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The temperature dependence of the photochemical hole widths of molecules in soft glasses (T, o == 1.3—1.5) is explain-
ed by a combination of two dephasing mechanisms. The narrow distribution of two-level systems in such glasses gives rise
to onc contribution, and the dephasing of localized librational modes by long-wavelength phonons provides a second con-
tribution. We show that in the range 7" < 25 K. the theoretical temperature dependence agrees with the experiment.

Recently, there have been several articles devoted
to the anomalous low-temperature impurity linewidths
in glasses, as studied by hole burning and fluorescence
line-narrowing techniques [1—12] . The behavior is
anomalous in that both the magnitude and tempera-
ture dependence differ significantly from that ob-
served in similar crystalline hostes. The two-level sys-
tem (TLS) model of Anderson et al. [1], and Phil-
lips [2] has been successful in interpreting some of
the experiments, but much of the data remain unex-
plained. We demonstrate here how some of these
findings can be simply explained in terms of a com-
bination of the TLS model and other dephasing mech-
anisms known to exist in such systems.

The TLS model, used to describe various glass
properties, has been explained in detail elsewhere
[1-5],and need only be outlined here. A double-
well potential is used to describe two metastable con-
figurations of a host atom or atoms near the impuri-
ty. The coupling of the impurity states to these mov-
ing atoms is responsble for the line broadening, 'ty g,
which is set equal to the phonon-assisted transfer
rate between the eigenstates of the TLS. We find,
using first-order perturbation theory and a local linear
phonon interaction [3—5] (for the tunnel states in
thermal equilibrium),

Ty s ® (A%Ejeod Y esch (E/KT),

where E = (€2 + A2)1/2 2¢ is the energy asymmetry
of the wells, A is the overlap energy between the wells
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(lA/el € 1) and wy, is the Debye frequency. To cal-
culate the experimentally observed width, we must
average over the glass parameters € and A. For &T
larger than the width of the distribution of £, which
based on other hole-burning experiments has been
estimated to be =1 cm—! in H-bonding organic glasses
[3], Ty g should be linear in the temperature.
Friedrich et al. [12], who perform temperature-
cycling—hole-burning experiments to measure the
extent of the irreversible hole-broadening processes
which occur for DAQ in such glasses reach a similar
conclusion concerning this width. (It should be point-
ed out that Lyo [13], in a modification of the above
TLS model, has shown that a homogeneous width
linear in the temperature results at low temperatures
for a dipolar TL.S—impurity interaction.) This linear
behavior is confirmed by the work of Small and co-
workers [3],and Cuellar and Castro [6], for non-
photochemical hole-burning experiments in soft
glasses. (In hard inorganic glasses, on the other hand,
the width of this distribution is estimated to be =100
cm—! [1.2]. Therefore, in the latter systems at low
temperatures, we should observe a 72 dependence,
assuming the distribution of E values is reasonably
constant. This is confirmed by a number of authors
who report T dependencies, witha=~2:a=18
+02[7],2.1+0.1 [8],and 1.9 % 0.2 [9] for Eu3*
and Pr3+ in various hard glasses.)

A few photochemical hole-burning experiments,
however, remain anomalous in that they report ap-
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parent T¢ dependencies with «=1.3%0.1 [10].«
=15+03[11},and =20 [12] forkT>1 cm—!
in soft H-bonding glasses. There have been various
attempts at explaining non-integer power law depen-
dencies. One method is to assume the distribution
of TLS splittings has the form f(£) < E” and a width
Epma - Then for kT < E, . . Ty g & T2 This as-
sumption has no firm basis and would not be valid in
our soft glass system in any case. where AT > E . .

Another argument is that between the high- and
low-temperature asymptotic regions. an « between 1
and 2 results. However. in this case o would vary much
more than it does over the experimental range (usual-
ly 2—20 K). Also. Reineker and Morawitz [5] have
shown that the 7 dependence depends sensitively up-
on the various glass parameters in this region. A sur-
vey of the literature [3.6,10—12], however, reveals
that for a given impurity a is essentially independent
of the glass used (as long as they are all soft or all
hard). while for a given glass. a changes from impuri-
ty to impurity. This indicates a mechanism which is
strongly dependent upon properties of the impurity.

In photochemical hole-burning experiments of
porphin in crysralline alkanes. where the TLS pro-
cesses do not occur, Vdlker et al. successfully ex-
plained their data by the dephasing of low-lying li-
brational modes of the molecule in the crystal [14,
15]. There is good reason to believe that such pro-
cesses will be important in the glassy matrix.and in
this letter, we suggest that both of these dephasing
mechanisms are important and, taken together, suc-
cessfully explain the temperature dependence. We
focus our attention on the experimental work of
Volker et al. who report o= 1.3 + 0.1 for porphins
in solf glasses, but our methods also explain the data
of Rebaneet al. [11] (@ = 1.5 = 0.3). The exchange
model for the photochemical hole width in crystals
involves a librational mode localized on the impurity.
For this model [16].

T =7 827/(1 +8777))exp (—Q/kT),

where €2 is the librational frequency, § is the change
in this frequency upon optical excitation of the im-
purity, and for one-phonon relaxation of the libra-
tion,

7! = 2282(Q) p(2) [1() + 1].
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In the above, p(£2) and n(Q2) are the density of states
and thermal population of acoustic modes at the li-
brational frequency. and g(§2) is the coupling of these
modes to the libration.

In the crystalline n-octane environment, where a
porphin is confined in a fairly tight fit, it was found
that =30 and 15 cm~! (two types of sites), and
87 < 1 (intermediate exchange). For a more loosely
fitting cage in an n-decane crystal, @ =7 cm—!, and
87 = 37 (slow exchange). This is similar to what we
expect in a glass, where the impurity is not forced
into a tight interstitial position. Therefore, assuming
dr>1,

Ty = 22%(2) p(2) ().

For long-wavelength acoustic modes, we might
expect to see crystallike behavior as is evidenced by
the w? density of states observed for acoustic modes
in glasses at low frequencies. We therefore take p(£2)
= AQ? and assume a deformation potential coupling
g2() =g29.

In a glass there will be a distribution of these libra-
tions. Assuming the cage sizes and configurations to
be random. we write the distribution of €2 as a gaus-
sian, centered at wy, of width 0. We now have

_ 246> 2
lib =" 12 erf[(wp — wy)/o] +erf(wy/0)

r

;D 2 w3
2, 2 ... A,
X 6[ exp[—(w — wg)/o7] oxp (W/kT) — 1 dew,
where wy, is the Debye frequency and {g2) is some
average coupling. This can be integrated to find

2403 ©€XP (—w%/oz)

lib "1+ erf (w,/0) o2

r

X 27 (=120 +z,?;) e +z'21)

n=1
2
Xz, exp(z;)(1 —erfz,)],

where z,, = on/2kT — wg/o. We have set wp, = e
which is valid at the low temperatures of the experi-
ment (1.2—20 K). Note that at low 7, I'jy, « T4 at
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We extract the value for A¢g2) from the slow-
exchange data of porphin in n-decane crystals, where
it is observed that 4{g2}= 3.3 MHz/(cm—1)3. For
kT<2cm—1, Iy, is essentially zero, so the de-
phasing should be equal to 'ty s =aT,and we there-
fore define @ by equating I'py g to the experimentally
observed dephasing I",, (= cT1.3 where ¢ depends
on the glass)at T=2 or 3 K.

In fig. 1a, we plot the calculated widths. v = I'j;,
+ Iy g versus temperature for various wg (7,9, 13,

I
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Fig. 1. (a) I'-Ig versus T for various librational frequencies
(wo =7,9, 13, 14 cm~!). The experimental data are in glyc-
erol (squares), glycol (diamonds), ethanol (circles) and MTHF
(crosses) glasses [10]. (b) The points are computed values of
I'—T versus T from (2) on a log—log plot for same wy as

in the various curves in (a). The lines have slope 1.3, show-
ing that T varies as T'1-3 for 2 < T< 20 K. For 7 < 2, the
experimental error limits would still allow an apparent ex-
ponent of 1.3,
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14 cm—1) and 0 =3 wy. Also in fig. 1a, we compare
these with the experimental width, ', in glycerol
(squares), glycol (diamonds), ethanol (circles) and
MTHEF (crosses). The agreement between theory and
experiment is excellent throughout. When the theo-
retical calculations are plotted versus 7 on a log—log
plot (see fig. 1b), an apparent T1-3 appears. At the
lowest temperatures, a smaller exponent is predicted
in the present model, but it shouid be noted that for
TS 2K, Dy g no longer varies as T but as T'1*e,
€>0 [4,5]. Varying o between 0 and g changes
the result very little for 7< 20 K, but does make
some difference for higher 7. I' is a bit more sensitive
to wg and A{g2). For the ethanol glass, for example,
where we chose wg =13 cm—1, we can vary wgq be-
tween 7 and 22 cm~—!, keeping the other variables
constant, and still fit the data to within experimental
error in a, the exponent of the temperature_ For the
same system with wq = 13 cm~!, we can vary Ag?
between 1.3 and 5.8 MHz/(cm—1)3 ald also stay with-
in the error. A larger oy or coupling leads to a

larger a.

To recap, we should see a combination of TLS
dephasing and crystal-like phonon mechanisms con-
tributing to the homogeneous width of impurity
transitions in glasses. Since most dephasing mecha-
nisms fall off quickly as 7— 0 (compared to T or
T2), we usually see only I'p; g at low T as in the non-
photochemical hole-burning experiments [3]. When
coupling to the TLSs is small, or when there are crys-
tallike processes involving low enough frequency
modes, as for porphins, we will see both processes.
For porphins, a set of librations of reasonable width,
with wg and the coupling (44g?)) roughly equal to
that in similar crystals, fits the data to within experi-
mental error. At higher temperatures (k7 > wg + a)
we would expect to see 2 « linear 7 dependence. As
T — 0, the hole width should go to twice the inverse
fluorescence time as T2.

Rebane et al. [11] report a T1-5 dependence be-
tween 1.8 and 4.2 K for a phthalocyanine derivative
in H-bonding soft glasses. Since this system is nearly
identical to that studied by Voélker et al_, we would
expect the above theory to apply. The accuracy of
the exponent is questionable, due to the narrow tem-
perature range, but a larger wg and/or larger coupling
(4(g?)) than for porphins could easily give an ap-
parent a = 1.5. It has recently been pointed out to
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the authors that a calculation in the same spirit has
been made by Stout J17] to explain the dephasing
of rare-earth ions in hard glasses using a combination
of the TLS interaction with a Raman process.

A few questions remain unanswered. Friedrich et
al. [12] for instance report a 72 dependence for
DAQ in soft glasses, where we might expect a linear
form. This could possibly be explained by the above
methods. but may be due to an entirely unique mech-
anism. Their experiments revealed that impurity re-
arrangements. resulting in hole filling and broadening
were also occurring. However, these extra broaden-
ing processes were accounted for in a recent paper
[18] which shows that the data points to a homo-
geneous width increasing quadratically with tempera-
ture. Also, theory predicts that as 7= 0. the homo-
geneous width should approach the inverse fluores-
cence lifetime. This is observed by Volker et al. [10]
and appears to be the case in the data of Rebane et
al. [11]. However, many authors suggest that their
T = 0 widths are much larger. This may be due to an
improper extrapolation from linear data to tempera-
tures below 2 K. where I' 5 should begin to go as
72, Finally. it should be mentioned that the effects
of laser heating. if present. are not known.
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