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Ferroelectric-Specific Stark Effect in Stoichiometric LiNbQO;:Fe at Room Temperature
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By means of EPR spectroscopy of LiNbO;:Fe at room temperature (RT) it is shown that the Stark effect
in ferroelectric crystals can be different from that observed in other materials. Novel properties appear
when an external E field reverses the direction of the spontaneous polarization, the direction of the linear
Stark shift stays the same with a reversal of the E field. The corresponding spectral line shifts can occur
over a long time scale (hours). These properties seem to be a general feature of the Stark effect in
ferroelectric crystals when the external E field exceeds the coercive field.
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The Stark effect observed in the optical and radio fre-
quency spectra of crystals with point defects is known to
have either a quadratic or linear E field dependence. When
a dipole moment of the defect center (hereafter—center) is
induced only by an external electric field, the spectral line
shifts are proportional to the square of the applied F field,
and the direction of the shifts does not depend on polarity
of the E field. In a linear Stark effect, the dipole moment of
the center is already induced by the polar axial component
of the crystal field; the direction of the linear-in-field
spectral shifts reverses upon a change in polarity of the
external E field. A review on the Stark effect in crystals is
given in Ref. [1]. The goal of this Letter is to demonstrate
that manifestations of the Stark effect in ferroelectric crys-
tals can become quite different when the external E field
exceeds the coercive field at a given temperature and
switches the spontaneous polarization of the sample, which
consequently reverses the direction of the polar axis of the
center given by the direction of the polar axis of the crystal.
This reversal effect causes the direction of the linear Stark
shifts to be independent of the external E field polarity. The
Stark effect is neither quadratic nor linear but linear in
absolute magnitude with dynamics that reveals the repola-
rization of the ferroelectric crystal. Below the coercive
field, when repolarization cannot occur, only a standard
linear Stark effect is observed. Parallel measurements of
the repolarization currents allowed us to confidently assign
the observed peculiarities to the ferroelectric properties of
the sample.

Ferroelectric-specific properties of the Stark effect are
found in the electron paramagnetic resonance (EPR) spec-
tra of LiNbOj:Fe crystals. EPR spectra were measured
over the temperature range from 300 to 78 K on an
X-band conventional EPR spectrometer. E fields up to
5 kV/mm were applied to c-cut plates of LiNbOj:Fe,
3.8 X 5.8 X 1.0 mm?. Opposite ¢ faces were coated with
aquadag electrodes and the current was measured in the
circuit with an electrometer. LINbO; samples with compo-
sitions close to being stoichiometric were studied
(LiNbO5:0.1 mol. %Fe,03). These were cut from a con-
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PACS numbers: 77.80.Fm, 76.30.Fc, 77.84.Dy

gruently grown boule and subjected to a vapor transport
equilibration (VTE) procedure at the University of
Osnabriick, Germany, to improve the stoichiometry [2].

An Fe’' center with the Fe>"[Nb]-K™ structure has
been found in Refs. [3,4], where the stoichiometry of the
samples studied was improved by the addition of K,O to
the melt. In our samples, which have been grown without
potassium, a center with very close spin-Hamiltonian pa-
rameters appeared after VTE processing. Li ions are
known to enter the sample during VTE treatment [2],
with a majority of them filling Li-vacancies inherent to
congruent LiNbOs; although in principle some of the Li
ions can occupy a structural vacancy next to a Fe3*[Nb]
ion. This results in a reasonable assignment of the center
studied in this work to the Fe*[Nb]-Li* structure (Fe3" in
a Nb site with an irregular Li* ion on the ¢ axis) [5].

Li* and Nb* ions in oxygen octahedra are shifted along
the ¢ axis from the center of the octahedra (Fig. 1). The
lack of inversion site symmetry allows a linear Stark effect
on the spectral lines of Fe ions, for either Fe3*[Li*] or
Fe3*[Nb>*] centers. In LiNbO3, a linear Stark effect has
been observed in nuclear quadrupole resonance (NQR) on
%Nb [6] and in optical absorption spectra of Cr** [7].

In this work, a measurable Stark effect is found only on
the EPR lines of the Fe3*[Nb]-Li* center. Figure 2 shows
the effect of the external E field, E || ¢, on the resonant
magnetic field of the M = 1/2 < 3/2 transition. Similar
results are obtained on other lines of the Fe3*[Nb]-Li*
center.

At T = 100 K repolarization of our samples under the
employed E fields does not occur (see below), and a typical
linear Stark effect is observed [Fig. 2(a)]; the direction of
the shift reverses with a reversal of the E field—this is also
the case with the NQR results of [6]. At RT the threshold
field needed to repole LiNbO; (coercive field) can be as
low as 0.8 kV/mm for stoichiometric samples [8], and
ferroelectric manifestations can be encountered. Indeed,
the behavior of the Stark effect becomes quite different
see Fig. 2(b); together with immediate spectral changes, a
long term evolution is observed upon a reversal of the £
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FIG. 1. Crystal lattice of LiNbO; in the ferroelectric phase.

field. The closed circles and triangles in Fig. 2(b) show the
steady-state position of the EPR line as a function of the
applied E field. Varying a positive E field applied in the
direction of the spontaneous polarization of the crystal (as
determined with pyroelectric measurements by heating the
sample and measuring the polarity of the voltage generated
across the sample), we only observe the usual instanta-
neous linear Stark shifts of the EPR line [solid triangles on
Fig. 2(b)]. Switching of the E field to —3.5 kV/mm results
in an instantaneous (arrow 1) and subsequent gradual (open
circles and arrow 2) shifts of the EPR line. Further varying
of negative E field causes only an instantaneous linear-in-
field shift of the resonance line [solid circles on Fig. 2(b)].
Immediate and slow spectral changes caused by the rever-
sal of the E field from a negative value to +3.5 kV,/mm are
indicated by the arrows 3 and 4, respectively. We find
[Fig. 2(b)] that at T = 300 K the Stark effect gains new
characteristics: (i) the steady-state shifts are still linear-in-
field, but the EPR line shifts to a higher magnetic field for
both polarities of the external E field, (ii) for a zero E field,
two different positions of the same EPR line can be ob-
served, before and after subjecting the sample to an E field
of the opposite polarity.

Characteristic (i).— Fig. 3 gives a deeper insight to the
issue and helps elucidating the ferroelectric origin of the
novel characteristics of the Stark effect at RT. An FE field,
E || ¢, with opposite polarities was applied to the sample
[Fig. 3(a)]; the dynamics of the Stark shift [Fig. 3(b)] was
measured in parallel with the repolarization current
[Fig. 3(c)]. With the voltage applied across the sample in
the direction of its spontaneous polarization, repoling can-
not occur, and only short spikes of current in the circuit can
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FIG. 2. Stark effect on the EPR line M = 1/2 < 3/2 of the
Fe’"[Nb]-Li* center in LiNbO;. Closed circles and triangles:
steady-state positions of the line. Open circles: transients in the
course of repoling [see region 2 in Fig. 3(b)]. Arrows 1, 3 and 2,
4 indicate the immediate and slow spectral changes, respectively.
E|lH | c. T=100K (a) and 295 K (b).

be observed [Fig. 3(c)] due to the recharging of the capaci-
tance of the sample and the lead wires. The dark current
was negligible (smaller than the noise level (<10 pA)).

At RT, the reversal of the external E field makes it
opposite to the direction of the spontaneous polarization,
which may start repoling the sample. A long transient
current is observed, see Fig. 3(c); integration of the current
is displayed in Fig. 3(d). The transferred charge density,
Q =117 =2 uCcm™2, is in agreement with double the
value of the spontaneous polarization (2P;) of LiNbO;:
P, = 50-70 wCcm 2 [9,10]; this is clear evidence that at
RT an E field of 3.5 kV/mm does switch the polarization
of our samples. The dynamics of the measured repolariza-
tion is the same as that of the slow shift of the EPR line
[region 2 in Fig. 3(b)], hence the novel manifestations of
the Stark effect shown in Figs. 2(b) and 3(b) are caused by
repolarization of the sample.

It is worth noting that repolarization current was not
detected at 100 K, the repolarization current density at £ =
6 kV/mm was certainly smaller than 50 pAcm~2. This

057602-2



PRL 100, 057602 (2008)

PHYSICAL REVIEW LETTERS

week ending
8 FEBRUARY 2008

< [Frrrrrrrrrrrrrrrprrrrprrrr T
= 4: s P ]
g O
o N
> A4F

N

-~

D

o
T

EPR line position (Oe)
~
&

1750 |
5 0f
3 [

20F
‘\.‘E O_.
S C ‘ : ]
S r SR : (I
s 0F T
o -100F vl [ {d)]
e 0 50 100 150 200 250

300 350
Time (min.)

FIG. 3. Simultaneously measured dynamics of the M =
1/2 < 3/2 transition: (a) switching of the external electric field
polarity, E || ¢; (b) EPR line position; (¢) poling current; and
(d) poling charge density. The arrows show the change of the
polarization in the course of repoling of the sample. Labels 1-4
in (b) correspond to the arrows 1-4 in Fig. 2(b). E|| H || ¢, T =
295 K, 9.3 GHz.

means that switching time period at 100 K is at least a
month long, which is 3 orders of magnitude longer than the
time scale of our EPR experiments. An increase in the
coercive field at lower temperatures is expected in LiNbO3
since it is known that it significantly decreases when heated
above RT; see Ref. [11].

It is the repoling of the monodomain sample that pro-
vides a clear explanation to the V-shaped characteristic of
the Stark effect at RT shown in Fig. 2(b). The direction of
the polar axis of the center is given by the direction of the
polar axis (c axis) of the sample. When an opposite polarity
electric field E reverses the direction of the polar axis ¢ (in
fact, it reverses the monodomain sample as a whole), the
direction of the polar asymmetry of the center reverses
along with the sign of the dipole moment d of the M =
1/2 < 3/2 transition. As a result, the direction of the
linear Stark shift, d - E, does not change: the EPR line
shifts to a higher magnetic field regardless the E field
polarity, i.e., V-shaped characteristic.

In the course of repoling, the sample consists of domains
with opposite directions of spontaneous polarization, par-
allel and antiparallel to the external E field [schematically
shown with arrows in Fig. 3(d)]. In the external field,
positions of the spectral line are different in opposite
domains; the resulting EPR line becomes a sum of the
two lines. The shift between the lines in the course of the
+3.5— —3.5kV repoling [arrow 2 in Fig. 2(b)] is
~10 Oe—significantly smaller than their width ~60 Oe;
therefore, they cannot be resolved. (Such a large linewidth
with a negligible dependence on temperature usually sug-
gests an inhomogeneous character of the broadening
caused by slightly different environments of the centers.
At the same time, a significant or even dominating contri-
bution of an unresolved superhyperfine structure should
not be ruled out for a high quality and stoichiometric
sample.) It is known in spectroscopy that redistribution
of the intensity between the components of an unresolved
doublet line causes a shift of the doublet. In our case, this
shift must be proportional to the time-dependent volume
fraction of the antiparallel domains (ranging from 1 to 0) in
the course of the repoling. If the slow Stark shifts are
indeed caused by the repolarization, then—due to this
linear relationship—the dynamics of these two processes
must be identical. This is exactly the case how they appear
in region 2 in Figs. 3(b) and 3(c).

Characteristic (ii).—Figs. 3(c), 3(d), and 2(b) show that
the dynamics of repolarization in opposite directions is
nearly the same—but the slow changes of the EPR line
position are much stronger when the E field is switched
from +3.5 to —3.5 kV/mm [compare regions 2 and 4 in
Fig. 3(b) and arrows 2 and 4 in Fig. 2(b)]. This difference is
caused by the structure of the Fe’"[Nb]-Li* center,
namely, the presence of a stable defect (an irregular Li™)
close to the Fe*" ion.

Figure 4 shows a section of the crystal lattice around the
Fe3*[Nb]-Li* center before and after repoling. In the
course of repoling, Nb>* ions are shifted by Ay, =
0.51 A along the c axis (see the arrow in Fig. 4 (right))
from one oxygen plane to the other, although they remain
within the same oxygen octahedron. This is also the case
for Fe’™ (see Fig. 4) whose ionic radius is similar to that of
Nb’*, 0.8 A (Ref. [12]). Unlike Nb3* ions, Li* ions hop by
A;; = 1.42 A through the oxygen plane to corresponding
structural vacancies: this is proved by a straightforward
evaluation of the corresponding displacement charge den-
sity Q = (eA; + SeAyy)n, where n = 1.87 X 10?? cm ™3
is a concentration of Li* and Nb>* ions in LiNbO;, and e
is the electron charge. We obtain Q = 119 uCcm 2,
which is in excellent agreement with the value Q = 2P, =
117 + 2 uCcm™2 measured in this work.

Hopping through the oxygen plane is not possible for
Li" ions located close to Fe** (ions 1 and 2 in Fig. 4); the
“destination”” oxygen octahedra are occupied either by an
Fe** ionorbyaLi® ion 1. Li" ions 1 and 2 remain in their
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FIG. 4. Transformation of the Fe3"[Nb]-Li™ center under re-
poling of LiNbOs: structures of the center before repoling (left)
and after repoling (right). The displacements of the Li* and
Nb>*t sublattices are shown by arrows. Solid horizontal lines:
oxygen planes. Black circles: Fe3* ion. The longer arrows
indicate the directions of the spontaneous polarization.

oxygen octahedra before and after repoling. It is seen in
Fig. 4 that the sample before repoling [Fig. 4 (left)] has an
irregular Li* ion 1 occupying the site next to the
Fe**[Nb3*] oxygen octahedron; Li* ion 2 is a regular
ion. After repoling [Fig. 4 (right)], Li* ion 1 becomes a
regular ion, but Li* ion 2 now occupies a structural va-
cancy (the next nearest vacancy to the Fe3*[Nb>* ] oxygen
octahedron).

Before and after the repoling of the sample, the
Fe3*[Nb]-Li* center has different structures as shown in
Fig. 4; parameters of the center appear to be determined
mainly by the location of Fe*" ion in its oxygen octahe-
dron. Polar asymmetry of the location reverses together
with the polarization of the sample, and the direction of the
steady-state Stark shift stays the same with very close
absolute magnitudes of the Stark coefficients. Different
locations of the irregular Li* ion (nearest or next nearest
oxygen octahedron to that which is occupied by an
Fe**[Nb] ion) cause only a small change in spectral posi-
tion of the EPR line (compared to its width) in a zero E
field for different directions of polarization of the sample:
see Fig. 2(b).

The difference between the zero E field positions, 6, is
comparable with the Stark shifts. The significantly differ-
ent amplitudes of the slow spectral changes in the course of
forward or backward repoling are due to the circumstance
that in region 2 (Fig. 3) 0 is added to the sum of the Stark
shifts in the opposite domains but in region 4 it is sub-
tracted: see arrows 2 and 4 in Fig. 2(b). This pictorial
consideration clearly explains why the slow dynamics in
Fig. 3(b) is a dominant feature during repoling from +3.5
to —3.5 kV, but barely seen during repoling in the opposite
direction.

In conclusion, we would like to note that the observed
properties of the Stark effect in a ferroelectric crystal
appear to be quite general: ferroelectric-specific manifes-
tations of the Stark effect may arise in any ferroelectric
crystal when an external E field exceeds the coercive field
thus causing a repoling of the sample. In ferroelectrics the
effect becomes a more versatile phenomenon than in other
solids. It is unlikely that this first example, LiNbO;:Fe,
covers all novel manifestations of the Stark effect which
can be observed in ferroelectric crystals, a wide class of
materials. There is nothing specific to EPR in the above
reported results; these same phenomena may also be found
in optical absorption, luminescence, or luminescence ex-
citation spectroscopy. It is worth noting that optical irra-
diation may cause a significant decrease of the coercive
fields (see [13] and references therein); therefore, in optical
spectroscopy it may be easier to encounter ferroelectric-
specific manifestations of the Stark effect than it is in EPR.
There are impurities with Stark shifts comparable to or
larger than the spectral line width [14], which may result in
more fine effects than those reported here.
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