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Abstract

Using time resolved neutron scattering, the evolution of the phase transition between
the paraelectric incommensurate (IC) phase and the ferroelectric commensurate (C)
phase in RbyZnCly has been observed on a microscopic scale. The transformation
was driven by a strong rapidly cycling electric field of 8kV/cm applied along the
ferroelectric a-axis of the crystal. The response of the sample was monitored by
measuring satellite reflections corresponding to the IC- and the C-phase respectively.
Synchronization of the electric field to the time structure of the ISIS pulsed neutron
source allowed us to observe field induced structural changes on a time scale of
milliseconds. Characteristic relaxation times were found to depend strongly on
temperature.

1 Introduction

Studying the evolution of a phase transition as a function of real time provides
unique information on possible driving mechanisms. Different intermediate non-
equilibrium phases can be passed through and knowledge of these may shed light
on the questions why and how a particular final state is reached. An area of par-
ticular interest are transitions between modulated phases where one of the phases
is ferroelectric and can be stimulated by an externally applied electric field.

Neutron scattering is a very powerful tool which provides unique information on the
properties of condensed matter on a microscopic scale. The wavelengths of ther-
mal neutrons are of the same order of magnitude as interatomic distances and their
energies are comparable to those of the elementary lattice vibrations. The mea-
surement of structures and excitations in crystals under equilibrium conditions has
therefore been a mainstay of neutron scattering for many years now. However the
inherently more difficult measurement of crystal structures under non-equilibrium
(time-varying) conditions is a relatively new avenue of investigation. Recently Eck-
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old [1] reported the first measurements of processes with typical relaxation times
between one to several hundred seconds, using a triple-axis spectrometer at a reac-
tor neutron source. At a pulsed neutron source it is possible to take advantage of
the fact that the neutrons are time stamped, to develop special techniques for time
resolved studies on shorter time scales.

In this paper we describe a technique for measuring processes with relaxation time
scales of order milliseconds at pulsed neutron sources and present some of the results
which we have obtained on the ferroelectric phase transition in RbyZnCly using this
technique.

In section 2 we briefly outline some of the features of RbyZnCl, relevant to our
measurements and then describe in section 3 our technique for time resolved mea-
surements on the millisecond scale which we have developed at the ISIS pulsed
neutron facility using the PRISMA spectrometer.

2 The ferroelectric phase transition in Rb,ZnCl,

Rb,ZnCly undergoes two phase transitions [2, 3]. In the normal, high temperature,
phase the crystal symmetry is orthorhombic with space group Pmecn. Below 303K
the crystal enters an intermediate phase which is characterised by an incommen-
surate modulation wavevector q;cz(% — §)c* where §, the misfit parameter, is a
function of temperature. At T.(E=0)=193K, Rb;ZnCl, becomes ferroelectric with
the spontaneous polarisation along the a-axis and at the same time the modulation
wavevector locks into the commensurate value qc=%c*. The crystal structure of the
ferroelectric phase remains orthorhombic, but the space group is now P2;cn.

In the vicinity of the transition temperature T, (for T>T.) the phase transition
from the high temperature IC-phase to the low temperature C-phase can also be
driven by applying a strong electric field along the a-axis [4], (cf. figure 1). The
electric field induced IC-C transition has been experimentally determined to be first
order. The IC and C (for § = 0) phases give rise to fundamental satellite peaks at
(h,0,l£(3 — 8)) satellite positions (for 1=o0dd) and also to higher order harmonics. We
have chosen for our investigation of RbyZnCl, to study the (2,0,1+(3 — §)) satellite.

The size of the Rb,ZnCl, single crystal used was 4.7 X 8 x 9mm? and the crystal was
of nearly optical quality resulting in a thermal hysteresis of the ferroelectric tran-
sition of less than 0.2 K. The sample was mounted with the b*-axis perpendicular
to the scattering plane on a boron nitride support inside a closed cycle refrigerator.
A thin aluminium container, diameter 40mm, was positioned around the crystal in
order to minimize thermal fluctuations. A platinum resistor was mounted very close
to the sample to measure the temperature which was controlled to better than 0.1°
and measured to 0.01° with a high sensitivity digital voltmeter. The two opposite
a-faces of the crystal were coated with silver paint in order to act as electrodes and a
high voltage generator was used to produce an electric field of up to 8kV/cm along
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Figure 1: The phase diagram of RbyZnCly in the presence of an electric field along
the ferroelectric a-axis. The regions of the commensurate C-phase and the incom-
mensurate IC-phase are marked.

the ferroelectric a-axis. This field could be applied either statically or cycled at
various frequencies up to 25Hz.

3 Time resolved measuring technique

The type of approach to a real time neutron scattering experiment at a pulsed
neutron source depends upon whether the relaxation time ( ts ) of the sample is
comparable or not to the frame length ( 7 ) of the source.

Relaxation processes where tg is of the order of 7 can be studied if the process is
reversible and can be triggered by an external perturbation. Instruments at pulsed
neutron sources can be used for such measurements by synchronising the external
trigger to the production of the neutron pulse. If the relaxation process is contained
within one frame, then the real time dependence can be scanned by varying a time
delay between the production of the neutron pulse and triggering the external field.
If the relaxation process is longer than one frame, of order a few frames, then it
is possible to “daisy-chain” frames together to perform a measurement. We have
developed this technique at ISIS as described below.

The time resolved neutron scattering measurements reported here were performed at
the ISIS spallation neutron source at the SERC Rutherford Appleton Laboratory,
U.K., using the PRISMA spectrometer. At a spallation source, sharp pulses of
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neutrons are produced with a high peak intensity, separated by a time which is given
by the frequency of the proton accelerator. At ISIS this frequency is 50Hz and hence
the separation time between two pulses, 7, is 20 milliseconds. This time structure
of the neutron source means that the energies of the elastically scattered neutrons
can be determined from the time-of-flight they take to travel a distance L from
the moderator to the detector. For a single crystal aligned with a scattering plane
(h,k,]) in a (0©,20) configuration with respect to the detector, the corresponding
Bragg peaks will be measured at times

dpgr-my - L. 5in®
wh

tB.a =

where 20 is the scattering angle, my is the mass of the neutron and dg; is the
d-spacing between the (h,k,1) planes. By rotating the crystal in small steps the
rocking curve can be measured.

In a standard pulsed neutron diffraction experiment the scattered neutrons are
recorded within the entire time frame of 20 ms and stored in channels of 1 us width
in the memory of the data acquisition electronics. Subsequent frames are added
together until sufficient counting statistics are achieved. For the time resolved mea-
surements an electronic system was installed between the master pulse input and
the data acquisition electronics which allowed us to create “superframes” consisting
of n standard ISIS frames (the superframe being 20-n ms long), with n=2,4,6,8,10
etc. The electronic system did this by preventing the data acquisition electronics
from being reset to t=0 for the subsequent n-1 frames after the first pulse.

The first ISIS master pulse is used to trigger the electric field which is switched on
at ton for a length of time tgon = 3 -n-20 ms (ie.  of the length of the superframe)
and then switched off at t,s;. In the first subframe the Bragg peak is measured at
a time tp after the field has been switched on, in the second subframe the Bragg
peak is recorded at a time tg + 20 ms and so on.

The starting time t,, can be electronically delayed with respect to the ISIS pulse
in units of 1 millisecond, thus allowing a coarse tuning of the measurement of the
relaxation times. The delay can also be varied by changing the scattering angle 20,
shifting the diffraction pattern to a different time which allows for a finer tuning.
For example a change in scattering angle by 2° produces a shift in tg of =~ 0.12 ms
at a scattering angle of 20 =~ 90° and a wavelength of 2.83 A.

The rise time of the electric field was determined to be about 2ms. The time tp
was corrected for the time the neutrons took to travel from the sample to the de-
tector, using the relation tg = tpL;/(L; + Ls) where L; is the moderator to sample
distance of 9.03m and L; is the sample to detector distance of 0.76m. We used dif-
ferent cycling frequencies of the electric field, ranging from 5Hz to 25Hz, resulting
in superframes of different lengths, from 200ms to 40ms respectively.
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Figure 2: Schematic representation of the measuring technique illustrated for a
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superframe consisting of six standard frames. In the first line the six individual
monitor spectra of the superframe are plotted. The next line shows the variation
with time of the electric field. In line 3 the intensity of the satellite peaks is indi-
cated schematically. When the electric field is switched on, the satellites of phase 1
gradually disappear and the satellites of phase 2 (black peaks) appear at a different
time and their intensity increases as a function of time in the subframes 4 to 6. The
last line indicates schematically how the kinetics of phonons can be measured using
an inverted geometry PRISMA-type spectrometer at a pulsed neutron source.

| ]

I-236



Figure 2 shows schematically the variation with time of the various signals: 2a)
the incident monitor spectra for 6 ISIS pulses which constitute a superframe in this
example, 2b) the time dependence of the electric field, and 2c) the variation in time
of the intensity of two sets of Bragg peaks characteristic for two different phases of
the system.

Although the primary role for the PRISMA spectrometer at ISIS is to measure exci-
tations in single crystals [5], the presence of horizontal and vertical Soller collimation
makes it well suited for single crystal diffraction studies with good Q-resolution. In
this diffraction mode the instrument is used without the analyser crystals in place.
On PRISMA the moderator to detector distance is 9.79m and therefore at a scatter-
ing angle of 20° the commensurate (2,0,1+1) peak in Rb,ZnCl, appears at 2766 us
and the (2,0,1+(3 — §)) satellite peak at 2781 us. The angular separation of the
two peaks is 0.25° and their rocking curve widths are each 0.24°, which is essentially
determined by the instrumental collimation.

4 Experimental results

A detailed description of the experimental results will be published elsewhere. Here
we present some selected data to illustrate the measuring technique and the wealth
of information that the results can provide.

Figure 4 shows the rocking curve of the (2,0,1+(} - §) satellite at three different
times after the electric field has been switched on. The sample temperature was
T=T.(E=0)-0.3K, i.e. 0.3K below the phase transition temperature in zero electric
field. At t=0 the incommensurate phase is fully developed, 0.2ms after the field has
been switched on, a significant part of the crystal has already transformed into the
commensurate phase and another 0.5ms later no trace is left of the incommensurate
phase. After the electric field has been switched off, the back transformation takes
place and hence at the beginning of the next cycle the sample is again in the well
defined incommensurate state. For these measurements the electric field was cycled
at 25 Hz. We found that on cooling through T. in an electric field cycled at 25Hz
the incommensurate phase is preserved in a small temperature range even below
T.(E = 0) and it is therefore still possible to switch between the two phases. A
detailed discussion of this unexpected behaviour will be given elsewhere.

Figure 4 summarizes our results for two different temperatures T=T.(0)+1.3K and
T=T.(0)+1.1K. Here we have plotted the relative volume fraction of the commensu-
rate phase (the integrated intensity of the IC satellite divided by the sum of the total
intensities of the IC and the C satellites) as a function of time. The time depen-
dence of the electric field is also plotted for the cycling frequency of 6.25Hz which we
used for these measurements. The relaxation time into the incommensurate phase
increases with decreasing temperature suggesting a slowing down behaviour. On
the other hand, there appears to be almost no change of the time constant for the
transition into the commensurate phase. Here the volume fraction of the C-phase
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Figure 3: At T=T.(E=0)-0.3K Rb;ZnCl, is in the incommensurate phase and the
satellite reflection is centred at £=¢;c. When the electric field is applied the intensity
of the commensurate satellite builds up at 5:% as a function of time. For these
measurements the electric field was cycled at 25Hz.
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Figure 4: The volume fraction of the commensurate phase is plotted as a function
of time for two different temperatures above T.(E = 0). Here the electric field was
cycled at 6.25Hz.

develops with the rise time of the electric field. Within the resolution of the present
experiment there are no indications for the existence of intermediate states.

5 Conclusion and Outlook

We have developed a technique which allows us to exploit the characteristics of a
pulsed neutron source for time resolved measurements on a millisecond time scale.
We have demonstrated this technique in an investigation of the ferroelectric phase
transition in RbyZnCl,;. We found that the IC-C phase transformation occurs spon-
taneously, whereas the reverse transformation from the C to the IC phase is clearly
delayed. The relaxation times vary significantly with temperature and increase when
T.(E=0) is approached.

These experiments were performed using the PRISMA spectrometer as a single
crystal diffractometer. However, PRISMA is designed for inelastic measurements
in single crystals and its capability to measure in one instrumental setting a whole
phonon dispersion curve will be exploited in future experiments to investigate the
kinetic behaviour of the dynamic properties of a system in conjunction with a phase
transition (see also figure 2, last line). Each subframe will record the phonon disper-
sion curve at a particular time during a phase transition and these measurements
will provide new insight into the real time behaviour. At present pulsed sources
such experiments are time consuming, since the creation of superframes does not
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only yield time dependent information but also proportionately increases the total
counting time of a measurement (eg. for a superframe 160ms long the counting time
is increased by a factor of 8). The advent of new, more powerful spallation sources,
such as the planned ESS, will make these time resolved inelastic experiments more
manageable and it is therefore timely to develop these techniques.
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