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for Coupled Spin-Elastic Tunneling Systems
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We measured the optical decoherence times 75, or, equivalently, the homogeneous line width, in an Er-
doped optical fiber at low temperature as a function of external magnetic field and temperature using two-
pulse photon echoes. The decoherence times were up to 230 ns at fields above 3 T. The magnitude of the
line narrowing induced by a magnetic field of 3 T is 2.5 MHz, which is anomalously large compared to
that typical for oxide crystals with similar Er** concentration. This is interpreted as evidence for
dephasing by coupled spin-elastic tunneling modes where the normal glass tunneling modes acquire a

magnetic character by coupling to the Er** spin.
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The optical decoherence time T, is a quantity of central
importance in characterizing the dynamic interaction of
impurities, such as rare-earth-metal (RE) ions in solids,
with their surrounding environment. Decoherence is also a
critical parameter in applications of frequency selective
optical processing, [1,2] spatial-spectral holography
[3,4], and quantum information [5]. Disordered materials,
exemplified by glasses, provide an environment that results
in higher bandwidths through the inhomogeneous line-
widths T'j,. Disorder, however, typically leads to shorter
decoherence times (broader homogeneous linewidths)
from coupling between the impurity ions and low fre-
quency tunneling modes (two-level systems or TLS) that
are characteristic of such materials [6,7] and that contribute
a linear term in the heat capacity as a function of tempera-
ture in the range of milliKelvin to several Kelvin [8,9]. We
report the first measurements of optical decoherence in a
glass—here an Er’*-doped fiber—in the presence of an
external magnetic field and find an unexpected, large field-
dependent contribution to the homogeneous linewidth. The
field-dependent contribution is interpreted as evidence for
the existence of new coupled spin-elastic TLS, which are
the greatest source of optical decoherence. The contribu-
tion of these magnetic TLS can be frozen out at moderate
fields. A fit to the field dependence of the freezing-out
process yields a value for the “effective” or average mag-
netic moment of the spin-elastic modes of 1.9 Bohr
magnetons.

Several groups have measured the dynamic interactions
of impurity ions in glasses by spectral hole burning in RE-
doped bulk glasses [10—12] and fibers [13,14] and by
accumulated photon echoes in fibers [15-17]. However,
the inherently long time scale of those measurements
(milliseconds to seconds) often results in large contribu-
tions to the measured linewidths I from spectral diffu-
sion [18,19], which prevent the measurement of what
might be called the intrinsic homogeneous width I'), =
1/(7T,). Although two-pulse photon echoes provide the
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best method to measure 7, on the appropriate time scale,
such measurements are difficult in RE-doped glasses be-
cause of the short 7, and low oscillator strength of optical
transitions within the 4 f shell of the RE ions. These prob-
lems can largely be overcome in the fiber geometry, given
the high light intensity inside the fiber core and the long
interaction length that is phase matched for the photon
echo. The long sample length also allows substantial ab-
sorption at low impurity doping levels, where RE ion-ion
interactions are reduced. The only other case where deco-
herence times have been measured for optical centers in a
glass appears to be the pioneering work of Hegarty et al.
[20], who measured echo decays in a 10 ppm Nd**-doped
silica fiber using a pair of pulsed dye lasers. Their experi-
ments were done between 50 mK and 1 K in a *He—*He
dilution refrigerator. Our expectation was that Er ions
couple less strongly to the elastic TLS modes because of
their less extended 4f orbitals and that photon echoes
might, thus, be observable in the more conventional and
accessible temperature range of liquid “He and even up to
T > 4 K. This turned out to be the case.

The experimental setup for observing photon echoes
was as follows: Measurements were made on a sample of
3M Er’*-doped fiber (FS-ER-7A28) of length 96 cm,
whose core composition in mole % was 93% SiO,, 6%
Al,O3, 1% La,05, and 150 ppm Er. The La, 05 is included
to prevent aggregation of the Er’* ions, since La’>" and
Er** occupy similar sites. The doped fiber was spooled to a
diameter of 23.4 mm and immersed in liquid helium in a
cryostat containing a superconducting magnet. It was
spliced near the spool to a length of undoped Corning
SMF-28 fiber which was fed out the top of the cryostat
and spliced to undoped connectorized pigtails. The mode
field diameter of the Er-doped fiber at 1550 nm was
5.9 pum and that of the undoped fiber was 10.4 pwm. The
Er doping profile in the 3 wm core was approximately
Gaussian. It was important to consider the fiber bending
loss agL, since the diameter of the spool was limited by
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the 1 inch bore of the magnet. The loss coefficient aj is a
strong, exponential function of bend radius R and numeri-
cal aperture [21,22]. An initially selected erbium-doped
fiber with a numerical aperture (NA) of 0.16 exhibited
extremely high bending losses at 1534 nm which extin-
guished the echo signal, so it was replaced by a fiber with a
larger NA of 0.25. For this second fiber, the loss coefficient
at 1534 nm calculated from the expressions given in
Refs. [21,22] was 3.0 X 107 cm™!, giving a negligible
total bend transmission loss of —0.0013 dB.

An external-cavity cw diode laser followed by an
erbium-doped fiber amplifier [23,24] was gated by a
165 MHz acousto-optic (AO) modulator to produce 30 ns
pulses that had a peak power of 0.5 mW in the Er fiber. The
magnetic field was varied from 9 mT to 5 T, and the
temperature was varied in the range of 1.6—4.1 K by
adjusting the helium vapor pressure in the sample chamber.
After passage through the fiber, the light was coupled out to
a second AO modulator that gated the echo signal from the
strong exciting pulses onto a 125 MHz (In,Ga)As photo-
diode. Echo decays were recorded by averaging 64 shots at
each time delay as the exciting pulse separation #;, was
scanned from 60 to 350 ns, depending on the temperature.

The low temperature absorption spectrum shown in
Fig. 1 was measured by passing light from a tungsten-
halogen lamp through the fiber, followed by a 1 M spec-
trometer at a resolution of 2 cm™!. The low energy peak
centered at 1528 nm corresponds, at least on its low energy
side, to the transition from the ground state 47 s /2(1) to the

lowest 41, /2(1) level. We observed a substantial falloff in

echo intensity and of 7, at wavelengths shorter than
1532 nm. This suggests that the strong peak, which has a
total width of 79 cm™!, also includes transitions to the
, /2(2) level, we estimate the inhomogeneous line-
width of the (1) — (1) transition to be ~40 cm™!. The
broader peak at shorter wavelengths includes the remain-
ing transitions to higher lying crystal field levels of I 13/2°
The absorption coefficient at the peak of 1528 nm was

10

T
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0.022 cm™! or 9.8 dB/m. Using the manufacturer-
provided Er concentration of 150 ppm (~4 X 10'%/cm?),
the inhomogeneous width of 40 cm™!, and considering the
imperfect overlap between the mode field and the Er
doping profile, such an absorption corresponds to an oscil-
lator strength of ~2 X 1077, The light intensity required
for a 7 pulse of 30 ns width is then 40 kW /cm?. Given the
mode diameter in the fiber of 5.9 wm, this corresponds to a
peak power of 8 mW. Thus, we estimate that our excitation
pulses of 0.5 mW peak power had an area of ~7/4. To
ensure that the dominant excitation was of the (1) — (1)
transition, most of the photon-echo measurements were
made at 1534 nm on the low energy side of the lowest
peak, where the echo signal was a maximum. Measure-
ments were also made between 1537 and 1530 nm. The
echo signals under the best conditions were ~10X stronger
than the leakage of the exciting pulses through the second
AO, even for the delay of 80 ns as shown in Fig. 2(a).
Representative photon-echo decay curves are shown in
Fig. 2(b) for the residual field of the superconducting
magnet (9 mT) and for the highest field used of 5 T. The
decays are approximately exponential with a decay con-
stant of T,/4 and are 2 orders of magnitude shorter than
typically found in crystalline materials because of dephas-
ing caused by coupling to the low frequency TLS.

One of the most important results that we obtained was
the dependence of the homogeneous linewidth, I'), =
1/(7T,), on magnetic field. Figure 3 shows a reduction
of 2.5 MHz in I';, from 3.9 MHz at H, = 0 to 1.4 MHz
above Hy = 3 T, after which it is independent of field.
This is a novel and unexpected result. In oxide crystalline
materials, a similar trend is seen [23,24], but the magnitude
of the linewidth reduction for an Er concentration compa-
rable to that in our fiber is approximately 100 kHz, an order
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FIG. 1. Absorption spectrum of the 4115/2(1) to 4113/2 transi-
tions of Er*" in the 3M fiber FS-ER-7A28 at 1.6 K. Most of the
photon-echo measurements were made on the low energy side of
the absorption at 1534 nm.
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FIG. 2. (a) Photon-echo signal observed after inserting an AO

modulator after the Er-doped fiber to reject the exciting pulses.

(b) Photon-echo decay curves at the residual magnet field of
9 mT and at the highest field used of 5 T.
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FIG. 3. Magnetic field dependence of the homogeneous line-
width T, = 1/(#rT,) at 1.6 K. The field-dependent part is
attributed to coupling to spin-elastic TLS excitations, and it
decreases with field as these freeze out. The fit to the expression
shown gives an effective g value of 3.8 for the spin-elastic
modes. The purely elastic TLS modes contribute a constant
1.4 MHz as determined from the high field limit where the
spin-elastic modes are frozen out.

of magnitude smaller than we see in the glass. In crystals,
the dephasing is caused by the magnetic dipole interaction
between erbium spins [25], which undergo mutual electron
spin flips. This, in turn, creates a fluctuating local field at
the Er*" ion whose phase coherence is being considered.
These mutual flips are frozen out when g 8H > kT, where
g is the electron g value and 8 the Bohr magneton. In
glasses, it is expected that this magnetic dipolar contribu-
tion is smaller than in crystals, because Er*" ions have a
very anisotropic g value and the variation in local geometry
from site to site in glasses results in a Zeeman splitting that
also varies greatly from site to site. This removes the
resonance between neighboring Er spins and, hence, slows
the mutual spin-flip rate. The spectral density of spin
fluctuations moves to lower frequency, substantially reduc-
ing their effectiveness in dephasing. Instead of seeing the
reduced magnetic field induced effect that this argument
implies, we see more than an order of magnitude increase.

This leads us to propose the following picture. The
magnetic field-dependent dephasing is not caused by mag-
netic dipole coupling between fluctuating spins but rather
by field-dependent elastic tunneling modes that acquire a
magnetic character by coupling to the spins. Such a cou-
pling is not unexpected, since the g values of Er’™ are
highly anisotropic and contain large orbital contributions.
Thus, the g values and magnetic response are sensitive to
the configuration of neighboring ions such as those giving
rise to the potential wells of the elastic TLS. We propose
that two kinds of tunneling modes are involved here: those
that are associated with an impurity spin and strongly
coupled to the spin and those that are separated from
impurity spins, and purely elastic in nature. The involve-
ment of RE ions in TLS modes has been noted earlier in
heat capacity measurements of Pr ions in silicate glass [9],
and there is other evidence from rf echo experiments of two

classes of tunneling modes in Dy-doped glass [26]. In the
fiber, we propose that both classes of TLS, to use the most
general term, couple predominantly to the optical transi-
tion through an elastic dipole interaction. The 1.4 MHz
contribution at high field originates from the pure elastic
modes. The additional contribution that depends on mag-
netic field and reaches 2.5 MHz at zero field originates
from the coupled spin-elastic tunneling modes. In other
words, the TLS that acquire spin character can be frozen
into one well in the presence of a magnetic field, while
those that are pure elastic modes cannot. This is a new
picture of the origins of optical dephasing for Kramers ions
in glasses. A fit of the field-dependent linewidth was made
to the expression below

I'(Hy) = T'(0) exp(—gerr BHo/kT), (D

where I'(0) is the linewidth in zero field, B8 is the Bohr
magneton, H is the applied external magnetic field, and
geir 18 the effective or average g value for the randomly
oriented local Er’* sites in the glass. The fit, shown as the
solid line in Fig. 3, yields a value of g.; = 3.8. In crystal-
line systems, the g tensor is generally quite anisotropic,
and we have measured g values for bare Er3* spins with
magnitudes from less than 1 to greater than 10 for different
orientations of the magnetic field with respect to local Er**
site axes.

The results of Huber et al. [18] that exponential echo
decay implies that the coupling between the rare-earth-
metal ion and the TLS mode is dipolar in nature still apply,
since the coupling is through elastic dipoles. The tempera-
ture dependence of this TLS induced dephasing has been
found to be almost linear with temperature below 4 K in a
number of glasses [10-12,14,16,17] and disordered crys-
tals [27,28]. This behavior can be explained by a theory
proposed by Huber et al. [18] in which the linewidth has
the form

I,(T) = AT'*#, 2

where w expresses the energy dependence of the TLS
density of states through p(w)r s = Cw#, where A and
C are constants. We show the temperature dependence of
the homogeneous linewidth in Fig. 4 at Hy = 2 T, where
essentially all of the spin-elastic contribution is frozen out.
The temperature range over which we were able to mea-
sure echo decays was less than a factor of 4, so we cannot
very precisely establish the functional form of the tem-
perature dependence; however, as shown in Fig. 4, a linear
fit provides a good description of the data, indicating that u
is close to 0 in Eq. (2), i.e., that the accessible TLS density
of states is almost independent of frequency in this fre-
quency range. The y intercept is essentially zero within
experimental error.

We have measured decoherence times using two-pulse
photon echoes in an Er-doped optical fiber at 1.5 microns at
temperatures up to 4 K in an external magnetic field. The
optical decoherence times of up to 230 ns are the longest
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FIG. 4. Temperature dependence of the homogeneous line-
width at 2 T.

measured for an optical center in a glass at liquid *He
temperatures. The good signal to noise ratio observed
suggests a potential for application of doped communica-
tion fibers in frequency selective optical processing, buffer
memories, and spatial-spectral holographic devices.

We propose a qualitatively new picture for optical de-
phasing in Kramers-ion-doped glasses, i.e., that two dis-
tinct classes of tunneling modes are responsible. One class
consists of spin-elastic coupled modes in which the elec-
tron spin couples to the elastic TLS, and the resulting
magnetic character allows this contribution to be frozen
out at high magnetic field. From the form of the magnetic
field dependence of the linewidth, we obtained an effec-
tive g value for the spin-elastic TLS modes of 3.8. The
second class consists of TLS that are more distant from the
rare-earth-metal ions and that, consequently, do not inter-
act strongly with spins; they produce a magnetic field-
independent contribution. It will be interesting to com-
pare the dephasing rates obtained here with heat capacity
or far IR absorption data that can determine the number
density of TLS modes. In this way, a separation of coupling
coefficient effects and TLS number density could be made
which should lead to a more systematic understanding of
the coherence properties of doped fibers. Together with
measurements of acoustic or microwave TLS echoes, such
experiments may provide independent evidence for the
spin-elastic coupled modes.
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