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Intensity Dependence of Optically Encoded Second-Harmonic Generation in Germanosilicate Glass:
Evidence for a Light-Induced Delocalization Transition
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Experiments on the ir intensity dependence of the preparation process for second-harmonic generation
in germanosilicate fibers and preforms reveal that a sharp threshold of the order of 5 GW/cm2 exists.
The results are explained in terms of a charge-delocalization transition which occurs due to the renor-
malization of the disorder energy between localized states dressed by an intense nonresonant light field.

PACS numbers: 42.65.Bp, 42.65.Ma, 71.30.+h

In 1981 Sasaki and Ohmori reported a 10 conver-
sion efficiency for the second harmonic of a neodymium-
doped yttrium-aluminum-garnet (Nd: YA16) laser oper-
ating at 1.06 pm in a centrosymmetric silica-based opti-
cal fiber. ' Following this discovery, the problem was
brought to the forefront of nonlinear optics when Oster-
berg and Margulis reported a 5% conversion efficiency
which evolved over a period of hours in a phosphorous-
codoped germanosilicate fiber.

After nearly five years, the basic physics of this
phenomenon is still a mystery. The two central issues
are the origin of the nonlinear response and the way in
which the material self-organizes to produce phase-
matched nonlinear optical interactions.

Detailed calculations by Terhune and Weinberger of
the second-harmonic generation (SHG) possible in cen-
trosymmetric silica glass revealed that these effects could
at most result in a 10 ' conversion efficiency under
phase-matched conditions. Based on these estimates,
several groups postulated that intrinsically noncen-
trosymmetric color centers or defects within the fiber
core were aligned periodically to form a gt l grating
which resulted in quasi-phase-matched frequency dou-
bling. 6'7

This model was initially believed to be correct after
Stolen and Tom showed that fibers containing Ge as a
dopant could be prepared in minutes when both the fun-
damental and the second harmonic were simultaneously
introduced into the fiber. ' This process, referred to as
seeded preparation, was believed to be due to the encod-
ing of defect orientation by the periodic optical rec-
tification field which results from a gt3l(0;ca, ca, —2ca)
mediated interaction of the fundamental and the second
harmonic. Unfortunately, the dc fields associated with
optical rectification in the silica are of the order of 1

V/cm resulting in orientation interaction energies of the
order of 10 kT. Although experimental tests of this
model in fibers have revealed that fields as large as 10
V/cm have no effect, it does explain most of the features
of the resultant phase-matching grating. ' Since the de-
velopment of the defect orientation models, other
theories have evolved which rely on charge-related
effects. "' These models, however, result in conversion
efficiencies which are at least 4 orders of magnitude too

small and in some cases violate the symmetry require-
ments consistent with the observed modal structure in
fibers.

The results on electric-field poling with blue-light exci-
tation (488 nm) indicate that with fields of the order of
5X10 V/m excited carriers can be swept aside and re-
trapped in energetically deep states. ' The most likely
transitions responsible for this effect are associated with
the two-photon excitation of electrons from oxygen-
deficient sites such as =Ge-Si=, —:Ge-Ge—= bonds or
electron traps such as Ge(I) and Ge(II). The excited
electrons are most likely to rapidly recombine with the
emission of a photon and the hole may hop by phonon-
assisted processes. The importance of the latter mecha-
nism in seeded preparation of fibers has been tested in
low-temperature (77 K) experiments where weak (factor
of 5 in the rate of gl l evolution) or no noticeable change
in the time evolution or final conversion efficiency were
found. ' ' In view of the expected 10 -10 increase in
SHG growth rate for a variable-range-hopping mecha-
nism these results give further evidence that diffusive
electronic transport models are not a likely explanation
for SHG in germanosilicate fibers.

Experiments were performed to study the onset of
second-harmonic generation in various germanosilicate
fibers and bulk preforms as a function of the peak inten-
sity of the fundamental. The fiber preparation experi-
ments utilized a cw mode-locked Nd:YA16 laser (76
MHz) operating at 1.06 pm with pulses of 110 and 80 ps
duration at the fundamental and the second harmonic,
respectively. The average power exiting the fiber at 532
nm in the fiber was maintained at a constant value of 8
mW while the ir power was varied using crossed polariz-
ers. All of the experiments were performed without
separating the fundamental and second-harmonic beams
in order to avoid thermal phase-fluctuation effects, and a
final fixed polarizer for maintaining the polarization of
the beams. The second-harmonic and ir powers were
controlled by rotating the potassium-titanyl(II)-phos-
phate (KTP) crystal to control the relative power of the
two beams. The experimental setup is shown in Fig. 1.
The fiber segments (10 and 30 cm long) were prepared
for twenty minutes at each intensity. Exposure time
measurements as long as several hours on various fibers
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FIG. 1. Experimental setup for fiber experiments: L
denotes coupling lenses, BPF denotes bandpass filter (532 nm),
and PMT denotes photomultiplier tube.

used in these experiments revealed that the final conver-
sion efficiency saturated after approximately five

minutes, indicating that twenty minutes of preparation
time is adequate to reach a steady state.

The experiments were performed on various ger-
manium-doped fibers, all of which were single mode at
1.06 pm. One of the fibers had a single-mode cut off at
630 nm and the others contained either phosphorus or
neodymium as a codopant. The second-harmonic beam
was coupled into the LPoi mode of all the fibers. The re-
sulting second-harmonic output was measured using a
phase-sensitive detection system capable of resolving less
than 1 pW of average power at 532 nm. Measurements
were made on new strands as well as by successive
preparation of the same fiber, and no difference was ob-
served in the saturated SHG vs ir preparation behavior.

Experiments on reading the fiber at the preparation
value as opposed to a fixed value showed no significant
difference, indicating that nonlinear index and thermal-
index effects do not play an important role. This finding
is in agreement with the fact that n2 for silica is about
10 ' cm /W, leading to index changes of the order of
10 and coherence-length changes of the order of 0.4%.
Furthermore, the absorption of ir light in our fiber leads
to temperature increases of the order of 0.1'C. This
temperature increase along with the dispersion in dn/dt
leads to negligible thermally induced phase-matching
effects. ''

Figure 2 shows the output, read at the same ir value,
from various fibers as a function of transmitted ir peak
intensity used to prepare them. The results indicate that
most fibers show an increase of several (5-8) orders of
magnitude over a region of about 0.5 GW/cm with final
conversion efficiencies of the order of 10 -10 . Cer-
tain fibers were found to exhibit exceptionally narrow
transition regions which are less than 5% wide in ir peak
intensity. The general behavior shown in Fig. 2 was ob-
served in several hundred fibers without exception.

It is important to note that the longer fibers (30 cm)
always showed an apparently lower critical intensity for
the sharp increase in second-harmonic generation. This
results from the measurement of the transmitted ir
power in the fiber which is strongly affected by leaky
mode effects. ' Fiber cutback experiments show that ap-
parent attenuation coefficients as large as 5 x 10 cm
can result. The lower apparent preparation values for
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FIG. 2. A log-linear plot of the saturated second-harmonic
signal from several fibers as a function of the transmitted ir in-

tensity used during preparation. The fibers were prepared with
a constant value of 8-mW average power at the second har-
monic. The fibers were all illuminated with the same value of
ir to obtain the second-harmonic signal. The open triangles
represent a 3% Ge- and 0.5% P-doped fiber 30 cm long, the
squares represent a 30-cm piece of 2% Ge- and 10 % Nd-
doped fiber, the circles represent a 10-cm-long segment of the
same fiber, and the solid triangles represent a 10-cm-long piece
of 5% Ge-doped fiber single mode at 630 nm. The P- and Nd-
doped fibers were manufactured by T. F. Morse's group at
Brown University, and the 630-nm cutoA' fiber was purchased
from Radiant Communications (SM-6).

30-cm-long segments of P-codoped and Nd-codoped
fibers represented by the open triangles and the squares,
respectively, in Fig. 2 are consistent with a previous mea-
surement on a 50-cm strand. ' With the exception of
the Radiant Communications fiber, the sharpness of
SHG vs ir preparation power was approximately the
same for the long and short pieces, but the value at
which it occurs shifted.

Finally, we compared the growth of the second-
harmonic power over the background value using cw and
mode-locked operation of the laser. In the case that the
ir and second-harmonic average powers are equal, all the
intense'ty -independent material response models with
holographic encoding predict that the mode-locked case
should result in a second-harmonic output which is
larger by the duty cycle of the mode-locked laser
(-140) when the prepared fibers are read under the
same conditions (mode-locked ir). This is because lower
powers are compensated for by the continuous action of
the fields. Two fibers (Corning Coreguide, 8-iMm core,
5% Ge and the fiber with Nd doping referred to earlier)
were studied with the same setup used for the prepara-
tion experiments. The average powers transmitted
through the fibers were 8.5 W and 5 mW for the ir and
green, respectively, and both were coupled into Lppi.
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After half an hour the mode-locked preparation resulted
in an increase of —10 while the cw preparation in-
creased by 300 for the Nd fiber. The Corning fiber ex-
hibited no increase due to cw preparation but increased
by 10 with mode-locked preparation. These results
show that, even if the mode-locked case had resulted in

greater two-photon erasure and saturated, the intensity-
independent models for this process are off by 3 to 4 or-
ders of magnitude (for g i).

In addition to the experiments on fibers, the prepara-
tion of a preform with 5.2-wt% Ge- and 0.5-wt% P-
doped silica core region was accomplished using Q-
switched and mode-locked operation of the Nd: YA1G
laser. ' The 1.5-cm-long preform section was exposed to
ir pulses with peak intensities of the order of 5 GW/cm,
the same typical value used in the fiber experiments.
The experiments indicated that a sharp threshold exists
for the preform as well, and that the second harmonic
grows by 10 over approximately 1 W of average ir
power. This result is important because of the absence
of any complications introduced by fiber modes.

The appearance of a rapid increase in SHG power has
not been seen by Kamal and Weinberger, who observe
behavior consistent with the intensity-independent ma-
terial response models for fibers that exhibit a maximum
conversion efficiency of 10 5. ' Others, however, have
seen that self-preparation does not evolve until a critical
value of ir intensity is exceeded, even for fibers with very
different initial internal SHG generation.

The sharp ir power dependence observed in the experi-
ments corresponds to peak intensities of the order of 5
GW/cm and is expected to affect the relative energies of
bound states. A simple calculation of the shift in

energy-level separation of a two-level system dressed by
an intense nonresonant field (hv»AEo) shows that the
energy-level separation becomes renormalized and is
given by

'

AE(eo) =AEo[l —[p;Jeo/ti, ro) l . (1)

~o is the unperturbed energy separation, p;~ is the ma-
trix element, and eo is the electric-field amplitude of the
plane wave of frequency m.

An interesting case occurs when the matrix element is
associated with two spatially separated, localized elec-
tronic states such as the midgap states in Ge-doped sili-
ca. In such systems the wave functions may overlap but
the electron or hole is localized by the energy and off-
diagonal disorder. The overlap of the wave functions re-
sults in a bandwidth which is too small to trigger the on-
set of quantum transport. The classic work by Anderson
has shown that when the disorder energy sufficiently
exceeds the energy bandwidth, localization of electrons
occurs. In the presence of an intense nonresonant field,
the average spread in the energy between localized states
is expected to decrease due to renormalization by the
photon field. When the Anderson criterion (disorder en-

ergy less than energy bandwidth) is no longer fulfilled,

ce Aro

2n(co) p;,
zB

h,Ep

where z is the connectivity factor for the system (z-4),
n(ro) is the index of refraction, and BEo assumes a value
of the order of the width of the random energy-level dis-
tribution which, for the Ge(N) defects, is of the order of
1 eV. Substitution of the values for the parameters re-
sults in I,—10' W/cm when 1

—zb'/~o-10 . This
value, however, is extremely sensitive to the localized site
separation which controls p;~ and b'. In addition, no ac-
count of possible electron correlation effects has been in-

cluded.
The theoretical estimate given indicates that about a

critical optical intensity electrons in localized midgap
states may become delocalized when the system is near
percolation. The possible connection between this effect
and SHG in germanosilicate glasses rests on how charge
delocalization can lead to the creation of an effective
second-order nonlinearity and phase matching. Recent
experiments have shown that the g grating-formation
process requires temporal simultaneity of fundamental
and the second-harmonic fields. The simultaneous ap-
plication of both the fundamental and harmonic fields is

expected to result in (1) optical renormalization of the
energy differences between localized states resulting in
delocalized midgap states (due to the intense ir); (2) the
combined action of two fields with the electron to shift
the center of charge via local nonlinear potential terms
(both ir and second harmonic); and (3) single and two-

photon excitation of trapped electrons to states near the
mobility edge of silica due to the second-harmonic inten-
sity.

The local displacement of the electron from the center
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the optically dressed system is expected to exhibit delo-
calized electronic states.

An estimate of the critical intensity can be made by
considering only the dominant nearest-neighbor interac-
tions to approximate p;~ and the transfer-matrix element
which, in the tight-binding limit, accounts for the band-
width of the system. Assuming an exponential depen-
dence for the localized state wave function with a decay
length P

' and an average separation between sites R,
the dipole matrix element and the bandwidth (8) are ap-
proximately given by

p;J =e[R(1+PR)/2)e

e P[3/2(1+PR)+ I/6(PR) I -pg
2K8

Using a value of P
' =15 A and R 35 A, , we arrive at

values of p;~-30 D and b-0.2 eV. The value of P is a
function of the excitation state of the defect and is gen-
erally smaller if the center is optically excited.

The critical intensity required for delocalization may
be estimated by applying the Anderson criteria
[&F(eo) (zb). The result is given by

2
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of charge due to the combined action of the fields at cv

and 2m depends on their relative phase and the polariza-
bility of this state. Since this local displacement can be
cast in terms of an induced quasistatic dipole moment,
we can replace the nonlinear interaction of the fields in

terms of an effective dc field acting on the electron. The
effective dc field is given by

y(0;m, m, —2m) E2(e)E (2m) '1 k )

a
(5)

Here, E(ro) and E(2rv) are the amplitudes of the funda-
mental and second-harmonic fields, respectively, k(2rv)
and k(tu) are the wave vectors of the second-harmonic
and fundamental waves, respectively, a is the dc linear
polarizability, and y(0;cv, cv, —2tu) is the third-order
molecular polarizability. In three dimensions, the polari-
zabilities y and a are expected to scale as Ro and Rii,
where Rn is the localization length of the electronic
state 27, 28

In the absence of the optical delocalization effect de-
scribed, Ro-5 A and the intrafiber fields result in center
of charge shifts equivalent to those produced by the dc
fields of the order of I V/cm. However, as the charge
localization length increases due to the optical renor-
malization of the disorder energy, Rn becomes large and
the effective dc field and the displacement grow rapidly.
Based on the experimental observation that dc fields of
the order of 10 V/cm have produced measurable effects,
the nominal extent of the delocalized states which result
due to the optical process described must be of the order
of 20-40 A. This value implies that the process could be
limited to charge transfer of an electron between two
neighboring sites during delocalization. The most likely
sites are expected to be Ge(I) traps which exhibit an
anomalously large linewidth in their 281-nm absorp-
tion. Furthermore, the rupture of —=Ge-Si:—bonds as
well as the excitation of the electrons in the blue region
of the spectrum to states above the mobility edge will re-
sult in charge redistribution and the erasure of the dc
field producing the effective gt ) grating.

The directional electron-transfer mechanism described
will result in a periodic frozen-in dc field associated with
the creation of a space-charge field which can result in

phase-matched electric-field-induced SHG. The mea-
sured g values, assuming periodic phase matching for
germanium- and phosphorus-doped fibers, are of the or-
der of 10 ' -10 ' m/V. This value along with the gt 1

of silica implies that a local frozen-in static electric field
of the order of 10 V/m exists. Such a field requires an
electron density of the order of 10' /cm, assuming a re-
trapping distance of 35 A, and 10' /cm if the charges
migrate across the core (- I pm). Further tests of this
model based on magnetic-field modification of the local-
ized electron wave function are currently in progress.
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