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The frequency of exchange between the various “Slater”-type HyAsOs dipolar configurations near a
local paramagnetic center has been measured in the paraelectric phase of y-irradiated KH;AsO4. The life-
time effects in the proton hyperfine structure of the EPR spectrum were used as a detector of the proton
motion. Similar effects were also found in KD,AsO,. The results show the absence of an instability of the
lattice against any “ferroelectric mode” involving proton displacements, and they favor the order-disorder

model of ferroelectricity in this class of crystals.

INTRODUCTION

HOUGH KH,PO4type ferroelectrics have received

considerable attention in recent years, the micro-
scopic nature of ferroelectricity in these compounds is
not yet completely clear. Slater! introduced an order-
disorder model of the ferroelectric transition in KH,POs,.
He assumed that each hydrogen has two equilibrium
sites in the H bond, connecting two neighboring PO,
tetrahedra, so that the paraelectric phase consists of a
random, and the ferroelectric phase of an ordered,
arrangement of Hy,POy4 dipoles. One of the authors of
the present paper later suggested?? that the disorder in
the paraelectric phase is a dynamic one and that
hydrogens may tunnel from one equilibrium position
in the H bond to another, thus producing a reorienta-
tion of the Slater H,PO, dipoles. Uehling and Schmidt*
were the first to demonstrate the existence of deuteron
intrabond motion in KD,PO, by deuteron spin-lattice
relaxation time measurements. At about the same time,
Cochran® explained the ferroelectric transitions in
displacive ferroelectrics as a result of an instability of
the crystal lattice against a ‘ferroelectric” lattice
mode, and several authors tried to apply this model to
KH,PO;-type ferroelectrics as well.

This paper reports a direct measurement of the
frequencies of proton exchange between the six “Slater”
H,AsO, dipolar configurations near a paramagnetic
center in KHyAsO, (Fig. 1). The purpose of the work
is: (i) to elucidate the dynamics of the ferroelectric
dipoles in KH»AsO,, and (ii) to find out whether the
phase transition in hydrogen-bonded KH,PO,-type
crystals can be understood in terms of an instability
of the lattice against a ferroelectric mode as in dis-
placive ferroelectrics, or a modified Slater order-
disorder model still applies.

The arsenates, and KH>AsO, in particular, were found
to be most suitable for such a study. McDowell® and
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others’” have shown that in - or neutron-irradiated
KH,AsO;, a stable paramagnetic center AsO4#~ is formed
by electron capture. No fundamental structural change
seems to occur on formation of this center, which is
hydrogen bonded to four other tetrahedron units in the
crystal. The gross features of the electron-paramag-
netic-resonance spectrum of this center are due to
hyperfine interaction with the As”™ nucleus and can be
described by the following spin Hamiltonian$:

5=H-g-S+S-A-I—g,5H-L (1)

Proton hyperfine structure, however, has been detected
on each of the four As™ lines.’ In the present work the
lifetime effects in the proton hyperfine structure have
been used as a detector of the protonic motion. Since
the odd electron enters an A;-type molecular orbital
localized on the AsOg#~ ion,’ the Fermi contact coupling
is sensitive to even small amplitude motion—such as
proton transfer from one equilibrium site in the H-
bond to another—which takes the proton outside the
unpaired spin-density cloud, though this motion does
not significantly alter the magnetic dipolar coupling.
Therefore in KH>AsO, electron paramagnetic resonance
is much better suited for a study of proton intrabond
motion than for instance, proton magnetic resonance,
which detects only changes in the magnetic dipole-
dipole interactions.

RESULTS AND DISCUSSION

The crystal was oriented with the ¢ axis parallel to
the magnetic field so that all four protons in the
hydrogen bonds linking the AsOs~ centers to the
surrounding AsO#~ tetrahedra had the same magnetic
dipolar coupling with the unpaired electron, and more-
over, all AsO4* sites in the unit cell were magnetically
equivalent.

The experimental results for KHyAsO4 are shown in
Figs. 2 and 3. The K-band, as well as the X-band,
proton hyperfine structure of each of the four As™
lines was found to be a quintet from +100°C down to
—50°C, where it changed to a triplet (Fig. 2). The
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Fic. 1. Energies, z-component dipole moments, and rate-
determining transitions between the six “Slater” proton configura-
tions around an AsOy tetrahedron in KH,AsO;.

total width remained the same: The separation between
two neighboring absorption maxima amounted in the
quintet to 14.5 and in the triplet to 29 Mc/sec. The
proton hyperfine structure (hfs) does not change at the
Curie point (7,=—176°C) and remains a triplet down
to the lowest temperature where measurements were
made (2.14°K) (Fig. 3). The application of a static
electric field of 7 kV/cm parallel to the a or ¢ axis does
not change the spectra.

The results can be understood in terms of a dynamic
order-disorder model, where rapid exchange of protons
in different spin states occurs between the six Slater
dipolar configurations shown in Fig. 1. When the ex-
change frequency, which modulates the contact
coupling @;(#) in the proton part of the spin Hamil-
tonian

4 4
3e—3C= Y ai(t)I+S+ 2 gnfvHo I
P

=1

4
+ ZBi(Ii’S_SIz.iSz): (2)
=1

is larger than the difference (aq—a;) in the contact
coupling constants belonging to the sites ‘“close”
(aq) and “far away” (a:) from the AsOs+ radical in
a given H bond, the electron ‘“sees” only the time
average of the hyperfine field

(a:(t) )n=3%(aa+as) =3aq. (3)

Since all four protons are now equally coupled to the
electron, the resulting hyperfine structure is a quintet

i, =wo— (G—2B) M1, Mi;=-2,—1,0, +1, +2.
(4)

When the frequency is lower than aq— as, the electron
sees the instantaneous fields, and since ¢:~0, @a=29
Mc/sec, and au>>BaBi=~B, only the two close
protons contribute to the hyperfine structure, which is
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a triplet
wM,l=wo—*(lc1M1/+ZBM[, M1/=—1, 0, +1 (5)

with an increased linewidth due to the unresolved
dipolar splitting 5.

No change of the spectrum can occur at the temper-
ature of the order-disorder transition T,=—176°C—
where the time the AsO, unit spends in the polar Slater
configurations equals to the time it spends in the non-
polar ones—because the odd electron sees the “in-
stantaneous” proton hyperfine field already in the
paraelectric phase below —50°C.

The temperature dependence of the spectrum in the
intermediate region can be calculated from the modified
Bloch equations?

(dGy/d0)j+aiGi= —iyHiMo+ 2 (i "Ge—757'G)),
k
(6)

where G;=u;-+1v;, and # and v are the transverse com-
ponents of magnetization M parallel and perpendicular
to the rotating field Hi, aj= Toi1—i(wj—w) with Ty;
standing for the transverse relaxation time and w;
for the hyperfine-coupling Larmor-frequency shift in
the configuration 7, (Table I), and with 75~ defining
the transition probability per unit time for the proton
jumps between the Slater configurations j and &
shown in Fig. 1. Using the steady-state solution we
obtain the following expression® for the intensity of
absorption at the frequency w:

I(w)=(1/7) Re(~PLi(Q@—0)+DI™). (7)

T= +20°C
Te= -39°C
= - 53°C

106
—_—

F16. 2. Proton hyperfine structure of an As™ EPR line at different
temperatures (c || Ho).
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Here P is a row matrix whose elements determine the
occupation of the six Slater H;AsO; configurations
(Fig. 1)

P=K(e™ e™ ™ ¢™ ¢" ¢"), o is w times the

4r Ty 14-2(14-em) 0 -1 -1 —em —em
0 4r T 14-2(14¢m) -1 -1 —em —em
—1 —1 4r T 14+2(1Fem) 0 —gm e
D=1r1
—1 —1 0 4T 42(14em) —em —em
—em —em —em —em 4(r Ty He™) 0
\ —em —em —em —em 0 4(rT5tHe™)

is the matrix determining the probabilities of exchange
between the six configurations of Fig. 1 in the approxi-
mation that transitions, involving jumps of more than
two protons can be neglected. m=¢/2kT, and K is the
normalization factor. The lifetimes

T1=1'2=1'3=7'4=2T(6+m+1)—1 (9)

of the Slater configurations at the AsO4* center were
obtained by a comparison of theoretical and experi-
mental results. The data shown in Fig. 4 can be fitted
to the equation 7=7¢ exp(E/kT) with E=0.2 eV and
1/ro=4cm™. The value of the Slater parameter e,
which, however, does not critically influence the results,
was estimated from dielectric properties® to be of
the order of 6X1073 eV, and 1/7; was estimated to be
about 10 Mc/sec. The activation energy obtained for
proton exchange is similar to the one which seems to
be found by NMR T; measurements® in undamaged
KH,PO,, whereas the value of the pre-exponential
factor is normal and significantly lower than the one
obtained in the above-mentioned NMR study. It is
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F1c. 3. Temperature dependence of the proton hyperfine splitting

in the EPR spectrum of the AsO4*~ center in KH3AsOq4.

10 Unpublished work from this laboratory.
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unit matrix, the matrix elements Q;;=w;;; (where the
values of w; are given in Table I) measure the contact
coupling frequency shifts in the six Slater protonic
configurations and D°

(8

even lower than the one found for deuteron intrabond
transfer* in the paraelectric phase of undamaged
KD,PO,. This reduction of the pre-exponential factor
demonstrates the change in the potential field for
hydrogen motion on formation of the AsOg#~ center.
Radiation-induced internal strains may also influence
this result.

The persistence of the triplet hfs down to liquid-
helium temperatures further shows that the potential
field is not changed by electron capture to such an
extent as to allow the formation of stable H3;AsO,
centers. It should be pointed out that the absence of
H3As0, effects in the EPR spectrum (i.e., the absence
of a four-line proton hyperfine structure) does not
mean that such configurations do not exist at all in
KH;AsOs. It only means that the lifetimes of the
various H,AsO4 configurations are much longer than
those of the H;AsO, configurations, which can therefore
not be detected directly by EPR. The detailed mecha-
nism of the transition from one H,AsO, configuration to
another is not yet clear, but it almost certainly requires
the existence of a short-lived intermediate state which
could be either a HAsO, or a H;AsO, ionic defect.

A similar exchange between Slater dipolar con-
figurations occurs as well in irradiated KD,AsO,
(Fig. 5), where a nine-line deuteron hfs with a fre-
quency separation of 2.9 Mc/sec is discernible at room
temperature. The unpaired electron is thus equally
coupled to four deuterons, indicating that the frequency
of deuteron exchange is larger than 106 cps at this
temperature. At lower temperatures the hfs becomes
smeared out and seems to change to a quintet of the
same total width, indicating that the frequency of
deuteron exchange becomes smaller than the difference
in the deuteron contact coupling constants belonging
to the sites close and far away from the AsO4 center.
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TasLE 1. Hyperfine-coupling frequency shifts in the six Slater protonic configurations of the HsAsO, tetrahedron.
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The hyperfine structure is not well resolved and no
really reliable study of the kinetics of this change could
be made. The estimate obtained for the activation
energy of this process, £=0.08 eV, however, seems to
be in a surprisingly good, and perhaps fortuitous,
agreement with the value obtained by Uehling and
Schmidt? for deuteron intrabond motion in KD,PO,
(E=0.078 ¢V). As in the case of KHyAsO,, the spec-
trum did not change on going through the Curie point.

It should be stressed that if the above behavior is
representative for the undamaged crystal as well
(which seems to be the case), then the present results
exclude the possibility of the existence of a “ferro-
electric mode” involving proton displacements, since
in this case marked changes at the Curie point should be
observed.

There are two classical models for the ferroelectric
mode in KH,PO,-type crystals.® In the first, the protons

log{t-210) /
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o
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4.0 45 cek™ 108
T —=

Fi1c. 4. Lifetime of the Slater protonic arrangements, calcu-
lated from the temperature dependence of the proton hyperfine
structure.

are oscillating around the center of the hydrogen bond
in the paraelectric phase and are displaced toward
the AsO4 units in the ferroelectric phase as a result of the
instability of the lattice against the acoustic mode
controlled by the elastic constant Cge?. Since the odd
electron would be equally coupled to four protons,
the proton hfs in the paraelectric phase would thus be
a quintet and would change to a triplet at the Curie
point, where HyAsO; dipoles would be formed.
According to the second model, which is closer to the
order-disorder theory, the paraelectric phase is a
random mixture of the six Slater-type HsAsO, dipolar
configurations (Fig. 1). The hydrogen-bond potential
has two minima and the motion of the protons in the
ferroelectric mode is essentially a small-amplitude
vibration around the various equilibrium sites. The
room-temperature frequency of this ferroelectric mode
in KH,PO, was estimated® to be about 84 cm™, de-
creasing to a minimum of 14 cm at the Curie point,
where the potential wells for the collective movement of
hydrogens become flat-bottomed and the protons would
move to form HyAsOs groups with dipole moments

T=+20°C

Fic. 5. Deuteron hyperfine structure in the EPR spectrum of
the AsOg~ center in KD;AsO,. Arrows indicate the position of
the deuteron hyperfine absorption maxima.
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pointing in the plus or minus directions of the ferro-
electric axis. While one would expect to see a triplet in
the ferroelectric and paraelectric phases, the hfs should
change to a quintet in the vicinity of the Curie point.
The instability of the lattice with the resulting large-
amplitude protonic motion at a frequency which is still
much higher than the hyperfine splitting—expressed in
frequency units—should accordingly result in an
averaging of the contact coupling constants over the
protonic motion, so that in this region the electron
would be equally coupled to all four surrounding
protons.

None of these effects has been observed, and one
may say that the present results support the dynamic
proton order-disorder model of the ferroelectric transi-
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tion in KHyAsO, rather than the one involving proton
displacements. The absence of such ferroelectric-mode
phenomena in the proton hfs, however, does not
necessarily imply that the rest of the crystal lattice
does not become unstable against some collective mode
as one approaches the temperature of the protonic
order-disorder transition. The transition may well be an
order-disorder one for hydrogens and a displacive one
for the K ions.
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The energy bands in ferromagnetic nickel have been calculated within the framework of the unrestricted
Hartree-Fock scheme, in which the exchange terms were approximated by a local potential. The aug-
mented-plane-wave method was used to find the eigenvalues of the approximate Hamiltonian, and self-
consistency was achieved after several iterations of this method. It was found that the use of the averaged
free-electron exchange potential, i.e., V,®=—6(6p,/87)1/3, gave results in qualitative disagreement with
experiment. Reducing the exchange potential by a factor of § gave more realistic results. Comparisons with
the experimental data are presented which show that the unrestricted Hartree-Fock scheme may be an
acceptable model for the ground state of a ferromagnetic solid.

I. INTRODUCTION

XPERIMENTAL information on the metallic
properties of nickel, which are dependent on the
electronic configuration, has recently become available,
and with it some analyses that explain these properties
on the basis of the energy-band model. Energy-band
models have been presented'— which attempt to explain
empirically the available data on the electronic and
optical properties. Also, within the last five years,
several papers have appeared in the literature’=® which
give the energy-band structure calculated from basic
considerations, 1i.e., they present solutions for
Schridinger’s equation in a crystal using some form of
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one-electron potential. This potential, in all cases, has
been derived from an atomic calculation corrected for
the effects of placing the atoms in a crystalline lattice.

Although these previous calculations are qualitatively
quite similar, the arbitrariness of the potential used is
enough to create differences between them which are
large with respect to the experimental effects which are
to be explained. The calculation described in this paper
attempts to eliminate this dependence on an arbitrary
potential by solving the equations self-consistently, in
the same way as the Hartree-Fock method used in
atomic calculations. In this way, it is possible to
examine the validity of the approximations which
must be made in order to solve the equations.

The case of ferromagnetic nickel turns out to be
extremely sensitive to slight changes in these approxi-
mations. In particular, the form in which the exchange
effects responsible for the ferromagnetic structure are
inserted into the theory can radically change the final
results. This effect was not pointed out in previous
calculations on nickel or other materials, either because
the solutions were not carried to self-consistency or
because the particular case was not sensitive enough to
show a definite discrepancy with experiment.



