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Threshold behavior of the Einstein oscillator, electron-phonon interaction, band-edge absorption,
and small hole polarons in LiNbO;:Mg crystals
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Based on the Einstein oscillator model and the Urbach rule, we study the electron-phonon interaction and the
band-edge structure of LiNbO3;:Mg. We report on the concentration threshold behavior of the Einstein oscillator,
the electron-phonon interaction, the band-edge absorption, and the light-induced small hole polarons O~ in
LiNbO;:Mg crystals with increasing Mg-doping concentration. The result gives a fundamental microscopic
mechanism of the concentration threshold behavior related to the band-edge optical properties and the light-
induced charge transport of LiNbO;:Mg crystals, and is helpful to optimize LiNbO; for applications such as

nonlinear optics.
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Lithium niobate (LiNbO3) is a versatile synthetic crystal
because of its good electro-optic, acousto-optic, elasto-optic,
pyroelectric, and nonlinear optic properties, and has nu-
merous potential applications in holographic storage, laser
physics, information processing, and nonlinear optics.! It
is well demonstrated that LiNbO3; can be modified for a
specific application by controlling the extrinsic and intrinsic
defect structures in crystal through doping and composition
modification.'™® Specifically, the optical damage in the visible
and near infrared is significantly suppressed in highly doped
LiNbO3:Mg, showing a Mg-doping concentration threshold
behavior.>? On the contrary, the threshold behavior in the
ultraviolet (UV) is opposite to that in the visible and near
infrared, and the photorefractivity and the light-induced
absorption change in highly doped LiNbO;:Mg are greatly
enhanced in the UV.®® The threshold behavior in the visible
and near infrared is phenomenologically ascribed to the
increase of photoconductivity due to the disappearance of
antisite Nbﬁ' defect in highly doped LiNbO3:Mg?, while the
mechanism for the opposite threshold behavior in the UV is
not clear up to now. More importantly, a systematic study
on the electron-phonon interaction and band-edge structure of
LiNbO3, which determine a broad range of properties related
to optics, electron, and thermal transport,9 is still lacking.

In this paper, we report on the Mg-doping concen-
tration threshold behavior of the Einstein oscillator, the
electron-phonon interaction, and the band-edge absorption of
LiNbO3;:Mg. A broad band-edge absorption band is observed
in LiINbO3:Mg crystals at cryogenic temperatures. In addition,
two different UV-light-induced small hole polarons O~ are
identified. These defect structures and the light-induced charge
transport determine the optical properties of LiNbO3:Mg in
the UV. The result also provides a microscopic picture for
the concentration threshold behavior of optical properties of
LiNbO3:Mg.

A series of congruent LiNbO3:Mg crystals with a Li/Nb
ratio of 0.94 and Mg-doping concentrations of 1.0, 2.0,
3.0, 4.0, 5.0, 6.5, 7.8, and 9.0 mol% MgO in melt were
prepared and labeled as CMgl, CMg2, CMg3, CMg4, CMg5,
CMg6.5, CMg7.8, and CMg9, respectively. A nominally pure
congruent LiNbOj crystal labeled as CLN was also employed

1098-0121/2012/86(16)/165132(6)

165132-1

PACS number(s): 78.40.—q, 42.70.Gi, 71.38.Ht, 78.20.Mg

for comparison. The thickness of all samples was 0.5 mm. The
UV band-edge absorption spectra in the temperature range
from 3.8 to 973 K were measured for all crystals. The spectral
dichroism was found to be negligible, therefore, the data
presented in this paper is only for the extraordinary polarized
light.

The absorption band edge was found to be redshifted
significantly with the increase of crystal temperature in all
samples; therefore the effective band energy gap E,, defined
as the photon energy at which & = 70 cm™!, decreases with
the increase of temperature, as shown in Fig. 1(a) for CLN,
as an example. Here, we could not directly measure the direct
band gap due to the limitation of the spectrometer. Instead,
we employed the generally accepted definition of the band
edge of LiNbO; by taking the photon energy corresponding
to a specific absorption coefficient on the absorption edge
(usually at @ = 15 or 20 cm™! in the literature'®'?). In order to
avoid the possible influence from the defect structures near the
band edge, as we will show below, we took the corresponding
photon energy as high as possible, which is limited only by
our spectrometer. The temperature dependence of E, can be
well described by the Bose-Einstein expression'3

2613
exp(Eppe/kgT) — 1’

where T is the absolute temperature, kp is the Boltzmann
constant, £, p£(0) is the fundamental band gapat T = 0, E g
is the average energy of the Einstein oscillator corresponding
to the most active phonons,” and ap represents the strength of
the electron-phonon interaction. The fitting result for CLN
is shown in Fig. 1(a), and excellent fits are also achieved
for all other samples. The yielded values of E,zr(0), E,pE,
and ap are shown in Figs. 1(b)-1(d), respectively. It is
found that the fundamental band gap E,g(0) increases up
to ~4.30 eV at around 6.5 mol% Mg-doping concentration,
and then it goes down slightly as the Mg-doping concentration
continues to grow. Surprisingly but interestingly, the Einstein
oscillator and the electron-phonon interaction exhibit a distinct
Mg-doping concentration threshold behavior. As shown in
Figs. 1(c) and 1(d), the Einstein oscillator energy E,pg
drops abruptly from ~400 cm™! to ~250 cm™' and the

Ey(T) = Egpe(0) — (1)
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FIG. 1. (a) The measured temperature dependence of the effective
band energy gap of CLN and the corresponding fitting curve by the
Bose-Einstein expression. The dependence of (b) the fundamental
band gap at 0 K, (c) the average energy of the Einstein oscillator, and
(d) the strength of the electron-phonon interaction on the Mg-doping
concentration, respectively.

electron-phonon interaction strength weakens dramatically
at around 5.0 mol% Mg-doping concentration. Note that
the electron-phonon interaction determines a broad range of
optical properties and the electron transport in crystal. The
reduction in the electron-phonon interaction would lead to an
increase in the photoconductivity,” which finally results in the
suppression of optical damage in highly Mg-doped LiNbO3.%3
The result, therefore, gives a fundamental microscopic picture
of the threshold behavior of optical properties such as the
optical damage and spectral properties of LiNbO3:Mg crystals.

The absorption edge tails of all samples at temperatures
higher than 400 K are consistent with the widely observed
Urbach rule'*!”

o
a=apexp| ——(hw —hwy) |, 2
0exp [ kBT*( o)i| @)
where «g, o, and wy are constants, and T* is the effective
temperature being determined by

B B
T* = 29 coth [ =22 ) 3)
ks 2T

and w, is the phonon frequency at which the most active
interaction occurs with electrons. As an example, Fig. 2(a)
shows the semilogarithmic spectral plots of the absorption
edge of all samples vs photon energy E = hw at 500 K. The
energy of the most active phonons E,y = hw, was calculated
for all samples by fitting the measured absorption edges using
Egs. (2) and (3), as shown in Fig. 2(b). As expected, the
energy E ,y also exhibits a Mg-doping concentration threshold
behavior, which is exactly the same as that of the Einstein
oscillator shown in Fig. 1(c). In fact, the Urbach rule can also
be well modeled by the Einstein oscillator.'"®!® For LiNbO;
crystals, the fundamental optical transition occurs in NbOg
octahedra,'®? and the microscopic electric fields associated
with the longitudinal optical phonons are primarily responsible
for the Urbach rule.”! The significant drop of the average
phonon energy from ~400 cm™! to ~250 cm™!' when the
Mg-doping concentration exceeds 5.0 mol% reveals a dramatic
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FIG. 2. (Color online) (a) Spectral profiles of In(«) at 500 K and
(b) the energy of the most active phonons E,y = hw, for LiNbO;3
with different Mg-doping concentrations.

deformation of the NbOg framework,>> which is in excellent
accordance with the defect structure changes of crystals around
the threshold concentration of MgO, at which Mg?* ions begin
to replace the Nb>* ions in the NbOg octahedra.??
Interestingly, as the temperature goes down below ~400 K
and the absorption edge of the crystal gradually shifts toward
higher energy, a new absorption band shows up at the bottom
of the Urbach tail in all samples. Typical absorption spectra
at a cryogenic temperature of 3.8 K for all samples are
shown in Fig. 3. The appearance of this new absorption band
deforms the Urbach tail at this spectral region, which may also
deviate the effective band energy gap E, of the crystal if it
is defined as the photon energy at which oo = 15 or 20 cm™!.
On the other hand, we found that, although the profile of the
absorption edge tail around this new band deviates from the
Urbach rule, the remaining part of the absorption edge tail
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FIG. 3. (Color online) The absorption spectra of LiNbO;:Mg
crystals with various doping concentrations at 3.8 K.
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FIG. 4. Dependence of the absorption peak Ac, on the Mg-
doping concentration measured at 3.8 K.

still obeys the Urbach rule. In order to show the true spectral
structure of this absorption band, we subtract the Urbach tail
from the measured spectra and get

o
Ao = o — g exp |:kBT* (ho ha)o)i| , “)
where o, 0, wg, and T* are calculated by fitting the remaining
spectrum without deformation to the Urbach rule. We find that
the peak of the absorption band A« grows with increasing
MgO concentration, as shown in Fig. 4. In the lightly doped
LiNbO3:Mg (<5.0 mol%), the absorption peak Ao, varies
slightly with the increase of Mg-doping concentration, while
an abrupt increase of A« is observed in the sample CMg5
followed by a significant increase of Acw, as the Mg-doping
concentration continues to increase. Note that the increased
slope of A« for the highly doped region is much steeper
than that for the lightly doped region in Fig. 4, indicating
the dominant defect centers responsible for A« should be
different for the lightly and highly doped LiNbO;:Mg crystals.
Note that the UV photorefractivity is enhanced significantly
when the Mg-doping concentration is higher than 5.0 mol%,%’
which has exactly the same tendency as the strength of the
absorption band A« shown in Figs. 3 and 4. This indicates
that the related defect centers should also be responsible for the
photorefraction and the light-induced charge transport process
in the UV in LiNbO3:Mg.

Moreover, for crystals with Mg-doping concentrations
higher than 5.0 mol%, the absorption band A« can be
decomposed into two Gaussian components peaked at 3.83
and 4.03 eV, respectively. Figure 5(a) shows a typical spectral
profile of Awa for the sample CMg6.5 measured at 3.8 K,
together with the spectral profiles of the two decomposed
Gaussian components and their summation. For crystals with
Mg-doping concentrations lower than 5.0 mol%, only the
Gaussian component peaked at 3.83 eV appears in the spectra
of Awx. A typical result for the case of CLN measured at
3.8 K is shown in Fig. 5(b), where the dash-dotted red curve
is a least-square fit of a Gaussian spectral profile with its
peak energy fixed at 3.83 eV. It is clear that the defect centers
responsible for A« are different in the lightly and highly doped
LiNbO3:Mg crystals.

In order to clarify the related defect centers near the
band edge, we measured the spectra of the UV-light-induced
absorption change of LiNbO3;:Mg. The UV pump beam,
with an intensity of 0.26 W/cm?, was set at 325 nm, very
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FIG. 5. (Color online) The spectral profiles of A« (black curves)
measured at 3.8 K for CMg6.5 (a) and CLN (b), respectively. The
dotted and dashed blue curves in (a) are the theoretical fits of two
Gaussian components peaked at 3.83 and 4.03 eV, respectively, and
the dash-dotted red curve in (a) is the sum of the two Gaussian
components. The dash-dotted red curve in (b) is the theoretical fit
with a Gaussian profile peaked at 3.83 eV.

close to the absorption peak of A« in Fig. 5. For crystals
with low Mg-doping concentrations (<4 mol%, including
CLN), no detectable light-induced absorption change was
observed, most probably because of the low available UV-
pump intensity and the limitation of the detection sensitivity of
the spectrometer. For highly Mg-doped crystals (=5 mol%), a
broad light-induced absorption spectral band, extending from
the visible to the UV, was observed. We may attribute the
observed spectrum of the light-induced absorption change
Aqy; to the formation of small hole polarons O~ near the
negatively charged defect centers in crystals.®>*?

Figure 6 shows a typical spectrum of the UV-light-induced
absorption changes Aqy; for CMg5 at room temperature
(298 K). This broad spectrum of the light-induced absorption
change can be well decomposed into two Gaussian-type
spectral profiles with typical characteristics of small hole

polarons O~ :242

Aq;
DY %exp[—wi(ha) — MY, 5)
i=1,2

where Aw; and w; are constants, M; = 2E,; is the peak
spectral energy of the respective small hole polarons, and
Ep; is the energy of the hole-vibration system under the
six-well model.?>?” The peak energy was measured to be 2.64
and 3.45 eV, and the fingerprint ratio W2/ M = 2 In(2)hwy,
where W is the half-width at half-maximum of the polaronic
spectrum (see the dashed and dotted blue curves in Fig. 6)
and fiw is the typical longitudinal optical phonon energy, was
0.15 and 0.04 eV for the respective small hole polarons. The

165132-3



XIN, ZHAIL WANG, KONG, XU, AND ZHANG

1.5 2.0 2.5 3.0 3.5 4.0

E (eV)

FIG. 6. (Color online) The spectral profile of the UV-light-
induced absorption changes Acj; measured at room temperature
(298 K) for CMg5. The solid black curve is the measured one, and
the dashed and dotted blue curves are the theoretical fits of two
Gaussian-type polaronic components peaked at 2.64 and 3.45 eV,
respectively, and the dash-dotted red curve is the sum of the two
Gaussian-type polaronic components according to Eq. (5).

spectral characteristics with a peak energy of 2.64 eV and a
fingerprint ratio W?/M = 0.15 eV (see the dashed blue curve
in Fig. 6) are in good accordance with those of small hole
polaron (O~-V;), in which a hole is trapped at an oxygen ion
near a Li-site vacancy (V;).>**> On the other hand, we may
attribute the spectrum with a high peak energy of 3.45 eV and
aratio W2/M = 0.04 eV (see the dotted blue curve in Fig. 6)
to the formation of small hole polarons near other negatively
charged defect centers, most probably the Mgy, 2t centers.? It
is well known that, when the Mg-doping concentration is lower
than 5.0 mol% in melt, the main negatively charged defect
center in LiNbO;:Mg crystal is the Li-site vacancy Vy;,>
and the O~ polaron can be formed when a hole is trapped
at an oxygen ion near a Li-site vacancy (O~-V;).>* When
the Mg-doping concentration is higher than 5.0 mol%, Mg>*
ions will replace the normal Nb>* ions and form negatively
charged (with respect to the normal lattice) centers Mgy, 2t,%
which has a higher electronegativity than Vp;. Therefore,
holes may also be trapped at oxygen ions near the Mgnp>"
centers, forming another type of O~ polarons (O~ -Mgny,>+)
in highly Mg-doped LiNbO3.?® In addition, we noticed that
a broadband but very weak (with a peak amplitude of
~0.08 cm™") UV-light-induced absorption change spectrum
similar to that in Fig. 6 was also observed in CMg4. This
indicates that Mg”* ions already begin to replace normal site
Nb ions at this Mg-doping concentration.

One may argue that the typical fingerprint ratio W2/ M
would be ~0.14 eV for small hole polarons, while that
measured for the dotted blue curve in Fig. 6 is only 0.04 eV.
This discrepancy may be ascribed to the following reasons:
(1) Note that the ratio W?/M is proportional to the coupled
longitudinal phonon energy;®> a dramatic decrease in the
longitudinal phonon energy will reduce the ratio. Such a
dramatic decrease in the longitudinal phonon energy was
indeed observed in highly Mg-doped LiNbOs3, as shown in
Figs. 1(c) and 2(b). (2) A reduced coupling strength with
the lattice, as shown in Fig. 1(d), would narrow the spectral
bandwidth of small hole polarons.?>” (3) The Mgny,>" center
is of higher electronegativity as compared to the Vy; center,
and holes are bounded much more tightly around Mgy,>+
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FIG. 7. (a) The spectral profiles of the UV-light-induced absorp-
tion changes Ag;; at specific dark decay times ¢ = 0, 10, 50, 100,
and 200 s, respectively; (b) the dark decay time constants T probed
at specific wavelengths which are estimated as the time for the
UV-light-induced absorption changes decaying to its e~! of its initial
value at r = 0; and (c) the temporal dark decay dynamics of the
UV-light-induced absorption change probed at 400 nm. All the data
(solid curves and solid squares) were measured at room temperature
(298 K) for CMg5. The gray curve in (c) is the theoretical fit to the
sum of two stretched exponential decays according to Eq. (6).

centers, which may result in an increase in the peak energy of
the small hole polarons, and therefore reduce the ratio further.

Figure 7(a) shows the typical dark decay dynamics of
the UV-light-induced absorption change for CMg5 at room
temperature. It is clearly seen that the UV-light-induced
absorption spectrum peaked at 2.64 eV decays much faster
than that peaked at 3.45 eV. This was further confirmed by
directly monitoring the dark decay dynamics at specific probe
wavelengths, as shown in Fig. 7(b), in which the decay time
constant t is estimated as the time for the UV-light-induced
absorption changes decaying to its e~! of the initial value
at t+ = 0. Figure 7(c) shows a typical temporal dark decay
dynamics of the UV-light-induced absorption change probed
at 400 nm for CMg5 at room temperature. One sees that the
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FIG. 8. The temperature dependence of the dark decay time
constants 7; and 7, of the UV-light-induced small hole polarons
(O~-Vy;) and (O*—MngH), respectively, for CMg5. According to
the Arrhenius law, the thermal activation energy E,; was measured
to be 0.55 and 0.82 eV for the small hole polarons (O~-V;) and
(O~ -Mgnp "), respectively.

dark decay dynamics can be well described by the sum of two
stretched exponential decays:?®

Aaji(t) = Y Acioexpl—(t/7)"], (6)

i=1,2

where Ao, 7;, and B; (i = 1,2) are the initial absorption
change att = 0, the dark decay time constant, and the stretched
exponent for the respective small hole polarons. The stretched
exponential parameters are fitted to be §; = 0.68, 1 = 12.7 s
for (O~-Vy), and B, = 0.72, 1, = 111.6 s for (O~-Mgnp> 1),
respectively, and the gray curve in Fig. 7(c) shows the fitting
result. Good agreement is achieved. We would point out that
a sum of two exponential functions cannot give a satisfactory
fitting. By measuring the temperature dependence of the dark
decay time constant t; (i = 1,2) of the respective UV-light-
induced small hole polarons, the thermal activation energy
E.; (i =1,2) was measured to be 0.55 and 0.82 eV for the
small hole polarons (O~-V;) and (O~-Mgy,> 1), respectively,
as shown in Fig. 8. This result provides further support on
the hole polaronic features of the UV-light-induced absorption
change observed in highly Mg-doped LiNbO; crystals.?>3
Based on the above observations, we may suggest the
following schematic diagrams of the band structure for both
the lightly and highly doped LiNbO3;:Mg crystals, as shown
in Fig. 9, where the solid horizontal lines represent the energy
levels of various effective defect centers in the band gap,
and the dashed horizontal lines depict the position of the
effective band edge which moves up and down as the crystal
temperature changes. For LiNbOj crystals, the fundamental
optical transition occurs in NbOg octahedra,'®* and the
deformation induced by the negatively charged defect centers
Vi and Mgny>™ on the oxygen octahedron may generate
defect clusters (0?~-V;) and (O>~-Mgny2t), which might
result in deep-level defect centers with the energy levels close
to the valence band in the band gap of LiNbOj. This may
also be inferred from the reports of Li et al.'” in which the
effective band edge of LiNbO3, defined as the photon energy at
a = 15 or 20 cm™!, is experimentally confirmed to be related
to the Li-site vacancy. The spectral fingerprint ratio W2/ M
was measured to be ~0.02 eV for both deep-level centers (see
Fig. 5), indicating that they are not of the small hole polaronic
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FIG. 9. Schematic diagrams of the band structure and energy
levels of various effective defect centers in the lightly (a) and
highly (b) doped LiNbO3;:Mg crystals, respectively. Here CB and
VB represent the conduction and valence bands, respectively. The
dashed up arrows indicate the spectral shift of the absorption edge as
the crystal temperature increases. The thick solid up arrows represent
the photoexcitation by the ultraviolet pump beams such as a 325-nm
pump beam, and the dotted double arrows indicate the electron-hole
recombination processes between Nby;** and (O~-V;;), Fe*™ and
(O~-V4), and Fe?* and (O~ -Mgx,>), respectively.

type.>> However, for a decisive identification of the deep-level
defect centers related to the spectra in Fig. 5, more elaborate
experiments are necessary. For the sake of cautiousness and
convenience, we may mark, respectively, the deep-level defect
center in lightly doped LiNbO3:Mg as X and the additional
deep-level defect center in highly doped LiNbO;:Mg as X,
which increases with increasing Mg-doping concentration, as
can be inferred from Fig. 4. Note that the effective band edge
of the crystal will be redshifted with the increase of the crystal
temperature, and the broad featureless Urbach tail will overlap
the absorption band of X; and X, in both the lightly and
highly doped LiNbO3:Mg crystals. Therefore, the absorption
spectra near the band edge are characterized by the broad
featureless Urbach tail for all samples at high temperatures. At
low temperatures, the absorption bands of X;and X, appear
because the band edge shifts toward high energy significantly
and is much deeper in the UV than the absorption bands of
Xand X5, as shown in Fig. 3.

Under the illumination of a 325-nm pump beam at room
temperature, electrons are excited either directly from the va-
lence band or from X; and X, centers, and small hole polarons
O~ can be generated in both the lightly and highly doped
LiNbO;:Mg crystals. The generation of O~ polarons, both
near the V; and Mng2+ centers, would induce a broadband
UV-light-induced absorption change Acqj; in the visible and
UV spectral ranges in the highly doped LiNbO3:Mg crystals,
as shown in Fig. 6. The small hole polarons may recombine
with the electrons trapped at the unintentional impurity Fe?*.
Such a recombination process can be inferred from the dark
decay dynamics of the UV-light-induced absorption changes
shown in Fig. 7(a), where there is always some residual
UV-light-induced absorption changes in the spectral range
around 2.5 eV, which decays at the same rate as that of
the small hole polarons (O~-Mgnp>") spectrally peaked at
3.45 eV. However, due to a quick recombination with the
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electron small polarons Nby;*t or electron free small polarons
Nbyp*+,82427-29 3 low available UV-pump intensity, and the
limited detecting sensitivity of our detecting system, we cannot
observe the UV-light-induced absorption change due to the
formation of small hole polarons, mainly the O™-V; polarons,
in lightly doped LiNbO;:Mg. Note that the light-induced
defect centers, the dark decay dynamics, and the related charge
transport processes in our case are quite different from those
reported in Ref. 29, in which ultrafast dynamic processes in
the time scale of the order of microseconds or milliseconds
that are mainly related to electron small polarons Nby;** and
electron free small polarons Nbyy**, spectrally peaked at ~1.6
and ~1.0 eV, respectively, were studied in detail. In our case,
the dynamic processes are characterized by a time scale of the
order of tens of seconds, which are mainly related to the small
hole polarons O, as shown in Fig. 7.

In summary, we have observed the threshold reduction of
the Einstein oscillator and the electron-phonon interaction in
highly doped LiNbO3:Mg, which could be regarded as the
microscopic origin of the significant threshold increase in the
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photoconductivity and therefore the dramatic suppression of
the optical damage in the visible in highly doped LiNbO3:Mg
crystals. In addition, a new broad absorption band close to the
band edge of LiNbOj3 crystals has been observed at cryogenic
temperatures, which may be related to the defect clusters O*~-
Viand O* -Mng2+. Moreover, different types of small hole
polarons, O~-V; and O’-Mng”, have been confirmed in
highly doped LiNbO3:Mg. These defect centers may determine
the band-edge optical properties of LiNbOs. It is evident that
the concentration threshold behavior of the Einstein oscillator
and the electron-phonon interaction will also have important
effects on other properties such as the electron and thermal
transport processes in LiNbO3:Mg crystals.
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