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Influence of small polarons on the optical properties of Mg:LiNbO3 crystals
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We have measured refractive indices and absorption coefficients for Mg:LiNbO3 single crystals of different
Mg contents~0–7 mol %! in the visible and IR ranges up to the phonon absorption edge. The obtained
dependencies of optical characteristics on Mg concentration in an IR region of 4–5mm indicate the four-step
character of structural changes under subsequent Mg doping. Spectral dependencies of optical characteristics
reveal the existence of two polaron resonance bands, centered at 1.3 and 3.2mm, which are not observed in the
pure LiNbO3. The theory approximation of the band at 1.3mm, enhanced after chemical reduction, enabled us
to determine the main polaron parameters for the 1.3-mm band, and to make a possible assignment of the 3.2
mm band. We assign this to direct transitions between energy levels of polarons trapped at NbNb sites and those
of polarons trapped at NbLi antisites in a lattice. A number of peculiarities are revealed in the absorption
behavior at the low-energy edge from 1000 to 3000 cm21. The values of the uninduced part of absorption are
sufficiently less than those predicted by a phonon oscillator model. Absorption spectral dependencies are
modulated at a rather stable period, being of the order of frequencies of the lowest-energy longitudinal optical
phonons, excited at a room temperature.

DOI: 10.1103/PhysRevB.65.054304 PACS number~s!: 71.38.Ht, 78.20.Ci
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Bulk crystals of doped LiNbO3 are important for a variety
of applications using nonlinear optical,1 ferroelectric,2 and
photorefractive3 effects. Different doping atoms enter int
the defect structure of nonstochiometric crystals and cha
it in different ways. As a result, some dopants~like Fe or Cu!
are used to increase the photorefractive sensitivity to lig
The others~Mg, Sc, Zn! are necessary to improve the res
tance to optical damage in nonlinear optical devices.4 At the
same time, the incorporation of doping agents, or the cha
ing of the nonstochiometric composition, essentially mod
the optical characteristics of LiNbO3 crystals in its transpar
ency region.5,6

Accurate data on refractive indices are required for a
riety of applications. Refractive indices were measured
concrete type of LiNbO3 crystal: for undoped LiNbO3 crys-
tals of different nonstochiometric composition,7–11 for differ-
ently Mg-doped crystals,12–18and others. Zelmon, Small, an
Jundt16 obtained Sellmeier equations for the largest spec
interval for congruent LiNbO3 and for Mg:LiNbO3, grown
from the melt of 5 mol % MgO. Their equations fit refractiv
indices dispersions in the total region 0.4–5mm with the
best overall absolute accuracy within60.0002.

Betzler and Schlarb14,15 proposed a more general a
proach. They tried to predict the dependence of the refrac
index dispersion law on the crystal composition. They o
tained generalized Sellmeier equations for the wavelen
range from 400 to 1200 nm with an account for the def
structure of Li-deficient LiNbO3 crystals.14 Later,15 they de-
duced the generalized Sellmeier equations for all Mg-do
Li-deficient crystals. To obtain the best fit to experimen
results in the visible and in the near-IR range, changes
electronic oscillator terms under variation of crystal comp
sition were considered.
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In previous works,11,12,17 we measured the ordinary re
fractive index dispersion for different types of LiNbO3 crys-
tals in the middle IR region by spontaneous parametric li
scattering method. Here we analyze our last results18 on the
ordinary refractive index dispersion in differently dope
Mg:LiNbO3, measured in visible and infrared ranges up to
mm. The main result of our treatment consists of the follo
ing: it is impossible to construct a microscopic model
dispersion without taking into account a possible format
of polarons in lithium niobate crystals. We studied the a
sorption dispersion of reduced and unreduced crystals,
fore and after light illumination. We conclude that to accou
for polaron resonances is important even for crystals, wh
were not exposed to chemical reduction.

The study of optical properties of doped LiNbO3 crystals
enables one to solve more general problems concerning
nature of small polaron mobility and its influence on t
optical response function of crystals.19 This problem is ex-
tensively studied starting with the earlier works in th
1950s,20 and up to the present. Many experimentally o
served characteristics of polaronic absorption remain un
plained, mainly in the low-energy parts of spectra. On
other hand, several theoretically predicted effects, such
transitions without phonon assistance, interband transitio
were studied purely experimentally. Properties of bound
larons, such as bipolarons, are of special interest.

Polaron resonances in the pure LiNbO3 crystals were
studied rather explicitly.21–28 Sufficiently less information is
available on polarons in the doped LiNbO3.

26,29,30We report
on absorption resonances observed by the Fourier spec
copy method in Mg:LiNbO3. The dispersion of the absorp
tion coefficient in the region of these resonances has a
tinctive spectral behavior with phonon iterations. T
understand the origin of the resonances we studied
©2002 The American Physical Society04-1
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TABLE I. Parameters of bulk Mg: LiNbO3 crystals

No.

Molar
concentration

of Mg~%!
Reduction
conditions

The angle of second-harmoni
generation 1.06mm
→0.532mm, degrees

1 0 -
2 4.460.1 - 75.9
2.1 4.460.1 at 500 °C,P51025 Torr
3 5.160.1 - 77.5
4 5.760.4 - 82.1
5 6.160.2 - 82.8
6 7.160.2 - 85.8
6.1 7.160.2 at 600 °C,P51025 Torr
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changes in absorption spectra after chemical reduction o
lumination by intense visible and IR laser sources.

Section I of this paper contains characteristics of u
samples. Experimental results on spectral and concentra
dependencies of refractive indices and absorption co
cients are presented in Secs. II and III. More general con
sions, following from the concrete behavior of measur
characteristics, are discussed in Sec. IV. They are ma
related to the polaronic nature of resonance bands in
spectral region, where common pure LiNbO3 is usually
treated as transparent. The most notable part of them is
mulated in Sec. V.

I. CHARACTERISTICS OF THE CRYSTALS

We used bulk Mg:LiNbO3 single crystals, grown by the
Czochralski method. The starting material was close to c
gruently melting composition with the ratio Li/Nb50.942.31

The MgO doping concentration varied from 0 to about
mol % under growth of different samples. The final conce
tration and spatial distribution of Mg in the grown crysta
was studied by means of the fluorescent x-ray spectral an
sis and wave dispersive x-ray microanalysis. The spa
variation of Mg-concentration in the samples was with
60.01–0.03 mol %. The measurements of distribution of
impurity concentration within each crystal were made
x-ray microanalysis using Camebax SX-50 with a high re
tive accuracy. However, an absolute error of the value of
average Mg concentration was sufficiently larger, and
ceeded 0.4 mol % for one of the crystals~see Table I!.

Concerning the variation of LiNbO3 defect structure un-
der Mg doping, most models4,22,26,29,32–34agree that there is a
threshold in Mg concentration, above which the crystal str
ture and properties change qualitatively. Above this thresh
concentrationCthr , all defect atoms of Nb in Li antisites
(NbLi) are replaced by Mg.32 The crystal becomes opticall
resistant and loses most of its photorefractivity.33 For a con-
gruent Li/Nb composition, threshold concentrationCthr
;5 mol %. Thus the Mg concentration of the most of cry
tals in Table I is aboveCthr . For one of the crystalsCMg
54.4 mol %,Cthr , and one is nominally pure:CMg50.

Two grown crystals, ofCMg54.4 mol %,Cthr and of
CMg57.1 mol %.Cthr , were cut in two parts. One part of
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each crystal was chemically reduced in a vacuumP
51025 Torr). The reduction temperature was 500 °C in t
case ofCMg,Cthr and 600 °C in the case ofCMg.Cthr .

Triangular prisms were cut for refractive index measu
ments in the visible range. The input and output polish
surfaces of each prism were oriented along the crystalC axis,
with an angle of;30° between them. For measurements
absorption and refractive indices in the IR range, the sam
were cut in the form of rectangular parallelepipeds. Input a
output polished surfaces were also oriented along C a
Absorption measurements were carried out in the sample
different thicknesses. The sample of the smallest thickne
mm was prepared by polishing of the undoped LiNbO3. It
was enclosed between two polished plates of the cry
BaF2.

II. REFRACTIVE INDEX DISPERSION

We have measured the dispersion characteristics of o
nary (no) and extraordinary (ne) refractive indices of the
crystals in the visible range at room temperature by the pr
method, using a goniospectrometer. The absolute error
not exceed60.0002. Refractive indices at 1.06mm were
measured with the help of an image-converting visualis
The obtained data in the region 0.4–1.06mm were fitted by
Sellmeier-type equations with coefficients differing for th
differently doped samples.18 In this form they were used in
subsequent measurements of the ordinary refractive ind
in the IR range, made by two nonlinear-optical metho
~Table II!.

In the region of 1–1.25mm the values ofno were deter-
mined by measuring of the angle for second harmonic g
eration of a yttrium aluminum garnet~YAG!:Nd laser and of
a tunable LiF:F2 laser. To calculate theno(l) values, the
results forne(l/2) in the visible region were taken into ac
count. We estimate the total absolute error of the obtai
data as60.0005.

In the region of 2–5mm the values ofno(l) were ob-
tained by spontaneous parametric light scattering~the down-
conversion! method. The optical scheme18 included an Ar
laser as a pump source at 0.488 nm. The pump wave
polarized extraordinarily, and the visible signal and IR id
waves were polarized ordinarily. The position of maximu
4-2
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TABLE II. Refractive indicesno in the IR range.

Wavelength
~nm!

Molar concentration of Mg~%!

0 4.460.1 5.160.1 5.760.4 6.160.2 7.160.2

1.064 2.2281 2.2277 2.2250 2.2231 2.222
1.1334 2.229 2.2244 2.2238 2.2216 2.2193 2.21
1.246 2.2206
2.124 2.1937 2.1910 2.1841 2.1805 2.1798 2.18
2.241 2.1869 2.1831 2.1807 2.1769 2.1752 2.17
2.348 2.1825 2.1827 2.1772 2.1732 2.1713 2.17
2.596 2.1710 2.1731 2.1659 2.1619 2.1625 2.16
2.802 2.1593 2.1643 2.1582 2.1545 2.1525 2.15
3.050 2.1471 2.1482 2.1482 2.1423 2.1413 2.14
3.359 2.1341 2.1335 2.1336 2.1265 2.1244 2.12
3.759 2.1097 2.1158 2.1127 2.1061 2.1013 2.10
4.296 2.069 2.074 2.078 2.070 2.065 2.069
4.927 2.018 2.018 2.033 2.018 2.010 2.015
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for the angle distribution of a visible signal intensity w
measured for each IR idle wavelength. At these angles, e
phase matching conditionskp5ks1ki connect the wave vec
tors of the pump (kp), signal (ks), and idle (ki) waves in a
crystal. It enables to determine the wave vectorski
5niv i /c and refractive indicesni of idle waves in a crysta
transparency region, if the values of the wave vectors
signal and pump waves are known. The data on refrac
indices in the visible range were used to determinekp and
ks . The absolute error ofno values, obtained by this method
grows with the wavelength, being near60.0005 at 2mm and
exceeding60.002 at 5mm. An exact treatment35 showed,
that in the absorption region, this method gives a value
neff[Ae8, wheree8 is the real part of a complex dielectri
constante5e81 i e9 at the idle wavelength.neff coincides
with the value of the refractive indexn if e9 is negligible.

An attractive result follows from a comparison of refra
tive indices of crystals of different Mg concentrations, tak
at constant wavelengths. In Fig. 1 the concentration dep
dencies of deviationsDeo8(CMg ,l)[eo8(CMg ,l)2eo8(0,l)
5no

2(CMg ,l)2no
2(0,l) are presented for several fixe

wavelengths in the visible and IR ranges.Deo8(CMg) de-
scribes the deviation of the real part for the ordinary diel
tric constant of a doped crystal from that of an undop
LiNbO3. All crystals were grown from a melt of the sam
Li/Nb ratio. In the visible and near-infrared regions ea
Deo8(CMg) experimental dependence looks like a piecewi
linear function with a single break nearCthr . Betzler and
Shlarb15 put just the same dependence into the basis of th
generalized Sellmeier equations in the region 0.4–1.2mm.
But when the wavelength increases and approaches the
non absorption edge, the more complex character
Deo8(CMg) becomes apparent in our results.

To explain this, consider how the values of a dielect
constant change under crystal structure variation. Values
dielectric constant at given wavelengths are dependen
05430
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FIG. 1. Measured dependencies ofDeo8(CMg ,l) as a function of
Mg concentrationCMg in Mg:LiNbO3 crystals for different wave-
lengthsl in the visible and IR spectral regions. The last plot~data
from the Ref. 32! shows the molar concentration of Li1 vacancies
on regular cation sites as a function of the Mg concentration.
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oscillator strengths of resonance terms, which describe
separate contributions of core vibrations and electronic tr
sitions into the optical response. In turn, oscillator streng
are proportional to the corresponding ion concentrations
change under doping ion incorporation into the crystal str
ture. The two-step piecewise-linear behavior ofDeo8(CMg) is
a consequence of the simplest two-step model of Mg inc
poration into LiNbO3 crystal. According to this model, at low
CMg , whenCMg,Cthr , Mg substitutes gradually for antisit
Nb ions, i.e., MgLi→NbLi. At CMg5Cthr all NbLi defects are
replaced, and this process stops. At the same time, o
substitution processes~like MgLi→LiLi, for example! expand
continuously underCMg growth and also remain atCMg

.Cthr . The dielectric constant dependence onCMg near the
UV absorption edge is most sensitive to electronic oscilla
terms. Conversely, near the phonon absorption edge, the
havior of vibration resonance terms just determines the
electric constant dependence. Our results show that vibra
resonance terms are more sensitive to structure variation
case of Mg:LiNbO3. When the wavelength approaches t
phonon absorption edge, it appears that the real model of
incorporation is much more complex, than it follows fro
the no (CMg) in the short-wavelength range up to 1mm. As
seen in Fig. 1, atl54 – 5mm, up to four character steps i
the Mg incorporation mechanism can exist in the region
CMg50 – 7 mol %. This result was predicted by Donnerbe
et al. in their computer simulation studies of Mg incorpor
tion mechanism.32 Also, it is interesting to note that the cha
acter of our experimentalDeo8(CMg) dependencies in the IR
region is similar to the character ofCMg dependence of Li
vacancies on regular cation sites32 ~last plot in Fig. 1!.

We made attempts to fit spectral dependencies obta
for the IR region by equations of the Sellmeier type. But
such formulas were too rough, and did not coincide with
measured values within any appropriate accuracy. Ind
the Sellmeier equation accounts for the total contribution
different oscillator terms in the region far from the resonan
frequencies. It can be used for spectral regions where dis
sion has a continuous monotonic character, without any
cillator behavior. In our case, the precise shapes of disper
curves were not monotonic in the spectral region usu
accepted as a transparency region for Mg:LiNbO3 crystals. It
is easily seen in the spectral dependencies of the devia
Deo8(CMg ,l), presented in Fig. 2 for the doped crystals
different CMg . Far from phonon and electronic resonan
frequencies, each dielectric constanteo8(CMg ,l) andeo8(0,l)
should decrease monotonically when the wavelength
creases. As a consequence, the deviationDeo8(CMg ,l) in the
region of 0.4–5mm should also increase or decrease mo
tonically. The experiment shows that it is not so, thus, th
are additional intrinsic resonances in the studied region.

The broad resonances centered at 0.5 and 0.75mm are
well-known for pure congruent LiNbO3. They are observed
in absorption spectra of reduced crystals and are attribute
small polaron and bipolaron transitions.22,23,25 An electron
trapped at NbLi forms a small polaron, two electrons trapp
at neighboring NbLi and NbNb form a bipolaron in LiNbO3.
The IR resonance centered near 1.3mm was observed in
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absorption spectra for reduced Mg:LiNbO3,
34 and later it was

attributed to the small polarons self-trapped at regu
NbNb.

26 The same resonances were found and used for h
grams IR readouts and recording in other doped LiNbO3.

3,30

Virtually, the band parameters are independent on the do
ion type.26 The resonance near 1.3mm also appears in ou
dispersion curvesDeo8(l) for unreduced crystals. It can b
seen in Fig. 2, that the resonance behavior of the real pa
a dielectric constant in this region becomes more pronoun
after a threshold Mg concentration at 5 mol %. In additio
there are additional resonances in the region of 2–5mm. The
most pronounced resonance behavior at 2.8–3.5mm is out-
side the error limits.

The observed nonmonotonic behavior of a dielectric c
stant dispersion could be due to polaronic~or some other!
defects in unreduced crystals. To understand the origin of
observed dielectric constant dispersion, we examined the
sorption spectra of Mg:LiNbO3 before and after a chemica
reduction.

III. IR ABSORPTION OF REDUCED AND UNREDUCED
CRYSTALS

We have measured transparency in the visible and
ranges for the samples of different thickness at room te
perature. The thickness of bulk samples was in the ra

FIG. 2. Dispersion of the deviationDeo8(CMg ,l)[eo8(CMg ,l)
2eo8(0,l) of the dielectric constant of the doped Mg:LiNbO3

@eo8(CMg ,l)# from the dielectric constant of a pure LiNbO3

@eo8(0,l)# for different concentrations of Mg dopant.
4-4
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0.5–12 mm, and the thickness of a thin film was 8mm.
Measurements in the spectral interval of 2–8mm were made
by means of Fourier-spectroscopy, with a spectral resolu
of 1.5 cm21.

Calculations of absorption coefficients were made
glecting anisotropy effects. To determine absorption coe
cientsa, as a rule, we eliminated the reflection losses,
counting for the measured values of ordinary refract
index. Since the refractive index values were determined
the range up to 5mm only, and in quite rare spectral point
we extrapolated the known values to the unmeasured spe
intervals. Obviously, such smoothed curves for refractive
dex dispersion were deprived of the fine peculiarities, wh
were seen on transparency curves, remaining on disper
curves fora. To decrease the probable errors caused by
factor, we determined absorption coefficients over a rela
between transmission data for the samples of different th
ness, cut from the same crystal material. Obtained in
way, results ona coincided very well in most of details with
the results obtained by the first approach for the sample
near 1-cm thickness. Thus the corresponding details in
fractive index dispersion, or other possible surface effe
are not so significant for samples of 1 cm and more. B
there was not numerical coincidence between the results
a in a thin film of 8-mm thickness, and in bulk LiNbO3
samples of several millimeters. Indeed, in this case our
tracting of reflection losses seems to be too rough, since
relative contribution of surface effects is much more high
for a 8-mm film. There can be different kinds of surfac
effects. First of all, the presence of modulation in final a
sorption curves indicates that some kind of modulation ex
in refractive index dispersion also, but we do not accoun
in our calculations of reflection losses. Next the structure
crystal defects,22 and the corresponding values of optic
characteristics at a surface are not the same as in the cr
volume. Possible interference effects were not taken into
count also. Nevertheless, we still present below the res
obtained for this thin film, since they indicate qualitative
the absorption dispersion character at the lowest avail
photon energies.

Figure 3 presents results obtained in the whole meas
range at room temperatures for the reduced Mg:LiNbO3; for
comparison, absorption coefficient dispersion for one of
unreduced crystals is shown also. Although the crystal w
the Mg concentration before threshold valueCMg
54.4 mol %,Cthr was reduced at smaller temperature,
absorption was sufficiently larger. We cite the most confid
part of the whole curve for this crystal, the amplitude of t
observed noise becomes too large at higher photon ener
As expected, dispersion ofa in the range up to 5mm in a
crystal with the highestCMg57.1 mol %.Cthr is character-
ized by a single broad peak centered at 1.3mm ~the corre-
sponding photon energy is 0.94 eV!. At l.4 mm an addi-
tional structure appears, it will be discussed belo
Absorption of another reduced crystal ofCMg54.4 mol %
,Cthr has an additional peak at 3.2mm ~0.38 eV!. The po-
sition of the peak agrees with the spectral region of ano
lous dispersion ofDeo8(l), obtained for all Mg-doped unre
duced crystals~compare Figs. 2 and 3!.
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The residual small absorption was observed in the reg
of this peak in unreduced crystals, doped by Mg~Figs. 4 and
5!. For one of the unreduced crystals (CMg57.1 mol %), ab-
sorption was measured after exposition to power laser ra
tion at 1.06 and 0.532mm during several hours. The powe
density was near 106– 107 W/cm2, and the total energy radia
tion dose was 103– 104 J/cm2. Figure 4 presents absorptio
dispersion on a logarithmic scale, obtained for reduced
unreduced crystals. The value of additional absorption,
duced by laser radiation, is much smaller, but its spec
behavior looks similar to the spectral dependence of abs
tion changes due to reduction in the crystal ofCMg
54.4 mol %. The spectra of unilluminated unreduced M
doped crystals replicate each other, and distinct from
spectra of the unreduced nominally pure LiNbO3 crystal in
the spectral region of the 3.2-mm peak~2.500–3.500 cm21!.
It is necessary to note that residual light-induced absorp
changes were not observed in a pure LiNbO3 crystal.

The influence of effects induced by reduction or illumin
tion decreases at the lowest achieved frequencies. After
traction of all induced effects, the crystals seem to exh
quite the same absorption coefficient in the region bel
2500 cm21. Only the crystal of a threshold concentratio
CMg55.1 mol % has a slightly higher values ofa. It is seen
in the range of 4–5mm. The character of absorption depe
dence on concentrationCMg replicates the dependence
Deo8(CMg) at 4–5mm, shown in Fig. 1.

The special attention should be paid to the low-frequen

FIG. 3. Influence of Mg concentration on absorption spectra
reduced Mg:LiNbO3 crystals. Solid curves:a for samples 6.1 and
2.1; dotted curve:a for the sample 6 before reduction.
4-5



r

r

KITAEVA, KUZNETSOV, PENIN, AND SHEPELEV PHYSICAL REVIEW B65 054304
FIG. 4. Absorption at phonon
edge of transparency region fo
Mg:LiNbO3 crystals of different
Mg contents, before and afte
chemical reduction.
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modulation of spectra in that regions, where induced effe
are weak. The period of modulation is near 200 cm21. The
modulation has a well-pronounced character in a region fr
1500 up to 2500 cm21. When the induced absorption
present, it looks like a continuous background added t
modulated part. The modulated part itself seems to be in
pendent of reduction or light illumination. One of the pea
is much greater than the others—it looks like a sharp abs
tion line at 1740 cm21 ~5.75mm, 0.2 eV!. Such a modulation
exists in absorption spectra of all doped Mg:LiNbO3 and
undoped LiNbO3 crystals.
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IV. DISCUSSION

The whole disposal of absorption changes seems to
quite complicated. To simplify the analysis, let us elimina
two different contributions into each absorption curvea~v!:

a~v!5a ind~v!1a0~v!. ~1!

a ind(v) is a part of the absorption, induced by chemic
reduction or laser irradiation;a0(v) is a residual part of the
absorption, which is originally peculiar to each crystal.
-

a

FIG. 5. Fragments of absorp
tion spectra of Mg:LiNbO3 crys-
tals before chemical reduction:
low-frequency modulation at
small a.
4-6
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INFLUENCE OF SMALL POLARONS ON THE OPTICAL . . . PHYSICAL REVIEW B 65 054304
To obtaina ind(v), we subtracted the intrinsic absorptio
of unreduced unirradiated crystals from the absorption of
duced or irradiated samples. The result for the reduced c
tal of CMg57.1 mol %. ~sample No. 6.1! is shown in Fig. 6
by a solid curve~as a function of the photon energy\v!.

The broad band centered near 0.9–1 eV~1.1–1.3mm!,
observed in the doped LiNbO3 crystals only, is attributed to
small polaron absorption via polaron hopping at NbNb
sites.4,26,29 Faust, Müller, and Shirmer26 proposed that the
hopping has an intraband character.~This means that both
the start and finish of each polaron hop belong to the gro
polaron band!.36–39 To obtain the polaron binding energ
from absorption spectra, they applied the theory of intrab
hopping, developed by Reik and co-workers.36,37 Reik and
co-workers considered the photon-assisted hopping of s
polarons between next-neighbor sites.

We tried to interpret the observeda ind(v) dispersion on
the basis of more general treatment, proposed by Firso38

Firsov expanded the theory of small polaron absorption
cases when the conduction bandD« is rather wide and the
hopping to second and higher neighbors can also occu
was shown that hopping at more distant sites is poss
when conditionh[J2/kTEa!1 is not valid. HereJ is an

FIG. 6. Solid curve: dispersion ofa ind , the part of the absorp
tion coefficient induced by chemical reduction in sample 6.1 (CMg

57.1 mol %). Dashed curve: theory approximation by a single
laron resonance. Dash-dotted curves: contributions of two pola
resonances.
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electronic transfer integral between next-neighbor sites,
is proportional toD«; kT is the temperature factor;Ea is an
activation energy for the polaron hopping. The conduct
band width in LiNbO3 crystals is nearD«;2.2 eV.40 Polaron
hopping can occur at quite large distances, the theory par
eterh may be rather large:h>1.

To fit the absorption curve in Fig. 6, we used th
expression

Res~v!5npeu0

v1

2v2
E

0

p dky

p E
0

p dkz

p

3F12S v2v2

v1
1cosky1coskzD 2G1/2

~2!

obtained by Firsov38 for the real part of the electrical con
ductivity s~v! in cubic crystals. Here\v1[2J is respon-
sible for the linewidth of the spectral maxima, and\v2
[2Ep is the energy position of the peak of Res(v). Ep
determines the polaron binding energy—the energy shift
tween the narrow ground polaron band and the wide elec
conductivity band,Ea'Ep/2; np is a polaron concentration
e is an electron charge, and the coefficientu05ea2/\ is of
the same dimension as a charge mobility. The real part o
electrical conductivity is directly connected with the polar
contribution to an absorption coefficient:

apol~v!5
4p

nc
Res~v!. ~3!

Here n is a crystal refractive index. Neglecting anisotrop
effects, we used Eqs.~2! and ~3! to fit the experimental ab-
sorption curve for the reduced sample 6.1~of CMg
57.1 mol %!. The value of polaron shift was taken accor
ing to position of absorption maximum:Ep'0.94/2
50.47 eV. This value is close to results obtained in Ref.
for Mg- and Zn-doped crystals. The single matching para
eter v1[2J/\ was selected for the best fitness of the lo
energy slope of the experimental curve. It was enough
achieve a good coincidence between the observed data
the theory predictions over the whole low-energy slope. I
shown in Fig. 6, where the calculated dependence ofapol on
the photon energy is presented by a dashed curve. As a r
of fitting, we obtained the value of an electronic trans
integral: J50.145 eV. It confirms the assumption that p
laron parameterh is rather large in case of LiNbO3: h
'3.5. Thus the polaron hopping occurs in LiNbO3 not only
at next-neighbor sites, the charge transfer at larger dista
is rather probable also.

At the same time, the account of a single polaron ban
insufficient to describe the whole induced absorption in
high-energy part of the spectrum. In pure LiNbO3, wide
bands were observed at larger photon energies, centered
2.5 and 1.6 eV. The first group was attributed to bipolar
transitions and electronic transitions from Fe31 levels, the
second band was considered as intraband absorption
small polarons trapped at NbLi antisites.22–29 Although no
isolated peaks can be selected in the residual part of an
perimental absorption, we made an attempt to account

-
n
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possible absorption due to polarons trapped at NbLi, centered
at 1.6 eV. It is known that, in undoped crystals ofCMg

>Cthr , all NbLi antisites are replaced. But the reduction p
cedure can create such defects.22,24 Among the known ab-
sorption bands in LiNbO3, there are no other peaks suitab
to fit the experimental data in the region between the abs
tion maximum at 0.94 and 2 eV. Thus we assumed the s
of two contributions of the type of Eq.~3!, centered atv2

(1)

[2Ep
(NbNb)/\ and at v2

(2)[2Ep
(NbLi)/\, where Ep

(NbLi)

50.8 eV—the energy shift for polarons trapped at NbLi,
Ep

(NbNb)
50.45 eV—the energy shift for polarons self-trapp

at NbNb ~here we had to decreaseEp
(NbNb) slightly for the best

two-maximum fitting!. The value ofv1[2J/\ was taken the
same for the both contributions withJ50.145 eV, obtained
in the previous fitting. In this case the single matching p
rameter was the relationnp

NbLi/np
NbNb between the polaron

concentrationsnp at NbLi and NbNb. It was selected for the
best fitting of the experimental absorption in the region
0.15–1.5 eV~0.8–8mm!. We did not state a problem to fi
the higher-energy parts of the experimental curve, since
not enough information on possible resonances in this pa
spectra. The results for two-maximum fitting are presen
by two dotted curves in Fig. 6. Their sum describes the
perimental curve in the region up to 1.5 eV~0.8mm!, reserv-
ing space for higher-energy resonances at shorter w
lengths. The most surprising result is that the best value
np

NbLi/np
NbNb is 1 ~within an accuracy of60.05!. This means

that the number of electrons self-trapped at NbNb is equal to
the number of electrons trapped at NbLi. The last value can-
not exceed the concentration of NbLi defect ions. In crystal 6
the most of NbLi defect ions are replaced by MgLi. After
reduction, NbLi defect ions appear in the crystal 6.1, but th
concentration is smaller than in crystal 2.1, where such
fects also exist before reduction. Thus the maximal pola
concentration, which can be obtained after reduction, is l
ited by a number of NbLi defect ions. Partly, this explains th
low values of polaron absorption induced by reduction
crystal 6.1. The induced absorption in this crystal was su
ciently less than that in crystal 2.1, though the reduct
temperature was higher.

This result allows one to make a presumption that
concentration of polarons, obtained under a chemical red
tion, cannot be sufficiently more than the concentration
NbLi antisites in a crystal. If this condition is valid, in Mg
doped crystals, when a density of such defects is decre
by doping, all NbLi antisites can be supplied by the trapp
electrons. This can inhibit polaron hopping from one NLi
antisites to another NbLi antisite under light absorption. In
this case hopping to NbNb occur, populating the polaroni
levels atEp

(NbNb) . The energy distanceDEp between polaron

levels Ep
(NbLi)'0.8 eV and Ep

(NbNb)
'0.47 eV is nearDEp

'0.33 eV. This value is close to position of the maximu
obtained in reduced crystal 2.1 and in crystal 6 after ex
sure to laser radiation. Thus the origin of this peak can
connected with the direct transitions between two pola
levels—atEp

(NbNb) and atEp
(NbLi) . This peak can appear i
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absorption spectra when a number of down-transitions is
than a number of up-transitions. The peak is not seen
absorption spectra of reduced crystal 6.1 due to equal po
lations of the two polaron levels. But it is observed in a
sorption spectra of reduced crystal 2.1 and unreduced cry
6 after exposure to laser radiation. This peak becomes ap
ent in refractive index dispersion of all unreduced crystals~in
the region 3–4mm in Fig. 2!. In all these samples polaro
concentration seems to be less than the concentration ofLi
antisites. Nevertheless, the real distribution of polaron po
lations and the real character of transitions under photon
sorption can be much more complicated, and requires a
ther investigation.

The residual part of absorptiona0(v) was nearly the
same in all bulk samples. The dispersion curves for a fi
and other crystals are shown in Fig. 7 as a function of
photon wave numbern[v/2pc. The crystal of a threshold
Mg-concentration was characterized by a slightly largera~n!,
but the discrepancy was no more than 0.2 cm21 and did not
change the whole character ofa~n! dispersion in all bulk
samples. Conversely, absorption of a thin 8-mm film was
sufficiently larger.

It is reasonable to suppose that the main contribution
the intrinsic absorption is connected with the presence
optical phonon resonances, which are not far from the c
sidered IR region. The nearest longitudinal optical phon
resonance is at 880 cm21. There are no general expression
specifying the lattice contribution to absorption at such sp
tral distances precisely. To estimate the lattice contribution
absorptiona latt(n) we used the oscillator formula41

e~n!5e`1(
j

Sjn j
2

n j
22 ing j2n2 . ~4!

n j andg j are the transverse phonon frequencies and dam
constants~in cm21!, Sj are the phonon oscillator strength
anda latt(n)52pne9/A(e81ueu)/2. We estimateda latt(n) as
a mean between ordinary and extraordinary absorption
ues, the last were calculated throughe'9 ande i9 according to
Eq. ~4!. Parameters of eight phonon modes withE perpen-
dicular to thec axis and of five phonon modes withE paral-
lel to the c axis, obtained by Barker and Loudon,42 were
taken to estimatee'9 and e i9 . The phonon parameters use
were determined over Raman and IR reflectivity spec
measurements for pure stochiometric LiNbO3. Phonon pa-
rameters variations, caused by Li deficit and Mg doping
our crystals, were later studied by Raman spectroscopy.43 It
was shown that only the lowest-frequency part of the phon
spectrum changes. The contribution of such changes to
lattice absorption in the considered spectral range is ne
gible.

As seen in Fig. 7, values ofa latt are much larger than the
measured absorption for bulk crystals. This may be due
large spectral distance between the considered region
phonon frequencies. The nearest transverse phonon r
nances are at 670 and 692 cm21; the resonances, which mak
the largest contribution to a dielectric constant, are at 5
and 628 cm21. Barker and Loudon also mentioned42 that the
oscillator formula did not fit the absorption losses far fro
4-8
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FIG. 7. Dispersion of the basic
absorption coefficient a0(n),
measured for bulk unreduce
samples of thicknessl>500mm
and for a thin crystal film l
58 mm ~solid curves!. Dashed
curve: calculation of the lattice
contribution to absorption coeffi-
cient a latt(v) according to oscilla-
tor formula ~4!.
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transverse phonon frequencies—at longitudinal phonon
quencies in their measurements. However it is interestin
note that the results on absorption in a thin film are not
from the oscillator formula predictions.

Besides a large difference in values, there is a discrepa
in the spectral behavior ofa0(n) and ofa latt(n), calculated
on the basis of the oscillator formula.a latt(n) monotonically
decreases when the spectral distance from phonon r
nances increases.a0(n) also decreases, but in additional,
is modulated with a rather stable period of order of;200
cm21. The period is comparable to the lowest frequencies
longitudinal optical phonons in LiNbO3. At a room tempera-
ture these phonons are excited, since their energies ar
05430
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order of kT. The modulation looks similar to fine structure
absorption spectra ofp-type LaCoO2, observed by Mu¨hlstroh
and Reik.37 It is seen in Fig. 7, that the modulation at;200
cm21 is much more pronounced in case of the thin film.
seems that the discrepancy in modulation amplitudes is
large to explain this only by an imperfection of the us
procedure of reflection losses extraction. The positions
seven maxima coincide in all crystals—bulk and extrem
thin. It is shown in Fig. 8, where maxima in bulk and th
samples are presented in a logarithmic scale.

To present maxima, we subtracted a background ina0(n)
dependences. An increase of the backgroundaback(n) under
frequency decreasing is easily approximated by an expon
-
.
-

-
,

FIG. 8. Maxima ata0(n) dis-
persions after subtraction of expo
nential background contributions
Heavy line: for bulk samples; nar
row line: for a thin film l
58 mm. Vertical grid lines indi-
cate the main peak at 1740 cm21

and wave numbers, which are re
mote from this peak at distances
divisible by 198 and 238 cm21

~see the text!.
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tial dependence. The exponential dependencies are the
for all bulk samples, differing from the exponential bac
ground of the thin-film absorption. Vertical grid lines ind
cate the main peak at 1740 cm21 and frequencies, which ar
remote from this peak at distances, divisible by 198 and
cm21: at 17406p3198 cm21 and 17406p3238 cm21. In-
tegerp is equal to 1, 2, 3, and 198 cm21 and 238 cm21 are
the frequencies of the lowest optical longitudinal phonon42

The positions of the observed maxima coincide with th
frequencies with a fairly good accuracy. However, this
probably only one of possible assignments of the obser
maxima.

Up to now we cannot explain unambiguously the mod
lation appearance and its sensitivity to the dimension low
ing. It is clear only that peaks do not appear due to dir
absorption at two-or three-phonon combination bands, s
they are observed in a large range of spectra~see Fig. 5! with
a rather high periodicity. It seems reasonable to regard
appearance of regular phonon iteration peaks to be a resu
an electron-phonon interaction, and to make a search fo
additional contribution of structure defects to absorption
low frequencies. Since the modulation does not change a
reduction or irradiation, this contribution should be indepe
dent of the polaron concentration.

V. SUMMARY

We have measured refractive indices~see Table II and
Figs. 1 and 2! and absorption coefficients~Figs. 3–5! for
Mg:LiNbO3 single crystals of different Mg contents in th
visible and IR ranges up to a phonon absorption edge. It
shown that, after a chemical reduction of Mg:LiNbO3 crys-
tals of high Mg concentration, a wide absorption ba
emerges in the transparency region of pure LiNbO3 crystals,
being centered at 1.3mm. The main contribution to absorp
tion, induced in Mg:LiNbO3 at 1.3–8mm by a chemical
reduction, is due to hopping of small polarons. Our data
not contradict to the previously made assumption that
trapping occurs at regular NbNb sites in a crystal lattice. Ac-
cording to our estimations, the polaron shiftEp
'0.45– 0.47 eV, the value of an electronic transfer integ
J50.145 eV. Hopping at second and higher-neighbor NNb
sites take place. In the region of 0.4–1.3mm, additional
mechanisms of absorption should be considered to exp
the induced absorption. In particular, the contribution due
hopping of small polarons, which are trapped at NbLi anti-
sites, is rather large. The theory approximation of the
duced absorption by two polaron contributions, with maxim
rs

.
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at 0.9 and 1.6 eV, shows that polaron concentrations at NLi
antisites and at NbNb sites coincide in a reduced crystal o
Mg concentration above the photorefractive threshold.

An additional absorption band was registered near 3.2mm
~0.38 eV! in a number of Mg-doped crystals. It can becom
stronger after exposition to power laser radiation or chem
reduction of crystals with the proper level of Mg concentr
tion. We assign this band to optical transitions between NLi
and NbNb polaron levels.

Also, our spectral dependencies of deviation between
dinary refractive indices of the unreduced Mg-doped crys
and of pure LiNbO3 reveal weak resonance bands in tw
spectral ranges: centered near 1.3 and 3.2mm. The reso-
nances are too intense to fit the spectral dependences of
Mg:LiNbO3 by any Sellmeier-type expressions within th
pertinent absolute accuracy.

The residual parts of absorption, obtained after subtr
tion of all chemically or light induced effects, almost coin
cide in all Mg-doped crystals in the studied spectral range
1200–5000 cm21. The weak absorption dependencies on
Mg-concentration have the same character as the ordi
refractive index dependencies at constant wavelength in
range 4–5mm. All Mg-concentration dependencies for usu
unreduced crystals in this IR range indicate the four-s
character of structural changes under subsequent Mg dop

The intrinsic~uninduced! part of absorption near the pho
non absorption edge is characterized by a number of pe
liarities. First the values of the intrinsic absorption are su
ciently less than those predicted by phonon oscilla
formula. Second, its spectral dependencies are modulate
a rather stable period, being of order of the frequencies of
lowest-energy longitudinal optical phonons excited at ro
temperature. The amplitude of modulation is different in d
ferent spectral regions and is much larger in a thin crys
film of 8-mm thickness. We assume, that the observed mo
lation is a result of an electron-phonon interaction, but f
ther investigation is required to explain this completely.
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