Phase-dependent decoherence of optical transitions Pr3+* : LaF3 in the presence of a driving
field
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The decoherence times of orthogonally phased components of the optical transition dipole moment
in a two-level system have been observed to differ by an order of magnitude. This phase anisotropy
is observed in coherent transient experiments where an optical driving feld is present during extended
periods of decoherence. The decoherence time of the component of the dipole moment in phase with the
driving feld is extended compared to 75, obtained from two-pulse photon echoes, in analogy with the spin
locking technique of NMR. This is the frst phase-dependent investigation of optical decoherence in the

presence of a driving feld.

PACS numbers: 78.47.+p, 42.50.Hz, 42.50.Md

There is strong and growing interest in the use of the co-
herence of optical transitions for quantum information and
quantum technology applications. The realization of quan-
tum computing with optical transitions is being pursued in
a number of systems (Refs. [l1,2,13, 4], for example); there
have been dramatic demonstrations of slow light and light
storage [15, |6, [1] and there also exists a well-established
program to develop optical coherent processing techniques
(Refs. [&, 9], for example). Perhaps the most critical pa-
rameter in developing these technological ideas is the deco-
herence time of the transition dipole moment (TDM). Rare-
earth doped crystals are especially interesting for these ap-
plications because of the long optical decoherence times
that can be achieved.

Although it is typical to quote a value for the decoher-
ence time 75 (as measured using photon echoes), decoher-
ence in these optical impurity sites cannot adequately be
described using a single parameter. This was frst demon-
strated by DeVoe and Brewer [[1(], when the decoherence
rate for the H, < 1D, optical transition of Pr3*:LaF; in
the presence of an optical driving f eld was found to be rad-
ically intensity dependent, in violation of the optical Bloch
equations. Similar effects have since been observed for a
number of optical transitions [[L1, [12, [13]. Given that, in
many systems, the applications listed above will require
optically driving transitions for periods comparable to the
decoherence time of the transition, it will be important to
develop a detailed understanding of the effect of the driv-
ing feld on the decoherence mechanisms. There is also a
strong fundamental interest in forming a complete picture
of decoherence in optical transitions generally.

Since both the optical driving feld and TDM are quanti-
ties described by complex numbers, it is necessary to map
out the intensity dependence as a function of their relative
phase to fully characterize decoherence during interaction
with the feld. Until now, the possibility of a dependence
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of the dynamics on the relative phase of the driving feld
and the TDM has been experimentally neglected, despite
the example of NMR (Ref. [l14]) and the suggestions of
Sellars and Manson [[12] and Shakhmuratov [[15]. We ex-
amine a well known system, Pr3*:LaF; [[16], which like
the majority of the transitions of interest in well ordered
crystalline hosts at temperatures below 2 K, has a decoher-
ence rate signif cantly in excess of that predicted from the
lifetimes of the states. It is proposed that the extension of
the observed decoherence time due to the driving feld is
independent of the specif ¢ decoherence mechanism, mak-
ing these results applicable to any system where 75 is not
limited by 77.

To map out the dependence of the decoherence rates on
the optical feld, two optical coherent transient techniques
were employed: rotary echoes (RE) and radiation locking
(RL). Figure[llshows these pulse sequences and their effect
in Bloch space. Two pulse photon echoes (2PE) were used
to measure the decoherence time in the absence of a driving
feld, since the pulses in the 2PE sequence are brief com-
pared to the evolution time of the system. The coherent
transient experiments were conducted using a frequency-
stabilized dye laser with a stability of 200 Hz over hundred-
millisecond time scales and a Mach-Zehnder interferome-
ter, with a frequency shift in one arm, to obtain phase sen-
sitive heterodyne detection of the coherent transient signals
[L7]. The crystal, immersed in a liquid He cryostat at 1.6 K,
was oriented with the light propagating along the Cj axis
with a static magnetic f eld of 500 G perpendicular to Cs, to
allow standardization with the experiments of DeVoe and
Brewer [[L0]. The interaction strength of the feld and the
transition (Rabi frequency) was controlled using the laser
intensity.

The RL pulse sequence [12] consists of a /2 pulse
followed by a long (locking) pulse, shifted in phase (see
Fig. ). Although it was possible to observe the coherence



as an FID at the end of the locking pulse, switching tran-
sients tended to distort the signal. To avoid this problem,
a 7 pulse was used to rephase this coherence of the TDM
and observe it as an echo. It is normal to use a phase shift
of 90° between the 7/2 and locking pulses in the RL se-
quence. The resonant ions are promoted to an equal su-
perposition of the ground and excited states by the frst
pulse, represented by their Bloch vectors lying along the
v axis. The locking f eld then holds the Bloch vector along
v, analogous to spin locking in NMR [[1&]. Bloch vectors
corresponding to nonresonant ions do not lie strictly along
v after the /2 pulse and they precess in a cone about the
locking feld. During the locking period, the component of
the off-resonant Bloch vectors in-quadrature with the driv-
ing feld dephases, but the in-phase component is locked
in the same way as for resonant ions. The coherence ob-
served in the echo is from the component of the TDM in
phase with the driving feld, the other component having
dephased. An artifact is observed in the coherent transient
signal due to the inhomogeneous broadening - the lock-
ing and rephasing pulses together contribute a two pulse
“echo” that appears entirely in the quadrature component.
This artifact is easily separated from the real signal with
phase sensitive detection.

In the current work, phase shifts (between 7 /2 and lock-
ing pulses) other than 90° were also employed. In this case,
even the resonant ions have Bloch vectors with some com-
ponent in-quadrature with the driving f eld. By varying the
angle, 6, between the TDM and the driving f eld, we could
test for a dependence of the decoherence on . Regardless
of 0, the real signal observed corresponds to the component
of the TDM in-phase with the driving f eld.

The RE pulse sequence [[19] consists of two oppositely-
phased pulses as shown in Fig. [l Bloch vectors corre-
sponding to resonant ions are rotated in the vw plane by
the frst pulse. The phase-inverted pulse also achieves rota-
tion in the vw plane, but in the opposite sense. An echo is
observed when the second pulse has rotated the Bloch vec-
tors back to their original state and rephases them. Bloch
vectors corresponding to non-resonant ions have non-zero
u components during the pulses, but these average to zero
for a frequency-symmetric ensemble of ions. The RE was
used to observe the effect of having the TDM in-quadrature
with the driving feld, since the ensemble-average Bloch
vector is always in-quadrature.

The measurements of decoherence during driving, ob-
served in the coherent transient experiments and presented
in Fig. Pl can be easily summarized. The 2PE experiments
defne 75 in the limit of zero Rabi frequency, and the data
shows that they produce a decoherence time that is approxi-
mately equal to 75 for all Rabi frequencies. The RE experi-
ments yield a decoherence time that is approximately equal
to 275 for all Rabi frequencies, as predicted by the optical
Bloch equations (OBEs). The RL experiments yield deco-
herence times that are not predicted by the OBEs and are
extended by up to a factor of 9.2 relative to 75, demon-
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FIG. 1: (i) (a) Rotary echo pulse sequence. (b,c) Radiation lock-
ing pulse sequences. The numbers represent the phase (degrees)
of the optical feld relative to the frst pulse. The curved features
schematically represent the coherent transient signals. (ii) Bloch
picture of the phase relationships in the RE and RL experiments
for the case of resonant ions. Angles in the uv plane represent
phase. In the RE experiment, the optical feld is parallel (antipar-
allel) to @ during the 0° (180°) pulse. The Bloch vector is driven
from 1 to 2 and beyond, as the frst pulse elapses, and is then
reversed after the phase inversion of the optical feld. The evolu-
tion of the Bloch vector is entirely in the vw plane, in quadrature
with the driving feld. The RE signal is observed for an ensemble
when the Bloch vector is close to position 1, in quadrature with
the driving feld. For the RL, the Bloch vector is promoted from
1 to 2 by a 7/2 pulse whose feld vector lies along @ (0°). If
the second pulse has 90° phase, as in (i)(b), a driving feld with
feld vector b is applied during the decoherence time. The echo
is read out with a 7 pulse with phase 0° (@) or 90° (b), which are
equivalent (to within a 180° phase shift of the coherent transient
signal). In the RL experiment, the Bloch vector is always lies
along -v (position 2), in-phase (technically in-antiphase, but as
opposed to in-quadrature) with the driving feld, and for an en-
semble, the echo arises from this component. The case described
in (i)(c) is similar, except the driving feld of phase § now lies
along ¢, so that there exists an angle 90° — 6 between the Bloch
vector (which lies in position 2 at the commencement of the lock-
ing pulse) and the driving feld. The echo signal measured is the
component corresponding to the Bloch vector in position 3, the ¢
direction.
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FIG. 2: Measured decoherence times as a function of Rabi fre-
quency (flled markers) for the different coherent transient pulse
sequences: RL (circles), RE (triangles), 2PE (squares); and as a
function of driving f eld phase (open markers) for the RL experi-
ments. Error bars not shown are smaller than the markers.

strating a large suppression of decoherence in the TDM
component in-phase with the driving feld. This is a clear
demonstration that the orthogonally-phased components of
the TDM decohere at different rates in the presence of a
driving feld.

The dependence of the decoherence of the in-phase com-
ponent of the RL as the phase angle of the driving feld is
varied is also shown in Fig. 2l Here, the Rabi frequency
of the driving feld is held constant at 225 kHz. It can be
seen that the dependence of the decoherence time of the in-
phase component is nearly independent of the phase of the
driving f eld with respect to the TDM.

The combined result that can be derived from Fig. 2 is
that for a given Rabi frequency, the decoherence time of the
in-phase component of the TDM is extended uniformly re-
gardless of the relative phase of the TDM and driving feld,
while the in-quadrature component of the TDM decoheres,
in the case of in-quadrature driving, at the expected rate
based on 2PE measurements. Unfortunately, the artefacts
due to inhomogeneous broadening prevent making a state-
ment on the decoherence of the in-quadrature component
for driving f elds not in-quadrature with the TDM .

The elongation of the decoherence time of the in-phase
component can be attributed to radiation locking, the op-
tical analogy of spin locking in NMR. The term locking
refers to the fact that the driving f eld maintains, or locks,
the in-phase component of the Bloch vector at a fxed
phase (the projection of the Bloch vector onto the coher-
ence plane uv represents the TDM in the optical experi-
ment.) Fluctuations in the transition frequency that tend
to disturb this phase are averaged out by the locking feld
when x /27 > §, where x /27 is the Rabi frequency and &
is the amplitude of the fuctuations [[14, [15]. The compo-
nent of the TDM that is in-quadrature with the driving f eld
is expected to be unaffected by the presence of the driving
feld - no locking takes place because of the orthogonality.

The observed results correlate with the results of Redf eld,
who observed the same phase anisotropy for NMR satura-
tion experiments performed on metals [14]. In Pr**:LaF;
at low temperature, 6 = 8-10 kHz [20]. This interpretation
is clearly consistent with the RL results presented here. It
was not possible to use the RL sequence with Rabi frequen-
cies at the 10 kHz level or below, because of signal-to-noise
concerns (particular to the present experimental realization,
and not generally limiting at this level). However, the turn-
on of radiation locking effects at approximately this Rabi
frequency is observed in FID experiments [[L(], where the
decay time begins to deviate from the OBE prediction at
X/2m ~4 kHz. Sellars and Manson have explained that,
in practice, saturation causes the driving feld in a FID ex-
periment to be largely in-phase with the TDM, as in RL
experiments [12].

Inhomogeneous broadening plays a signif cant, although
not dominant, part in all of the coherent transient exper-
iments reported. The 2PE and RE are least affected by
the inhomogeneous broadening, since the concept of an
echo is to completely reverse the dephasing due to inho-
mogeneous broadening, leaving only effects independent
of the inhomogeneous broadening as contributors to the
measured decoherence time. The main disadvantage of the
inhomogeneous broadening in the present measurements is
that it complicates the interpretation of RL experiments.
The driving feld and Bloch vectors corresponding to ions
of all frequencies are at an angle 90° — @ in the ideal ex-
periment, leading to output coherent transient components
in both phases. In principle, one could extract the in-
quadrature component of the coherent transient signal by
inverting the phase of the driving f eld mid-pulse, and ob-
serving a rotary echo in-quadrature as well as the in-phase
RL signals. This would lead to simultaneous decoherence
time measurements for the two phases. However, in the
real RL experiment, we observe that the effects of inho-
mogeneous broadening dominate the in-quadrature signal,
masking the in-quadrature signal due to resonantly excited
ions (off-resonant ions make no net contribution to the
in-phase signal.) Furthermore, simple calculations, based
on the assumptions of our interpretation of the lengthened
in-phase decoherence time, indicate that the high power
rolloff of the decoherence time, shown in f'g. A (flled cir-
cles), for the RL is an a artefact of inhomogeneous broad-
ening. Despite the complications of inhomogeneous broad-
ening, the experiments presented here clearly demonstrate
the anisotropy of the decoherence of the two orthogonal
components of the TDM in the presence of a driving feld,
and the independence of the decoherence time of the in-
phase component of the TDM from the relative angle of the
TDM and the driving f'eld. This latter conclusion supports
the hypothesis that it is reasonable to resolve the TDM into
its in-phase and in-quadrature components and think of the
driving f eld acting on these components separately.

It is important to note that neither the phase dependence
of decoherence during driving, nor the effects of inhomo-



geneous broadening, are peculiar to impurity-ion solids.
The arguments also apply to atomic vapour spectroscopy
where collisional dephasing and Doppler broadening are
the decoherence and inhomogeneous broadening mecha-
nisms respectively, and to other solid state systems such as
quantum dots. In this respect, the present phase dependent
study yields important general results. Although the simple
radiation locking picture gives an adequate description of
the extension of one component of 75 in many systems, a
detailed description of the system-dependent decoherence
effects under general conditions may require a more com-
plicated approach. The example of Pr3*:LaFj is a case in
point.

A series of stochastic models [20] have been proposed
to account for the previous FID and rotary echo studies
in Pr3*:LaF; and ruby [10, [L1]. The starting point for
all these models is the assumption that the system can be
treated as an optically active two-level ion perturbed by a
time dependent feld which, it turn, is generated by a bath
composed of the coupled spins in the host. These models
do not explain consistently the complete set of observed
experimental results, possibly because of the neglect of the
phase dependence of the decoherence on the driving feld.
Kessel” et al. have produced a model [20] that qualitatively
agrees with the Redf eld result and also with the work pre-
sented here and includes the idea of different decoherence
times for the two components of the TDM. However, all
the various models should be treated with caution since,
in practice, the interaction between the optically active ion
and the nearby host spins is stronger than the interactions
between the host spins, making the ion/bath approximation
invalid.

The typical interaction strength between the Pr and the
nearest neighbour F is of the order 10 kHz [[16], whilst the
interaction between neighboring Fluorines is in the range
1 - 10 kHz [21]]. These relative interaction strengths al-
low the possibility of driving one or more Fluorine nuclear
spin fips whilst optically driving the 3H, < D, tran-
sition. We have calculated the approximate energy level
structure and transition probabilities arising from the cou-
pling of the Pr3* ion to the nuclei of fve of the nearest-
neighbour fuorines in the lattice and observed that there
are multiple (> 15) coherence pathways (i.e. optical tran-
sitions from a manifold of superhyperf ne levels to another
such manifold) with transition strengths on the same order.
This result is not strongly dependent on which fve near-
est neighbour nuclei are chosen. This calculation would be
enhanced by inclusion of many more F neighbours, but it
gives an indication of the importance of the superhyperf ne
interaction. In addition, hole burning experiments have dis-
played side hole structure arising from the superhyperfne
interaction, showing up to 20% of the transition strength
associated with the fipping of nearest neighbour F nuclei
[22]. It would therefore seem necessary that any theory of
optical decoherence in Pr3*:LaF5 must incorporate optical
excitation from one superhyperf ne manifold to another. It

would also be possible to address the description of de-
coherence in these systems from an experimental perspec-
tive, by repeating the experiments presented in this paper
in systems where the interactions within the bath are much
stronger than the optically active ion’s interaction with the
bath, and vice versa. Examples of appropriate rare-earth
doped solids would be Eu®*:LaF5 for the former case and
Pr3*:Y,SiO; for the latter, since Eu®T-F interactions are
much weaker than Pr®"-F interactions and the Y-Y nuclear
interaction is much weaker than that for F-F. Experimen-
tal data from two systems such as this, coupled with the
Pr3*:LaF; data presented here, would form the basis for
a detailed theory of optical decoherence due to magnetic
couplings in solids; a theory that did not rely on the ap-
proximation of a two-level ion interacting with a bath.

In conclusion, the results presented form the frst explicit
phase-dependent study of optical decoherence in the pres-
ence of a driving feld. The decoherence time of the com-
ponent of the TDM in phase with a driving f eld has shown
to be extended by nearly a factor of 10 relative to the pho-
ton echo measurement. The decoherence time of the TDM
in quadrature with the driving feld is not extended. These
results are unaffected by the relative phase of the driving
feld and the prepared phase of the resonant ions. In anal-
ogy with spin locking in NMR, these results are interpreted
as the rapid averaging out of the perturbations limiting the
T5 measured by photon echo or rotary echo experiments.
This interpretation leads to a consistent explanation of the
observed optical non-Bloch behaviour in Pr®*:LaF5 and
ruby. The results will play an important part in the con-
struction of quantum information demonstrations using op-
tical transitions, and the fundamental understanding of the
decoherence of transition dipole moments.
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