Functional Materials 15, No.1 (2008)

NMR study of proton dynamics
in ferroelectric KlO5;-2HIO; crystal

D.F .Baisa, E.D.Chesnokov, A.I.Ovcharenko, I.G.Vertegel

Institute of Physics, National Academy of Sciences of Ukraine,
46 Nauki Ave., 03028 Kyiv, Ukraine

Received November 22, 2007

The temperature dependence of the proton spin-lattice relaxation time T, has been
studied in ferroelectric KlO5-2HIO4 crystal. It is shown that the proton jumping along

O-H--O contact has been shown to be the main relaxation mechanism. At temperatures
exceeding the phase transition one, T>T,, the proton relaxation is caused by the motion
thereof in symmetric two-well potential of the hydrogen bond with activation energy
E, = 3.4 kcal/mol. At T<T,, the proton ordering in asymmetric two-well potential occurs
with activation energies E,; = 4.1 kcal/mol and E_, = 2.5 kcal/mol. Evaluation of equilib-
rium constant value a = p,;/py, where p;, and p, are the probabilities of proton being in
position "1" or "2" of double-well potential near T, gives the value a~40, but yet at T —T =
50 K, a~150, thus evidencing a high proton ordering degree on H-bond below the phase
transition.

HUccnemoBana TeMmmepaTypHas 3aBHCHMMOCTh BPEMEHM MIPOTOHHOM CIHH-PEIIeTOYHON pe-
JaKcanuu B cermeroanexrpudyeckom Kpucramiae KlO;-2HIO;. Iokasano, 4To OCHOBHEIM MeXa-

HU3MOM peJIaKCallii SBJSIOTCS IIePEeCKOKH IPOTOHOB BIOJb BogopogHoro Kouraxta O—H--O.
Boimre TemmepaTyphl (asosoro mepexoga T, perakcanus O0yCJIOBJIEHA JBUMKEHHEM IPOTOHOB
B CUMMETPHYHOM JBYXBAMHOM IIOTeHIINAJe BOJOPOAHO cBA3M ¢ dHeprmeil axrupanmu E, =
3,46 xxan/monb. Ilpu T<T, IPOMCXOAUT YIOPALOUYEHHE IPOTOHOB B ACHMMETPHYHOM JBYX'b-
AMHOM IIOTeHIuaje ¢ oHepruamu E ;, = 4,1 xxax/monp u E , = 2,5 kras/moub. Omenka
KOHCTAHTHI DaBHOBECUA 4 = P;/Py, TH€ P; U Py — BEPOATHOCTH HAXOXKIEHHA IIPOTOHA B
noyoskenun 1" mnm "2" nByxBAMHOrO HoTeHnuana, B6ausu T, gaer sHaueHue ax40, HO yixe
upu T,~T = 50 K a~150, uro cBumeresbCTBYeT O BBICOKOW CTENeHM yIODAZOYEHHA IIPOTOHA
Ha BOJOPOJHOM CBfA3M HHUKe (PA30BOr'o Iepexoja.
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The crystal of potassium triiodate
KIO3-2HIO; possesses triclinic symmetry
at room temperatures (P1, z =2) [1-3].
At T =218 K, a second order structural
phase transition is observed. It is assumed
[4] that at the temperatures T<T,, takes
place the ordering of protons in asymmetric
two-well potential, above the phase transi-
tion temperature the protons forming the

hydrogen contacts O—-H--O localized near
the crystal symmetry centers.

NMR studies of this crystal have shown
that its proton spectrum consists of a single
narrow line that indicates to a relatively
rapid motion of protons along hydrogen
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bonds. The same is confirmed by a high
conductivity in this erystal (~1076 Q-cm) [2]
that may be explained by exceeding of pro-
tons localization positions over their
amount. NQR studies of the potassium tri-
iodate have shown that at T<T, there are 6
lines [4] in the NQR spectrum, thus evi-
dencing, that all six 103 groups occupy non-
equivalent positions at these temperatures.
Above the phase transition temperature T,
the 1'27 NQR spectrum is not observed [4]
that seems to be due to high proton conduc-
tivity, that averages the electric field gradi-
ent and resulting in a considerable broaden-
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ing of resonance line and, as a consequence,
in its disappearance.

To elucidate the nuclear magnetic relaxa-
tion mechanisms and to determine the crys-
tal dynamic characteristics and phase tran-
sition peculiarities in this crystal, the tem-
perature dependence of the proton
spin-lattice relaxation time (SLR) Ty in
polycrystalline KlO3-:2HIO5; have been meas-
ured in the temperature range 77-300 K.
The temperature was stabilized to within
+0.1 K. The SLR time T; measurements
were made using the Larmor frequency
19.2 MHz, an ISP 2-13 HF-spectrometer
and pulse sequence 90°-{—90°. The SLR
time as a function of temperature is pre-
sented in Figure.

According to the classic theory of spin
relaxation caused by dipole-dipole resonance
interaction, the SRL rate T~ ! is defined by
the following expression [5]:

45,2 T 4 (1)
TI]' — C'Y h c + 6’2 ,
B l1+of2 1+408t2

where C is a constant depending on the
crystal structure; £,, the correlation time
that characterizes the rate of the local field
fluctuations and shows Arrhenius tempera-
ture behavior:

1, = 19eXp (-E,/RT).

The plot of T; temperature dependence
according to this expression has a V-like
shape with a minimum T, value at the coinci-
dence of experimental Larmor frequency o
and frequencies of proton jumping rc_l (wgte =
0.62). Since T;-7t,, the slope of logT; de-
pendence vs inverse temperature enables to
determine the potential barrier value for
proton reorientation or jumping. When the
proton jumps occur in symmetric two-well
potential, the barrier values both in a high
temperature (where 0y7.<<1) and in a low
temperature (where wgt.>>1) regions must
coincide, if the predominant relaxation
mechanism is the same. In our case, there
are two features of temperature dependence
of the SLR time. First, the values of activa-
tion energy in the high temperature region
(E; = 0.86 kcal/mol) and in the low tem-
perature one (E5 = 1.24 kcal/mol) are dif-
ferent. Second, the obtained barrier values
are extremely low.

The asymmetry in the temperature de-
pendence of the SLR time can arise up at
including of new relaxation mechanisms at
the transition to higher temperatures. How-
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Fig. Temperature dependence of the proton
spin-lattice relaxation time T.

ever, in this case, the appearance prob-
ability of mechanisms with more higher bar-
rier rises with temperature elevation. This
will be reflected in the larger activation en-
ergy value calculated from the SLR meas-
urements; but in our case, the value of ac-
tivation energy in a high temperature re-
gion decreases. Such situation arises only
when proton moves in asymmetric two well
potential, i.e. between two non-equivalent
positions with the energy difference AH [6].

Thus, taking into account the indicated
feature of temperature SLR dependence,
we, following [6], have assumed that such
behavior of relaxation time T; is caused by
the proton motion in asymmetric two-well
potential of the hydrogen bond O-H---O.
Then, for correlation time of proton jump-
ing, it may be written:

Tl =vig+vay, (2)
where v; 5 and n,_; are frequencies of jumps
from "deep” well 1 to "shallow” well 2 and

backwards, which are determined as:

Vi_g = voexpl-(H + AH)/RT]; (3)
Vo_1 = exp(-H/RT),

where H — energy barrier for jumps from
"shallow” well to "deep” one.

As follows from (2) and (3), under condi-
tion AH>>RT, the correlation time t, is de-
fined mainly by the proton jumps from
"shallow” to "deep” well:

t, = tgexp(H /RT). (4)
In this case, expression for proton SLR
rate, which caused by jumping motion of

spin in asymmetric potential is [7]:
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where a = v 9/vy 1 = exp(AH/RT) — equilib-
rium constant.

If AH>>RT, the expression for relaxation
time becomes simplified:
T, ~ exp[-(H-AH)/RT, for a high tempera-
ture range, where ot.<<1
T, ~ exp(H + AH)/RT for a low temperature

range, where ot ,>>1.

Thus, the slopes of logT; vs. T-1 at tem-
peratures above and below minimum 7T, will
differ. That was demonstrated by the ob-
tained values of E; and E5 which allows to
determine asymmetric potential parameters:

E,=H - AH = 0.86 kcal’mol and
E,=H + AH =1.24 kcal/mol.

This makes it possible to find the shallow
potential well depth H and difference be-
tween two wells AH: H = 1.05 kcal/mol and
AH = 0.86 kcal/mol. It is obvious that in
the investigated temperatures range, the
condition AH>>RT is not fulfilled, which is
in contradiction to the above-mentioned
phase transition model. If the obtained H
values will be used to calculate the proton
jump correlation time along hydrogen bond,
another contradiction appears. The value of
correlation time ¢, determined from the con-
dition wyt, = 0.616 at minimum of time T,
temperature dependence gives the wvalue
t,.= 5.1.1079 s. Then, the correlation time
constant ¢, = 2.2:10711 5. At the same time,
to can be determined as inverse frequency
of proton longitudinal oscillation along O-H
bond. It is just the frequency np_y equal to
2300 cm™! [8] corresponding to the value
ty = 1.4-10714 5 that is consistent with the
length of R(O...0) hydrogen contact [1].

Such contradiction can be explained by
rising proton tunneling probability at low
temperatures that results in weakening of
SLR time T; temperature dependence and
consequently to the underestimated value of
E, and two-well potential parameters H and
AH in the low temperature region.

To determine the true values of H and
AH, we use the value ¢, = 1.4-.1071% s which
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gives the correlation time ¢,=5.1-1079 s
at the temperature of minimum time T,.
Taking this into account, we have get
such values for the two-well potential:
H = 2.46 kcal/mol and AH = 1.6 kcal/mol.
In this case, correlation time of proton
jumps along the hydrogen bond meets the
law ¢, = 1.4-10 4exp(2.46/RT). It is impor-
tant to note that AH>>RT for the whole
temperature region below the phase transi-
tion temperature T, that is in accordance
with the proton ordering model at phase
transition.

Evaluation of equilibrium constant value
o = py/py, Where p; and p, are the prob-
abilities of proton being in position "1"
(deep well) or "2" (shallow well) of the two-
well potential, respectively, gives near T,
the value o~40, but yet at T,-T = 50 K,
a~150, thus evidencing a high proton order-
ing degree on H bond at temperatures below
the phase transition.

Thus, the predominant mechanism of
proton spin-lattice relaxation in the crystal
under study at the temperature 7>100 K is
the proton motion in asymmetric two-well po-

tential of hydrogen bond O—H--O. The contri-
bution of proton tunneling into relaxation be-
comes noticeable at low temperatures (T'<100 K).
The change of the spin relaxation activation bar-
rier at the phase transition temperature T, is
caused by a transition from symmetric two-well
potential with E, = 8.46 kcal/mol to asymmetric
one with H =246 kcal/mole and AH =
1.6 kecal/mole, that confirms the offered model of
the order-disorder phase transition.
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AMP pocraigskeHHS TMHAMIKM NPOTOHIB
y cerHeroeiaexkTpuunomy kpucraixi KlO3-2HIO;

A .D.Baiica, €./].Yecnoros, A.1.O6uapenro, I1.I'. Bepmezen

Hocaim:xkeHo TeMIlepaTypHY B3ajleKHICTh dacy IIPOTOHHOI CIIiH-TPATKOBOI pejakcalii y
cerseroenekTpruaoMy Kpuctami KlO5-2HIO;. TTokasano, oo OCHOBHMM MeXaHisMOM pesakcarii
€ cTpubKY MPOTOHIB B3L0BK BogHeBoro KoHTakTy O—H:-O. Bume remmeparypu ¢asoBoro mepe-
xony T, penakcanis OOyMOBJEHA DPyXOM NPOTOHIB y CHMETPHUYHOMY IBOAMHOMY IOTEHIiauIi
BOZHEBOro 3B’sA3Ky 3 eHepriero E, = 3,46 kxam/moas. Ilpu T<T, mae Mmicme ymopagKyBaHHS
IPOTOHIB Y ACHMETPUYHOMY IBOAMHOMY IMOTeHuiani 3 emepriamu E ; = 4,1 kxanx/mons i E 5, =
2,5 xkan/monb. OminKa KOHCTAHTH DiBHOBAaruM a = p;/py, A€ p; Ta py — Biporimmocri sHa-
XOI)KEeHHsI IPOTOHA y IHmoJoxeHHI 1" abo "2" mBosMHOrO moreHmiany, nae sHaueHHA a~40,
ame Bixe mpu T,—T = 50 K a~150, mo BKasye Ha BUCOKWI CTYyNiHb yIOPAAKYBAHHA IPOTOHA
Ha BOJHEBOMY 3B’ABKYy HUIKUe (PasoBOTO Ilepexony.

Functional materials, 15, 1, 2008



