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Nonexponential Photon-Echo Decays of Paramagnetic Ions in the Superhyperfine Limit
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Nonexponential photon-echo decays are observed in ruby, Er'+:YLiF4, and Er'+:LaF3 with samples
of low ion concentrations in high (10-50 kG) magnetic fields. At the highest fields, photon-echo decays
are field independent and their temporal forms are identical for all three systems. This behavior is attri-
buted to optical dephasing arising from electron-spin nuclear-spin superhyperfine interactions in the
presence of a frozen core.

PACS numbers: 42.50.Md, 78.50.Ec

The optical dephasing of the electronic spins of
paramagnetic ions reflects the temporal evolution of their
spectrum arising from the dynamics of the environment.
Dynamic processes result from interaction of the ions
with other electron spins or with nuclear spins of the
host. In most situations because of limited dynamical
range of the experiments, echo decays are treated as ex-
ponential. However, it is well known that electron-spin-
echo decay can show strong nonexponential character. '

Such behavior is expected when the ions interact with
other electron or nuclear spins and it is surprising that it
has only recently been reported in the optical domain. '

It is the purpose of this paper to examine the optical de-
phasing of paramagnetic ions with large magnetic mo-
ments in the presence of only superhyperfine interactions
with the neighboring nuclear spins. We show that, in
this limit, highly nonexponential photon-echo decay is
the general experimental result, the shape and rate of the
decay becomes independent of magnetic field, and the
temporal form of the decay is identical in the three sys-
tems studied. We discuss this result in terms of the dy-
namics of the frozen core of nuclear spins produced by
the large magnetic moments of the paramagnetic spins.
It is hoped that this work will provoke theoretical in-
terest in examining whether there exists a universal de-
cay envelope shape characterizing superhyperfine limited
optical dephasing.

Recently, there have been reports of nonexponential
photon-echo decays for ruby and for Er +:YLiF4 (Ref.
3) in high magnetic fields. In both systems there is a
lengthening of the photon-echo decay and a gradual
transition from exponential to nonexponential behavior
associated with an increase in the magnetic field (8), a
reduction in the temperature (T), and a decrease in the
concentration of the optically active ions. All these share
the property that they reduce the probability that an
electron-spin flip nearby the coherently prepared ion will

occur, by either reducing the spin-flip rate or the site oc-
cupancy. Superhyperfine-limited decay is characterized

by field-independent decay rates and is reached by re-
ducing the dopant levels and increasing the field so that
the dephasing from electron-spin-electron-spin interac-
tions becomes negligible. In contrast, when electron-
spin-electron-spin interactions control the dephasing, the
decay times are strongly field dependent. '

Two-pulse photon-echo experiments were conducted
by gating a tunable single-frequency (1 MHz) cw dye
laser. Pulses were produced with two acousto-optic
modulators in tandem, the first gating the laser light into
two pulses, while the second was gated oA' after the two-
pulse sequence in order to provide additional rejection of
laser light during the echo. The echo was detected with
a photomultiplier tube that was protected during the
preparation pulses with either a Pockels cell or another
acousto-optic modulator. In all cases the pulses were
collinear and propagated perpendicular to the c axis.
Echoes were generated in three materials: 0.0014 at. %
ruby with Bllc, 0.013 at. % Er +:YLiF4 with B~c, and
several Er +:LaF3 samples (concentrations of 0.01, 0.03,
and 0. 1 at. %) with B II c. Photon-echo decays were mea-
sured for the A z( —

2 ) F. ( —
2 ) transition in ruby

( ——', echo) using o polarized pulses about 2 psec wide.
In Er +:YLiF4 echoes were generated on the transition
between the ground Zeeman sublevel of Iiqj2 state and
lowest Zeeman sublevel of the F9i2 state using n polar-
ized light and pulse lengths in the range of 0.2-0.9 psec.
For Er +:LaF3 echo experiments were performed on the
transition between the lowest Zeeman sublevels of the

I15i2 and S3i2 states with 0.5-psec pulses also z polar-
ized. Echo decays were independent of laser intensity
for pulse energies in the range of 4-12 n J.

The transition from exponential photon-echo decay,
which is field and temperature dependent, to nonex-
ponential behavior, which is field and temperature in-
dependent, is clearly seen in Fig. 1 for the —

2 echo in
ruby. In Fig. 1 echo intensities for 0.0014% ruby are
compared to those reported previously for 0.018% ruby
at the same set of fields and temperatures. In contrast to
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FIG. 1. Photon-echo decays for the ——', echo in ruby.

Echo intensity (I) is shown vs pulse separation (r). The open
markers are echo intensities for the 0.0014% sample measured
at a field of 29.5 kG and temperatures of 1.5 K (open circles),
2.0 K (open squares), and at 20 kG and 2.0 K (open triangles).
Also shown are echo intensities at the exact same set of fields
and temperatures for a 0.018% ruby sample taken from Ref. 2
(corresponding solid symbols).

The shape of the echo decay envelope is characterized by
two parameters, the phase memory time TM and an ex-
ponent x, which describes the echo decay shape. When
x = 1 the decay is exponential and TM = T2, the trans-
verse dephasing time. Klauder and Anderson and Hu
and Hartmann have shown that in the short-time limit
applicable here (r«spin-flip time), that x=2 for the
"sudden-jump" model describing dephasing arising from
single-ion electron-spin flips. Fits by Eq. (1) were made
for the photon-echo decay data from the 0.0014% ruby,
0.013% Er +:YLiF4, and all the Er +:LaF3 samples.
Also fitted by Eq. (1) were previously published echo de-
cays in ruby and Er +:YLiF4.

In each sample the echo decay becomes independent
of field for B/T in excess of some critical value that de-
pends on concentration. In all cases studied here, when
this occurs, x =2.4 and a maximum value of the phase

the 0.018% sample, the photon-echo decays in 0.0014%
ruby are longer and exhibit no variation in decay rate
over the same range of fields and temperatures. The de-
cay of the photon echo for the 0.0014% sample is nonex-
ponential, while for the 0.018% sample decays are ex-
ponential at 20 kG and 2.0 K but begin a transition to
nonexponential behavior as the field is raised and the
temperature reduced.

Mims' provided a general description for the decay of
electron spin echoes which takes the following form:

I =I (4r/T~)= oe

4~ /T„(max)

FIG. 2. Echo intensities in the superhyperfine limit for ruby,
Er'+:YLiF4 ( F9yq), and Er'+:LaF3 ( S3n) are shown vs

4r/TM (max), where TM (max) is the maximum phase memory
time for the system. The shapes of the echo decay envelopes
are found to be identical. The solid curve shown is Eq. (1)
with x =2.4.

memory time, TM(max), is achieved. These values of
TM(max) are 50, 10, and 19 @sec for ruby (Bile),
Er +:YLiF4 (8J c), and Er +:LaF3 (8 llc), respectively.
The universal character of the echo decay in these three
systems is shown in Fig. 2 where an echo decay represen-
tative for each material at the highest values of B/T is

plotted as a function of a dimensionless time argument
expressed as 4r/TM(max). Note that each of these de-
cays fits the same form of nonexponential decay de-
scribed by Eq. (1) with x =2.4 (solid curve).

At temperatures between 1.5 and 2.0 K, phonon-
induced transitions among the ground or excited states of
the coherently prepared ions do not contribute to the de-
phasing. Electron-spin-induced dephasing results from
magnetic-field fluctuations produced by spin flips of the
nearby paramagnetic ions. Under these conditions the
critical value of B/T for which TM (max) is achieved can
be understood by calculating (r2).,„, the average distance
between the optically prepared ion and an ion in the
first-excited Zeeman ground-state sublevel. There will
be some critical value for (rq)„. , for which the electron-
spin-flip processes cannot compete with dephasing aris-
ing from the nuclear-spin dynamics; this is the
superhyperfine limit.

The average nearest-neighbor distance is r,, =(0.170/
n) '~, where n is the density of the ions. Therefore we
can write the average distance between the coherently
prepared ion and another impurity ion in the ith sublevel
as

r; (C, B,T,g) ,„(0.170/noCP; ) '.
where no is the number of atoms per unit volume in the
pure crystal for which the impurity ions will substitute
(no =4.7 & 10 Al/cm in ruby, 1.3 x 10 Y/cm in

YLiF4, and 1.8 X 10 La/cm in LaF3), C is the concen-
tration of the impurity ions, and I'; is the fractional pop-
ulation of the ith sublevel. For a spin doublet such as
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FIG. 3. The variation of T~ and x for ruby, Er'+:YLiF4
( F9~2), and Er'+:LaF3 ( Sy2) as a function of (rq),„the aver-

age distance between an optical center and an ion in the first-
excited Zeeman ground sublevel.

E 3+

—EBB/k TP;=e (3)

where k is the Boltzmann constant, p~ is the Bohr mag-
neton, and g& =8.1 for Er +:YLiF4 and gii=8.05 for
Er'+:LaF3. For Cr + in ruby, the dependence on B and
T is more complicated because of the quartet nature of
the ground state and its zero-field splitting.

Figure 3 shows the experimental values of x/2. 4 and
TM/TM(max) as a function of (rq),. „. We find for ruby
and Er +:YLiF4 a critical value of (r2),. „above which
electron-spin-electron-spin interactions cease to contrib-
ute to the optical dephasing. For ruby at distances
greater than 100 A, x becomes constant at about 2.4 and

TM becomes equal to TM(max). The critical value of
(r2)„, for whic. h this occurs in Er +:YLiF4 is about 700
A. We have not determined the critical distance for
Er +:LaF3 but it seems to be no greater than 200 A. A
critical distance of a few hundred A for the transition to
the superhyperfine limit is consistent with Bloembergen's
estimate that the electron-spin-electron-spin interactions
between paramagnetic ions is negligible when the aver-

age distance between the ions becomes much greater
than 10

We believe that the nonexponential nature of photon-
echo decays in the superhyperfine limit arises because of
the "frozen-core" effect. '' ' The large magnetic mo-
ments of the optically active ions detune the neighboring
nuclear spins from one another with the resonant energy
mismatch increasing with a decrease in distance to the
optical ion. This results in a distribution of mutual
nuclear-spin-flip rates with the rate decreasing from the
bulk value far from the electron spin to a very slow rate
for spins near the ion. ' At early times only nuclear

1 0 20 30
(kHz/G}

40

FI6, 4. Reciprocal phase memory times in the super-
hyperfine limit 1/T~(max) for ruby, Er +:YLiF4 ( F9g), and
Er'+:LaF3 ( S3~2) are shown vs Agy„. The best-fit line through
the origin has a slope of 0.5 G/rad.

spins far from the optical ion have flipped but eventually
nearby spins, which interact more strongly with the elec-
tronic spin, will also flip. This produces a nonexponen-
tial optical dephasing.

The variation of TM(max) can be understood in terms
of the strength of the magnetic dipole-dipole interaction
between the nuclear and electronic spins. The magnetic
dipole moment of the nucleus is given by p„=y„hI,
where y, is the gyromagnetic ratio of the nucleus which
has values for y„/2x of 4.01 kHz/6 for F and 1.11
kHz/6 for Al. The effective magnetic-moment dif-
ference of the echo producing electronic-spin state is

p, = —, (Ag)p~S, where Ag, the difference between the
electronically excited and ground state g values, is 3.52
(pseudospin= —, ) for ruby (8llc), 3.8 for Er +:LaF3
(B II c), and 8. 1 +'0.2 for Er +:YLiF4 (BJ c). Since one
needs to consider only the energy needed to produce
changes in mI and m, of ~ 1, we expect the dephasing
rate to scale with the product hgy„. Figure 4 shows that
1/TM(max) for each of the three systems is approxi-
mately linear in hgy, with a best-At line through the ori-
gin having a slope of 0.5 G/rad.

For ions with large magnetic moments such as the
Kramers systems described here, the superhyperfine limit
is characterized by an optical dephasing in which the
photon-echo decay envelope at low temperatures and
high magnetic fields becomes highly nonexponential and
independent of 8 and T. The form of the nonexponential
decay is identical in three systems, two of which are
Er +-doped fluorides and the other is a Cr +-doped ox-
ide, suggesting that the observed behavior should be
widespread or even general in such systems. The ob-
served scaling of 1/TM(max) with Agy„ in the three sys-
tems, in spite of their different structural details„pro-
vides further evidence for the generality of these results
and points to the role of the frozen core. In the present
case of large electron magnetic moments, nuclear spins
in close proximity to the paramagnetic ion remain
dynamically frozen during the echo decay. ' Optical de-
phasing results from interaction with nuclear spins rela-
tively far from the Ion where the structural details be-
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come unimportant. Structural details should be impor-
tant in systems containing ions with small magnetic mo-
ments where the frozen core would be much smaller.

The exact form of the echo decay is determined by the
temporal broadening of the spectral distribution of the
coherently prepared ensemble. In the sudden-jump mod-
el for electron spins, the spin-Hip rates are independent
of their location relative to the coherently prepared ions
leading to nonexponential decay with x =2. For nuclear
spin Aips in the frozen core the correlation of the Hip

rates with position results in a more highly nonexponen-
tial echo decay with x =2.4. We conclude that the melt-
ing of the core must broaden the spectral distribution of
these systems in a similar fashion producing the observed
general behavior. The value of the parameter, x, which
characterizes the nonexponential photon-echo decay con-
tains the detailed information on the dynamics of the
frozen core.
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