
Volume 95. nunlber 2 CHEMICAL PHYSICS LETTERS 25 February 1983 

REVERSIBLE AND IRREVERSIBLE LINE BROADENING Ok PHOTOCHEMICAL HOLES 
IN AMORPHOUS SOLIDS 

J. FRIEDRICH, D. HAARER 
Pl~_ysikalisclzes Institut der Univer&t& Bayreuth, D&Q0 Bayreuth. Federal Republic of Germat~y 

and 

R. SILBEY 
Department of Ckmistry and Center for Afaterials Science and Engineering. Massachusefts Insfirute of Technology. 
Cambridge. Massachusetts 02139. USA 

Received 18 October 1982; in final form 22 November 1982 

We discuss the temperature dependence of photochemical hole fine shapes in experiments where the burniq and the 

measuring temperature are either identical or different. We show that this temperature dependence will be different for 
two cases. Analysis of the line shape of photochemical holes yields information on irreversible processes in orsnnic &xs.er 

Photochemical hole burning (PHB) has emerged as a powerful technique to study T1 and T2 dephasing pro- 
cesses in organic and inorganic [l--5] solids. In crystalline systems the technique of PHB has been used to in- 
vestigate the temperature dependence of the optical relaxation parameters according to the relation 

rh(T) = ?,,(?+) _ 0) 

_rll is the measured width of the photochemical hole, y is the homogeneous linewidth characterized by the longi- 
tudinal and transverse relaxation timesTt and Tz: y/y/2 = lj2Tt + l/T;(rad/s). 

The above relation holds for short burning times and low laser powers [6,7]. The temperature dependence of 
the hole width is solely determined by the temperature dependence of the relaxation parameters. Hence, rhe 
width is reversible if the temperature is cycled from low to high values and vice versa. Recently, photon echo 
techniques [S] have been applied to non-photochemical hole burning, opening the possibility of using this power- 
ful technique for PHB measurements also. 

A completely different situation holds if PHB experiments are performed in amorphous host materials. Since 
glasses are, by definition, characterized by a non-equilibrium state of their microscopic parameters, one has to 
discuss the validity of eq_ (1) under the various experimental conditions_ 

The temperature dependence of I’, can be measured in two ways: First (case A), the temperature T can be 
chosen such that the hole burning photochemistry and the iine shape analysis are performed at the same remper- 
ature. This experiment requires a virgin sample, i.e. a sample without photochemical hole, for each experimental 
data point of the I’,(T) dependence_ Various experiments have been performed using this method [9]_ In crystal- 

line systems eq. (1) would hold for this experiment. In amorphous systems the situation is not quite as clear [IO]. 
Even though the validity of eq. (i) is generally assumed, its experimental verification has not been fully established 
yet. 

The second way (case B) to perform the temperature dependent PHB experiments is different [ 101 I One bums 
the photochemical hole at the lowest accessible temperature To_ Then one raises the temperature in well-defined 
steps and measures the linewidth rh(7’). Note that in this case the burning temperature and the measuring tem- 
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pc‘r:t~t~ce arc not the same jescepr for the data point wirh the lowest temperature To)_ Even for crystalline sys- 

hems. zq_ (1 I ) would have 10 be modified. In amorphous systems for which irreversible spectral diffusion processes 

occur due to rhe TLS (two level sysrcms) degree of freedom, eq. (1) has to be further modified to include the 

z~b~we spcctrat diffusion processes. In the following we present a model calculation of the line shape function for 

XI cspcrimenr of type B. The model will include both reversible and irreversible contributions to the linewidth. 

\Vc 3ss~11iie that illeSC specrrxt diffusion processes are too slow to affect the homogeneous line shape. 
F,v 111~ tine shllp fIIncIion ofa phorochernicat hole one has to calculate the site distribution function of cen- 

ICES xv!IiciI arc sonvcrred IO ;I phoroproducr which absorbs at a wavelength far removed from the original absorp- 

lion hand. llrncc ttw site distribution function after burning is given by 

.\‘,,frc:‘l =:V*,,i,(tio - u(ll~--‘y(T~,)![(o’- q)Z -+(T”)] - (4 

I-or sill~plic‘il~~ i! WTIS assumrJ rhx rhc burning process reproduces the natural line shape function. y(To) is the 

t~~wii~~~~~i’w~s wirfrti 0l Itic phororexrivc species at the temperature To_ wL the laser frequency and a(t) the frac- 

t il)II of 11i~h~11~s burnt during an irradiation time I. 

Su f:Ir ttw sys;lern wx considered as an enscmblc of "frozen in” optical centers absorbing at the various frequen- 

6s ‘2 . 
9~~ one has it> konsidcr how ruIII~etiIIg or thcrmat acrivatcd hopping processes between TLS levels can modify 

IlIc rrlxw cqIIaIi<rn 13~ modifying the site distriburion function A’t,(w’)_ NiI,,,(w’) will, before photochemistry is 

1~ I~~IIIIcJ. rcpI-cseIII ;i s131ionary distribution. i.e. it is unchangin, 0 in time. This distribution is gaussian and can. 

\virh ~N)J ~IpI~r’lsiIII3Ii~,II. he considered as being independent of temperature. Hole burning will produce a narrow 

Jlip in _V,,,I,(ca’) j~‘q. (?)I_ LIIILI this represents a potentililly non-stationary distribution. for one may assume that, 

it‘ the S~SWIII 11x my degrees of‘ freedom given by TLS tumleling or hopping processes. these processes will tend 

I<> ICSI~II-c 111~ <~rigiIIA strtlionary distribution :VtiIf,(w’)_ TI US will occur because the number of molecules which _ 
i:In till 111~ IInk by these prcxesscs will be larger than those IO deepen the hole. This could be called a population 

g.r~lic‘II~ iII f~~~qt~c~lc\: spc’~ quite in analog to the concentration gradient a. governing chemical diffusion processes_ 

The IIIIInbcr of LTIII~IS \vtIictI a-c able 10 redistribute after the population gradient has oeen produced by hole 

!xIrIIiIIg is ;I lIIIcrion (II‘ tcmpr’rri~urc. W’c assume that at the burn temperature. T,,. the probability of a center 
ttlmc‘lin~ is mx~. but ;1s we raise tlx tenlpt’rature. the probability of a center tunneling from w’ to o + Ao is 
givc11 h\- f’(w -- w’ + ~LJ: 7-l. The the final site distribution Nt.(w’. 7’) after tunneling is related to the initial site 
Ji~IribIIIik~~i .\‘,,t~‘) I>?. 

.\‘j(Li’. 7‘) = .\‘,)(L3’) X,,(w’) c P(w’ + w’ + aw; 7.) + c P(w’ + no + w’: nxo(w’ + Aw) . (3 
s L.2 Pw 

III Ibis Ihc scconrl IC’I-III rcprcscnts tunncling away front o’ and the third term tunneling into w’_ We now introduce 
tlmc assumptions: (a 1 the initolll~)geneous distribution.Min,,(w’) is stationary_ i.e. independent of the tunneling 
pIcITeSs~s: (1~) I’(w’ - iz’ + 2~: T) =K(T. To)esp[-(Aw)z/oz] (nW/ u _ 1 ). ~1 lere K(T, T,,) is the fraction of centers 
\vlli<lI cm ~IIIW~I aI ?‘(att of \vhich \vere frozen 31 TC,) * and the gaussian distribution is the range of new frequen- 
iiC.2 which ix1 lx rcaclied fi-om w’ by runneling processes’ : (c)K(T. To) and u are independent of w’_ Assump- 

ti~w La) IIWWS tht ifr\:&ti’) is substituted for ArU(w’). Nt-(~‘, 2”) = Nti,t,(w’)_ Therefore 

0 = _\‘ini,(c”‘) C q~’ - W’ + ~~: T) + C P(w’ + Aw * w’: T)Nti,l(w’ + Aw) _ Ob) 
ALL’ aw 

Sul11 rasrins (3) from 33) gives. 

’ K~~T~ltt?.. J~~~wII i 11 1 hrt?; rrkmnulzmvl the prcscm theory Irtking into account the possibility oftunnrfing nf TV_ 
’ 111 W1W 5?~SIcIM. ;f t~Il’lIl~~X1 cfiffUSiNl kcrnct may be prefcrablc f~ 3 gaussian. In rhis CJS~, the ho]c fine sllape will be torenrzian 

;)I 211 Icmpcr~*urrs, 
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IVf(w ‘, 2) = No(o)) - K(T, .To) [IVu(w’) -Ninh(w’)] FU exp(-Aw2/02)(5r113/u) 

2.5 February. 1983 

+K(T. To) ,c, No( w’ + Aa) - Ninh(o’ + AU)] exp(-A&/$)(&fijo) _ Qc) 

u is directly related to the width of the TLS asymmetry distributions in the ground and in the excited state. This 
width has lately been estimated for a specific PHB system [lo]. 

If one is only interested in the spectral line shape function of the hole rather than in the line shape function of 
the entire absorption profile, one can define 6No(w’) and &V,-(U’) as 

6N()(w’) = A&(0’) -Iv&‘) J Lwf(u’) = A&(d) - Ivr(w’) ) (4 

where SNr is the number of molecules determining the hole after the above described frequency redistribution. 
With eq. (4), we can rewrite eq. (3) as follows 

SNr(w’) = [ 1 - K(T. z-o)] SNo(w’) + K(X To) jkVo( w’ + Aw) exp(-Ao2/u2)(&3/u) dAw (5) 

changing the sum in (S) to an integral. The line shape Lf(o) of a hole burnt at To and measured at a temperature 
T is given by the convolution of SrVf with the natural line shape functiong=(o - w’) (whose tempemture depen- 
dence represents reversible line broadening of the hole) 

gT(w - w’) = i-r-‘-r(Z-)/[(W - w’)’ + y”(r)] (6) 

and 

LXo, T) = Id& GiV&‘)gT(o - w’) = [I - K(T. To)] Lo(w, 7’) 

y(Z-u) exp(-Aw’/u’)(x’&)-’ 
+ K(T. To) j-da’ dAw ~~-- --- 

-00) 

(w’ + Aw - wL)3 + y3(To) (w - w’)’ + y2(To) - 

Lo(o, r) is a convolution of two lorentzians and, hence, is also a lorentzian 

(7) 

Lo(w 0 = 71-l h(To) + ~0’91 /{to - mLj2 * hVo) + rtr)12 I - @I 
The width of this line shape function is the sum of the low-temperature width stemming from the burning process 
and the high-temperature width stermning from the measuring process. If To = T the well-known factor of 2-&J) 
of eq. (1) is obtained. Thzintegral over w’ in eq. (7) can be carried out and yields a Voigt profde, namely 

L&. 7-I = ]1 -KU-, To)]Lo(~, r) 

+ K(T. To) JdAw exp(-Ao/u’)(rr =u)-~ 1rU.u) -+ %‘I I{(0 + Aa - uL)’ + [r(To) + r(r)] ’ ] - @) 

The above result shows that type B hole burning experiments, as carried out in ref. [IO], will yield a superposition 
of a lorentzian with a Voigt profile. The factor K(T, To) determines how large the fraction of centers will be 
which participates in the spectral diffusion due to TL.S thermally assisted tunnelling or hopping processes. It is in- 
teresting to discuss some limiting cases of eq. (9): 

(A) Burning and measuring at To: In this case we assume that K(T, To) is zero and, hence, the hole line shape 
is lorentzian with a width of twice the homogeneous width [r,(r) = 2y(T)] _ 

(B) Burning at TO and measuring at T: In this case one has to distinguish two further cases. Case B, in which 
no irreversible spectral diffusion processes occur, i-e_ K(T, To) = 0. The hole isagain lorentzian with a width given by 
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l_,,(T) = ?v(J) + -A31 - (10) 

The homogeneous width follows from a deconvolution of eq. (9). Also. one can check quite easily whether the 
condition of A’(T. To) = 0 is fulfilled, by performing a complete temperature cycle experiment_ If the hole re- 
covers its orginal width SI To. spectral dtffusion processes play a negligible role. Fig. IA shows a PHB system, 
namely quinizarin in an alcoholic glass, where this condition is not fulfilled. Fig. 1B shows quinizarin in boricacid 
glass. In this system the condition K(T, To) = 0 is fulfilled up to temperatures of 20 K. Here, the two experiments 
of type A (triangles) and type B (full circles) can be reduced to the same master curve (crosses and open circles) for 
the homogeneous linewidth r(T) by using eq. (1) for type A experiments and eq. (10) for type B. The insert of 
fig. I (right-hand side) shows that a lorentzisn line shape characterizes the hole under this condition. 

The second. more general case B, is experimentally verified in the system quinizarin in alcoholic glasses (fig. 
1 t\ ). IfKi(T. T,) ~pproachcs I_ the shape of the hole is given by a V6igt profile 

Lt{G. 77 = s llAw esp(-~~‘!a’)(~‘l’o)-’ [?(I-[,) + r(I-)] /{(w + ao - Or)’ + [7(7-J + y(T)] 2} - (11) 

Ir is ch;rr:lctcrized by a gaussian width u and a lorentzian width y(To) + r(T). This yields a lorentzian line for u 
G 2(r,,) + ~(0 rend ;i gaussian line for CJ > y(T(,) + -y(T). The two line shapes shown, represent the hole before 
:md after a complete temperature cycle from To = 5 K to 21 K and back again to To_ The linewidth before the 
tcmpcrature cycle is given by ?y(TO)_ The linewidth and shape after the cycle reflects the distribution exp(-Aw’/ 
u2 )~t!~/u. The difference between the lorentzian and gaussian fits is almost negligible for the cycled hole while it 
is wry pronounced for the hole before cycling. The gaussian component in the line shape results from the TLS in- 
duccd licquenq changes. wbicb. in turn, can provide microscopic information on the energy surfaces of the TLS 

IlOl- 
Finail~ a COIIIIIIC‘III should be ~nsdr c)n the case A esperiment. The above model was based on the assumption 
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I;& 1. (Al c)uinizxitl in E1011. (a) The hole burnr zmd measured ;II To = 5 K. Now the marked difference between the lorentzian 
(opcu circles) and the gr?ussian fit. (b) The bole mrxsured at To, but after (t complete tempc‘mture cycle. Note the snmll difference 
1wrw~r11 11x loratzixn end the ~ausstin Sir. (B) Quinizlrrin in boric acid. The trian_rles and circles represent type -4 and B experi- 
:II~IIIS. r~?;~~.~.tiwI,\.. lk~h c.xpcriments cm be reduced to the same v;llues OTT(T) for T < 20 M. Open circles correspond to the LA- 
cuiz~rion ~f1t7-J lrsin: rtlc ~rhnfks. crow!s to lhe cz&xknion of y(T) using the Wlrd circles. The insert shows a line burnt at 3.9 K 
31~1 Incasurrd 31 14 IL Notr lhe lorentzirrn sbapc. Esperimenrsl data from ref. 1 IO]. 
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that the hole shape at the burning temperature is determined by the natural line shape function. But this assump- 
tion may not always hold, since, at the burning temperature, a certain fraction of the TLS systems may already 
be in themtal equilibrium. This fraction may be negligible at very low temperatures but may be substantial at 
higher temperatures. The PM3 photochemistry leads to a reduction ofphotochen~ic~ systems and thus to a devia- 
tion from the thermal equilibrium distribution. This is subsequently restored only in a fraction of the photochem- 
ical systems, namely the fraction which can perform ground-state tunneling or hopping processes at the burning 
temperature_ These processes change the site energy and, thus, lead to an inhomogeneous line broadening IlO]. In 
this case the line shape can be expressed (similar to eq. (9)) as a superposition of a lorentzian (originating from 
those TLS which are not equilibrated) and a themrally weighted Voigt profile (originating from the equilibrated 
TI_S)_ The relative weight of both cont~butions depends on the temperature. At biglier temperatures the thermal- 
ly weighted Vii&t profile is expected to predominate [ 1 l] _ 

According to the above model feq. (9)], spectral diffusion processes are of minor importance, if type A and 
type I3 experiments reduce to the same master curve. Hence, in this case the hole shape is expected to be deter- 
mined by the true homogeneous line shape. Fig. 1 b shows that in the case of a boric acid matrix this situation 
holds up to 20 K. This esplains the excellent fit of the hole shape to a lorentfian (insert). Above that temperature 
the onset of spectral diffusion processes is observed. This onset allows one to estimate the lowest barrier height. 
In boric acid glass this barrier height is on the order of lo-20 cm-l _ For T > 20 K. the line shape is expected to 

deviate from a lorentzian in both types of experiments. 
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