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Abstract

By using computer simulation techniques, it
is possible to understand the rather unusual
superhyperfine pattern on the hyperfine
transitions of T1?' (6s') ions and to resolve
transitions from 2°>T1*+ and 2°°T1%% for the
first time in the KH;PO,~type lattices. The
detection of ferroelectric excitations in the
paraelectric phase of partially deuterated
KH,PO, and their dependence on the H/D ratio
could not be explained in terms of current
theoretical wodels of ferroelectric transitioms.

INTRODUCTION

Recent studies (1-7) have shown that 112t
(6s') can be formed in KH,PO.,-type of compounds
through X- or y-irradiation at 77 K of Tt
doped crystals. Even though T1?%t has one unit
of positive charge higher than K*, it has the
advantage of entering the lattice in the
monovalent state, thus the doped lattice is
formed without any distortion due to excess
positive charge. The extra charge of the Tl
probe was explained by Gonzaga et al. (4-6) as
being dynamically balanced by the displacement
of a nearby proton. However, they made no
mention of the proton superhyperfine structure,
which could support this model. By detailed
calculations of field positions and computer
simulations of the superhyperfine structure we
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have produced results that only partially support

the model proposed by Gonzaga et al.+(4—6), but
yield accurate values for the *°°T1?

nuclei for the first time in these lattices.

In addition, close examination of the

spectra around Te, but for T > T., shows evidence

that the crystal breaks down into clusters of
the low temperature (ferroelectric) phase and
the high temperature (paraelectric) phase, and
that these clusters occupy the whole lattice as
the lattice orders below T..

EXPERIMENTAL

Potassium dihydrogen phosphate (KDP) and
its deuterated analog crystallize as clear,
colorless tetragonal crystals belonging to the
142d space group.

and *°®11%t
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Single crystals of KH,PO, and KD,;PO, doped with
T1(I) were prepared as follows. A saturated
solution of KH,PO, in H:0 and D,0 was treated
with about 1 mole % T1Cl. The resulting turbid
liquid was filtered and allowed to evaporate
slowly at room temperature., After a few days,
well formed single crystals of the KH,PQO,-type
salt were obtained., T1(I1) was created on the
crystal lattice by gamma-irradiation from a
source at room temperature for approximately
24 hours (exact time not critical).
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EPR measurements were made at X-band
frequencies using a Bruker ER 200D spectrometer
equipped with a TE,o2 cavity and interfaced to
an Aspect 2000 minicomputer. The EPR SRC
program was used on the Aspect 2000 to control
the spectrometer and to do various data
manipulation and spectral simulations. The
microwave frequency measured with a Hewlett
Packard 5340A digital computer. Variable
temperature studies were carried out using a
Bruker ER 411 T variable temperature unit
accurate to + 0,5 K. The magnetic field was
calibrated with a Bruker field tracking gaussmeter,

RESULTS AND DISCUSSION

Typical EPR spectra of T1(II) in the para-
electric phase of KH,PO, and KD,PO., for HLC are

shown in Figure 1.
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Typical EPR spectra of Tl2+ in (A) KH.PO,
and (B) KD,PO, at 300 K for H//a. The
first resonance is around 6200 G and the
second around 7200 G.

Fig. 1.

20 /56/0006-0503 $1.00 1986 IEEE



The spectrum consists of two main lines. These
lines at 6200 G and 7400 G are due to the
transitions between levels ]1, -1> and |l, 0>
and levels |1, 0> and |1, 1> (Amp = +1)
respectively, Figure 2,
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Fig. 2. Experimental and simulated proton

superhyperfine structure for the "high"
field transition of T1?*% in KH,PO..

The 7500 G line has an intensity 70% of
that at 6200 G. This was unexpected because the
Boltzmann factors were about the same for the
two lines. However, a detailed analysis of the
wavefunctions and energy levels obtained with
the computer programs FIELDS and LSF (8-14)
showed that the intensity differences were due
to the different microwave induced transition
probabilities, related to the mixing of the spin
wavefunctions via the rather large (~100 GHz)
T12% hyperfine couplings. The spectra were
analyzed as discussed elsewhere (8-14) using
the computer programs FIELDS and LSF (11-13),
and the spin Hamiltonian
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Here (a) is the electronic Zeeman term, (b) is
the hyperfine coupling and (c) the nuclear terms.
The summation on (b) and (c¢) is over the Tl
isotopes and protons.
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Table 1 lists the spin Hamiltonian
parameters calculated using the LSF pro§ram
and the calculated spin densities for *°°T1
using the computer simulation of proton super-—
hyperfine structure as discussed below.
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Table 1

Spin Hamiltonian Parameters* and Electron Spin
Densities for 2°°T12

Estimated rms
error in fitting

Host line positions

Crystal Principal Values (G) CSZ/CP2

KH2PO., gx =1.994%0.001 0.2

(295 K) gy =1.994%0.001
gz =1.991%0.001
8igo =1.993£0.002
Ax =116419 £26 0.63/0.39
Ay =116428 £26 = 1.62
Ay =115936 £26
Ajgo =116261 £45

KD,PO, gx =1.993:0.001 1.0

(295 K) gy =1.993%0.001
gz =1,990%0.001
gig0 =1.992%0.002
Ac  =116402 44 0.63/0.39
Ay  =116421 44 = 1.62
Az =115911 44
Ajgo =116245 176

*Ax, Ay, Az and Aj{go are in units of MHz, § and ¢

are the polar and azimuthal angles in the

crystal-fixed a, b, ¢ axis system.

Figure 3 shows the proton superhyperfine
structure on the T1(II) transitions in KH,PO, at

124 K.
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An unexpected feature is that the resolution
of the superhyperfine on the high field transition
is much less resolved. These two spectra can be
analyzed in terms of eight equivalent protons and
the two Tl isotopes, -°?Tl and *°>Tl. This is
done making the assumption that the calculated
hyperfine coupling constant for T1(II) is the
coupling constant for the higher percentage
isotope 2°3T1 (70.5%) and that the electronic
wavefunction at the nucleus is the same for both
isotopes. Then the ratio of the magnetic moments
of #°°T1 to ?°T1 is used to calculate the

coupling constant of the lower percentage isotope
zoaTl2+

203A = (203gN/205gN).205A

Using the calculated coupling constant for
Tl with the program FIELDS, the magnetic
fields are calculated for the two 2°°T12%
transitions and can be compared to those for the
20511%+ transitions. The difference between the
field positions of the lines from the two
isotopes is calculated for both transitions.

A spectrum is simulated for a T1*¥ hyperfine
transition with coupling to eight equivalent
protons. This spectrum is offset from itself
by the amount calculated previously and added
to itself with an area proportional to its
isotopic abundance. The experimental and
simulated spectra are shown in Fig. 2, The
comparison is quite good.
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The temperature dependence of the hyperfine
structure for T1?% was studied on three different
crystals of KD,PO,, each of a different degree
of deuteration. Figure 3 shows some typical
spectra. The relative degree of deuteration is
reflected by the apparent Curie temperatures of
197, 203 and 209 K. The % deuteration was
estimated from the T, versus 7 deuteration
calibration curves of Hukuda (15). It was found
that the range of temperature over which the
spectra from the paraelectric and the ferro-
electric phases are simultaneously present,
denoted as AT, - the coexistence temperature
range, decreased as the 7 deuteration increases
as shown below.

T /K 7 Deuteration AT /K
197 = 0.5 70 £ 5 4.5 * 0.5
203 * 0.5 82 + 5 3.5 £ 0.5
209 * 0.5 88 £ 5 1.5 £ 0.5

1V, CONCLUSIONS

Bv combining computer simulation techniques
with detailed EPR measurements as a function of
temperature and crystal orientation, it has been
shown that the T1?% ion has eight nearest
neighbors rather than seven or nine as tentatively
postulated earlicr. The T1%* probe provides
evidence for ferroelectric cluster formation in
the paraelectric phase of partiallv deuterated
KD,PO, and this phenomenon depends strongly on
the hyvdrogen content of KD,PO,.

The mechanism by which the residual hydrogens
cause the ferroelectric excitations to appear in
the paraelectric phase needs further theoretical
and experimental investigation.
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