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INFLUENCE OF PROTON EXCHANGE

PACS 67.40.Fd, 76.60,-k

ON NMR RELAXATION MECHANISM OF "Li

The temperature dependence of the * Li spin-lattice relazation time in the temperature interval
170-340 K has been studied in undoped and proton-exchanged powder specimens of LiNbOs. An
anomaly in the temperature behavior of the relazation time T1 in the temperature interval 300—
840 K is revealed in both specimens, which is related to the local lattice reconstruction. On
the basis of the activation energy values calculated from the Ti(T') dependence, a conclusion
is made that the dominant relaxation mechanism in the considered temperature interval is
the tunneling of Li ions between sublattice vacancies. The difference between the activation
energies for two polycrystals is explained by the transition from a symmetric three-well potential
to an asymmetric one owing to the appearance of oxygen wvacancies and the localization of

impurity protons in the oxygen plane.
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In recent years, crystals of lithium niobate, LiNbOg,
owing to their optical, piezoelectric, and pyroelec-
tric properties, have found a rather wide applica-
tion in modern devices of nonlinear optics, electro-
acoustic units, and other branches of the scientific in-
strument engineering [1]. However, laser irradiation
of those crystals gives rise to the so-called optical
damage associated with a change of the refractive in-
dex [2, 3], which imposes restrictions on their applica-
tion. A study of this phenomenon revealed the influ-
ence of the impurities and intrinsic or introduced de-
fects on this effect [4,5]. The corresponding researches
showed that the optical stability of lithium niobate
can be enhanced by doping it with magnesium [6, 7]
or filling the lithium vacancies with protons by an-
nealing pure LiNbOg3 in the hydrogen atmosphere at
high temperatures [8,9].
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When researching ferroelectrics, including lithium
niobate, the method of nuclear magnetic resonance
(NMR) spectroscopy is widely used, which has rather
a high efficiency for the study of crystal structures,
intracrystal field distributions, and the perfection de-
gree of crystal lattices [10-12]. In addition, the nu-
clear magnetic resonance provides another, rather
informative technique to study both the structural
and dynamic characteristics of crystals. It consists
in the research of processes associated with nu-
clear spin-lattice relaxation (SLR). The correspond-
ing SLR time 7) is proportional to the correlation
time 7., which characterizes, in the case of thermally
activated process, the activated jumps over the vacan-
cies in the crystal lattice according to the Arrhenius
relation

T, = To exp (L, /kT),

where E, is the activation energy for the dominating
motion type. Therefore, the study of the tempera-
ture dependence of T; allows one to find the activa-
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Dependence of the SLR time on the inverse temperature in the
initial (1) and annealed (2) specimens of lithium niobate

tion energy, estimate the probability for that or an-
other relaxation mechanism, and, hence, determine
the dominating type of motion for the examined nu-
cleus or ion.

However, SLR researches of LiNbOj crystals were
sporadic [13-15] and mainly concerned the high-
temperature interval (300-1400 K). In the researches
dealing with the SLR and the dynamics of a lattice
in pure and undoped LiNbOj crystals, it was demon-
strated that, at high temperatures exceeding 500 K,
the dominating mechanism of relaxation of “Li nuclei
is the hopping diffusion of lithium nuclei with a high
activation barrier (about 1 eV) [13,15]. At the same
time, the character of motion of lithium nuclei in the
interval of temperatures at which LiNbO3s-based de-
vices are exploited remained obscured.

Researches of lithium niobate doped with H™T
ions (protons) using various methods including the
NMR spectroscopy [16-19] revealed that if the initial
LiNbOg is annealed in an environment containing hy-
drogen, protons occupy lithium vacancies in the oxy-
gen plane between two oxygen anions. However, the
data concerning the SLR mechanisms and the domi-
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nating types of motion in such crystals are practically
absent. That is why the researches of SLR in pure and
proton-exchanged lithium niobate crystals aimed at
detecting the difference between those cases and elu-
cidating the influence of the proton exchange on the
dynamics features of lithium nuclei are challenging.

We studied the temperature dependences of T3 for
"Li nuclei in the intermediate temperature interval
(170430 K) for polycrystalline LiNbOg3 specimens
ground to the powder state and after their anneal-
ing in a hydrogen-containing environment for 6 h at
a temperature of 1000 °C. The SLR studies of "Li nu-
clei were carried out on a radiospectrometer ISSh-2-
13 with the use of a “Tesla BS 488” electromagnet at a
frequency of 11.7 MHz. In our researches, we followed
the standard 90° —7—90° pulse technique. The deter-
mination accuracy for the time 77 amounted to 7%. A
thermostat system made it possible to maintain the
specimen temperature to an accuracy of £0.5 K in the
whole interval of researched temperatures. The deter-
mination accuracy for the activation energy was 10%.

The experimental results are shown in Figure. An
anomaly in the temperature interval 300-340 K was
found in the temperature dependences Ti(T') for
both the initial and annealed polycrystalline speci-
mens. Both above and below the indicated temper-
ature interval, the relaxation has a thermally acti-
vated character, but with different activation barri-
ers. Proceeding from such a variation, the anomalies
in the temperature dependence of the SLR time can
be explained by local distortions of a crystal struc-
ture in the temperature interval 300-340 K. As a re-
sult, the activation barriers change for all types of
relaxing nuclei.

Earlier, changes in the NMR spectra of Li in the
lithium niobate powder were found in the same tem-
perature interval [20]. The cited authors associated
them with the existence of two phases character-
ized by different values of the ratio between the lat-
tice parameters ¢/a. This explanation agrees with the
results of previous x-ray diffraction researches [21]
carried out with the participation of the authors of
work [20]. The variation of the axial ratio between
the lattice parameters c¢/a may be related to the
temperature-induced changes in the surface compo-
sition of lithium niobate specimens. This hypothesis
is supported by the results of Auger spectroscopy
and mass spectometry researches of a LiNbOj3 single
crystal in a wide temperature interval (200-1200 K)
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[22]. In particular, it was shown that, at tempera-
tures of 650-1100 K, lithium and oxygen are ex-
tracted from the bulk onto the surface of a spec-
imen, which, as a rule, results in the formation of
vacancies in the crystal. In addition, in work [15] de-
voted to the study of the T1(7T") dependences in sin-
gle and nano LiNbOj crystals, it was shown that,
in the case of nanocrystals, the appreciable tempera-
ture dependence of the time T; is already observed
at temperatures T > 200 K. But, for the polycrys-
tal, it arises at 7T > 500 K, i.e. the hopping diffu-
sion of lithium in nanospecimens starts at much lower
temperatures. A similar result was obtained in work
[23], where an increase of the lithium mobility in
nanospecimens was also detected. Hence, the surface-
to-volume ratio plays a considerable role in both the
relaxation processes and the properties of researched
objects. However, those assumptions need further re-
searches for their verification. This is especially true
for proton-exchanged specimens.

The activation energy values determined for the
mobility of “Li nuclei cannot be related to the diffu-
sive jumps, because they are several times lower than
the corresponding values for the jumps determined in
works [13-15] and manifesting themselves at temper-
atures higher than 500 K. The small values of energy
(from 0.04 to 0.11 eV, depending on the temperature
interval) and an insignificant reduction of the SLR
time in the annealed specimen (see Table) could be
explained either as an influence of the paramagnetic
impurity or as a variation of dynamic characteristics.

The annealing of lithium niobate in vacuum is
known to result in the appearance of oxygen va-
cancies [7]. The latter can be either neutral or posi-
tively charged, i.e. they contain either two (F-centers)
or one (F*-centers) electron. In vicinities of such
centers, the relaxation time can diminish owing to
the emergence of an additional relaxation channel
through the spin-spin (i.e. electron-nucleus magnetic)
interaction. Since, according to our data, the SLR
times in pure lithium niobate reach a value of 35 s,
which coincides with the data of other authors ob-
tained in researches of SLR in undoped LiNbQOg, the
mechanism of interaction with paramagnetic impuri-
ties is either absent or ineffective. Therefore, the low
values of activation energies in the examined tem-
perature interval are most likely associated with the
tunneling of lithium ions between two neighbor posi-
tions. However, in the case of tunneling, the temper-
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ature dependence of the time 77 is absent only if the
tunnel transition occurs from the ground-energy level.
But if the ion is in the excited state, the coefficient
of electron transmittance through the barrier (the
barrier transparency) equals D o exp[(Uy — E)/kT],
where Uy is the barrier height, and F is the excited-
state energy at the given temperature. In our opin-
ion, just this dependence of the coefficient D is re-
sponsible for the supposed scenario of the thermally
activated process. At high temperatures (higher than
500 K), when the thermal energy kT becomes com-
parable with the height of the barrier for the hop-
ping diffusion of lithium ions, the tunneling becomes a
second-order mechanism and ceases to manifest itself,
which was really observed in some works [13,15]. This
picture is also confirmed by the fact that the Debye
temperature for lithium niobate equals ©p = 503 K,
i.e. all vibration modes can be excited above ©p, in-
cluding the vibrations with frequencies governed by
the hopping diffusion.

Hence, the appearance of F-centers after the an-
nealing explains an insignificant reduction of the time
Ty in annealed lithium niobate (FT-centers, which are
paramagnetic impurities, would have led to a more
substantial reduction of T} ), but does not explain the
substantial growth of the activation energy (see Ta-
ble). Hence, the change of the activation barrier at
the annealing has to be of a different origin.

Since lithium niobate was annealed in a hydrogen
environment, it should be noted that, along with the
emergence of F- and F'-centers, there may appear
another structural defects. These are lithium vacan-
cies occupied with HT ions, which easily form bonds
with the nearest neighbors, so that the probability for
lithium ions to jump to neighbor, energetically equiv-
alent positions diminishes. The researches of NMR
spectra of LiNbOjs crystals grown up in the pres-
ence of proton donors showed that protons can occupy
“rigid” positions in the crystal lattice [16,17]. The cor-

SLR time T; and activation energy
E, of lithium nuclei in the initial polycrystalline
lithium niobate and in the annealed one

Crystal Initial LiNbO3g Annealed LiNbO3

Temperature | 170-300 K | 350-400 K | 170-300 K | 350-400 K
interval

Ti, s 12-35 2-10 3-27 2-5
Eq, &V 0.036 0.05 0.095 0.11
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responding experimental results testify to the absence
of a high mobility for protons in the lithium niobate
structure at temperatures close to room one. The
“rigidity” of impurity proton positions in the lattice
is also confirmed by our attempts to measure the
NMR for H!, but no signal from protons was de-
tected. This fact testifies to very large SLR times for
protons owing to the “rigidity” of their positions in
the lattice.

Hence, since the structural units in a lithium nio-
bate crystal are LiOg and NbOg octahedra, it is evi-
dent that every "Li nucleus can have three energeti-
cally equivalent positions, i.e. it can move in a three-
well symmetric potential. In annealed crystals, this
symmetry is broken owing to the formation of oxy-
gen vacancies and the occupation of lithium vacan-
cies by HT ions. As a result, the averaged activation
energy of lithium nuclei determined from the tem-
perature dependence of the SLR time grows by a
factor of 2.6 in the low-temperature interval (170-
300 K) and by a factor of 2.2 in the high-temperature
one (350-430 K). Therefore, we may assert that the
growth of the barrier for the lithium reorientation in
the three-well potential in annealed LiNbOg is asso-
ciated with its asymmetry. In other words, lithium
nuclei located in the distorted zones of the annealed
crystal move in an asymmetric potential. As a result,
since the barrier for this motion becomes more than
twice as high (see Table), the mobility of “Li nuclei in
the proton-exchanged LiNbOjs decreases. Therefore,
it is the slowing-down of lithium tunnel jumps be-
tween possible vacancies that enhances the optical
durability of the crystal and improves the parameters
of devices created on the basis of proton-exchanged
niobate lithium crystals. However, this assumption
needs further researches in this direction.

To summarize, while studying the temperature de-
pendence of the SLR time T} in initial and annealed
LiNbOgs, an anomaly in the relaxation behavior was
found at temperatures of 300-340 K, which can be ex-
plained by a local reconstruction of the crystal lattice
owing to a variation of its parameters and, probably,
to a change of the surface structure in polycrystalline
specimens [20, 21]. The reduction of the SLR time
in the annealed crystal was shown to be related to
the appearance of point defects at oxygen vacancies,
with the F-centers giving the main contribution at
that. The increase of the potential well depth in the
annealed crystal in comparison with the undoped case
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is explained by a transformation of the potential, in
which lithium nuclei move, from the three-well sym-
metric potential to an asymmetric one, which occurs
owing to the appearance of oxygen vacancies at the
annealing (F-centers) and the localization of protons
in the oxygen plane.
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BIIJINB ITPOTOHYBAHHS HIOBATY
JIITIIO HA MEXAHI3MU SIMP PEJIAKCAIIIT AOEP “Li

Pezowme

B inrepsasi remneparyp 170-430 K nocuigkeno remmeparyp-
Hy 3aJIeXKHICTh 4acy chin-rpatkoBoi pesaxcanil T4 (7T) suep
"Li B 6e3mOMIIIKOBHX Ta IIPOTOH-3aMIIEHHX MOJIKPICTAIAX
LiNbOs3. [Ins 060X TUIIB NOJIKPHUCTAJIB BUABJIEHO AHOMAJIIIO
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TemrepaTypHol noseainku 17 B intepBasi 300-340 K, ska mo-
SICHIOETBCSI JIOKAJIBHOIO I1epeby10BoI0 I'paTKu. Busnadeni i3 3a-
sexxnocti T (7T) 3HaveHHs eHepril akTHBamil JAIOTH MOXKJIA-
BiCTb 3poOUTH BUCHOBOK IIPO T€, IO JOMIHYIOYUM MeXaHi3MOM
pestakcariil B 3a3Ha4E€HOMY IHTepBaJi TeMIIEPATyp € TyHeJb-
Ha Mirpallis iOHIB JiiTif0o Mi>K BakaHcigmu. Pi3Huig B eHepri-
SIX aKTHBAII 1151 000X ITOIKPUCTAIIIB MTOSICHIOETHCS IIEPEXOIOM
BiJl CHMETPUYHOI'O TPUSMHOTO IOTEHIAIy IO aCUMETPUIHOIO
BHACJIIJIOK BUHUKHEHHS KUCHEBUX BAKAHCI# Ta JoKaJi3aril 1o-
MIIIKOBUX IIPOTOHIB y KHCHEBIiil IIJIOIINHI.
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