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Working on the "Fo-°Do transition of Eu®* in Y,03, we provide the first detailed characterization of
excitation-induced shifts in optical transition frequencies and demonstrate their exaggeration of nomi-
nally homogeneous dephasing rates. The shifts (found to vary in rough proportion to the number of
Eu?* jons excited and to be as small as one part in 10'?) were identified through their unique signature
in specially designed photon-echo experiments. The effects reported may constitute a rather general
complication in optical measurements of homogeneous relaxation rates in solids.

PACS numbers: 78.50.Ec, 42.50.Md

Coherent transient optical techniques have been em-
ployed with great advantage over the last ten years or so
to study the slow optical dephasing of rare-earth and
transition-metal impurities in insulators.'™ Kilohertz-
scale homogeneous linewidths have been observed,® and
interesting effects such as the variation of homogeneous
linewidths across inhomogeneous absorption profiles have
been observed® and analyzed.'® In this Letter, we pro-
vide the first unambiguous demonstration of a novel new
type of optical dephasing that occurs as a result of ex-
citation-induced optical frequency shifts. The shifts have
intrinsic interest insofar as studies of their properties
may provide useful information about the materials in
which they occur. Importantly, however, they also exag-
gerate the homogeneous linewidths deduced from experi-
ments employing coherent transient techniques and may
provide a heretofore unappreciated explanation for
frequency-dependent relaxation rates.

The existence of excitation-mediated optical frequency
shifts was proposed some time ago by Taylor and Hess-
ler!" who suggested that such shifts may be responsible
for the concentration-dependent photon-echo relaxation
rates observed in ruby by Liao and Hartmann.'? It was
suggested, based on analogy with the well known and
closely related nuclear magnetic resonance (NMR)
effect of instantaneous diffusion,'>'* that excitation-
mediated frequency shifts arise because of a change in
the static electric-dipole moment of Cr sites accompany-
ing state changes of the resident Cr ion. Dipole-moment
changes of this type are possible in any noncentrosym-
metric site. In this model, electric-dipole changes at one
site modify the electric field at surrounding sites and
thereby shift the transition frequencies of the neighbor-
ing ions. In the earlier NMR work, instantaneous dif-
fusion was presumed to arise similarly, but from magnet-
ic interactions. It was shown that the precise type of
magnetic interaction responsible for the excitation-
induced frequency shifts could be identified through
studies of shift-induced spin-echo relaxation. Similar re-
sults are expected in the optical case. Interestingly, an

experimental follow up'> of Taylor and Hessler’s sugges-
tion'! revealed no clear evidence for excitation-induced
frequency shifts in the ruby system. In subsequent work,
excitation-induced frequency shifts have been invoked to
explain intensity-dependent dephasing rates seen in other
photon-echo experiments,® but the results reported do
not actually allow for an unambiguous determination of
the relaxation mechanism involved.

Coherent transient techniques are particularly sensi-
tive to small random shifts in the transition frequencies
of echo-producing (or active) ions. This has been
demonstrated both in spin'#'® and in optical'” systems.
However, in ordinary coherent-transient-type experi-
ments, relaxation due to excitation-induced frequency
shifts tends to be difficult to distinguish from other relax-
ation mechanisms. We have therefore designed novel
photon-echo excitation schemes involving pulses of wide-
ly different bandwidths that enable us to control the rela-
tive contribution of excitation-induced frequency shifts
to the overall relaxation rate, and thereby enable us to
unambiguously identify and characterize frequency-
shift-mediated relaxation.

The experiments were conducted on the "Fo-°Dy tran-
sition of Eu’" in 2 at.% Eu’t:Y,0; at =4.5 K. The ex-
citation pulses employed were acousto-optically gated
from the output of a single-mode cw dye laser. Tem-
porally long (0.1-6 usec) pulses (gated-cw pulses) were
obtained by direct coupling of the cw dye-laser beam
into the sample. Temporally short (6 nsec) pulses
(amplified pulses) were obtained by excimer-pumped-
dye amplification of gated-cw pulses. In both cases,
pulse bandwidths were given roughly by the Fourier-
transform limit. For equal pulse areas, the amplified
pulse excites 1 to 2 orders of magnitude more ions than
the gated-cw pulse.

Our apparatus provides excitation sequences at 7 Hz
containing a variable number of gated-cw pulses together
with one amplified pulse. The time ordering of the
pulses is varied to highlight different aspects of the relax-
ation. All pulses were spatially coincident and collinear
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(with a beam waist of 70 um) as they passed through the
4-mm-long Eu®*:Y,0s crystal. The “standard” intensi-
ty (maximum intensity) of the gated-cw (amplified)
pulse was =400 W/cm? (Io=30 MW/cm?). The area
of the gated-cw pulse varies linearly with duration and at
standard intensity is roughly = for a pulse duration of 2
usec. The area of the amplified pulse varies linearly with
the square root of its intensity and is roughly = at inten-
sity Ip. To avoid complications from spectral hole burn-
ing,>%!% the cw dye-laser frequency was swept over a
range of 0.5-1.0 GHz every 2.5 sec. Periodically, the
sample temperature was raised to =20 K for =1 min to
thermalize the ground-state sublevel populations. Ex-
cept as noted, the laser frequency was tuned to the ap-
proximate center of the inhomogeneous absorption line.
First, we measured the decay of two-excitation-pulse
photon echoes generated with one gated-cw pulse and
one amplified pulse as a function of the temporal separa-
tion t; =t,—t| between the excitation pulses. Here ¢;
(i=1,2) is the time of the ith echo excitation pulse. In
Fig. 1(a) [Fig. 1(b)], we present measurements of echo
intensity versus ¢;; with the amplified pulse temporally
second (first) for three different amplified-pulse intensi-
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FIG. 1. Two-excitation-pulse photon-echo intensity vs exci-
tation pulse separation 73;. (a) The gated-cw excitation pulse
precedes the amplified pulse. (b) The amplified excitation
pulse precedes the gated-cw pulse. From bottom to top, the
traces in each figure correspond to amplified-pulse intensities
of Io=30 MW/cm?2, Io/2, and Io/4, respectively. Dashed lines
are calculated, as described in the text, assuming that the ob-
served relaxation is caused by frequency shifts induced by the
amplified excitation pulse. The gated-cw pulses had the stan-
dard intensity, and in (a) [(b)] a duration of =100 nsec [=2
usecl.

ties. With the amplified pulse second [Fig. 1(a)l, the
echo decays exponentially with a rate 2 orders of magni-
tude larger than expected on the basis of the hundreds-
of-microseconds-scale T, measured previously.” With
the amplified pulse first [Fig. 1(b)], the echo decays at a
substantially smaller rate (still larger than derived from
the earlier T, measurement), and the decay takes on a
nonexponential character. For both time orderings, the
decay rate increases with the amplified-pulse intensity.

Next, two gated-cw pulses were employed to generate
a photon-echo signal whose intensity was monitored as a
relatively weak, small-area, amplified pulse was applied
at various times #; > ¢,. In these experiments, the sepa-
ration between the two gated-cw pulses, ¢;;, was held
fixed, and the detector was gated to ignore three-pulse
(stimulated) echo signals created by application of the
amplified pulse. Figures 2(a)-2(c) display the echo in-
tensity as a function of ¢, —¢; for several different
amplified-pulse intensities. For this figure, ¢, —¢, =0
(t; —t,=t31) when the amplified pulse is simultaneous
with the first (second) gated-cw pulse.

For analysis of the above results, we note that the in-
tensity I, of a two-excitation-pulse echo obeys the pro-
portionality '7"°

Iem|2exp[i¢j(te)]|2, (1)
J

where f, denotes the time of the echo, and ¢; is the rela-
tive phase of the jth active ion. We also have

0, (t.) =j::2w,-(t)dt —j::'w,(t)dt , )

where w;(¢) is the instantaneous transition frequency of
the jth active ion. Clearly, for w; constant throughout
the interval ¢, to ¢, ¢; =0, and I, is maximized.

We now consider the echo decay properties expected
in an environment of excitation-induced frequency shifts
and compare them with our experimental observations.
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FIG. 2. Intensity of two-excitation-pulse photon echoes (72
=80 usec) generated by two gated-cw pulses and perturbed by
an amplified pulse applied at the time ¢, as a function of #; — 1.
For (a), (b), and (c), respectively, the intensity of the
amplified pulse is 7o/8, Io/16, and I¢/32. Dashed lines are
simulations based on Lorentzian frequency-shift distributions.
The first and second gated-cw pulses had the standard intensity
and durations of =1 and =2 usec, respectively.
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We first note, in light of the mechanism assumed respon-
sible for excitation-induced frequency shifts, that the
magnitude of the shifts will depend on the number of
ions excited and hence on the ion concentration, the
excitation-pulse intensity, and the excitation-pulse band-
width. Thus, as a first approximation, made reasonable
by the relatively small number of ions excited, we ignore
frequency shifts introduced by the gated-cw pulses. We
assume that the amplified pulse introduces shifts ¢; in
the transition frequency of each active ion, and that the
shifts are described by a distribution function p(e;).
From NMR work,'%!® one expects p to have a Lorenz-
tian form if the interaction responsible for the shifts is
dipolar. We assume that conventional homogeneous de-
phasing mechanisms perturb the various w; in a manner
independent of the excitation conditions and that their
effect can be accounted for through a simple exponential
decay factor.

In the case of Fig. 1(a) (amplified pulse second), fre-
quency shifts ¢; are introduced at time ¢,, and because of
the long °Dy-state lifetime they remain approximately
constant thereafter. Frequency shifts will thus degrade
the echo intensity by a factor

- 2
I, |f_wp(e)exp[—iet2|]de . 3)

The dashed lines in Fig. 1(a) are calculated using Eq.
(3) assuming a Lorentzian p(e) with a half width at half
maximum (HWHM) Aq of, from top to bottom, 40, 57,
and 83 kHz, respectively. The growth of Ay with
amplified-pulse intensity (which in this case provides for
a relatively large pulse area) roughly mirrors the growth
in excited Eu®*-ion population.

In the case of Fig. 1(b) (amplified pulse first), the sit-
uation is quite different. If the ¢; induced at ¢, are as-
sumed time independent as in the previous paragraph,
frequency-shift-mediated decay should vanish. If, how-
ever, the 860-usec excited-state lifetime’ is taken into
account, the excited-state population and hence the ¢;
(being dependent on the excited-state population) relax
partially toward their initial (in this case zero) values be-
fore the echo is emitted. The dashed lines of Fig. 1(b)
were calculated assuming that the initial frequency-shift
distribution p(€) is a Lorentzian whose width decays ex-
ponentially on a time scale equal to the excited-state life-
time. Best fit values of Ap, the HWHM of the initial
p(e), were found to be, from top to bottom, Ag=24, 45,
and 80 kHz, respectively, in excellent agreement with
the values of Ag deduced from Eq. (3) and Fig. 1(a).

In the three-pulse experiments of Fig. 2, the frequency
shifts are introduced by the amplified pulse at some time
t; between ¢, and t,. In this case (assuming as a first ap-
proximation that the frequency shifts ¢; are time in-
dependent), I, should obey a relation identical to Eq. (3)
except that 75 is replaced by the term § =minl |z, — ¢ |,
|t. —t;|]. For reasonable p(e) and fixed ¢;, I, is then
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minimized when it coincides with the second excitation
pulse. This is just the behavior seen in Fig. 2. We have
fitted Eq. (3), modified as described, to the data of Fig. 2
assuming a Lorentzian p(e). The Ao values obtained
from the fits to the observed data exhibit an approxi-
mately linear dependence on the intensity of the
amplified pulse and hence (because of the small area of
the amplified pulse in this set of experiments) on the
number of Eu®* ions excited. For the weakest intensi-
ties used [see Fig. 2(c)], the frequency-shift distribution
has a width on the order of 1 kHz.

It is clear that the excitation-induced-frequency-shift
relaxation mechanism assumed provides an excellent
description of our observations. Traditional optical re-
laxation mechanisms, on the other hand, cannot account
for the very different relaxation behavior observed when
the order of the excitation pulses is reversed (see Fig. 1),
nor can they account for the behavior of Fig. 2. The fact
that a Lorentzian distribution function provides a
reasonable quantitative description of our results sup-
ports'* Taylor and Hessler’s contention'' that the ex-
citation-induced frequency shifts are mediated by a dipo-
lar field. The magnitude of the shifts depends upon the
amount by which the site electric dipoles are modified on
excitation. The frequency shifts observed in our experi-
ments indicate'' an electric dipole change of =10~
Cm.

In our analysis above, we assumed for simplicity that
frequency shifts introduced by the gated-cw pulses were
unimportant. Although this approximation is reasonable
in the context of the previous discussion, it is not correct
in general. In Fig. 3, we show the decay of photon
echoes generated with two gated-cw pulses as a function
of ¢7;. In the top trace, the intensity (duration) of each
excitation pulse is reduced (increased) by a factor of 10
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FIG. 3. Intensity of photon echoes generated with two
gated-cw pulses vs 72 for different excitation pulse intensities
but equal pulse areas. The pulse area was roughly 7/2 () for
the first (second) pulse.
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(3) compared to the situation of the bottom trace. (For
the bottom trace, the gated-cw pulses had standard in-
tensity.) These intensity-time ratios provide for nomi-
nally constant pulse areas. If excitation-induced fre-
quency shifts contribute to the observed decay, the
lower-intensity pulses (which because of their smaller
bandwidth excite roughly one-third as many Eu’* ions)
should produce photon echoes displaying a smaller decay
rate. This is observed. A factor of 3 change is not ex-
pected because on the relevant time scale normal homo-
geneous broadening is also important. In the limit of
weak excitation, photon echoes generated near line
center with gated-cw pulses were observed to exhibit a
decay rate several times smaller than the line-center de-
cay rate observed in Ref. 7. In fact, as will be discussed
elsewhere, the variation in the homogeneous decay rate
across the inhomogeneous absorption profile that was re-
ported in Ref. 7 appears to arise primarily because of the
variation in the number of ions excited and the concomi-
tant variation in frequency-shift-mediated decay.

In summary, we have observed and characterized ex-
citation-induced optical frequency shifts. The properties
of the frequency shifts appear to be consistent with the
electric-dipole frequency-shift mechanism proposed by
Taylor and Hessler.!' The excitation-induced frequency
shifts were shown to result in the spurious enhancement
of relaxation rates ordinarily understood to represent
homogeneous rates, and to provide a means of studying
ion-ion interactions. In line-shape measurements, exci-
tation-induced frequency shifts may lead to a spurious
broadening of lines.
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