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Measurements of the temperature and frequency dependence of the proton and deuteron
spin-lattice relaxation time T

&
show the presence of a dynamic central peak in paraelec-

tric KH&PO& which exhibits a dramatic narrowing on deuteration. The observed central-
peak narrowing on deuteration qualitatively agrees with a continued-fraction calculation
demonstrating that small dynamic intrinsic clusters may occur in KH&PO4-type crystals
above T, in addition to large static defect-induced clusters observed in light-scattering
experiments.

The nature of the narrow central peaks (CP),
which have been observed by electron paramag-
netic resonance' (EPR), nuclear magnetic reso-
nance" (NMR), dielectric relaxation, 4 and neu-
tron, ' light, ' and Mossbauer-scattering' techni-
ques to occur in addition to the soft mode in the
order-parameter fluctuation spectra of systems
approaching structural phase transitions from
above, is still an open problem. Their occur-
rence cannot be understood within a linear-re-
sponse theory in systems like paraelectric
KH, PO, (potassium dihydrogen phospha, te, KDP)
where the order fluctuations cannot directly
couple to the temperature fluctuations, and ex-
planations based either on "intrinsic" nonlinear
cluster dynamics' or "extrinsic" impurity effects'
have been proposed. The natural abundance
(0.016%%u~) of deuterium isotopes in H-bonded ferro-
electrics has been suggested as a possible CP-
inducing defect. " Though it seems clear that dif-
ferent experimental techniques see different cen-
tral peaks, most of the observed CP have not yet
been assigned to specific mechanisms or defects.
The general opinion —based on the observation of
static CP in light-scattering experiments —seems
at present to favor the extrinsic theory of the
origin of the CP.

We would like to point out that this opinion is
not necessarily correct since light-scattering ex-
periments are—in view of the proportionality of
the Rayleigh-scattering cross section to the sixth
power of the radius of the scattering center —se-
lectively sensitive to large (and therefore static)
defect-induced clusters, whereas they are blind
to small (dynamic) intrinsic clusters. The NMR
spin-lattice relaxation (T,) technique, on the
other hand, measures the spectral density of the

fluctuations at the nuclear Larmor frequency and
is thus selectively sensitive to the presence of
dynamic fluctuating clusters, whereas it is com-
pletely blind to static clusters. The light-scat-
tering and the NMR T, technique are thus com-
plementary to each other and one should use the
latter when searching for dynamic intrinsic clus-
ters.

A clear-cut distinction between intrinsic and
extrinsic CP in H-. bonded ferroelectrics can be
made on the basis of the isotope effect in the
width of the CP. The intrinsic dynamic CP in
deuterated systems should be narrower than in
undeuterated systems by several orders of mag-
nitude, whereas this is not the case for a dynam-
ic impurity-induced extrinsic CP.

In this Letter we report the results of an NMR

study of the frequency and temperature depen-
dence of the proton and deuteron T, in paraelec-
tric KDP and deuterated KDP, which we believe
represents the first direct observation of the
narrowing of a dynamic central peak on deutera-
tion. The central peak in deuterated KDP is by
more than two orders of magnitude narrower
than the dynamic central peak in paraelectric
KDP. We also present the results of a continued-
fraction calculation of the order-parameter fluc-
tuation spectrum of KDP as a function of deuter-
ium content which indeed qualitatively reproduces
the observed central-peak narrowing on deutera-
tion. Both studies together represent strong evi-
dence that small dynamic intrinsic clusters oc-
cur in KDP-type crystals in addition to large
static defect-induced clusters observed in light-
scattering experiments. Our study shows as well
that naturally abundant deuterium cannot be the
cause of the observed static (light-scattering)
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and dynamic (T, NMR) central peaks in KIIep04.
The experimental results are presented in

Figs. 1 and 2. The temperature dependence of
the proton T, in a rather pure KH, PO4 single
crystal was measured at v&=10.75 MHz and of the
deuteron T, in KD,PO4 at vL ——10.6 MHz. The pro-
ton T, in KH, PO, exhibits a pronounced peak at
T, [Fig. l(a)] whereas the deuteron T, in KD,pO,
strongly decreases on approaching the transition
temperature, T, -O as T- T, [Fig. 1(b)]. In
both cases the T, results are not affected by the
thermal history of the samples. The deuteron
T, in KD,PO4 is at T —T, = 1 K as well as at T
—T,= -1 K independent of the nuclear Larmor
frequency in the range between 11000 and 100 G

[Fig. 2(a)], i.e. , in the whole range over which
measurements could be performed with our field-
cycling spectrometer. The proton T, in KH, PO4,
on the other hand, is strongly frequency depen-
dent [Fig. 2(b)] and decreases with decreasing

magnetic field.
The nuclear spin-lattice relaxation rate T, '

is proportional to the spectral density j(&cL) of
the order -parameter fluctuations —which modu-
late the proton magnetic dipole-dipole and deu-
teron Iluadrupole couplings~t the nuclear Lar-
mor frequency coL. The above results thus show
that the order-parameter fluctuation spectrum
in KH, PO4 around 10.75 MHz is not flat, as ex-
pected for an overdamped soft mode, but increas-
es in intensity at lower frequencies as expected
for a spectrum exhibiting a central peak. The in-
crease in T, on approaching T, in KH, PO4 demon-
strates that the width of the central peak becomes
narrower than the proton-nuclear Larmor fre-
quency so that j(~I) decreases as T- T, .

The deuteron 7.', results, on the other hand,
demonstrate that the order-parameter fluctuation
spectrum in KD,PO4 around 10.6 MHz is indeed
flat and thus characteristic of an overdamped
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FIG. 1. Temperature dependence of (a) the proton
spin-lattice relaxation time T

&
in a KH2I'04 single crys-

tal at vL = 10.75 MHz and (b) the deuteron spin-lattice
relaxation time T

&
in a KD&PO4 single crystal at vL

=10.6 MHz. The inset to (a) shows that the proton T,
can be close-to T, in KH~PO4 described by a power law
T g

~ (T -T~) & with ~ —y = 0.25.
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FIG. 2. (a) The proton spin-lattice relaxation time

T, in a KH2PO4 single crystal and (b) the deuteron spin-
lattice relaxation time T

&
in a KD2PO4 single crystal,

as function of the external magnetic field 00. The inset
to (a) shows the temperature dependence of the deuteron
Tj atI10=100 G.
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-1 o- ~ +-«/~ 2 (2)

In contrast to the former case, T, exhibits a peak
at T, if A)pand is proportional to the square of
the nuclear Larmor frequency. The proton T,
data in KDP can be described by Eq. (2) with ~
—y=0. 25 [see inset to Fig. 1(a)].

The temperature and frequency dependences of
the proton and deuteron spin-lattice relaxation
rates thus show that the dynamic central peak in
paraelectric KDP narrows on deuteration by
more than two orders of magnitude. This behav-
ior agrees with the results of a recent calcula-
tion" of the dependence of the intensity and width

of the intrinsic central peak on the deuterium
content" in H-bonded ferroelectrics using Mori's
continued-fraction repr esentation. "
1002

soft mode. The decrease in the deuteron T, on
approaching T, reflects the increase in j(wL) due
to the decrease in the soft-mode frequency. Using
a magnetic-field cycling technique, we have re-
peated the measurements of the temperature de-
pendence of the deuteron T, in KD,PO, at H, = 100
G, i.e., at a Larmor frequency of 66 kHz. Again
the same soft-mode behavior was found as at
10.6 MHz [see inset to Fig. 2(a,)]. This demon-
strates that the central peak in KD,PO4 is narrow-
er than 66 kHz whereas it is of the order of 10
MHz in KH2PO .

Using the wave-number-dependent dynamic
susceptibility which is normally used for a phe-
nomenological description of systems exhibiting
both a soft mode [e, ,'~(T —T,)] and a central
peak, as well as the fluctuation-dissipation theo-
rem, one finds that close to T, the deuteron T,
results can be described by

-y- &+3~
CC Q

where e =(T- T, )/T and we assumed, in the
spirit oi dynamic scaling, that y(0, q) ~e «f(qg),
~,'~e g(q$), and g= $,e '. Here y, b„and v

are critical exponents and f=g ' will be functions
of the product of the wave vector q and the cor-
relation length $. In deriving expression (1) we
assumed that v L is much smaller than the soft-
mode frequency and much larger than the central-
peak width, so that T, ' is dominated by soft-
mode fluctuations.

If, however, the Larmor frequency is of the
order of the central-peak width and &u, (b (where
b describes' the coupling between the soft-mode
and the central-peak fluctuations), T, ' is domi-
nated by central-peak fluctuations and we find
that

The details of the calculation will be presented
elsewhere. Here we would like to point out that
in contrast to a "pure" system (C~ = 1 or C, = 1),
we have now theo narrow central peaks and takeo

broad overdamped soft modes.
The variation of the half-widths of the two cen-

tral peaks with deuterium concentration is shown
in Fig. 3(a). The deuteronlike central peak be-
comes narrower and the protonlike broader with
increasing deuterium concentration.

The dependence of the intensities of the two
central peaks at co = 0 on deuterium concentration
is presented in Fig. 3(b). At T=1.01T, the deu-
teronlike central peak becomes stronger than the
protonlike one only for a deuteron concentration
C„which is larger than 2. 5%. For naturally
abundant deuterium the deuteronlike central peak
is weaker by four orders of magnitude than the
protonlike one so that it—contrary to what has
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FIG. 3. (a) Dependence of the ratio ~ between the
half-widths y, of the protonlike and deuteronlike central
peaks and the corresponding soft-mode half-width y,
on deuterium concentration. (b) Dependence of the in-
tensity of the protonlike and deuteronlike central peaks
at ~ = 0 on the deuterium concentrations. The following
values (Ref. 11) for the parameters of the model Hamil-
tonian (B,ef. 12) have been used: Jzj Jjj cJjj 70
cm o ~H=L44 cm s and ~D=l cm
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been suggested —cannot account for the observed
static central peak seen in KDP in light-scatter-
ing experiments. " The static central peak seen
by light scattering in KDP' is thus almost cer-
tainly due to elastic strains and is not of intrinsic
origin. The dynamic central peak observed in
KDP by NMR spin-lattice relaxation measure-
ments does, however, exhibit the predicted nar-
rowing on deuteration and does not (as does the
static one) depend on the thermal history of the
sample. It thus seems feasible that the dynamic
central peak seen in paraelectric KDP by NMR

T, measurements is of intrinsic origin and due
to small fluctuating clusters, i.e., islands of the
low-temperature phase in the high-temperature
phase. This is supported by the fact that the
softening of the soft mode saturates close to T,
in KDP-type crystals" as well as in SrTiO, "and
that this phenomenon is sample independent. The
stabilization of the soft-mode frequency by short-
range ordered clusters above T, is analogous to
the stabilization by long-range order below T, .

Small fluctuationg clusters also account for the
dynamic central-peak effects seen in cw "As
quadrupole perturbed NMR by Bjorkstam" and
Adriaenssens' in paraelectric KH,As04. The
lifetime effects in the EPR spectra of As04'—
and Cr"-doped KDP-type crystals' far above T,
may also be associated with small dynamic, clus-
ters, though these clusters are probably trapped
by the paramagnetic defect center and their dy-
namics is different from the one seen in NMR T,
experiments in undoped crystals. Systematic
studies on partially deuterated crystals may pro-
vide a definite answer to the question on the na-
ture of the dynamic central peak in hydrogen-
bonded ferroelectrics.
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