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Importance of matrix correlations in dye-doped solid rare gases: A hole-burning study
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The present investigation was motivated by the apparent success of a statistical model to describe the effects
of external pressure on spectral holes in dye-doped amorphous polymers. With its help, the polymer compress-
ibility could be determined in a purely optical experiment. This success was surprising since polymers usually
meet the basic assumptions of this model quite poorly. Furthermore, two conflicting approximations with
respect to the number density of matrix units were employed. To investigate the model and its assumptions in
a systematic way, we performed pressure-tuning experiments on spectral holes burnt in dye-doped rare-gas
matrices, since these serve as simple model systems, satisfying the assumptions of the model to a large extent.
A modification of the statistical theory to avoid the above-mentioned conflicting approximations by taking into
account correlations between matrix units due to their mutual steric exclusion was extended further to also
describe the pressure effects. The depth of the dye-matrix interaction potential and the number density of
matrix units were calculated with and without correlations between matrix units. Our results provide experi-
mental evidence that the inclusion of matrix correlations is essential to obtain reasonable potential parameters
and number densities of the matrix atoms. The optically determined compressibilities, however, do not change
upon introduction of matrix correlations. This result justifies earlier compressibility determinations using the
original model.

[. INTRODUCTION systems, local modgswhich do not exist in crystals. The
dye molecule therefore serves as a local probe of dynamical
Polyatomic organic dye molecules can be investigateghrocesses in disordered media via its homogeneous absorp-
rather easily when they are doped into suitable solid hostion line shape and linewidth.
matrices in low concentrations. Due to the weak guest-host With the introduction of hole-burning spectroscdya
interaction, the electronic states of the guest molecule undanethod to extract homogeneous line shapes from inhomoge-
study are largely decoupled from the host material, leavingieously broadended absorption bands became availainle
the guest excitation energies localized. Therefore, the guestreview see, e.g., Ref).3A subensemble of molecules at a
molecule will exhibit its characteristic electronic and vi- given frequency within the inhomogeneous band is selec-
bronic splittings, except for a possible shift of the zero-tively excited and subsequently phototransformed. If the
phonon origin. The hosts are chosen such that their absorproduct of the photoreaction absorbs at a different region in
tion does not overlap with the guest states undethe spectrum, a dip in the original band—a spectral hole—
investigation. This holds true for a variety of polymers aswill be left behind. Depending on the nature of the pho-
well asn-alkanes and certainly for rare-gas matrices. In thes¢otransformation, hole lifetimes can be as long as years. The
cases, the low-energy optical absorption spectra of the guedtole width can then be linked to the homogeneous or quasi-
host systems are dominated by the respective guest maomogeneous width of the transitioifBoth widths differ by
ecules. a factor of two in the case of shallow holes and in the ab-
In disordered host materials the optical absorption spectraence of spectral diffusich.
of these guest-host systems are often characterized by broad The enormous gain in resolution of the hole-burning tech-
featureless bands. The reason for the featureless bands is thigue also manifests itself in optical pressure-tuning experi-
well-known inhomogeneous broadening. When a dye molments. Whereas pressure changes as high as several GPa are
ecule is incorporated into a host matrix its transition energynecessary to affect the whole inhomogeneous band shape,
will experience a shift due to the dye-matrix interaction. In aonly a very small fraction(10 =10 of the above-
(hypothetig perfect crystal, all guest molecules would expe-mentioned values are needed to give rise to measurable
rience exactly the same shift, whereas in disordered hosts,@anges in the hole spectrum. This allows the investigation
distribution of local environments and therefore a distribu-of pressure effects near equilibrium conditions. A pressure
tion of transition energies is encountered. Hence, the inhoehangeAp will cause a spectral hole to shifinear in Ap)
mogeneous broadening, which can be as large as several 180d to broader(proportional to|Ap|). The hole shift is a
cm 1, can serve as a measure of local disorder. On the oth@onsequence of the pressure-induced displacements of the
hand, the inhomogeneous broadening prevents access to thmatrix units, which correspond to a change in the dye-matrix
homogeneous absorption line shapes. The homogeneourgeraction. The pressure shift allows the determination of
linewidth is related to energy and phase relaxation processeke (local) matrix compressibility in an all-optical experi-
in the system. Of particular interest are the linewidths inment. The pressure broadening results from the removal of
amorphous hosts, since in these materials additional lowan accidental degeneracy: Different local dye environments,
energy excitations are presefiLS—two-level tunneling which result in the same shift of the dye transition energy,

0163-1829/96/5®)/435611)/$06.00 53 4356 © 1996 The American Physical Society



53 IMPORTANCE OF MATRIX CORRELATIONS IN DYE-DOPED ... 4357

respond differently to external pressure. The expression for the inhomogeneous line shape derived

Since the inhomogeneous broadening of optical lines is &y Sevian and Skinn&allows us to calculatp and the depth
consequence of randomly distributed lattice irregularities inof the dye-matrix interaction potential from the measured
an amorphous solid, it can be described by a statisticagolvent shift and inhomogeneous widths. In order to study
theory. The respective model descriptions date back tdhe consequences of the conflicting approximations in the
Markoff> and Stonehafhand have recently been refined by original theory(Ref. 7, we evaluate the results at first for the
Laird and Skinnélrto also include pressure effects on hole @dditional limit p—0.

spectra. The generality of these theories is restricted by a set [N order to analyze the effects of external pressure on
of basic assumptions. spectral holes in an analogous way, we extended the statisti-

Usually it is assumed that one type of interacti@ng., cal description employing Sevian and Skinner’'s method of

dispersive forcasbetween dye and matrix molecules pre- including matrix correlations. Furthermore, in our experi-

dominates. Also, the matrix units are considered to be sphermeméS a pkr]essure %hak?get;s atlways accorlnpanled th a tem-
cal and independent of each other, yielding additive contriPErature change, which is due to our sample preparation pro-

butions to the solvent shift of the embedded dye moleculescedure' '_I'heref_ore we incorp_orated the thermal expansion_of
e matrix, which also contributes to the shift of the transi-

which are also assumed to be spherical. Additionally, th@

matrix units are assumed to be able to arrange themselv lon energies, into the fra.mework _of the. statistical model.
independently of each other around a dye molecule Ince the thermal expansion coefficient is known from the

Laird and Skinner’s extension of the statistical approacHiterature’ the pure pressure effect can be extracted from the
to describe pressure effects was first applied to dye molmeasured combined pressure and temperature effects. The

: : - local compressibilities in the environment of the dye mol-
ecules in various polymer hos:f like pg) lyethylene, pOIySty_ecules arg calculated with and without the use of )t/he low-
rene, and polymethylmethacrylaeMMA). Their prediction . Co . ; e )
of a frequency-dependent pressure shift was duely verifiedje{]s'tty :Ialpproxmatlon, using different dye-matrix interaction
its predicted magnitude agreeing with the experimental re[jo entials.
sults to within 20%.

The success of this simple approach was surprising, since Il. EXPERIMENT
polymers often meet the above conditions ra}ther poorly. In" |n order to incorporate free-base phthalocyaniHgPc)
the case of polymer hosts, the monomer units are taken s solid rare gases, a cold substrate under vacuum condi-
the matrix units in the model description. The monomer unitgjons and a suitable furnace are requite@he construction
clearly are unable to arrange themselves independently, Singg the Knudsen effusion furnace is similar to the one used by
they are connected by strong directional bonds. MoreoverBajema Gouterman, and Mey®rlt consists of a sublima-
the monomer units often are slightly pokas in the case of g chambelT~600 K) containing the dye and a superheat-
PMMA). o ing chambel(T~700 K). Between the chambers, the desired

Furthermore, the range of validity of the results of the are gas is added to the vaporized dye. The mixture then
statistical model remained unclear, since in the course of thgniers the superheating chamber and expands through a
calculation two conflicting limits with regard to the number 4-7le into the vacuum surrounding the substrate.
densityp of the matrix units within the interaction ra.nge'of. During the sample preparation, the substrate is cooled
the dye molecule were employed: the high-density limitqon 1o T~4 K by a continuous-flow cryostat. After the
(p—, the so-called Gaussian approximaji@nd the low- sample has been deposited, the substrate is immersed into
density limit (p—0). A consequence of the latter was that jiquid helium. Subsequently, the temperature is lowered to
correlations between matrix units, arising from their mutualy g k and a spectral hole is burnt. The helium bath is then
steric exclusion, were neglected. o sealed off, causing the pressiiamd the temperatuy¢o rise.

It was therefore our goal to investigate the statistical de-The gpeciral hole is recorded repeatedly during the pressure
scription s_yst_ematlcally, using quel systems that come Closihcrease(for the optical setup see, e.g., Ref.)18he maxi-
est to satisfying the above-mentioned assumptions. For thah,m pressure difference that can be achieved in this way is
reason we chose the solid rare gases argon, krypton, anfly Mpa. At the same time the temperature rises to 5 K.
xenon as host matrices. Due to their model character, solid \yjithin our experimental error, the pressure-temperature
rare gases have been of great interest in the past three _dﬁiift was fully reversible. This is at first surprising, since
cades. T_herefo_re, a large nu_mber of data on their pmpert'%mperature—cycling experiments on several polymers
are readily availabl¢for a review see, e.g., Ref).8 showed irreversible line shiff§. The absence of this effect is

In order to avoid the conflicting assqmp%tmns with regardyropaply due to the nanocrystalline nature of thin rare-gas
to the number density, Sevian and Skinnerextended the  fjjms: Whereas in polymers the TLS allow for structural re-
statistical description by including correlations between thgayations of the matrix over a wide time range due to tunnel-
matrix units, arising from their mutual steric exclusion. Re-mg in rare-gas films they relax predominatly via thermal

taining the limit of sufficiently large values for, an expres-  activation already at temperatures slightly above  Khis
sion for the inhomogeneous line shape was derived. Furthegyes rise to fast TLS flips well below our experimental time
more, using Monte Carlo simulations, the authors of Ref. %gje.

demonstrated that matrix correlations are in fact quantita-
tively important. A similar statistical model by Messing, Raz,
and Jortnef also showed better agreement with their spec-
troscopic data on xenon solvated in liquid argon when the The above-mentioned statistical model description con-
solvent-solvent correlation was taken into account. siders an amorphous systemMNfmatrix units, containing a

lll. STATISTICAL MODEL
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small concentration of dye molecules. The probability ofinserting this result into Eq(2), we obtain—after carrying
finding N matrix units at the position®;,...,Ry (the dye out the integration—the following Gaussian inhomogeneous
molecule is assumed to be located at the coordinate ¢iiigyin distribution:
given by a normalizedN+ 1)-particle distribution function )
P(Ry,...,Ry). Each matrix unit will shift the electronic ab- ()= exd — (v—wy)
sorption line of the dye molecule by some amoufR,), [27703]1’2 2037
whereR,, is the position of thenth matrix unit. If the contri- ] ] o
butions of all matrix units to the total solvent shift are as-Where the solvent shitt; of the maximum of the distribution
sumed to be additive, the total inhomogeneous distribution ofnd the full width at half maximuntFWHM) I's are given
absorption lines can then be writterPa’s by

, (6)

vs=A, (7)

I's=2\21n20,=2/2In 2x \B.

It is interesting to note that in the limit of large number
' (1) densities p=N/V of matrix units the result is always a

Gaussian distribution, independent of the specific form of the
Replacing thes function with its Fourier representation and microscopic solvent-shift functiom(R). This is a manifes-
introducing the characteristic functiab(x) (Refs. 9, 10, and tation of the central limit theorerh.

1 N ..
'(”):WJ dR;---dRyP(Ry,...,Ry)

N
X8l v— > ¥R,
n=1

16) yields The average values determining the cumulaktand B
can now be calculated according to Eg). Using the defi-
1 [+ . N ) nition of the two-particle distributior(dye+1 matrix unij
|(V):ﬂf dx &% <exp{—i > L(Rn)x]> 9(Ry)
—® n=1

- 1 - - - -
1 [(+= ; R =—_f dR,---dRyP(Ry,...,R 8
::Zf dx €”*d(x). 7 g(Ry) yN-1 2 nP(Ry N) (8
the result for the cumulari is
The average is defined by

- s A=pf dRI(R)Y(R). ©)
<exmf(R11"'1RN)}>
An analogous evaluation of the cumuldhiusing the defini-

1 o 5 3 = tion of the three-particle distributiog;(R,,R,) a:
:Wj de"'dRNP(Rl,...,RN) Ion O e thr partic Istributi 93( 1 2) S

- - 1 N - - -
X explf(Ry,....Ry)}. 3) gs(Rl,Rz):Wj dRs---dRyP(Ry,....Ry) (10

In order to avoid the approximation of sufficiently low num- yields

ber den?itieSp, which had been applied in an earlier

treatment, and to evaluate Eq2) in a more general way, _ 2 BN B2

Sevian and Skinner performed a cumulant expansion of the B=p j dRg(R)¥(R)

characteristic functiom(x) up to second-order terms. Since

the restriction to these terms will lead to a Gaussian inhomo- +p2 f f dRAR'V(R,RHWR)WR'). (11
geneous distribution, as has been shown in Ref. 7, it is re-

ferred to as the Gaussian approximation. It is valid in therpe abbreviatioN(ﬁ,ﬁ’) is defined by

case of sufficiently large number densities of matrix units

within the interaction range of the dye molecule. This ap- V(R,R)=gs(R,R")—g(R)g(R"). (12)
proximation is appropriate, since the experimentally mea-
sured band shapes are indeed Gaussian. At this point, it is interesting to have a closer look at the

The next step is the determination of the cumulafits  cumulantsA andB. Within the Gaussian approximation, the
details see Ref.)9 The first-order cumuland (the average cumulantB consists of two terms that are proportionalgo

valug is given by andp?, respectively. In Laird and Skinner’s original publica-
tion, it was assumed that the number density of matrix units
N L. is small enough to allow for the factorization of tfd+1)-
A=< > V(Rn)>, (4)  particle distribution function into a product of two-particle
=t distribution functions

and the second-order cumula®t(the variancg by N
P(Ry,..Rw =11 o(Ry). (13)

N 2 N 2
B= (R - WR) ) . 5
<(nzl U “)) > <n1 U “)> © Inserting the factorization into E¢10), we obtain
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gs(R.R)=g(R)g(R) (14  tion of the cumulantsA and B (with and without matrix
correlation$ yields the number densifyand the depth of the
dye-matrix interaction potential from the measured solvent
shift and inhomogeneous widtlisee Sec. V.

.. The simple step functions as given in E¢s7) and (19)
V(R,R")=0. (15  are a very crude approximation for the radial distribution

functions in condensed matter. In a van der Waals fluid con-

In this approximation, the terms proportional #, which  sisting of identical spherical particles, for instance, the dis-

account for the mutual steric exclusion of the matrix units,ripytion function starts out with a value distinctly larger than

vanish. 1 and exhibits an oscillatory behavior corresponding to the

In order to further evaluate the expression for the inho-go|yent shell structure. Only at distances of several solvent
mogeneous distributiofEq. (6)], the functioni(R) describ- shells, it approaches the limiting value of1We do not use

Ing the perturbatlons of the transition frequer(dye MICIO”  sich more realistic distributions in our calculations since we
scopic :_solvent—shlft functign has to be~ §p9c'f'ed- have no information on their detailed forms for the rare-gas
Considering only a nonpolar solute and solver(tR) is of . . o
the familiar Lennard-Jones type §y§tems. According to the discussion in Sec. IV, there are
indications that the dopant molecules are located between the
12 6 crystalline grains of the rare-gas films in regions of rather
( d ) _< d ) } if R=R, low local density. Details of the form of the radial distribu-
R—Ro R—Ry (16)  tions would be quite speculative in these regions. We wish to
» if R<Rg, mention, however, that in the case of polymeric samples
more complicated distribution functions were used in the in-
with the origin shifted byR, to account for the large dispar- terpretation of inhomogeneous line parameters and of pres-
ity in size between solute and solvdfur details see Ref.)7  sure effects on hole spectra and better agreement between
In this representatioR,+ ¢/2 is the solute radius, whereas theory and experiment was obtained as compared to the
§/20 can be taken as the solvent diameter. This means thatsimple step function& For polymeric dye-matrix systems,
matrix unit located at the position of the potential minimum additional experimental data are available, namely, the pres-
Ro+ 82 will shift the electronic absorption line of the dye sure broadening of the hole spectbecause the experiments
by an amount of the potential depéas given in Eq(16). can be performed in a closed pressure cell at constant tem-
Furthermore, the dye-matrix distribution functicg(ﬁ) peraturg and the variation of the pressure shift parameter
and the dye-matrix-matrix_distribution functiogS(Ii,Ii’) with the optical frequencydue to the broader inhomoge-

have to be specified. F@(ﬁ) a simple step function neous bangs .
Let us now turn to the question of pressure effects on

- 1 if R=Ry+R; spectral holes. As mentioned above, in our experiments the
9(R)= 0 if R<KRy+R; (17) pressure change is accompanied by a simultaneous change in

: . : . temperature. Therefore, the observed hole shifts and broad-
is chosen, meaning that a matrix unit can be found anywhere . :

. - - . . .~ énings will not only be due to pressure changes, but also to
with equal probability except within a cavity with radius

Ry+ R, containing the dye molecule. The parameRerde the thermal expansion of the matrix. In addition, there may
0 c . - ; 1
termines how close a matrix unit can approach the dye mol‘:’1ISO PI'eL denlam|c_al effeﬁ'_[shsuch .E;‘IS phonon_ scr?_tterlng _and
ecule. With the above conventions about solvent and solut§aS? relaxations, which we will not treat in this contri-

- - bution.
dimensions, we havR.=o(1+%/2)/2~1.061s.
Applying the Kirkwood superposition approxima- Pure pressure effects have been accounted for by the

tion,Q,lO,lﬁgg(ﬁer) is factorized as Laird and Skinner theofy(in the low-density limii. This
. L o theory can be conveniently expanded to also include the ther-
03(R,R")~g(R)g(R")gs(|R—R’]), (189  mal expansion of the matrix and its influence on the dye
molecule. Furthermore, we will also take into account, as in
the case of the inhomogeneous distribution, the mutual steric
exclusion of matrix units, which is not treated in Ref. 7.
In analogy to the inhomogeneous distributidgg. (1)],

and therefore

4e

WR)=

introducing a matrix-matrix distributiorgs(“i— Ii’|). In
analogy to the dye-matrix distribution, we insert a simple
step function forg,(|R—R’|)

.. if |§—§'|>Rs the pressure-temperature kerrfdly’|v,Ap,AT), i.e., the
gs(|R-R')= o2 2, (199  probability that a guest molecule with the original solvent
0 if |R—R’|<R, ; : o
shift v will have a new transition frequency after a pres-

excluding the volume of a matrix un(diameterﬁ\/fo) as a sure changdp and a temperature changd, can be written
possible location for other matrix units. A numerical evalua-as

1 N
f(V'|V,Ap,AT)=I—f dR;---dRyP(Ry,...,Ry) 5(V—2 (R > V(RyAPAT)|. (20

(V)VN n=1

=}
Il
s
=}
~
—_
S
—
<
|
pz4
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Starting out with a distribution of absorbeirév), e.g., a C(v—A)
spectral hole, the new distribution ifv’) after the tempera- Av(v,Ap,AT)=|A"+ —F— Ap
ture and pressure change will then be given by
D(v—A)
. tee _ +|A"+ ———|AT. (27
i(v;Ap;AT)= dv f(v'|v,Ap,AT)i(v). (21) B

. . Pressure and temperature contributions to the total line shift
The experimentally observed pressure-temperature shift Wage additive and linear iAp andAT, respectively. The mag-

always found to be Iinea(oee Fig. 3, squar}:swhile the nitude of the pressure-temperature shift depends on the opti-
concomitant hole broadening can be described by a power, frequencyw, which is not the case for the pressure-
law. The latter is clearly dominated by dynamical processe?emperature broadening

that are affected by the temperature change. For polymeric
samples, the pure pressure shift was also shown to be linear,

and the pure pressure broadening was proportional to the Ac(Ap,AT)=
absolute magnitude of the pressure chafigehe same be-

havior is now assumed to be valid for the effects of the pure CcD 172

thermal volume expansion. The functioh(R,;Ap;AT) in +2( E- F)(ApAT)} . (28
Eq. (20) can then be linearized to

2

C 2
r_ 2
B —B)mp) +

" D ) 2
B'— 5 |(AT)

. = . = - > ~ > It be sh that
7 (Ry:AP;AT) = H(Ry) + &(Ry)AP+ B(RIAT, (22) o pesnownind

with Ac(Ap,AT)x[yAT—xkAp|. (29)
. MR R .. WR R This equation predicts that for certain pressure and tempera-
a(R):=— R <3 B(R):= R 73 (23)  ture changes, the pressure and temperature contributions

should compensate each other. This effect, however, cannot
« is the compressibility ang the volume thermal expansion be observed experimentally for the rare-gas systems, since
coefficient of the matrix. It is important to note that the tem-the hole broadening is dominated by dynamical scattering
perature and pressure effects have opposite diges Eq.  Processes. The dependence of the pure pressure broadening

(23) and Refs. 13, 1p (i.e., for AT=0) on the absolute magnitude of the pressure
Using again the Fourier representations for éfanctions ~ change has been verified for polymeric systéfs.
in Eq. (20), we obtain for the characteristic function The next step Is the evaluation of the cumulants using the

step functiong17) and (19). In order to simplify the calcu-
. R lations, we consider at first a purely attractive van der Waals
‘I’(X,Y)=<EX —i > [W(Ry)x+a(Ry)ApY potential 7(R) o — 1/R®. This approximation seems reason-
=t able, since only matrix units located in the attractive part of

N

Lo the intermolecular potential can cause the observed redshift
+ﬁ(Rn)ATy]} > . (24)  in pure pressure-tuning experimeftde obtain the follow-
ing simple relations for the cumulants

Performing a cumulant expansion of E@4) and applying

’
the Gaussian approximation, we arrive after a subsequent A
Taylor expansion at

—2xkA; A'=—2yA; C=2«kB; D=-2yB;

B'=4«’B; B"=47°B; E=—4kyB. (30)
In W(x,y)~—iAx—iA’Apy—iA"ATy—3 Bx?
(x.y) Py y=2 Inserting these results into ER8) yields for the pressure-
—3 B’Ap?y?>—3 B"AT?y2—CApyx temperature broadening

—DATyx—EApATY? (25 Ac(Ap,AT)=0. (3D

The cumulant®\’, A", B’, B”, C, D, andE, are evalu- :
Jov P B B e B G0 T i For the pressure-temperature shig. (27)], we obtain
ated according to the procedure described by Sevian and P P hiEg. (27)]

Skinne? for the case of the inhomogeneous distribution. The Av(v,Ap,AT)=2[kAp— yAT]v. (32)
results are given in the Appendix.
Substituting this result into Eq20), one obtains a Gauss- It is interesting to note that expressi(82) holds true also in
ian conditional probability the absence of matrix correlations, since all cumulants con-
taining higher-order terms cancel out when inserted into Eq.
1 (27). v is the burning frequency of the spectral hole in the
V2m[Ao(Ap,AT)]? inhomogeneous band with respect to the gas-phase position
, 5 of dye transition frequency. For evaluating £E§2), we have
Xexp{ [ —v=Aw(y,Ap,AT)] to take into account that the volume thermal expansion co-
2[Ac(Ap,AT)]? ' efficient y depends, in contrast to the compressibility,
26) strongly on the temperature, even in the small temperature
interval between 1.8 and 5 K. Fortunately, experimental data
The pressure-temperature shift is given by for (T) are available for crystalline solid rare-gas sampfes.

f(v'|v,Ap,AT)=
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To+AT
To

Therefore we can substituteAT— [ y(T)dT in Eq. T y T g T

(32), whereT,, is the burning temperature of the hole. 04r ]
With the modified Eq(32), we have an analytical expres-
sion for extracting the pure pressure shift from our pressure- o3k i

temperature data. In order to test the reliability of this pro-

cedure, we reevaluated data measured in the same fashion in_

a H,Pc-doped partially crystalline polyethylene samffle. . 0.2
With the known pure pressure shifand thermal expansion ’

coefficient?’ we obtained agreement with the experimental

data within 20%. We can take this figure as an upper bound 0.1
for the error of our calculations.

Equation (32) also predicts that the static pressure and
temperature shifts should compensate each other for a certain 0.0 . L . L
choice of Apcm, and ATy, values. Setting 14000 15000 16000
Av(v,Ap,AT)=0 one obtains the relation

frequency (cm™")

A ! f TR TyaT (33
Peomp K JT, 4 ' FIG. 1. Broadband absorption spectrum ofFd in argon at

. . . . ) T=4 K. The optical density is plotted vs the frequency in units of
Inserting for a typical experimental situatidip=1.8 K and  ;ave numbers.

ATcomp=3.1 K as well as using the crystal literature data at

T=4 K for the compressibility; =0.375 GPa* (for argon :
outerman, and Meyéf,the lower-energy component is la-

(Ref. 22 and th? temper?‘t.‘”e'deg’f”.de”t data for the VOIumSeled theQ, band th)é higher-energy OEZ tQ;, t?and. Both

thermal expansion coefficie(T),” yields Apeom;=0.0461 " P2 e correspond to the electrdBje+S, transi-

EATa'rAp aﬂg Mt—' S%Wixer,vare rno'; mdeE)eg(ijenrt Ir?w OXr Ci(sj?r’]tion, which is degenerate in metal phthalocyanines. When the
tutr? el Ct? ; etﬁ N ¢ rr>1/ re ¢ arpoinpressu A?i‘r—%glaK. (r;rco &ntral metal atom is replaced by two hydrogen atoms, the
0 the fatter, the temperature increasear=.s. corre D4, symmetry is reduced tD,,. This lifts the degeneracy of

sponds to a pressure increaseAp=0.2 MPa. The fact that the Q band, leadin 3
. ; , g to the observel, and Q, peaks® A
the actual pressure increase is larger than the vapigy, umber of vibronic 0-1 transitions are also visible, whose

for which temperature and pressure shifts should compens nsition energies agree with the strongest lines of tiRcH

each other, means that in general the line-shift behavior ig o 1
. . . xcitation spectrum measured by Bondybey and Endfish.
dominated by pressure effects. This result, which also hold he spectraFI) positions and inhomyogenegus )\:vidths ogbe

for krypton and xenon, is confirmed by the observed redShifbands in argon, krypton, and xenon are listed in Table 1. An

asl was 1f30und In pure pressure-tuning  experiments orihcreasing redshift of the inhomogeneous bands with respect
POlymers. . ._to the H,Pc gas-phase absorption frequency of 15 128%tm
Equatlon(3_2).has. been used numerous t.'me?" to qeterm'n?Ref. 23 from argon to xenon is observed, which is a con-
the COTE_rl_e_Sé')b'“Cty I? pure:L- prEes?gSa T]xperlme(ns, in the sequence of the increasing matrix polarizability. At the same
case ola1=0). Lontrary 10 £0.(51), NOWEVET, & NONZEI0  yiq the inhomogeneous widths also increase, which can be

pressure broadening was observed. In order to obtain a non- lain relv statistical considerati Ref
vanishing pressure broadening, the Lennard-Jones potent(i%l(pa ed by purely statistical consideratidsse, e.g., Ref,

; . ) ). Table | also lists the Lennard-Jones parametéor the
[Eq. (16)], wh|c_h contains a repulsive te”’." has tc_> be use are gases investigate@ee, e.g., Ref. 25 and references
instead of the simple van der Waals potential. In this case thﬁﬁereir) as well as the pote’ntial s'hiR which was calcu-
cumulants in Eq(27) have to be evaluated numerically. In lated using the known JPc radius of g.’S 6 R, decreases
order to account for the temperature dependence of the th fom argon to xenon, since the correction was chosen such
mal expansion, the volume thermal expansion coefficient o y : :
) X - that the limitR,—0 describes dye and matrix molecules of
in the cumulant®\”, B”, D, andE must be replaced by its 0 Y

average equal size.
9 In order to investigate the influence of matrix correlations,

1 [Te+AT which were neglected in Laird and Skinner’s original
y— yzﬁ f ° y(T)dT, (34) model! we now determine the potential parametend the
To
TABLE |. Measured solvent shiftg and inhomogeneous width
(FWHM) of the Q, band of HPc. Also listed are the radial
potential shiftRy and the Lennard-Jones parameatenf the matrix

which leads to a temperature dependence of these particulizr
cumulants. s
In the following, we will restrict our considerations to the

evaluation of the line shift. (Ref. 25.
vs (cm™ I's(cm™) Ro (R) o (R)
IV. RESULTS AND DISCUSSION
Argon —364 44 4.798 3.405
Figure 1 shows a broadband absorption spectrum,BcH  Krypton —464 58 4.68 3.65
in argon recorded at a temperature of 4 K. The spectrum iXenon —593 89 4.51 3.98

dominated by two absorption bands. Following Bajema
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TABLE Il. Comparison of calculated potential depths and num-case of argon, 33% for krypton, and 43% for xenon. Obvi-
ber densities of matrix units Witiecorr, peor) @nd without(e,p)  ously each matrix unit would have to contribute much more

22,28, 29. mental findings. This result highlights the problems of the
factorization ofP(R;,...,Ry) [Eg. (13)]: By neglecting cor-
€, Ecorr, P, Peory Perygt relations between the matrix units, more than one molecule
em™?b  (em?hH (AT A7 (A3 " > )
can occupy the same position. This reinforces the notion that
Argon 1.57 23.1 0.145 0.00975 0.0267 the theoretical treatment is therefore based on too many ma-
Krypton 2.45 33.4 0.104 0.00787  0.0222 trix units, giving insufficient weight to the individual solvent
Xenon 4.58 475 0.062  0.00594 0.0173 molecule. This interpretation is in agreement with the fact

that the calculated number densitjeésee aboveare far too
large. Even if the crystalline packing fractigthat is, crys-
number density of matrix units within the interaction range tgjline number densities,,s) were chosen, it would still be

of the dye molecule from the measured solvent-shift Va|Ue$mpossibIe to reproduce the measured solvent shift.

and inhomogeneous widths using the relatiéniis As men- Therefore the necessity to abandon the factorizati@,
tioned above, the cumulanés andB are evaluated numeri- \hich is reasonable only in the low-density limit, and to
cally for both cases. For the case of vanishing correlationghclude the mutual steric exclusion of the matrix units be-
[V(R,R")=0], an analytical evaluation of the cumulants is comes clear. We now recalculate the potential parameter and
possible;” yielding identical results. the number density. The results,,, and pe,,, With matrix

The results are summarized in Table II. Let us look first ateorrelations taken into account are also given in Table 1.
the case of vanishing matrix correlations. The first column  For all matrices, the potential parametgg,, is now sig-
shows the potential parameter As expected, the model nijficantly larger, whereas the number dengity, is reduced
yields an increasing depth of the interaction potential ffomapproximately by the same factor. The problem of unrealis-
argon to xenon reflecting the increasing matrix polarizability.tically large number densities is eliminated. In fact, in the
Also, the number density (third column shows the ex- case of argonp,,, corresponds to a packing fraction of only
pected behavior, namely, a decrease from argon to xenon dy@o,, which compares to a value of 74% for the crystalline
to the increase in size of the matrix units. Both parameterﬁ:c structure. When condensed at low temperaturesl rare-gas
therefore exhibit a qualitatively correct behavior. A closerfjms exhibit a nanocrystalline structure with grain sizes as
inspection of the magnitude of these values, however, iS NneGmall as 10 nni* A simple estimate provides an idea of the
essary. density in the regions between the crystallites. It is known

The last column of Table Il lists the number densifig$s:  from the literature that the total density of an argon film
(Refs. 22, 28, 2Pin bulk rare-gas crystals dt=4 K. Since  condensed af=4 K is smaller than that of the bulk material
the considered rare gases form face-centered ctfb®)  py about 359" Assuming that half of the atoms are con-
structuregwhich have the highest possible packing fraction tajined in the crystallite¥ we estimate the density in the
these values define an upper bound of possible number defperstitial regions ag;,~0.012 A 3. Considering the crude-
sities. In all three cases, our calculation yleldS unrea“stiq-]ess of this procedure, this value is Surprising|y close to our
results, where the values for exceedpys by far, which  yalue forp,,,. This lends weight to the expectation that the
means that the model calculation is based on too many Magrge dye molecules are located between the grains of the
trix units. rare-gas matrices.

In this ||ght, the results foe also require closer Scrutiny. In Spite of the low number density, the observed solvent
Since all the parameters determining the perturbation of thgnift can now be accounted for due to the significantly larger
transition frequencyEq. (16)] are now known, we can test potential parametet,,,, for a large variety of matrix unit
theEValueS by modeling a SOlVent'She” structure around th%rrangements that are consistent with the low number den-
cavity containing the dye molecule and then calculating thesity. Hence, it turns out that the introduction of matrix cor-
resulting solvent-shift using E¢16). We now choose spheri- relations is crucial for obtaining realistic values for the po-
cal equidistantAR="{/2¢) solvent shells with the first shell tential parameter and the number density and is able to
at the equilibrium distanc®,+ %20 (for details see Ref. resolve the problems encountered with the simpler model.
30). No interstitial positions between the individual shells are  The fact that only few matrix atoms are needed to produce
allowed. One obtains for the total solvent shiftfsolvent  the observed bulk solvent shift has been demonstrated in

shells jet-expanded molecular beams of djRG), heteroclusters,
y where RG stands for the rare gases argon, krypton, and xe-
N 6 A7(Ry+ n{/20)2 non. For a variety of dye molecules, the groups of Jortner

Vs(M):nzl ¥(Ro+ni20) T 82e2 (39 and Everf®** as well as Leutwyler and Bigef’ measured

the solvent shift as a function of the numberof matrix
where v(Ry+ n‘i/ia) is the value of the perturbation func- atoms contained in the clusters. In the dichloroanthracene-
tion of the transition frequencil6) for thenth solvent shell.  argon heteroclustéf, for example, it was found that the first
This particular arrangement of matrix units corresponds to 84 argon atoms generate already 81% of the total bulk sol-
packing fraction of roughly 52%. This fairly small packing vent shift.
fraction was chosen to account for the nanocrystalline struc- Furthermore, since the potential degtin our model de-
ture of the rare-gas films. Evaluating Eq.(35) for M — oo, scribes the shift of the electronic absorption line of the dye
one obtains only 29% of the observed solvent shift in themolecule due to a matrix unit located at the position of the
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TABLE Ill. Numerically determined matrix compressibilities
K1 3.corr (With correlation and « ; (without correlation using the
Lennard-Jones potential as well as analytically calculated com-
pressibilitiesk, gy for the van der Waals potentiat, ; are literature

0.00

—-0.02 data for bulk crystal§Ref. 39.
_O, Kydw KLy KLJ, corr KLt
0O _oos (GPa™!)  (Gpal) (GPal)  (GPa?)
b X
Argon 0.276 0.260 0.265 0.350
Krypton 0.290 0.276 0.280 0.299
-0.06 Xenon 0.419 0.399 0.389 0.274
) 4p >0
1 n " 1
-2000 0 2000 perature. The squares denote the raw data including the tem-
perature effects. In order to investigate the effects of the
frequency (M HZ) different potentials and of neglected matrix correlations, we

evaluate these data in several ways to determine the matrix
compressibility.

(i) For the case of the purely attractive van der Waals
potential the matrix compressibility,q,, is calculated using
the modified Eq(32), inserting literature data fop(T).2° As
pointed out above, Eq32) is valid with and without matrix
correlations taken into account. The results are given in

FIG. 2. Pressure shift and broadening of a spectral fidjEc in
argon. Trace(1): Original hole profile; tracé€2): spectral hole after
a pressure increase of 88 kPa.

potential minimumR,+ 2o [see Eq(16)], its value should
be comparable to the solvent shift in a dyerAeterocluster. ble Il
Unfortunately, no experiments have been performed usin '

H,Pc. Still, for the dye molecules investigated in Refs. 33— an(tg)irfoEr tr};%ehn;\,aer%‘]%ges\,ﬂﬁzggﬁﬂ;J(ri?r]i;gﬁ C#g“;;m_
37, the solvent shift caused by the first argon atom in e{ g Y-

heterocluster amounted to between 6% and 8% of the bul lify the calculation, we evaluate the pressure and tempera-

solvent shift. In our case, the ratig, /v also falls within ure contributions in Eq(27) separately. In a first step the

this range. This provides a rough confirmation of the magni%??ﬁre'b:t'gstsgl t:c(;'lemceaatjssuergdbto:ﬁleiwgfrﬁa'?g;( Sé\:ggﬁriscal-
tude of our calculated potential depthgg;,. P y P

Let us now turn to the pressure-tuning experiments. Fig-CUIated numerically for each data point according to

ure 2 shows the pressure shift and broadening of a spectral D(T- AT
holg (H,Pc in qrgom. Trace (1) shovys the spectral holg, Av(v,Ap=0AT)=|A"(To,AT)+ (To,AT) (v—A)|AT
while trace(2) displays the hole profile after a pressure in- B
crease of 88 kPa. Even this small pressure change produces (36)
detectable changes in the hole profile. ) )

In Fig. 3 the shift of the hole centev is plotted versus and subtracted from the measured total shift to yield the pure
the pressure changp. As mentioned above, the pressure Préssure shift. The cumulants in E®6) are calculated for

change is accompanied by a simultaneous change in terpoth cases, with and without matrix correlations. The result-
ing pure pressure shift for the former case is shown in Fig. 3

(circles. Due to the opposite sign of pressure and tempera-
0 - | ture shifts[Egs. (23)], the pure pressure shifts is larger than
] b\\\ ] the measured total shift. In the second step, the pure pressure
. ] shift is analyzed numericalljusing Eq.(27) with AT=0] to
e n ] determine the compressibilitieg ; without matrix correla-
I \'\\‘-\. ! tions and k| ; o including matrix correlationgsee Table
~500 * S - ).
- ¢ ‘e “a 1 It can be seen that within the error limits mentioned
. - 1 above, the value for the compressibility does not change
. Ly when matrix correlations are taken into account. Even the
1 restriction to the simple van der Waals potential does not
—1000 oo change the calculated compressibilities to a large extent.
i LN These results point to a loose packing of the matrix units
S P NI EE SRR around the dye molecules, since they seem to be located in
0.00 0.05 0.10 0.15 that part of the potential that can be approximated biRah
power law. From these results we conclude that for the opti-
Ap (MPO) cal determination of the matrix compressibility the simple
approach using the van der Waals potential and neglecting
FIG. 3. Shift of hole center vs pressure chafigePc in argoi: matrix correlations is sufficient, justifying previous com-
Raw data without correctiofsquares and data after temperature pressibility determinations in a variety of samples according
correction(circles. For details see text. to Eq.(32).

T
’

Av (MHZz)
/’

T—
7
o
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The same behavior was also observed in the polymeribole broadening after a pressure-temperature change is domi-
hosts polyethylene and polymethylmethacrylate, doped witmated by the dynamical processes.
H,Pc3® Whereas the compressibility remained unchanged,
and e also had to be adjusted significantly when matrix cor-
relations were introduced. In these polymers the optically V. SUMMARY
determined compressibilities agree quite well with the me- ) ) )
chanically measured values. This does not seem to be the !N this paper we presented an extension of a widely ap-
case for rare-gas matricéexcept for kryptol as can be pl|gd statistical thepry to describe the inhomogeneous broad-
seen from a comparison with the literature valugs(T =4 ening of spectral I|nes. as w_el! as pressure effects on hole-
K) (Ref. 39 (see Table Ill. The compressibilitie, ;;, how- ~ Puming spectra. In its original form this model was
ever, were measured in bulk rare-gas crystals. For the nan§gmarkably successful in determining the compressibility of
crystalline rare-gas films used in our experiments, no comPolymer matrices from the.measured 'spectral shift of persis-
pressibility measurements have been reported so far. Orfgnt hole spectra. The basic assumptions of the model, how-
would expect, however, that the compressibility of thesefVerl are satisfied only to a limited extent in polymeric hosts.

films is larger than in crystalline samples due to a more opeff! @ddition, two conflicting approximations with respect to

structure with many voids. This is indeed the case for xenont"€ number density of the matrix units were made. We there-

In this light the rather low compressibility value that we fo_re decided to investigate the statistical description ;ystgm—
obtained for argon films is puzzling. One has to keep inatlcally and to t.e..c,t the consequences of Fhe approximations
mind, however, that the compressibilities accessible througf@d€ in the original model by applying it to systems that

hole-burning experiments reflect the properties of the locaf°™Me closest to sat|sfy!ng the basic assumptions. This is the
environment of the dye molecule. The large number of ran€ase for dye-doped solid rare-gas matrices. In order to make

domly oriented, interlocking grains could produce a shield-Préssure-tuning experiments possible, we built a novel cry-
ing effect, which means that the effective pressure at the sitgStat that allowed us to immerse the sample into liquid he-
of the guest molecule is smaller than the value appléi lium after its condensation onto a cold substrate.

measureflexternally. This would reduce the calculated com- ¢ h;l\ea;ur]r ed quantitiesl wte;re tge solvegt Shift_ an(kj) thz width
pressibility and would project the picture of a seemingly0 the inhomogeneously broaden€l absorption band as

“harder” environment. Depending on the actual structure c)fwell as the pressure shift of the spectral holes. From these

the films, these two effects will combine to various degreesdata’ the depth of the dye-matrix interaction potential, the

S .~~~ humber density of matrix units within the interaction range
At the present stage, however, no definite interpretation ISf the dye molecule, and the matrix compressibility were
possible.

. _ .. calculated. Analyzing the data using the original model leads
It was shown in Ref. 40 that the sizes of the crystalliteSy, \nrealistic values for potential parameters and number
depend strongly on the condensation temperature of thgensities. For this reason an existing modification of the sta-
samples. For a fixed condensation temperature, as was thgtical theory, which takes into account correlations between
case in our experiments, different rare gases will exhibit anatrix units due to their mutual steric exclusion, was further
different density deficit with respect to the density in theextended to also describe pressure effects on spectral holes.
crystal. Since the difference between condensation tempergyrthermore, the hole shifts due to the thermal expansion of
ture and sublimation temperature was largest in xenon, itthe matrix were incorporated into the statistical description,
film density deviated most from the crystalline density.sjnce in our experiments a pressure change was inevitably
Therefore it is difficult to compare the different rare-gas ma-accompanied by a change of the temperature. A new analysis
trices, since they are in different structural states. This als@f our experimental data with the expanded model now
makes the comparison with crystalline data problematic.  yields physically reasonable potential parameters and num-
To clarify these points, further experiments are needed. lper densities. A further interesting result is the fact that the
has already been shown that annealing changes the structigtically determined compressibilities do not change upon
of the films significantly as grain sizes tend to incretisEhe  inclusion of the matrix correlations. Moreover, the compress-
effects of these changes on the compressibility and on thgjlities remain unchanged when a purely attractive van der
number density should provide valuable information abouiyaals dye-matrix interaction potential is used instead of the
the local environment of the dye molecule. more complicated Lennard-Jones-type potential. This means
In principle, Eq.(28) can be used to investigate the role of that for an optical determination of the matrix compressibili-
matrix correlations for the pressure-broadening effects. HOWties the Simp|e ana'ytica| equation based on a pure'y attrac-
ever, as mentioned above, the hole width after a temperatuig/e van der Waals potential is a rather good approximation.

change is not only influenced by the thermal expansionthis result justifies earlier compressibility determinations us-
which is accounted for in Eq28), but also by temperature- jng the simple model.

dependent dynamical processes such as scattering of local

modes and TLS. The latter contribution cannot be measured

separately for the rare-gas systems. One can, however, evalu- ACKNOWLEDGMENTS

ate Eq.(28) numerically for the Lennard-Jones potential to
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APPENDIX

A':pf dRg(R)&(R), (A1)

A'=p f dR(R)B(R), (A2)

B'=pf dﬁg(ﬁ)a(§)2+p2JJ dRIR'V(R,R)&(R)&(R"), (A3)

B"=p f dRg(R)B(R)*+p? f f dRAR'V(R,R")B(RIB(R), (Ad)

c:pf dﬁg(ﬁ)i(é)&(éﬁ,;ﬁf dRAR'V(R,R)WR)&(R’), (A5)

D=p | dRURIHRBRI+? [ | dRIRVIRR)HRBR), (A6)

E=pf dﬁg(ﬁ)&(ﬁ)ﬁ(§)+p2JJ dRAR'V(R,R")&(R)B(R"), (A7)

The functionV(R,R’) is defined as

V(RR')=g3(R,R)~g(RIg(R"). (A8)
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