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Non-Markovian relaxation observed in photon echoes of iron-free myoglobin
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Non-Markovian relaxation has been observed from photon echo signals of iron-free myoglobin for
temperatures below 8 K. The transition to the fast modulation limit above 10 K is considered to be ini-

tiated by the phonon-assisted conformational relaxation of the protein. From the analysis using stochas-
tic theory, we point out that although the observed echo signals exhibit nonexponential behavior, the

corresponding hole-burning spectra happen to be quasi-Lorentzian.

Since the work of Aihara' on the non-Markovian
theory of the photon echo, a large number of works have
been reported on this subject from both experimental '

and theoretical points of view. In particular, non-
Markovian theories based on the stochastic model have
progressed a great deal. In order to confirm the
theoretical predictions, in particular of the non-
Markovian relaxation (the deviation from the exponential
decay of the echo signal), two groups of Shank and
Wiersma have recently performed photon echo experi-
ments for dye solutions by using femtosecond optical
pulses.

As far as the dye-doped polymer samples are con-
cerned, there has already been a large number of reports
on the experimental results on their photon echoes, most-
ly performed at low temperatures. However, even with
the use of optical pulses with tens of femtosecond time
resolution, the echo signal of the zero-phonon line
showed roughly an exponential decay. This might be due
to the fact that the frequency modulation, which is in-
duced by the electron-phonon coupling, is in the fast
modulation limit p =h~, (&1, where 6 is the magnitude
of the frequency modulation and ~, is the correlation
time. However, around the time origin of the echo sig-
nal, the narrow spike, due to the phonon sideband, and
the quantum beat, due to the low frequency vibrational
modes, might mask the temporal behavior around that re-
gion. This has serious consequences for the investigation
of the non-Markovian behavior of the zero-phonon line,
because the transition from the fast modulation limit to
the intermediate modulation case (p=—1) manifests itself
as a change of the leading edge of the echo signals.
Therefore, the preferred candidates for this study are
samples in which the linear electron-phonon coupling
and also the low frequency vibrational mode coupling are
weak. Recently, we have found' that the linear
electron-phonon coupling is extremely weak in iron-free

hemeproteins such as myoglobin and cytochrome-C, and
that the spike due to the phonon sideband is weak at the
leading edge of the echo signal. Therefore, detailed inves-
tigation of the spectrum of the zero-phonon line is made
possible for these materials.

By using the incoherent two-pulse photon echo tech-
nique, " we investigated the temperature dependence of
the temporal behavior of the echo signal. The sample
was iron-free myoglobin (H2-Mb) as in our previous ex-

periment. ' The sulforhodamine 640 dye laser pumped
by the second harmonic of the Nd: YAG laser was used as
the excitation light for the echo experiment. The time
resolution of the dye laser was 0.5 ps and the center
wavelength of 620 nm was almost coincident with that of
the absorption spectrum. The echo signal emitted at the
2E2-E& direction was detected, where E, and Ez are the
wave vectors of the first and the second excitation pulses,
respectively.

The temporal behavior of the observed echo signal is
shown in Fig. 1(A). The signal intensity, normalized by
the signal magnitude at the time origin, was plotted in a
logarithmic scale. The dimensionless abscissa is the delay
time divided by the delay time t, at the half maximum
point of the signal. The echo decay curves changes
significantly below 10 K. Above 10 K, the echo signal
decays exponentially. As the temperature increases even
more, the narrow spike due to the phonon sideband ap-
pears. However, the echo decay of the zero-phonon line
completely obeys an exponential function. On the other
hand, as the temperature decreases below 10 K, the tran-
sition away from the exponential decay was clearly ob-
served. For example, the signal at 4.5 K, shown in Fig.
1[A(d)], cannot be fitted by exponential decay.

By using stochastic theory, we tried to simulate numer-
ically the observed signals. ' The third-order nonlinear
polarization responsible for the two-pulse photon echo is
written as

P' '(t)= f f f d~, dr2d~ f g(co2, )dcoz, exp[i(co2, co)(~ ~2) y(—F2+2~—, +~)—]

XE2(t —r2 —tz, )E2(t r2 ~, —t2, )Ef—(t r2 ~, —r)(exp—g2),
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where

7+ 7
1
+ 72—i f 5'(t)dt +i f 5'(t)dt .7+ 7

l 0

( 5'�(t, )5'( t 2 ) ) = ( 27r b '
) exp

=5 exp
2y is the natural decay rate of the excited state, g (co2, ) is
the inhomogeneous broadening, co2& is the transition fre-
quency, co is the center frequency of the excitation pulse,
t2, is the delay time, and the modulation of the transition
frequency 5co is a Gaussian stochastic variable which
obeys

C

Here, ~, is the correlation time, 6 and 6' are the magni-
tudes of the frequency modulation (we adopt b, , following
convention. ) ( ) is the average over different realiza-
tions of a random perturbation. The function (exp/2),
named the relaxation function, ' is given by '

T2l1 2 7 I'T g 7 2/7 T2/7' 7 /1
(exp/&) =exp —p e ' '+ +e '+ —2 —e ' '(e ' ' —1)(e ' —1)

C C

with p =A~, .
Since the bandwidth of the excitation pulse and the width of the inhomogeneous spectrum are much broader than

that of the zero-phonon line (at liquid helium temperature, about several hundred megahertz for H2-Mb), it is permissi-
ble to approximate a 5 function for the excitation field and to assume an extremely broad inhomogeneous spectrum.
Considering that ~='T2=l'2, t =2t2& 7 j =0, under the above approximations, the expression for the signal intensity for
the two-pulse photon echo is

~2i
I2P(r2i ) = (exppz) ~'=exp —4p' +e " ' —1 —

—,'(e " ' —1)'
C

where the natural decay rate 2y is omitted because the
fluorescence lifetime of H2-Mb is about 20 ns, which is
much longer than the phase relaxation time. This expres-
sion indicates that at the limit of fast modulation (p « 1,
rent IT )& 1) I2p(r2] )=exp( 4p tz, l—r, ), while at the limit
of slow modulation (p )& 1, t~, l~, ((1) I2~(tz, )
=exp[ —

( —', )p (t2, /r, ) j. This exp( —ct 2, ) dependence
has recently been pointed out by Yan and Mukamel.

By fitting Eq. (5) to the observed signal we determined
the values for the parameters p, 5, and ~, for each tem-
perature. The calculated echo signals and the fitted pa-
rameters are shown in Fig. 1(B). It should be noted that
these parameters can be determined with relatively high
accuracy. The results show that 6 and ~, greatly change
around 10 K in this sample. With these parameters, we
can also calculate the heterodyne-detected accumulated
echo signal (hereafter referred to as the heterodyne echo),
Fig. 2(A), and the persistent hole-burning spectrum, Fig.
2(B). As we have previously pointed out, the hole-
burning spectrum H(co) can be obtained by the Fourier-
cosine transform of the heterodyne echo signal IH~p(t):

H(~)= f IHAp(t)coscot dt . (6)
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With the notation used in Eq. (5), the expression for the
heterodyne-detected echo signal is given as

IHAp(rp] ) l (exp&, ) l'

=exp —2p —1+e
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FIG. 1. (A) Two-pulse photon echoes observed in iron-free
myoglobin. (B) The numerical simulation according to Eq. (5).
The modulation parameters p, ~„and b were determined for
each temperature.



BRIEF REPORTS 11 127

e . a

0

LU

C0
0

CL

t

—1e
t

—2,e
b0e

—2:e
C

e

e
0e

—1,e

—1 '.

0
Q
OP

I0
C

U0 —1e
O
Cl

(A)

t =58.5 psc

t =90 psc

t =119 psc

t =140 ps
C

0

1
b

E

U
Q
CL 0'

c
C

~~
C
L

I

O
0

0 '

, d
1

—1
m

temperature dependence of the homogeneous width in
the samples of dye-doped polymers is controlled by two
terms, namely, one due to the electron-TLS (two-level
system) interaction and the other due to the electron-
phonon interaction. While the former interaction gives a
T dependence, with 1 u ~2 for the temperature depen-
dence of the homogeneous width, the latter interaction
shows activated exponential behavior. The temperature
dependence of the homogeneous width for H2-Mb is
shown in Fig. 3. The open circles represent the results
obtained by the two-pulse photon echo and the solid cir-
cles correspond to that of the heterodyne echo. ' As
mentioned above, since the exponential decay constant
cannot be determined below 10 K due to the nonex-
ponential temporal behavior, we used the calculated
width for the hole-burning spectrum. The dotted line is
the functional fit to the temperature dependence of the
homogeneous width hen,

bco( cm ' )=0.006T' +0.9Ssinh (3S/T),
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FIG. 2. (A) The numerical calculation for the heterodyne-
detected accumulated photon echo according to Eq. (7), using
the parameters determined in Fig. 1(B). (8) The numerical cal-
culation for the hole-burning spectrum according to Eq. (6), us-

ing parameters determined in Fig. 1(B). In B(d), B(a) was super-
imposed (in dotted lines) for comparison. The two spectra al-
most coincide.

where

P, =i f 5co(t)dt .
0

This expression is the same as the square of the relaxation
function (exp), ) for the first-order optical process (ab-
sorption spectrum), because the factorization approxima-
tion exactly holds for the relaxation function of the
heterodyne echo. Equation (7) reduces to
exp( —2p t2, /r, ) in the fast modulation limit and to
exp[ —p (tz, /r, ) ] in the slow modulation limit, which is
in striking contrast with the exp[ —

( —', )p (t2, /r, ) ]
dependence in the two-pulse photon echo case. With the
use of the continued fraction method for the calculation
of the Fourier transform of the relaxation function, ' the
hole-burning spectrum was calculated, as shown in Fig.
2(B). It is interesting that the hole-burning spectra have
a quasi-Lorentzian spectrum, while the corresponding
two-pulse photon echo signals [Fig. 1(B)]exhibit a nonex-
ponential temporal behavior. The Fourier-transform re-
lation does not generally hold between the two-pulse echo
and the persistent hole-burning spectrum. On the con-
trary, this relation is always valid between the heterodyne
echo and the hole-burning spectrum, irrespective of the
values of 5 and v;.

We now discuss the reason why the frequency rnodula-
tion changes drastically in a small temperature interval in
this sample. As was pointed out by Fayer's group, ' the

where the first term is due to the electron-TLS interac-
tion and the second term comes from the two-phonon
Raman process of the quadratic electron-phonon interac-
tion. Rather than using the Arrhenius plot, ' we found
that the fit of the sinh function to the observed homo-
geneous width is fairly good at high temperatures. ' The
phonon frequency with the strongest contribution to the
homogeneous width was determined to be 48 cm
Compared with the other samples of dye-doped polymers,
the contribution of the TLS term is relatively small in
H2-Mb, and the homogeneous width rises steeply around
10 K due to the onset of the two-phonon Raman process.
Therefore, the homogeneous width below 10 K results
from the interaction with the TLS.

In the present case, the TLS is closely related to the
conformational substate of the protein. Recently, from
the hole-filling experiment of porphyrin substituted hor-
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FIG. 3. The temperature dependence of the homogeneous
width in iron-free myoglobin. The data consisting of solid cir-
cles and the open circles are, respectively, for those obtained
from heterodyne echo (Ref. 10) and the two-pulse photon echo.
The dotted line is the numerical simulation according to Eq. (8).
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seradish peroxidase, Zollfrank et al. ' reported that the
conformational relaxation of the protein occurs in a step-
like manner at around 14 K. From this observation, they
concluded that the density of the TLS is relatively small
in this sample due to the ordered structure of the protein.
In our case, the transition to the fast modulation limit ob-
served above 10 K is closely correlated with the onset of

the two-phonon Raman process; in other words, the
phonon-assisted conformational relaxation occurs around
10 K. Below this temperature, the frequency modulation
caused by the electron-TLS interaction results in a non-
Markovian relaxation in the two-pulse photon echo. This
originates from the small number of TLS in the hydro-
phobic pocket of the apomyoglobin.
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