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Using the Se04' center as a paramagnetic probe, we have measured low-frequency (10'—10'-
Hz) fluctuations in the paraelectric phase of KHzPO4. The correlation time ~ for these fluctuations,
identified with the hopping of protons in 0—H 0 bonds, was found to exhibit an Arrhenius be-

havior with an activation energy hE =0.19+0.02 eV and preexponential factor =1.0X10 ' s.
The non-Arrhenius behavior reported earlier for this system was ascribed to the omission of (a) in-

homogeneous broadening due to proton spin-flip transitions and (b) a line-broadening process that
depends exponentially on temperature. The latter process is suggested to be spin-lattice relaxation
via optical phonons. The AE for this process was found to be essentially the same as that (=0.19
eV) for the proton hopping, suggesting that the energy level of the optical phonon is located close to
the top of the barrier. The phonon frequency is estimated to be 1500+200 cm ' for KHzPO4 and
1850+200 cm for KD2PO4. These results are in partial agreement with some recent theoretical
calculations and indicate new clues to the mechanism of the ferroelectric transition of these com-
pounds.

I. INTRODUCTION

This paper reports on an ESR spin-probe study of
some low-frequency (=10 —10' Hz) molecular reorien-
tations in KH2P04, henceforth abbreviated as KDP. The
spin probe used was the Se04 center' ' substituting
sparsely for the PO4 ions in the KDP lattice. The
study was undertaken for the following reasons. First, re-
cent experimental as well as theoretical investiga-
tions" ' suggest that such low-frequency fluctuations
are intrinsically related to the (still unclear) mechanism of
the paraelectric-ferroelectric (or antiferroelectric) transi-
tions of the KDP-type lattices, as well as of the proton-
glass phenomenon exhibited by their mixed
(ferroelectric+ antiferroelectric) lattices. Second, the
10 —10' Hz frequency (v) range falls naturally in the
time scale of ESR spectroscopy, thus measurable con-
veniently by this technique. Third, while several earlier
investigations' ' ' have reported on ESR rneasure-
ments of the correlation time, r = 1/v, for the
KDP:Se04 system, there is some disagreement in the
conclusions. For example, the temperature dependence
of the ~ has been interpreted as exhibiting an Arrhenius
behavior [r=roexp(EE/kT)] in some reports' ' but a
non-Arrhenius behavior in other studies. ' In addition,
there is a large spread in the values reported for the ac-
tivation energy, b,E, ranging from 0.1 (Ref. 1) to 1 eV
(Ref. 10), which is too large to be a result of measurement
errors. Finally, we felt that the KDP:Se04 needed a
reinvestigation in the light of our recent ESR investiga-
tions' ' of the slow motion in other KDP-type lattices.
These studies' ' indicated that the non-Arrhenius be-
havior reported earlier for this system might be related to
at least two line-broadening processes which were not
recognized earlier: (a} a spin-lattice relaxation ( T, ) pro-
cess' which leads to a broadening of the ESR signals, ex-

hibiting exponential dependence on temperature, and (b)
an inhornogeneous broadening caused by the normally
forbidden spin-flip (hM, =+1, AM& = + 1} transitions. '

Our previous studies' ' were, however, focused mainly
on establishing the significance of these two mechanisms.
We had thus investigated mainly the deuterated lattices
(of the KDP family) because they provided high-
resolution data (narrower ESR lines). In the present
work we employ the previously described' ' ESR
linewidth analysis for KDP itself, which is the parent
compound for this family of ferroelectrics and antifer-
roelectrics. ' We believe that the results obtained clarify
the earlier controversies regarding the Arrhenius behav-
ior and the magnitude of hE, and provide some new in-

sight into the nature of the double-minimum potential
well for the hydrogens in the 0—H . 0 bonds. The
ESR results on KDP are compared with the correspond-
ing data on KD2PO~ (DKDP), available infrared and Ra-
man scattering data, ' ' and theoretical predictions of
Lawrence and Robertson' on the vibronic levels of the
0—H 0 hydrogens in double-minimum potential
wells.

II. KXPERIMKNTAI.

Single crystals of KDP doped with Se04 were grown
from slowly cooling a saturated solution containing about
1 mol % K2Se04. The crystals grew as rectangular paral-
lel pipes with the largest dimension as the c axis (the po-
lar axis). The Se04 centers were formed via y irradia-
tion to a dose of =5 Mrad (not critical). All ESR mea-
surements were made using a Bruker model ER 200D,
X-band (9.5 GHz) spectrometer using 100 kHz magnetic-
field modulation. The magnetic field was calibrated with
a self-tracking NMR gaussmeter (Bruker, model ER
035M). The microwave frequency was measured with a
Hewlett-Packard frequency counter, model 5340A. Tem-
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perature variation was carried out using either a liquid
nitrogen cryostat with a digital temperature controller
(Bruker, model ER 4111 VT, accuracy +0.5 K) or an
open-cycle helium cryostat with a digital temperature
controller (Oxford Instruments, model ESR-900 with a
DTC-2 controller, accuracy +0.1 K, stability +0.03 K).

III. EXPERIMENTAL RESULTS
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Figure 1 shows a typical ESR spectrum of the Se04
center for the case of the crystal c axis oriented along the
Zeeman field H. As described earlier, ' the spectrum
consists of a strong central line around 3340 G (at 9.3
GHz) originating from the ' ' Se (I=O) isotopes and
two weak satellites (at 2650 and 3880 G) from the large
( = 1200 G) hyperfine interaction of the Se (I =

—,', 9.6%
abundant) nucleus. The line at 2650 G is the so-
called' ' low-field (LF), and the 3880-G signal is the
high-field (HF) hyperfine component. The 1:4:6:4:1quin-
tet structure on each signal arises from the
superhyperfine coupling of four "dynamically equivalent"
protons, as explained earlier. '

In this work we focus on the LF and HF lines because
the central (3340 G) portion is overlapped by signals from
other radicals. From a comparison of the shapes of the
LF and HF signals at 180 and 280 K (Fig. 1) it can be
verified that the linewidths increase with increase in tem-

perature, so much so that the proton superhyperfine
structure is not resolved above 280 K. Figure 2 shows
the temperature dependence of the peak-to-peak
linewidth, I, for this orientation (H~~c). In the range
from 285 to 335 K the signal is a single, broad com-
ponent, with its I increasing rapidly with temperature, as
reported earlier' for DKDP:Se04 . Below 240 K, how-

ever, for KDP the line broadening becomes small enough
so that the underlying proton superhyperfine structure
becomes evident. Thus, below 240 K, I was measured as
the peak-to-peak width of the outer component of
superhyperfine quintets. The outer components were
selected because they are not much affected by proton ex-
change. These data are indicated via the solid squares
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(~ ) in Fig. 2. It will be shown below that the mechanism
causing the broadening is the same for the entire temper-
ature range, whether measured from a single
superhyperfine component or from the entire signal
(where the superhyperfine structure is not resolved).

Figure 3 shows the temperature dependence of some
typical spectra for H~~a where the main (doublet) splitting
originates from two differently oriented molecular sites in
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2660 G 3800 6

118 K

FIG. 2. Temperature dependence of the peak-to-peak
linewidth (I ) of the ESR spectra for KH, PO4:SeO~', for H~~c.

Solid squares ( ~ ) correspond to the width of a single com-
ponent of the proton superhyper6ne quintet, and solid circles
(~) to that of the whole signal because in this temperature
range the overall broadening is much larger than the
superhyperfine coupling.
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FIG. 1. Typical ESR spectra of KH2PO4:Se04' for H~~c.

Notice the increased linewidths of the higher temperature (280
K) spectra.

278 K

FIG. 3. Typical ESR spectra of KH2PO4..Se04 for Hlc, ex-

hibiting motional narrowing (214 K) and a rapid broadening
with further increase in temperature (278 K). The arrows
highlight the positions of the proton spin-Aip transitions dis-

cussed in the text.
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a given domain. For this orientation there are two
separate temperature regimes characterized by a temper-
ature T*, the coalescence temperature for the domain
splitting, as discussed in numerous earlier publica-
tions. ' ' '"' The sharp, multiline, structure on each
component arises from the proton superhyperfine struc-
ture, as discussed for H~~c (Fig. 1). As the sample temper-
ature T is raised to T', each of the doublet components
broadens, and finally, at T = T* they coalesce into a sing-
let. Note, however, that the T* values for the HF and
the LF lines are 158 and 170 K respectively because of
their diff'erent doublet splittings (Fig. 4). As the tempera-
ture is raised above T*, the coalesced singlet keeps on
narrowing for about 20 K, as expected for the narrowing
in the limit of fast motion. This may be noted from the
spectra at 214 K. On further temperature increase, how-
ever, the signals start to broaden rapidly, as may be
verified from the spectra at 278 K (Fig. 3, bottom). The
temperature dependence of the measured peak-to-peak
linewidths is shown in Fig. 4. Here the triangles denote
the linewidth data below T' for the LF component, while
the circles and the squares correspond to the widths for
the LF and HF lines for T & T'. We note that in Fig. 4
the linewidth data for the +20 K range around T*
(=170 K) are qualitatively similar to the measurements
reported earlier. ' However, a new feature was the
detection of the rapid increase above 300 K for both the
LF and the HF line. While the presently observed
broadening of both of the lines (for KDP) is in a qualita-
tive agreement with our earlier results' for KD&PO4
(DKDP), it disagrees with a recent study' on KDP
wherein it was reported that only one of the lines (the HF
line) shows the broadening. The cause of this discrepan-
cy is not understood.

Another new observation was the detection of proton
spin-flip (bM, =+1,6MI = +1) transitions for both the
HF and the LF lines, as highlighted by the arrows in Fig.
3. While the possibility of such transitions had been
suspected earlier the present work provides clear proof

of these transitions: Their separation equals 2g„P„H (for
protons), their intensity increases with increase in mi-
crowave power, and their intensity decreases rapidly on
deuteration. As discussed earlier' for the As04 center
in KH2As04 and KD2As04, these lines do make a
significant contribution to the overall linewidth and were
included in the linewidth analysis.

IV. LINEWIDTH ANALYSIS

We noted that the temperature dependence of the
linewidth for KDP:SeO~ (Figs. 2 and 4) was qualita-
tively similar to that reported recently' ' for the
Cr04, Se04, and As04 probes in DKDP. Since
the analysis procedure used for DKDP had provided a
satisfactory description of the experimental observations,
the same procedure was used for KDP. This procedure
has been outlined in detail earlier ' thus, only the
necessary details will be given here.

A. Slow-motion regime (T & T )

As follows from standard theories of motional narrow-
ing, such as the modified Bloch equations, on approach-
ing the coalescence temperature T' (from T & T') each
component of a doublet related by motional exchange ex-
hibits a linewidth increase. On the basis of the modified
Bloch equations in the "slow motion" regime, this
linewidth increase is given by

r'=r, +c/2) r,

where 1 is the peak-to-peak linewidth, s signifying the
slow motion regime. I'o is the residual linewidth at low

(T« T') temperature, y is the gyromagnetic ratio, and
c is a constant whose value depends on the lineshape:
1.15 for a Lorentzian and 1.7 for a Gaussian lineshape.

Assuming that the motional process represented by w is
thermally activated [i.e., r= reoxp(b, E/kT)], Eq. (1) can
be written as
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I'=I +(c/2yro)e

ln( I"'—I o) =ln(c/2yro) —AE/kT .
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Thus, if v. followed an Arrhenius behavior then a plot of
ln(l ' —I o) versus T ' should be linear with a slope pro-
portional to AE. This was indeed found to be the case as
may be noted from Fig. 5 where the solid circles (~ ) are
the measured data points and the solid line is the fitted
curve. The activation energy (bE) obtained was =0.19
eV, in a reasonable agreement with some of the earlier re-
ports. '

FIG. 4. Temperature dependence of the peak-to-peak
linewidth for KH, PO4.Se04', Hic. T* is the coalescence tem-
perature for the low-field (LF) "Se hyperfine component. The
subscripts L and H correspond to the LF or the HF hyperfine
component, while the superscripts s and f signify the "slow" or
the "fast" motion regimes respectively. rf =r +eye ~y4 (4)

B. Fast motion: motional narrowing regime ( T ~ T )

As discussed earlier' ' in the "fast" motion regime
the linewidths can be described by the following result of
the modified Bloch equations
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where "f" signifies the "fast" motion regime, and 5o is
the splitting in the limit of motional freezing, the so-
called residual split ting.

As before, it was useful to note that the LF and the HF
lines exhibit slightly different doublet splittings, 5o ( =26
G for the LF, and =9 6 for the HF line). Thus, the un-
known, residual broadening, I o, in Eq. (4) could be large-
ly eliminated by employing the differences (hr) in the
widths of these two lines. Using Eq. (4), one obtains b, l
as

FIG. 5. A logarithmic plot of the peak-to-peak linewidth
differences (I $ —I f) and (I"—I"0) vs inverse temperature for
the data in Fig. 4.

tion of T, as shown in Fig. 5. It is seen that the plot is
linear over a wide temperature range. The slope of this
line yields an activation energy of =0.19+0.02 eV. It is
worth stressing that this value is essentially the same as
found from the slow motion proton fluctuation data (pre-
vious section).

An important precautionary note is that in this tem-
perature range the spin-flip transitions make significant
contribution to the peak-to-peak linewidths. This is be-
cause their separation (2g„P„H) becomes equal to the
peak-to-peak linewidths (cf. Fig. 3). Moreover the tem-
perature at which this happens is different for the LF and
the HF lines. It is helpful to note that since the separa-
tions of the spin-flip transitions are temperature indepen-
dent, while the motional broadening is strongly tempera-
ture dependent, a systematic temperature dependence
study can help isolate the inhomogeneous broadening due
the spin-flip transitions. '

As discussed earlier, ' ' the procedure of taking the
linewidth differences becomes inaccurate when I,=I I, .
This is the case for the data at temperature above
215-220 K, as may be noted from Fig. 4. Moreover,
above this temperature both of the lines start to exhibit
rapid broadening, which can be explained in terms of a
spin-lattice relaxation ( T, ) broadening, as discussed
below.

C. Fast motion: Linewidth increase, T && T regime

Er =r, —I „=I,—I „+cyr(5,—5 „)/4,
with

(rol roh ) & c Yr(5ot '5oh )~4

(5)
In the temperature regime above 220 K, the linewidth

increases rapidly, for both H~~c (Fig. 2) and HJ.c (Fig. 4).
Based on the procedure discussed earlier' ' the
linewidth data in the whole fast motion regime (220—340
K) were fitted to the following equation

ar =(rm roh )+ C)—70(50I 5—0h ) (7)

Thus, a plot of lnhI versus T ' should be linear if 7

obeyed the Arrhenius equation. Using the measured
values for I, and I „(Fig. 4), we plotted Inb.r as a func-

Here the subscripts l and h signify the "low" and the
"high" field hyPerfine comPonents, and I'o, and I'oh are
their low temperature, residual linewidths. We noted
that since Eq. (5) contains w, it permits a simple pro-
cedure for examining the probe's Arrhenius behavior, by
writing it as

e~~ +pe0 (8)

The continuous lines in Figs. 2 and 4 represent the fits to
Eq. (8), with the parameters listed in Table I.

D. Calculation of ~

The correlation time ~ was also calculated via essential-
ly the same procedure as discussed earlier. ' ' Briefly,
since the activation energy hE was found to be the same
(=0.19+0.02 eV) for the slow and the fast motion re-
gimes, for H~~c as well as Hlc, this value was considered

TABLE I. Parameters describing ESR linewidths for the Se04 center in KDP and DKDP. LF in-
dicates the low-field {=2600 G) line; HF, the high-field {=3800 G) line.

Lattice/Orientation A (G) B(G) r,(G) hE (eV)'

KDP Hiic
KDP Hlcb
KDP Hlcb
DKDP' Hlc
DKDP' Hlc

HF
LF
HF
LF
HF

3.4x10-'
0.4X 10
1.8X 10
0.2X 10

2.0x 10
1.9x 10
1.9x 10
3.2x 10
3.2x10'

2.0
2.3
2.3
4.1

4. 1

1x10 "
1x10-"
1x10-'4
6x10-"
6x10-"

0.19
0.19
0.19
0.22
0.22

'The error in hE is estimated to be +0.02 eV, corresponding to the accuracy of measurement of I 0 of
+0.3 G.
H[fa.

'Data from Ref. 14. In Table I of Ref. 14 constant B should read 3.2 X 10 instead of 3.2 10 .
H~~ia+45 ).
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FIG. 6. An Arrhenius plot of the correlation time ~ for
KH2PO4. Se04' for both the "fast" and the "slow" motion re-
gimes, as indicated. The dashed line represents the data for
KD2PO4. Se04' taken from Ref. 14.

V. DISCUSSION

A. Arrhenius behavior and activation energy

The linearity of the plot in Fig. 6 clearly shows that for
KDP:Se04 the ~ exhibits an Arrhenius behavior over
130—340 K. Thus, the earlier observed non-Arrhenius
behavior can be ascribed to the omission of at least two
processes: (a) the high-temperature broadening effect,
and (b) the inhomogeneous broadening caused the spin-
Aip transitions. We also noted that for KDP the activa-
tion energy of 0.19 eV is the same as that reported by
Hukuda for the restricted region (140—180 K) where an
Arrhenius behavior was noted, but difFers from the value
of 1.07+0.05 eV reported recently by Owens' for the
310—360 K range. The results on KDP are in accord
with an earlier study on DKDP. '

to be fairly representative. We thus needed to evaluate
only ro critically. Because r=roexp(bE/kT), an uncer-
tainty of 10% in b.E (as is the case here) translates into an
order of magnitude error in ~o. Moreover, there are
several independent procedures for deducing ro (i.e., slow
motion regime, coalescence point, etc.). Based on our
earlier experience' ' with several probes and lattices, we
find that the procedure based on parameter A yields an
accurate value for 7 p because this parameter is derived
from a large number of experimental observations. This
procedure yielded ~0=1X10 ' s for KDP, as compared
to 6X10 ' s for DKDP. '

Figure 6 shows the temperature dependence of ~ for
the whole temperature range, as deduced from the data
for the LF line. The fast and the slow motion regimes are
indicated in Fig. 6. It is seen that the linewidth data for
the whole temperature (130—340 K) range can be de-
scribed by the Arrhenius equation with AE =0.19+0.02
eV, and ~0=1X10 ' s. These values are included in
Table I, which also contains the corresponding data for
DKDP from Ref. 14. The dashed line in Fig. 6
represents the data for DKDP (taken from Ref. 14), ex-
hibiting an isotope effect on the v. values.

B. Interpretation of hE

The present study on KDP and earlier investiga-
tions' ' of related compounds (KD2PO4, KDzAs04,
NH4H2As04, ND4D2As04, and ND4DzPO4) establish
that the activation energy hE for the high-temperature
(T))T") broadening process is essentially the same as
that for the proton hopping around T*. A clue to the
origin of AE was obtained from the fact that the high-
temperature broadening exhibits an exponential depen-
dence on temperature. Earlier theoretical studies by
Huang ' and by Kumar and Sinha have shown that the
spin-lattice relaxation time ( T& ) of paramagnetic centers
caused by two-phonon Raman processes, involving opti-
cal phonons, depends exponentially on temperature. This
is similar to the two-phonon Orbach relaxation process
involving acoustical phonons. This type of exponential
temperature dependence of ESR linewidths has been ob-
served for the Cr + and Fe + paramagnetic ions in Mg0
crystals, ' and ascribed to a T, process governed by
optical phonons. ' Some earlier evidence that optical
phonons play an important role in the spin-lattice relaxa-
tion mechanism for KH2As04 (KDA) at temperature
around T, has been reported by Weisensee et al. ,

~' for
KDP:Se04 by Wheeler et al. ' and for other
hydrogen-bonded ferroelectrics by Volkel et a/. How-
ever, all of these studies were carried out at much lower
temperatures than T*. The frequency of the optical pho-
nons involved in the relaxation process in this tempera-
ture range was of the order of 100 cm '. If the same
mechanism holds at T&)T*, in the present case, then
the frequency of the relevant optical phonons would be
=DE/h=1500 cm ' for KDP and 1800 cm ' for
DKDP. These phonons should be detectable via Raman
and/or infrared measurements. Data in the literature' '
show that the vibrational spectra of the KDP-type of
crystals in this (high) frequency region arise from vibra-
tions involving mainly the 0—H 0 or 0—D 0
bonds. In particular, Raman scattering data' for both
KDP and DKDP do show a strong band 1790 cm
with a width of about 250 cm . In addition DKDP ex-
hibits a strong band at 1990 cm ' while KDP exhibits
bands at 2360 and 2700 cm. ' Thus, for the temperature
range investigated in present the work (300—350 K) the
band closest to our b,E value is the band around 1800
cm ' providing some support for the interpretation that
AE corresponds to the difference in the energy of the
ground state and the excited state that is closest to the
top of the barrier.

Since the observed AE seems to be related mainly to
the vibration of the 0—H . 0 bonds, bE should also
compared to the recent theoretical calculations of
Lawrence and Robertson. ' These authors have pro-
posed a (double) Morse potential model of the double-
minimum potential for the 0—H. 0 bonds in KDP,
and for the 0—D - . 0 bonds in DKDP. In this model
the process causing polarization Auctuations can be
identified with the transfer of protons from one side of
the well to another. The activation energy for the pro-
cess should be the difference in the energy of the ground
state and the excited state that is located closest to the
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top of the barrier. For DKDP they have assigned this
energy to 1750 cm, ' in excellent (perhaps fortuitous)
agreern. ent with our reported hE value of 0.22+0.02
eV=1775+160 cm '. For KDP, the presently report-
ed' value of 0 19+002 eV—= 1532+160 cm ' is in
disagreement with their value of 2130 cm. ' Lawrence
and Robertson note, however, that their calculation'
does not directly involve the energy of the level closest to
the barrier, hence there could be a considerable uncer-
tainty in the corresponding position. We thus believe
that our results are not necessarily in disagreement with
their calculation.

VI. CONCLUSIONS

The present work shows that in both KDP and
DKDP, there exist low-frequency (10 —10' Hz) fluctua-
tions of the hydrogen bonded protons (or deuterons).
The underlying motions appear to be related to (slow)
fluctuations of polarization "clouds" near the paramag-

netic center. Such fluctuations appear to be a common
phenomenon for all KDP-type ferroelectrics, regardless
of the paramagnetic probe. The correlation time, ~, for
these fluctuations exhibits Arrhenius behavior, with ac-
tivation energy 0.19+0.02 eV for KDP. This agrees with
the earlier reported' value of 0.22+0.02 eV for DKDP.
Because the activation energy for the polarization fluc-
tuations (which involve barrier crossing) is essentially the
same as that for the T, process (which need not involve
barrier crossing), classically, hE may be identified with
the barrier height. An alternate interpretation is that the
phonon level involved in the T, process is located close
to the top of the energy barrier. The energy-level separa-
tion deduced, for DKDP, from ESR, agree very well with
a recent theoretical model' of the motion of the hydro-
gens in the double-minimum potential wells of the KDP-
type compounds. The methodology presented here ap-
pears to provide an easy way of investigating the nature
of the energy levels involved in such interactions, as a
complement to other spectroscopic techniques.
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