk, ;) of the fundamental transition of states. Thus, the temperature dependence of the line shape is

the LVM. We' first CaICUIaAte"‘Ol.(t)’ €., th_e expecta'uon caused by the change in occupation number of the exchange
value of the dipole operatqe at timet. The time evolution mode.

of the matrixu representing the dipole operator is given by

Having defined the system of interest, we will now use
the Hamiltonian(15) to derive an expression for the homo-

C. Dipole-dipole correlation function

. du
ih = =[H,pul, The next step in the derivation of the homogeneous line
dt
_ _ _ ~ . shape is to calculate the ensemble average@f0)ug,(t)-
where H is the matrix representation ofi. Following  To this end, we again follow the approach devised by Ander-
Andersor® the solution to this differential equation can be son in Ref. 33. In short, the time intervals divided intok
written ag? subintervals of equal lengttik, wheret/k is much shorter
than the time scale of population transfer between the levels
: ! Nt of the exchange mode. If the transition rates between the
wij (0= (u(1)); j= pij(0)expg —i| wjjt+ [ Aw;(t)dt" ||, . : -
0 various levels are known, one can calculate the probability
(18 for a given sequence of population numbers
{nf1],nf2], ... ndk]} to occur, wheren[ m] is the oc-

where cupation number in thenth interval. For such a sequence,
wy=[(Ho)— (Ho); 1/ -
! " " ox(0) udy(t) = w(0)[Pex] —iw({ yyt]
and
k
_dwt
Awij(‘:,)E[(Hanh(t/))i,i - (Hanh(t,))j,j]/ﬁa Xexr{ -1 kK mE:I ne[m]} .

which for the fundamental transition reduces to ) ,
The ensemble average is calculated by performing a

W= — WLyMm (199 weighted average over all possible sequences, with the
weight of each contribution given by the probability
and P(n[1], ... .nJk]) for that particular sequence to occur.
" / Assuming thatn, is a Markovian random functiof?, this
=— +31. L2 e :

Here, it has been used thdy,,,(t') depends on time through

the time dependence of,. The variableSw appearing on P(ne[1], ... .nelKD)=p(Ne[1])Pp 1210 11]

the right-hand side of Eq20) depends on the type of anhar-

monic coupling between the LVM and exchange mode. If XPnyaing2) - - - Pnglkngk-11

Hann=C2Q% uQ2, thendw can be calculated using first-
order perturbation theory and is given by

b= 22 @) P(nd1])=(1-exi~hwllksThexp~ o 11/ksT),

WLyM©e (23

where p(ng[1]) is the thermal-equilibrium probability for
the exchange mode to be in staig 1]:

If, instead,H ,,n=C, 1Q%ynQe, then the first-order contri- and Pn m).ngm-1; i defined as the probability that the oc-
bution vanishes, andw has to be calculated by second-order cypation number of the exchange modeism] in the mth
perturbation theory, which gives interval provided that it attained the valmgm—1] in the

2C2 1 preceding time interval, which is given By
So=—5— 2 (22
Awlynwe™ @LYM®@e

t
Pne[m],ne[mf 1= 5ne[m],ne[mfl] + Wne[m],ne[mf k-
Notice, that Eq.(22) implies thatdw is negative, whereas
Sw can be either positive or negative iﬂqanh Here,Wne[m]'ne[m,ll is the transition probability for the tran-

=Cz,fova§, depending on the sign @, . sition nm—1]—nJ[m]. Using Fermi's golden rule, the
Combining Egs.(18)—(20), the time dependence of the operator(17), and the principle of detailed balance, it can be
dipole moment can be written as showrf* that
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1 _ _ vanishes unless the exchange modeAgssymmetry. Con-
Wi (m].nfm-11= — ;(ne[m] +Net 2N MINe) S ymp.ngm-11  sequently, we only have to consider quartic anharmonic cou-
pling in the case of a degenerate exchange mode. We assume
1 — that the coupling interaction is given by
+;(ne[m]+1)(ne+ 1) én tmp.ngm-11-1 A
Hann=C2 Qfym(Qe1+ Q).

+ lne[m]ﬁegne[m],ne[m—l]+lv (24)  which results in the level s:truc'[ure1 shown inl Fig. 4, where

T 5w=ﬁC2’2/(wLVMwe), we=we+§5w, W) ym— WLvm

+ dw, and the statef vy ,Ne) indicated in the figure cor-
respond tdn vy ,Ne1+ Ney). The equilibration of the degen-
erate exchange modes with the phonon bath is again assumed

limy_ oWg 1= 1/7, which identifiesr as the spontaneous life- . Lo
. - to take place through exchange of single vibrational quanta,
time of then,=1 state of the exchange mode. ; LS

and the exchange interaction is taken to be

The ensemble average of the dipole-dipole correlation

where Ez[exp@twé/ksﬂ—l]*l is the mean occupation
number of the exchange mode. From Ezy) it follows that

function (uo1(0)ug,(t)) is now calculated as the weighted 52
i i * in- N . 2t a yval 4a-
average of the correlation functiong;(0)ug,(t) of the in Hexch_z ag s\ L (ay +ae)(a; s+ags)
dividual population sequences: ks WeWi s '
~ ~ /\T ~
- - +(al, ) (3 T ags)].
(mof O udy(D)= > : _— .
ne[1]=0 Ne[m]=0 The thermal-equilibrium probability of the exchange
mode being in stat MNeo) IS
XP(NLL], - . oK) s 0) (D), g in statiner Nez)
which can be expressed3as pE(nel;neZ):p(nel) p(”eZ)v (26)
. 5 wherep(ng;) is given by Eq.(23). The transition probability
(101(0) gy(1)) = 1102(0)| for the|n.;,nly)—|Nep,Ney) transition is
N AT T_; 7
Xexd I“’LVMJ[]p exd (W' —iodw)t]1. (WE)(”el;”ez)'(”él;”éz):W”elvnéléneZv”ég_F Wnez’nézanel'nél’
(25) (27)

Here,WT is the transpose of the transition probability matrix whereW,_. - is defined in Eq(24). The shift in transition

defined in Eq(24), éw is the diagonal matrix with elements frequency due to population of the exchange mode levels is

0w =MOwJ| |5T is the row vector{p(0),p(1), ...}

with components defined by E423), and 1 is a column (OWE) (ngyingy).(ngy ing) = 0@ (Ner T Ne2) Ong, ny, Ongy -

vector with all components equal to unity. Notice that (28)

(101(0)ugy(t)), apart from the constantuoy(0)[?, is  The variables in Eqs(26)—(28) can be expressed in matrix

uniquely determined by the three model parameigrs S, form by associating an indekwith each pair of quantum

and 7, and the temperaturé numbers Qe1;Ner). Thus, the matrixWg can defined as
(WE)IvI,E(WE)(nel;nez)v(nél;néz)' The matrix éwg and the

Twofold d t h d > . . .
WOTOId egenerate excnange moce vector pg are defined in terms of Eq$26) and (28) in a

Until now it has been assumed implicitly that the ex- similar way. The dipole-dipole correlation function of the
change mode is nondegenerate. In reality this might not bexchange model with a twofold degenerate exchange mode

the case. For instance, one of the likely exchange mode caks ihan simply given by Eq25) with W, ée, and|5 replaced
didates, the bend mode ofsH where the H atom vibrates >
by Wg, éwg, andpg.

perpendicularly to the SiH-Sibond axis, is twofold degen-
erate. In this subsection the exchange model is generalized to
the case of a twofold degenerate exchange mode. As it turns
out, the expression for the dipole-dipole correlation function Having obtained the expressi¢25) for the dipole-dipole
(25) remains valid, but the vectq?:r and the matrice§V and  correlation function, the absorption spectrum can be calcu-
dw have to be redefined. lated. In this section we show that the spectrum predicted by
As in the case of a nondegenerate exchange mode, wie exchange model can be approximated by the homoge-
assume that the twofold degenerate exchange mode is hdreous line shape functioi®), and show how the line shape
monic, except from the coupling to the stretch mode and thgarameters’, Awy,, anda are related to the physical quan-
phonon bath given by Eq$16) and(17). We can therefore tities w;, dw, 7, andT. Then, the exchange model is applied
treat the exchange mode as two independent, nondegeneraoeanalyze thd dependencies of the H-related stretch modes
vibrational modes with normal mode coordina®s, and  of H;Y and O, in Si. Finally, the approximate line shape is
Qe, quantum numberg,; andng,, and with the same har- compared to the exact absorption spectrum of the exchange
monic frequencyw,. The cubic coupling ternﬁ:z,leV,\,,Qe model.

D. Absorption spectrum predicted by the exchange model
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1. Approximate line shape exchange mode ang(ng'®+1)(ng'®*+2) if it is twofold

The first step towards calculating the spectrum is to transdeégenerate, and
form the matrixM=W'—idw to the basis defined by its
eigenvectorsM can be expressed &=TAT !, whereA z=p'TS(HT 11 (31
is the diagonal matrix with the eigenvalugesof M as diag-
onal elements, and is the transformation matrix with col- Here, (1) is the matrix with element§ ;(1)=4; 6, i.e.,
umns consisting of the eigenvectorsMf Using this trans-  with all elements equal to zero, except(l) which is equal

formation, to unity.
. R From Eqgs.(30), (4), and(5) it follows that the spectrum
{por(0) uy(t)yocexd —iw| yut]p' T exd At]T 11, consists of a superposition of absorption peaks with the ho-
(299  mogeneous line shap@), with center frequencies shifted
which can be written as from w| ), by the imaginary parts of,, widths given by the
real parts of\, relative intensities Hg,], and asymmetries

Imax given by a=Im[z]/Rqz]. At low temperatures KgT
<M01(0)M31(t)>°‘2 zexg—iolywt+Mt], (30 <#w)), the theoretical expression for the spectrum simpli-
=t fies significantly, because only one of the terms, kay,
wherel 4, IS the dimension of the matricds, M, W, and  has appreciable intensity. In this limit, the spectrum can
dw, which equalsn{'®+1 in the case of a nondegenerate therefore be approximated by a single line of the type

(2Ty) "'+ |Re(N)|
{o—[w{yy— M) [} +[(2T1) " +|Re(\ )|

—Q , 2 1 2|
{o—To{yy—IMN\o)}*+[(2T1)  *+|Re(N)[]

l0y—|1)(@) = Re(Zp)

(32

Notice, that the broadening due to the lifetifig has been The dotted curves in Figs.(8-d show the best-fit shift
included in this expression by multiplying EB0) with Eq.  and broadening obtained with the extended exchange model
(3) before calculating the Fourier transform. Also, we havein the case of a twofold degenerate exchange mode. The
used the fact that the real part of, is negative, i.e., dotted and full curves are nearly indistinguishable, which
|IRe(\o)|=—Re(\o), to obtain this expression. shows that the degeneracy of the exchange mode cannot be
determined from the shift and broadening alone. As shown in
Table II, the best-fit parameterdw and = obtained for a
nondegenerate and twofold degenerate exchange mode differ
by a factor of two, whereas, is independent of the degen-
Having generalized the exchange model for vibrationaleracy. Consequenthfw and 7 cannot be determined accu-
dephasing to higher temperatures and twofold degenerate esately unless the degeneracy of the exchange mode can be
change modes, we can now compare the model predictiorféetermined by some other means.
with the experimental data obtained for the 1998-criine TABLE Il. Exchange model parameters obtained by a combined

Of H(B+C) . The S.0||d curves in FIgS.(a,(‘) and gb,d) ShOW the Ieast-squares fit of ['hm()\O)V(Zﬂ-C)] and |r[|2 Re()\o)|/(2’7TC)]
frequency Shlft||m(7\o)|/(27T_C) and the line broadening of the extended exchange model to the experimental sHiftwin

|2 Re(\g)|/(27cC) as a function ofl and 1T. The curves  ang proadening IAT™ of HSY and OhY in the temperature range
were calculated with the exchange model, assumimpra  25_80 K. The parameters in the columns dendtedode € mode
degenerateexchange mode and using the best-fit parametergere obtained assuming a nondegenetatefold degeneraeex-

for ngc) given in Table Il. The parameters were obtainedchange mode. The error bars on the parameters were obtained using
by a combined fit of IfIm(\o)|/(27wc)] and the procedure described in Ref. 45.

In[|2 Re(\g)|/(27c)] to the natural logarithm of the experi-

2. Comparison with the experimental temperature dependence of
G

A HE) HEE) D(E) DR
mental data in the temperature range 25-80 K. The number BC BC BC BC
of exchange-mode levelsT®+ 1, was chosen sufficiently Amode ~ Emode Amode Emode
large that the model predictions were independen f*. o, (em™ )y 114+3 114+3 112+2 112+2
We note that the line shape of the extended model converges, (cm 1) —44+8 —22+4  —46+t4  —23+2
towards the results of Harris and co-workers given by Eqs; (ps) 0.14+0.03 0.28-0.06 0.18-0.02 0.370.04

(12) and(12) for T—0, as expected.
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TK) obtain the curves in Figs.(&,b). Both the experimental and
05 115080 50 35 theoretical temperature dependencies of the asymmetry pa-
(a) - (b) rameters exhibit Arrhenius-type behavior. The two simulated
! Lo curves are nearly parallel with the experimental data, which
shows that the exchange model predicts the activation energy
quite accurately. In fact, the activation energy predicted by
the model isfiw,, identical to those of the frequency shift
and the line broadening. More interestingly, the solid and
dotted curves are displaced from each other, which shows
{ that the preexponential factor is strongly dependent on the
degeneracy of the exchange mode. In fact, the asymmetry
parameter with a twofold degenerate exchange mode is ex-
actly twice as large as with a nondegenerate exchange mode.
FIG. 5. (a) Plot of the asymmetry parametenf the 1998-cm®  According to Fig. %a), the dotted curve is in much better
line as a function off. (b) Semilogarithmic plot ol vs. 1. The  agreement with the data than the full curve, and we therefore
data indicated by diamonds) were obtained with sample SiH 1 conclude that the exchange mode is twofold degenerate.
(SiH 2). The solid(dotted curves represent tiedependence of the
asymmetry parameter obtained from the exchange model with a
nondegeneraté&wofold degenerajeexchange mode using the pa-
rameters given in Table Il. The dashed curves were obtained with The temperature dependencies of the model of Harris and
the two-level exchange model. co-workers given in Eq911) and (12) were derived under

the assumptiorkgT<#%w;. More specifically, they were

Both the solid and dotted curves in Figga3d are in  based on two lowF assumptions: First, only the two lowest
excellent agreement with the data 5«80 K. However, at levels of the exchange mode were taken into acconfif{
higher temperatures the absolute deviations are quite sub=1), and, second, the frequency shift and broadening were
stantial. There are a number of possible explanations foexpanded to first order in the quantity=ex{ —Awg/kgT]
these deviations: First, it cannot be ruled out that the stretchbout 7=0. This expansion is invalid at elevated tempera-
mode of H is coupled anharmonically to another exchangetures, and the result of extending the exchange model to
mode with largew/, , which starts to get thermally populated include levels withn,>1 should therefore be evaluated by
around 100 K. Second, we have assumed that the exchangesmparison with the predictions of the model of Harris and
mode levels are equally spaced. However, anharmonicitgo-workers without the lowF Taylor expansion. This can be
quite generally causes the level spacing to decrease with ilone using the extended exchange model limited to only two
creasing quantum number, which may affect the temperaturexchange-mode levels, which is referred totlaes two-level
dependence of the line shape. Finally, the thermal excitatioexchange modeh the remainder of this papéf.The theo-
and deexcitation of the exchange mode was described withiretical frequency shift and line broadening of the two-level
the Markovian approximation, which requires that the mearexchange model are shown as the dashed curves in Figs.
time between thermal excitation events for the exchang&(@—d. The line broadening has a maximum-af50 K, in
mode (inverse excitation rajebe much larger than the cor- disagreement with the experimental data, which exhibit a
relation time of the phonon bath. With the parameters givenmonotonic, superexponential increase up to this temperature.
in Table II, the inverse rate ¢h,=0)—|n,=1) excitations In contrast, the two-level exchange model reproduces the
is ~1 ps at~100 K. This is quite similar to the lifetimes of frequency shift quite accurately. The dashed curves in Figs.
acoustic phonons in Si, obtained from neutron scattering(a,b) show theT dependence of the asymmetry parameter
measurement®, which can be taken as a measure of thea, obtained from the two-level exchange model. As in the
phonon correlation time. Thus, phonon correlation effectsase of the line broadening, the asymmetry parameter of the
may be important at- 100 K and above. two-level exchange model has a maximum-at00 K in

In addition to exhibiting a large shift in frequency and contrast to the experimental observations.
increase in linewidth, the 1998-cm line becomes signifi-
cantly asymmetric at elevated temperatures. Figufash5s
show the amplitude of the asymmetric term of the line shape
functiona as a function off and 17. The parametera were The excellent agreement between the measured tempera-
obtained by fitting Eq(6) to the experimental absorbance ture dependence of the 1998-chline and the theoretical
profiles. The solid and dotted curves in the figure are thdredictions of the extended exchange model strongly sug-
temperature dependencies of the asymmetry paranagter gests that the dephasing of the stretch mode @ fih Si is
obtained with the extended exchange model for, respectivelfzaused by anharmonic coupling with a twofold degenerate,
a nondegenerate and twofold degenerate exchange modébrational mode with frequencys,=114 cmi*. Insight
The curves were calculated from the model parameters iinto the nature of the exchange mode can be obtained by
Table Il, which were obtained by fitting the model predic- isotope substitution experiments. If, for instance, the ex-
tions to the shift and broadening of the 1998-cmiine. change mode corresponds to the H-related bend mode of
Consequentlyno additional fitting has been performed Hf;c), then substitution of H with D is expected to change

04F

O .
02} o

01} &
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3. Comparison with the two-level exchange model

4. Isotope substitution
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FIG. 6. Comparison of th& dependencies of the 1998-cline of H,Y (O) and the 1449-cm! line of DS (®). The two data sets
were obtained with the same experimental séagmples SiH 2 and SiD described in Tablénl order to minimize systematic errors on the
measured temperatures. The linewidth data showh)ihave not been corrected for the lifetime contribution toTrdependence. The solid
and dotted curves represent the best fit of the exchange model to the SiD data for, respectively, a nondegenerate and a twofold degenerate
exchange mode. The curves were generated with the parameters listed in Table II.

the frequency of the exchange mode by a factof2. In D is substituted for H. Consequently, there is no evidence
contrast, no isotopic shift Qf)é is expected if the exchange that the exchange mode corresponds to the H-related bending
mode primarily involves vibration of Si atoms. To investi- mode of H -

gate if H is directly involved in the exchange mode, the
absorption line shape of the stretch mode of{Dat
1449 cm ! was measured as a function of temperature. Fig- Although the line shape functiof82) represents the ex-
ures @a—0 show semilogarithmic plots of the shift, broad- perimental line shapes very well at all temperatures, it is an
ening, and asymmetry parameter of the 1449-tiine as a  approximation—even within the extended exchange model.
function of 17T. For comparison, the experimental data ob-It is therefore important to check the validity of the approxi-
tained for the 1998-cit line of HSY with the same cryostat Mation by comparing the result of E(82) with the exact
are shown in the same figures. The temperature dependeng@€ctrum obtained with the same parameters.

of the lifetime (T,) contribution to the width of the To. d_erlve the exact absorption spectrum, we start out
1449-cm! line has not been measured directly, and the®ombining Eqs(1) and(29):

DY and H; data have therefore not been corrected for the .

lifetime contribution in Fig. @). As shown in Fig. ), the |‘0>_>‘1>(w)sc5TTf exd Kt]dt T~11,

increase in linewidth of the 1449-cm line associated with =

DS coincides with that of IgY at all temperatures in the \yhere K=i(w— oyl +A—1(2T;) "L Performing the
range 25-130 K. In contrast, the frequency shifts of the twgjpe integral yield®

lines differ slightly[see Fig. €a)], the frequency shift of the

1449-cm:1 line being consistently smaller than that of the I\0>_,‘1>(w)0<5T[TK*1T*1+T*(K*)*1(T*1)*]1,
1998-cm - line in the temperature interval 25-80 K. At

higher temperatures the shift of the 1449-cmline in-  Which can be expressed as

creases faster than the 1998-chine. The asymmetry pa- ar 1z

rameter of [§?, shown in Fig. éc), essentially has the same o)~ 2)(@)<Im[p A~ "1], (33)
temperature dependence as that §PH except that it has an  \yhere A=—iTKT 1=(0—w/yy)l— do—i[WT
oscillatory structure superimposed on the exponential behav= (>1.)~1|]. Equation(33) is equivalent to the expressions
ior. We believe that this structure is an experimental artifacpptained previously by Persson and co-workeasid Shelby
caused by the fact that the 1449-chiine is located close 10 and co-worker® by significantly different methods, except
the edge of the three-phonon absorption band of the Si laihat they did not explicitly take into account the lifetinie,

tice, which makes baseline correction difficult. The solidcontripution to the line shape. Figure 7 compares the ap-
(dotted lines in Figs. éa—0 correspond to the line shape proximated and exact line shapes of the 1998-trine at
parameters obtained with the extended exchange model afe 135 K obtained from Eqe32) and(33) with the best-fit
the best-fit parameters off) given in Table Il assuming the model parameters given in Table Il in the case of a nonde-
exchange mode to be nondegenerdteofold degenerale  generate exchange mode, and with an assumed lifetime of
As in the case of g, the asymmetry for a twofold degen- T,=4 ps. The two spectra are nearly identical, which justi-
erate exchange mode is in significantly better agreement witfies our use of the approximated functi@®) in the analysis.
the 0,7 data than the asymmetry of a non-degenerate ex- An alternative expression for the exact line shape, which
change mode. According to Table i, does not shift when is completely equivalent to Eq:33), can be obtained by

5. Exact line shape of the exchange model
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12 lattice phonons is described using the Debye model to rep-
T=135K resent the phonon distribution. We conclude that thermal
o 1.0 fluctuations in the occupation numbers of acoustic phonon
5 modes cannot explain thel-dependent shape of the
g d 1998-cm ! line.
e}
S 06 - :
8 A. Existing phonon dephasing model
E 04F The effect of phonons on the spectral shapes of LVM
2 absorption lines was studied theoretically by Elliott and
021 co-workers more than three decades #jbhey showed that
0.0 , | anharmonic coupling between the LVM and a phonon
3 ' I T mode Es changes the transition frequency bXwg s
AN = d0g (i TI+), where i [ T]=[expfiog o/keT)
- —1] " is the mean thermal occupation number of the pho-

00 19'50 20'00 2050 non mode, and the parame#@ny, s represents the strength of
wave numbers (cm') the anharmonic coupling. Assumidy, s to be _proportlonal
to the frequency of the phonon mods s, Elliott and co-
FIG. 7. Exact and approximated line shapes of the exchangworkers found
model. The solid curve shows the exact line shape obtained from
Eq. (33) assuming a nondegenerate exchange mode, and using the
H(BQ parameters given in Table Il. The dashed curve is the approxi-
mated line shape obtained from E§2) with the same parameters.

The bottom graph shows the difference between the two lind-€., that the frequency shift is proportional to the mean vi-
shapes. brational energyJ(T) of the lattice. If the Debye model is

used to represent the phonon modes, then the temperature

Fourier transformation of Eq30). This formulation gives dependence takes the form

the spectrum as a sum bf .4 functions of the type in Eq. 1

(32). The approximated line shape corresponds to neglecting Aw[T]:CAwJ x3n[x, T]dx, (34)

all terms in this sum except the one with nonvanishing am- 0

plitude Reg) in the limit T—0. The other terms in the sum

give rise to sidebands, which may be observed at elevate

temperatures. In the case ofHi in Si, these sidebands are

very broad because of the very short lifetime 0.2 ps of

the exchange mode. If, however, the lifetime is longer, sa S o T
the type INLvm s Nks o Mir ) — [ NLym i ks 1Nk o+ 1),

7~1-10 ps, then the s_|debands are relatively narrow anfuhich exchange one vibrational quantum between the pho-
may appear as well-defined peaks in the spectrum. As men-

tioned in the Introduction, such sidebands have indeed bediPn Modesks and kg, and conserve the LVM occupation
observed in the case of interstitial oxydéand the Ak:H ~ number. In the Debye approximation tfledependence of
and Ga;:H complexes in SI3 We believe that the exchange the linewidth takes the form

model, in its present formulation, is able to account quanti- N

tatively for the T dependence of the position, width, and AF[T]:CAFI xen[x, T1(n[x,T]+1)dx. (35)
intensity of the sidebands observed at elevated temperatures. 0

Aw=2 Awi =X hopnist3)=U(T),
k,s k,s

heren[x, T]={exd (6p/T)x]—1} "1, C,,, is a constant, and

p is the Debye temperature. Furthermore, Elliott and co-

workers assumed the width of the absorption line to be pro-

ortional to the sum of the rates for exchange processes of

Equation(35) has also been derived independently by Mc-
VI. DEPHASING DUE TO ANHARMONIC Cumber and Sturg‘é’.
INTERACTIONS WITH LATTICE PHONONS Expressiong34) and (35) have previously been used to

analyze theT dependencies of the line shapes of the ZHA

As demonstrated in the previous section, Thdependent ) ; . :

: . . ’ and Bey,:H complexes in GaP? and the ¢:H and Ta:H
shift, brogd)e.nmg_, and asymmetric shape of the 19984cm complexes in GaA8! In both cases, the theoretical expres-
line of Hy' in Si is in very good agreement with the ex- gjons represented the data well. We have also fitted @d5.
change model, which assumes that dephasing originates froghd (35) to the shift and broadening of the 1998-chiine

thermal fluctuations in the occupation numbercofe par- o () in Sj, and found the fit to be in excellent agreement

ticular low-frequency mode. However, it may seem pecullarwith the data at all temperatures. It is therefore appropriate to

that one particular mode should dominate the dephasing d¥6ok into dephasing by lattice bhonons in more detail
namics considering that & 1-cn? sample has-1.5x 107° ! phasing by lafiice p ! .

phonon modes, all of which in principle could contribute. To
clarify this issue, this section shows how the exchange model
can be generalized to include an arbitrary distribution of in- The theory of Elliott and co-workers described above
dependent exchange modes. In particular, dephasing due dmes not take the dynamic nature of the dephasing processes

B. Dephasing dynamics due to phonon coupling
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into account, but simply assumes the frequency shift to béution to theT dependence can be described with the weak-
given by the equilibrium population of the phonon modes.coupling theory of Persson and co-worké&rdhe frequency
Moreover, the theory does not correlate the magnitude of thehift is then given by
frequency shift and line broadening, nor does it account for
the actual shape of the absorption line. Thus, the theory has _ Rt
to be extended to treat the shift, broadening, and asymmetry Aw[T]_% 00k sk T]
in the same footing, in order to be a viable alternative to the o '
exchange model. and the linewidth by
The exchange model is quite easily extended from one to
an ar_bltrary number of exchange moc_ies, provided that con- AF[T]=Z 25&)5 STIZ,SEZ,S[T](EZ,S[T]JF 1).
tributions of the modes to the dephasing of the LVM can be Ks '
treated independently. More specifically, we assume that th

dipole-dipole correlation function takes the form gimilarly, theT dependence of the asymmetry parametér is

. ! T]=2 2(dwi s7is) i L TI(Ng fT]+1
<M01(0)M31(t)>mexp{_,wLVMt_ 2_TJH o A1) aTI=2 2(00i 579 M d TIMEATI+)
k,s '

(36) X (2np LTI+ 1). (39)
where the phase relaxation functi@gi(t) of Eq. (5) has  The summations over the phonon modes can be performed
been replaced by a product of functions of the type explicitly if the phonons bands are approximated by the De-

bye model. With the additional assumptionfwyg g
Pk,s(t) =z e N g st], (B7)  =dwp(wislwp) and 7} ¢=1p(wis/wp)?, where wp

) . . . =kg0p /1 is the Debye frequency, the results are identical to
where ¢ s(t) is the ph»as_e relaxgtlon function QUe to the .5 dependencie$34) and (35) obtained by Elliott and
modeks. The variablen s is the eigenvalue obtained from o yworkers, except that the prefactors now are given in terms
the exchange model, wherezg; is the complex amplitude ot the coupling strengtiwp and the lifetimerp at the De-
given by Eq.(31). In order to calculate\g ¢ and z; 5, the bye frequency a€,,,= 98wpN andC,r= 185w pN. The
exchange-mode parametefy s, 7is, and wis have 10 jneqral anpearing in expressid@s) for the broadening is

specified for each exchange mode. It should be noted tha&lways less than the one in the expresdi@4) for the shift

although we choose to specify the exchange modes by Vegs, he sameg,, , and the ratio between the line broadening

torsk and branch indices, most of the theory developed in and frequency shift is therefore less thafui, 7 at all tem-
this section is nonspecific to the type of exchange modeperatures. HoweveBwp 7o~ 1/N <1 and anharmonic cou-
involved, and would therefore apply equally well to ex- pling of the LVM to a large number of phonon modes can
change modes other than phonons. From ELjs.(36), and  therefore not give rise to line shifts and broadening of similar
(37) it immediately follows that the absorption line shape magnitude. Similarly, it follows from Eq38) that the asym-
takes the form of Eq(6), where the lineshift is given by metry parameter is of the order (2. Thus, the asymmetry
of the line shape is negligible.
Aw=— E IM[\; o, To recapitulate, we have argued that anharmonic coupling
ks ' of the LVM to a large numberN>1) of exchange modes,
e.g., phonons, cannot account for line broadening compa-
rable in magnitude to the line shift, nor for the absorption
lines being asymmetric. The reason for this is quite simple: If
AT=-2 2Rd\iql, many exchange modes contribute to the shift, then the con-
ks ' tribution from each mode is small, and the LVM and the
exchange modes are weakly coupled. In the weak-coupling
regime the frequency shift is proportional to the coupling
parameter, which scales afNl/and when the contributions
/ R{l{[ zg,s}
S

the increase in Lorentzian FWHM by

and the asymmetry parameter by

a=Im H Zi s from all N exchange modes are added, the total line shift

ks becomes independent &f. However, the line broadening

) and asymmetry parameter contributions from each mode

”(H Rez; S]) 2 Im[z¢ 5] _ scale as M? and 1N3, respectively. Therefore, these quan-
ks s R zg 6] tities remain vanishingly small, despite the addition Nf

contributions, ifN is large.

The last relation holds provided that [Ilmg ] <R 7 5] for
all exchange modes, which is the case for coupling to lattice
phonons as we will demonstrate later.

If a large number of phonon modék N>1, are assumed To investigate the dependency of the exchange mode on
to contribute significantly to the dephasing of the LVM, thenthe defect configuration and phonon spectrum of the host
each mode is coupled weakly to the LVM, and their contri-material, we now compare the results obtained f@@Hh Si

VIl. DISCUSSION

195203-13



BUDDE, CHENEY, LUPKE, TOLK, AND FELDMAN PHYSICAL REVIEW B 63 195203

TABLE Ill. Summary of T-dependent line shape studies of modes at either th& or the L point of the Brillouin zone,
H-related stretch modes in semiconductors. The defects denoteghere the phonon density of states is large, which led some
Xy:H in the second column correspond to a H atom forming aof the authors to assign the exchange modes to such high-
complex with an impurity atonX located on(or slightly displaced ~ symmetry phonon>*®According to Table IlI, the exchange
from) a substitutionalY site of the semiconductor Z listed in col-  mode of H;Y in Si coincides with TA phonons in Si. How-
umn 1. TheV), :H, complex consists of four H atoms each bound to ever, we believe that this coincidence is accidental and in-
one of the four P atoms surrounding an In vacancy in InP. Thestead assign the exchange mode to a pseudolocalized mode
exchange mode frequencies obtained from Théependencies of (PLM) associated with the g%) defect. There are several
the absorption lines and the exchange theories of Persson and 6gsasons for doing so: First, we do not see any reason why the
workers(Ref. 40 and of Harris and co-worker®Refs. 29-31are  gstretch mode of the defect should couple preferentially to any
listed in the column denoted,. The columns “High symmetry particular phonon mode. If coupled to phonons, we would
phonon™ and “wpnonon’ list the high-symmetry phonon mode of - therefore expect dephasing of the stretch mode to be gov-
the host crystal closest to, and the corresponding phonon fre- erned by coupling to a wide distribution of modes. However,
guency. Here, a high-symmetry phonon is defined as a phonon Witﬁccording to the discussion in Sec. VI B, dephasing by an-
ak vector equal to one of the high-symmetry poifitsX, andL in . harmonic coupling to lattice phonons cannot simultaneously
the Brillouin zone, where the phonon density of states is large. Theyccount for the shift, broadening, and asymmetry of the
phonon frequencies were obtained from Ref. 56. 1998-cm ! line. Second, the exchange modes @Q—in Sj
and Ge are located differently relative to the phonon bands
of the two materialgsee Table Ill. Since H) has the same

W High-symmetry wpnonon Reference

Material Defect (cm?) phonon (cm™) structure in Si and Ge, we expect the relative strengths of the

GaAs GoH 78 TA 79 53 anharmonic coupling between the s_tretch mode a_md the low-

GaAs  SkuH ~64 TA, 62 54 frequency modes to be the same in both materials. Conse-

GaAs SeH ~70 TA, 79 51 guently, the stretch modg ofd should co_uple_ to the same

InP Zn,H 61 TA, 55 55 type of exchange modg in the two matgna{s, in COI’]ﬂICt with

NP Cdy:H 50 TA, 55 55 th_e exchange mode being a TAhonon in Si bu_t not in Ge.

NP Vi:H, 136 LA, 166 55 Fmally, theT dependence of the gI:H complex in Si, stud—

Ge HE) 7552 TAL(TAY) 7962 cg ied by Stavola and co-worket3,is completely consistent

S H(Bf) 114+ 3 TA 114 This work with the H-related stretch modes of this complex being
BC - - coupled to an exchange mode wié,=78 cm 1. In con-

trast to J;;), this exchange mode shifts down in frequency
with those reported previously for H-related modes in semiby a factor~ 2 when D is substituted for H, which identi-
conductors. Most studies of tfiedependence of absorption fies it as the H-related bending mode of the compfekhe

line shapes have used the weak-coupling theory of Perssaructure of the AJj:H complex is very similar to that of
and co-workers?>° whereas Vetterifter and Webet"  H(Y . In both cases, H is located at the bond-center site, and
found that 6w 7|~ 1 for the Ss:H and Tes:H complexes in  the nearest-neighbor atoms relax substantially to accommo-
GaAs, and therefore based their analysis on the theory afate the H atom. The fact that tHe dependence of the
Harris and co-workers. Although H-related bend modes havgtretch mode of AJi:H is determined by anharmonic cou-
been studied alsd;>*we shall limit the present discussion to pling to the bending mode of the complex, which is resonant
H-related stretch modes, the results of which are summarizegith the phonon bands, demonstrates that it indeed is pos-
in Table I. Since the parametedw and = are unreliable  sjble for a single PLM to determines the dephasing dynamics
unless the degeneracy of the exchange modes are knowy, a stretching mode. Hence, it strongly supports our assign-

only the values ofw, are listed in the table. ment of the 114-cm! exchange mode to a PLM associated
Table Il also contains results for the stretch mode gFH  with HSY .
in Ge, which was identified recently bin situ infrared PLM'’s are vibrational modes that, despite being resonant

spectroscopy’ The line shape studies of(BFCP in Ge were  with the phonon continuum, are confined to the vicinity of
performed using the same approach as in the present Paperthe defect. Relatively little is known about PLM’s because
The 1794-cm? line of HSY in Ge was found to exhibit they generally are difficult to study experimentally and theo-
Arrhenius-type frequency shifts, line broadening, and asymretically. H-related PLM’s, like the bending mode ofgH,
metry parameters, all of which were characterized by an agnay exist if the H vibration is coupled weakly to the vibra-
tivation energy w,=75+2 cm 1. The magnitude of the tional motion of the surrounding Si atoms. Moreover, Si-
asymmetry parameter was in good agreement with the ex€lated PLM’s may exist if the distortion of the lattice around
change model provided that the exchange mode was a#e defect is sufficiently largkSince Si-related PLM’s pri-
sumed to be twofold degenerate. ConsequentlyTtHepen- marily involve Si atoms, they will not exhibit isotopic shifts
dencies of the stretch modes of,}l in Si and Ge are very when D is substituted for H. When a proton is placed at the
similar, as one might expect for defects with the same struccenter of a Si—Si bond to form{f#, the two Si atoms move
ture. apart by a distance corresponding te-d0% increase in the
All the exchange modes listed in Table Il are locatedSi—Si bond lengtf. Because of this very large relaxation,
within the acoustic phonon branches of the pertinent crystai in Si is likely to have Si-related PLM’s.
lattices. Most of the modes nearly coincide with TA phonon  The vibrational modes of %’Q can be illustrated with the
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(a) are known to be strongly dependent on the bond length. For
instance, first-principle calculations of the LVM frequencies
of the H; defect in Ge have shown that elongation of the
Ge—H bond by 3% caused the stretch mode frequency to
decrease by-250 cni %™ Excitation of the Si-related,
mode shown in Fig. @) increases the root-mean-square
(rms) length of the SiH—Sibond because the rms distance
of the Si atoms from th¢111) axis increases with increasing
quantum number of th&; mode. In contrast, excitation of
longitudinal Si-related modes, like the,y and A,, modes

(b) Mode shown in the figure, does not increase the rms-&iSibond
CD O C> length if the Si atoms vibrate symmetrically around their

» Az equilibrium positions. Thus, simple geometric considerations
Ag, are consistent with the stretch mode d§#Hbeing coupled
A more strongly to transverse Si-related modes than to longi-
19 tudinal modes and also explain the negative sigib®f
E, The preceding discussion of the normal modes g§'Hs
4 E highly simplified because of the small number of Si atoms
‘ ! included in the model. In reality, the Si-related modes, and
= possibly also the H-related bend mode, will couple to the

vibrational degrees of freedom of the surrounding shells of
FIG. 8. (a) Structure of Y in Si and Ge. The white circle Si atoms, which will make the normal modes more delocal-
represents the H atom, whereas the gray circles are Si ofbBe. ized than shown in Fig.(®). The degree of localization de-
Normal modes associated withiH in Si and Ge. The normal pends on the change in the force constants of the Si—Si
modes are highly simplified to better illustrate the basic features obonds in the vicinity of the defect due to the40% expan-
the modes: Only vibration of the H atom and its two nearest neighsion of the SiH-Si bond. Such quantities are difficult to
bors are considered. Moreover, the vibrational amplitudes of thesstimate, but should be within the reach of first-principles
host atoms associated the H-related modes and the amplitudes @j|culations. Our studies of the vibrational dynamics éT:)H
the H atom for the Si-related modes are not shown. Finally, thereported here and in Ref. 16 strongly suggest that PLM’s
vibrational amplitudes are not drawn to scale. play an important role in pure dephasing and population re-
laxation processes of LVM's. However, a better theoretical

simplified model system shown in Fig(eéB, which consists . e :
of a H atom surrounded by two shells of Si atoms, Contain_understandlng of PLM’s is required to fully understand the

ing, respectively, two and six atoms. The model system has ggfﬁtred G(})ffe(c:itespif;a:(l)rlli%sand population relaxation processes of
D34 point group like Y . For simplicity, we keep the six '

outermost Si atoms fixed, which leaves nine vibrational de-
grees of freedom. Displacement of the three atoms parallel to
the trigonal axis gives rise to three nondegenerate modes;
one mode withA,, symmetry, which primarily involves the In conclusion, the shape of the fundamental absorption
H atom (the H-related stretch mogeand two Si-related line of the H-related stretch mode ofsH in Si was mea-
modes withA,, andA,, symmetry[see Fig. 8)]. Vibration  sured within situ infrared spectroscopy. The line exhibits an
perpendicular to the trigonal axis gives rise to three twofoldArrhenius-type down-shift in frequency and increase in line-
degenerate modes, two witfy, symmetry and one witle;  width with the same activation enerdyw, , as predicted by
symmetry. If the coupling matrix element between the twotheoretical dephasing models of Harris and co-workers and
E, modes is much less than their frequency difference, thenf Persson and co-workers. In addition, the absorption line
one of the modes can be associated with the vibration of Hhecomes significantly asymmetric at elevated temperatures,
perpendicular to the trigonal axithe H-related bend mogle  which cannot be explained within these dephasing theories.
whereas the other mode primarily involves displacement offo explain the experimental data, the model of Harris and
the two Si atoms in the same direction, as shown in Figl.8 co-workers was extended beyond the [Bwimit, and the
Finally, theEy mode corresponds to the two Si atoms vibrat-theory was generalized to include a twofold degenerate ex-
ing in opposition perpendicularly to the trigonal axis. In the change mode. It was shown that the shift, broadening, and
previous sections we have presented strong evidence that tagymmetry predicted by the exchange model depends
exchange mode of ﬂ) in Si is twofold degenerate, and the strongly on the degeneracy of the exchange mode and that
three E modes described above are therefore the best exthe parameter§w and 7 obtained from the model therefore
change mode candidates. Furthermore, the absence of isotare unreliable unless the degeneracy of the mode is known.
pic shift for w, suggests that the exchange modenat H The T-dependence predicted by the extended exchange
related, and we therefore ascribe it to the Si rel&éfgdr E,  model was found to be in excellent agreement with the ob-
modes in Fig. &). This interpretation is consistent with servations for Iﬁ*c) in Si. In particular, the theoretical line
simple geometric considerations. Stretch-mode frequencieshape function represented the asymmetric shape of the

VIIl. CONCLUSION
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1998-cm ! line very well at all temperatures. The best-fit 0.003
frequency shifts and linewidths were in excellent agreement
with the experimental data up to100 K, irrespective of the ~ 0002
degeneracy of the exchange mode. In contrast, the asymme- '5 0.001
try parameter was in good agreement with the data only in -
the case of a twofold degenerate exchange mode. TTde- s ok
pendencies of £ and Oy are essentially identical, show- 5
ing that the exchange mode does not correspond to the —  -0.001F
H-related bend mode of the defect. z
The exchange model was generalized from INt@x- -0.002 |-
change modes, wheM>1, in order to investigate the effect
of coupling to many modes. The expressions for the line shift 0003 4'0 8'0 1;0 1el‘>o 200
and broadening were consistent with the theory of Elliott and T(K)
co-workers, but the magnitude of the line broadening pre-
dicted by the model was of the ordemlless than the fre- FIG. 9. Frequency shift of the 1998-crhline caused by ther-

qguency shift. This is inconsistent with the experimental datamal changes to the lattice constant of the Si lattice.

for HS2 in Si, and we therefore conclude that dephasing of

the 1998-cm® mode is not governed by coupling to lattice A g
0=

phonons. .

2 Ao, (A1)
i,j=1

The T-dependent shape of the 1998-chiine is in excel-
lent agreement with the exchange model in its present formyhereA, ; are the elements of the piezospectroscopic tensor,
which suggests that the dephasing of the H-related stretcihich can be determined by uniaxial stress experiments, and
mode of H;Y is caused by thermal fluctuations in the occu-o; ; are elements of the stress tensor. Thermal expansion is
pation number of a single, twofold degenerate mode atsotropic and therefore results in an isotropic stress tensor
114 cm*. The exchange mode is ascribed to a Si-relatedVith elements

- . . +
pseudolocalized mode associated witfcH a[ T]—a[ 10K]

a[ 10K]
ACKNOWLEDGMENTS expressed in terms of the second-order elastic moduli of Si,

eC“ and C,,, and the fractional change in lattice parameter
r(a[T]—a[lO K])/a[10 K] relative to the lattice parameter

0 ,i(T)=[C11+2Cy] dj, (A2
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APPENDIX: FREQUENCY SHIFT DUE TO THERMAL where we have introducedl;, which is equal toA, ;, A, »,
EXPANSION andA; s for anA,, mode of a defect witlD 34 symmetry like

_ , the 1998-cm* mode of H; .5°
Frequencies of LVM's are strongly dependent on the Tpe fractional change in lattice parameter can be ex-

length of the bon(k) between the impurity and the atoms of pressed in terms of the linear thermal expansion coefficient
the crystalline host material. Changes to the bond length§[ 17 as

induced by thermal expansidar compressionof the crystal

will therefore generally lead to a temperature dependence of a[T]—a[10K] T

the LVM frequencies. Since this contribution to the W%Xr{ LOKCV[T]dT} -1. (A4

T-dependent shift of the absorption line is not included in the

exchange model for vibrational dephasing, we need to estising the valueA;=9 cm '/GPa for the 1998-cmt line

mate its magnitude and correct for it, if necessary. (Ref. 61), and tabulated values of| T] (Ref. 62, C44, and
The frequency shift induced by thermal expansion can b&,, (Ref. 55 for Si, the frequency shift due to thermal ex-

calculated once the response of the absorption line opansion of the Si lattice can be calculated from E¢s3)

uniaxial stress, the elastic properties of the host material, anand(A4). As shown in Fig. 9, the frequency shift is less than

its thermal expansion coefficient are known. The stress3x 10 2 cm™!in the temperature range 10—200 K, and ther-

induced frequency shift can in the case of a nondegenerateal expansion therefore contributes negligibly to the fre-

LVM be expressed &3 quency shift of the 1998-cnt line.
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