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Dynamics of the strain-mediated phase transition in KDCQ: A thermal neutron spin-echo study
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The dynamical aspects of the order-disorder phase transition in KREOstudied by means of thermal-
neutron spin-echo triple-axis spectrometry with a high-energy resolution(2 weV. Besides the critical
slowing down of the correlated fluctuations of ti2CO;), dimers, temperature-dependent fluctuations of the
strain field caused by the individual low-symmetry dimers are seen in the form of dynamical Huang scattering
around the main Bragg peak. An interesting mechanism for the order-disorder phase transition, namely a
strain-mediated phase transition, is examined from a dynamical point of view.

INTRODUCTION orientations:® While no softening of any particular phonon
branch has been observed, Eckhetdall® report the exist-
The proton dynamics in potassium bicarbonate as well asnce of quasielastic diffusion scattering extending along the
in carboxylic acids have been attracting much attention bea* axis. Recently Kanaet al!! studied neutron coherent
cause both quantum tunneling and vibrational excitations arscattering in KDCQ. They investigated the detailed nature
expected to play important roles in the jump of protons form-of the diffusion scattering above the transition temperature.
ing the hydrogen bond. The nature of the proton dynamics iThe diffuse scattering observed around the superlattice point
potassium bicarbonate has been studied using various metfust aboveT,. can be characterized by the critical scattering
ods such as IR and Raman spectroscdpNMR,® x-ray;’  associated with the correlated dimer fluctuation. In addition,
and inelastic neutron scatterif@isorder of hydrogen is ob- it is found that there exists another type of diffuse scattering
served and attributed to concerted proton juthpselastic  around the main Bragg peaks which persists well above
neutron-scattering resuftsind detailed analysis of IR d&ta T.. From the very unique distribution around the Bragg peak
indicate the coupling of the protdir deuteroptransferto a  positions(see inset of Fig. J1 this diffuse scattering is iden-
“heavy atom mode” which is suggested to be the rockingtified to be the strain field scatterinHuang scattering
mode of the(HCO;), dimer around the axis, as first pro- caused by the individual deformed dimer which is locally
posed for carboxylic acids. breaking the symmetry of the lattice. The deformed dimer is
On the other hand, it has been known that KH@®ystal  properly characterized as the deuteron “self-trapped stdte.”
undergoes a structural phase transition where the lowThe global high symmetry in the high-temperature phase is
temperature structure is characterized by the tilting ofconsidered to be recovered by the temporal, as well as the
(HCO;), dimer. A sign of the structural phase transition in spatial, average of the two degenerated proton “self-trapped
KHCO5 was found by Haus$uf during ultrasonic velocity ~states” of each dimer.
measurements at 318 K. The subsequent x-ray-diffraction In contrast to the ordinary Huang scattering due to a static
study by Kashida and YamamG&toevealed that indeed an impurity, one expects some dynamics associated with the
order-disorder structural phase transition occurs at 318 Istrain field scattering in the present case. Detailed investiga-
from the C2/m high-temperature phase to tf®2,/a low-  tion of the dynamical nature of the diffuse scatterings would
temperature phase. The structure in the low-temperaturelarify the coupling mechanisms between protdeuteron
phase is shown in Fig.(h). The long principal axes of the hopping motion and the lattice vibrational motion which
(HCO;,), dimers are tilted in antiphase at the center and corplays a crucial role in the triggering of the phase transition.
ner sites ofa-b plane. The potassium atoms are also shifted In this paper we report the slow dynamics in the coherent
in their positions alternately along theaxis?® In the high-  diffuse scattering of KDC@near the phase transition studied
temperature phase the dimers recover a higher symmetry &y means of the spin-echo option on the polarized neutron
shown in Fig. 19). triple axis spectrometer which achieves a spectral resolution
An incoherent neutron-scattering experiment on KHCO of a few tenths ofueV. Direct evidence for the inelastic
near the phase transition provided evidence that the protomature of the above mentioned strain field scattering has been
transfer is strongly coupled to the fluctuations of the dimerobtained. The temperature dependence of its inelasticity can
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FIG. 2. Elastic scattering observed @=(h,2,0 in normal
triple axis mode with an energy window ef2 meV at various
temperatures. The continuous and broken lines are guides for the
eye. Inset: Temperature dependence of elastic scattering at the su-
perlattice position(1,2,0 under the same experimental condition.

singled out by the resolution ellipsoid of the background
triple axis spectrometer(For the details of the spin-echo
method see, e.g., Ref. 3For example, ifS(k,w) is given
by a Lorentzian line inw, whose linewidtH" is narrow com-
pared to the energy resolution of the background spectrom-
FIG. 1. Schematic drawing of KHCQOcrystal structure pro- eter, the Fourier time dependence of the spin-echo polariza-
jected on thea-b plane(a) in the high-temperature phase belonging tion is represented by an exponential decay wittas the
to the space grou£2/m and (b) in the low-temperature phase relaxation coefficient. Thus, from the measurement of the
belonging to the space group2l/a. The symmetry ofHCO;),  spin-echo polarization for different Fourier times, i.e., with
dimer is lowered from ghm to 1 upon transition. The hydrogen different precession field integrals, one can determine the
bonds are represented by dotted lines. Inset: The observed diffusgewidthI". The spin-echo option on a thermal neutron triple
intensity distribution around2,2,0 at T=373 K (from Ref. 11. axis instrument makes it possible to reach a relative energy
resolution of AE/E;~10"°, thus allowing us to perform
be dil’eCtly related to the hopplng motion between the tWChigh-energy-reso|ution experiments up to |ar@~38
degenerate deuteron self-trapped states and viewed as dirggct 1y with a goodQ resolution ofAQ/Q~ 102 which were

evidence for the strain-mediated phase transition ir]f'nandatory for the results presented in this paper.
KDCOs.

SAMPLE AND INSTRUMENT EXPERIMENTAL RESULTS

The single crystal was prepared from a concentrated so- In the inset of Fig. 2 the temperature dependence of the
lution of analytical grade KDC@Q The colorless prismatic peak intensity of the superlattice peak@t=(1,2,0 is de-
crystal of~1.5 cn? is oriented with itsa* andb* axis inthe  picted. The disappearance of the superlattice peak at around
scattering plane. The sample was mounted in a displex andb4 K indicates the phase transition to the high-temperature
the temperature was stabilized to within 0.1 K. To study theC2/m structure.
dynamics of the diffuse scattering neutron spin-echo spec- Figure 2 shows the elastic intensity distribution along
troscopy was performed on the Institute of Solid State Physth,2,0) at three different temperatures taken in the conven-
ics, thermal polarized neutron triple aXRONTA) spectrom-  tional triple axis mode with an energy window of2 meV.
eter installed at the JRR-3M research reactor of the Japaneéé T=335 K, belowT., sharp Bragg peaks at superlattice
Atomic Energy Research Institutdd AERI) equipped with peak positions witth odd and main Bragg positions with
the normal-conducting optimal field shafl@F9S precession even can be recognized. At=358 K, AT=5 K aboveT,,
coils recently developed in collaboration with Institut Laue intense diffuse scattering around the superlattice positions
Langevin(Grenoble, Frange Tohoku UniversitySendai, Ja- and around the main Bragg peaks along the recipratal
pan, and TOKIN Corp.(Sendai, Japart? In the neutron direction can be seen. At even higher temperalu#874 K,
spin-echo spectroscopy experiment both the incoming andT=21 K the diffuse scattering is mainly centered around
outgoing velocity of a neutron are measured by making us¢he main Bragg peak. This is the Huang scattering observed
of the Larmor precession of the neutron spin. The Larmoby Kanaoet al* (see inset of Fig. 11
precessions over a well-defined field integral path serve as a In the inset of Fig 3 a typical spin-echo signal measured
“spin clock” attached to each individual neutron. It can be on the(1,2,0 superlattice peak at=335 K is shown over a
shown that the neutron spin-echo polarization corresponds tiwll period. To derive the spin-echo polarizatioRysg
the w Fourier transform of the scattering functi®ik,w) as = (I max—Imin)/ (I maxt Imin) from these signals, a sine func-



R5976 K. KAKURAI et al. 53

l.o’b-lxj-inlﬂ-ﬂﬂ—dé—:jlﬂ-lnlﬂ-l ™) 10|4|| T NN
— o - - - - - T T T T T —
08 I s & T=3353K | 1%  KHCO,] Q=(h,2,0)
» — b AT g s h=18
0.6 | T=357.3K & 8 S e T o h=1.6
) = N YA o h=13
0.4 |3 2 % 6L O pbuatweet e melo ]
2 91200 £Q=(1,2,0) = 310 320 330
o7 L T=373.6K - T (K) -
isoo o L, 4r - -
0.2 =400 | ]
Q=(1,2,0) 2| i
RIS X TR e kY
0‘1 L L L 1 I’BM I(A)’ L L L L 1 L I L 0 i el alls - —"T—\--F"T-\—\_\-f7_\-1—T+7—|_x'\‘+'\.|"w'1--
0 0.04 0.08 0.12 0.16 345 350 355 360 365 370 375 38
Fourier time (nanosec) T, T(&X)

FIG. 3. Semilogarithmic plot of spin-echo polarization versus ~ FIG. 4. Temperature dependence of a quasielastic linewidth at
Fourier time at several temperatures. The lines indicate the resulgfferent Q=(h,2,0). (®: h=1.0; [0: h=1.3; O: h=1.6; A:
of exponential decay fits. Inset: A typical spin-echo signal over ah=1.8.) Thethick and thin solid lines are linear fits to the mea-
full period measured on the superlattice péaj2,0. The solid line  sured points ah=1.0 and 1.3, respectively. The dash-dotted line is
indicates the result of the sine-function fit, from which the spin-a overall linear fit to theh=1.6 and 1.8 results abovE;. The
echo polarization is determined. dotted line is only a guide for the eye fr=1.8 belowT.. The
dashed line indicates the spectral resolution of the instrument. The
L . - arrow indicatesT; as determined from the superlattice peak inten-
tion is fitted to determingpay and i, as indicated by the sity (see inset of Fig. 2 Inset: Temperature dependence of the

SO"C! line in the_lnset. . ) . . elastic constant in KHCgX(from Ref. 8. T, as determined from the
F'Q“re, 3 depicts the semlloganthm@ plot of Fhe Spln'eChodiscontinuity of the critical scattering #1.1,4,0 (Ref. 10 is indi-
polarizationsPysg versus the Fourier time at different tem- cateq with the arrow.

peratures on the superlattice peak posit@a(1,2,0. It is
clearly seen that the time correlations show simple exponeny;ith the strain field around each dimer does show incomplete
tial decays. The decay of the polarization measured on thgiowing down. That is, although the relaxation constant de-
superlattice peak af=335.3 K<T, yields an instrumental creases a3 is lowered, it remains finite &f=T, and then
energy resolution of-0.2 ueV. ) increases rapidly &E is decreased further. It is interesting to
~ Figure 4 shows th& dependences of the relaxation coef- compare these results with the elastic behavior of this mate-
ficientI" at various values o®;Q=(h,2,0 with h=1.0, 1.3, gl as observed by ultrasonic measurements.
1.6, and 1.8. One notices that thevalue atQ=(1,2,0 de- Hauss$hl® carried out ultrasonic measurement to observe
creases linearly and extrapolates to the instrumental resolyne temperature dependence of the elastic constants of
tion of 0.2 ueV at T~T.. The linear fit withf(T)=a(T  KHCO,;. He points out that a particular elastic constant,
—T¢) yields T,=352.8+0.9 K in agreement witd'; deter- ¢, exhibits remarkable softening as the temperature is
mined from the superlattice peak intensigee inset of Fig. |qwered toT., which then hardens again &sis further
2). The coefficienta is determined to bex=(0.14+0.02  |owered belowT, as depicted in the inset of Fig. 4. One
ueViK. o ) immediately notices the similarity between the temperature
As theh value is mg:reased towards 2€orresponding _to dependence of”,(T) andT'(T) at Q values close to the
the main Bragg position the I' values show an overall in- ain Bragg position. The linear fitting of both quantities
crease. AQ=(1.6,2,0 and(1.8,2,0, where the diffuse scat- \y;ip f(T)=a(T—T*) commonly yieldsT.* ~T.—10 K.
tering is mainly attributed to Huang scattering, theralues Recently, Kanacet al* developed a theory to discuss the
are approximately the same. Therefore, one may identify thBhase transition of KHD)CO;, by introducing the concept of
relaxation coefficient in th@ region to be characterizing the pseudo-spin-phonon coupled system. Based on this theory,
dynamics of the strain field. The observed temperature variqhey show that in fact bot&",, andT" at Q~(2,2,0 should
tion clearly shows that the dynamical strain field also eXhib'give the temperature dependence given dT—T.*) in
its a ;Iowing down towards the critical temp.erature. HOW‘good agreement with the above experimental res(l:JIts.
ever, in contrast td” at Q=(1,2,0, the relaxation constant ~ gcxholdet al. carried out a neutron-scattering experiment
remains finite even af=T. and shows a rapid up um & o, KHCO, in which they observed proton incoherent scat-
is further lowered tor <T.. tering which contain the information on the self-correlation
of individual proton jump motions within a dimer. They con-
cluded that the proton motion is strongly coupled to the re-
orientational motion of the dimer. Since the dynamical
We find that the diffuse scattering in the vicinity of the Huang scattering observed in the present experiment gives
superlattice positionQ=(1,2,0, is due to the correlated the relaxational motion of individual dimer, the observed dy-
fluctuation of the dimer reorientational mode. The observedamical behavior should also be associated with the dynam-
results of I'(T) at Q=(1,2,0 indicates complete critical ics of deuteron jump motion between the two deuteron self-
slowing down phenomena as the temperature is lowered tvapped states. The characteristic time of 18ec measured
T.. On the other hand, Huang scattering which is associateith the dynamical Huang scattering should be directly com-

DISCUSSION
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pared with the average residence time of deuterons okKDCO; besides the critical slowing down at the zone bound-

2.6x10 9 sec at 300 K as measured by NMR. ary. Based on these observations the dynamical aspect of the
Based on the static observation of the diffuse scatteringphase transition in KDCQhas been clarified where the

Kanaoet al.* proposed that the interdimer interaction which strain-mediated interactions between tfRCO,), dimers

causes the phase transition is mainly the indirect interactiofrigger the phase transition.

mediated by the strain field. This interpretation seems plau-
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