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Measurements of Far Infrared transmission for ferroelectric
plates of different thicknesses and orientations have suggested
for a few compounds that at 4 K the samples are not homo-
geneous and can be described in a first approximation as having
an absorbing surface layer and a bulk nearly transparent in the -
Far-Infrared.

A more detailed analysis suggests that the primitive unit-cell
in the absorbing phase at low iemperature is slightly modified
when it is displaced from the center, to the crystal surface. The
structure cannot be described simply by the lattice translations
applied to one unit-cell and is reminiscent of incommensurate
structures.

INTRODUCTION

Most crystals, and among them ferroelectric (FE) ones, show a number
of lattice vibrations, the most famous being the soft mode. Some are infrared
active and located in the far-infrared, between 10 and 300 cm™. They are
ascribed to external lattice vibrations either translational or rotational ones
with a wave vector g = 0. In the last case, they are called librations'. The
translational frequencies of large formula-units may perhaps be the lowest
vibrational frequencies, and may be observed optically i. e. with q==0, implying
that the primitive unit-cell contains at least two formula-units. I{ is the case
of FE Triglycine Sulphate (TGS) and Guanidine Aluminium Sulphate Hexa-
hydrate (GASH) crystals where at room temperature there are respectively
two and three formula-units®> which exhibit a dozen of absorption lines in
the far-infrared.

We have made an extensive study of the far-infrared transmission of TGS
and GASH. It is now possible to get a 3% accuracy in transmission measu-
rements with sophisticated Fourier spectrometers, liquid helium cooled detec-
tors, and small computers which not only give the Fourier Transform but
also make summation of a number of spectra, averages, etc.... The result is
that the era of quantitative measurements is opened in the far-infrared and
new results can be expected even for crystals as complicated as TGS and
GASH.

In the case of TGS, TGSe and GASH, far-infrared spectroscopy has re-
cently shown some evidence that thick single crystal plates of any orientation
are not homogeneous at 4 K, with an absorbing thick surface-layer and a quite
transparent bulk.
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We shall review the most important experimental facts, sending the reader
to more detailed papers,*® to see how different possible artifacts have been
rejected, and we shall suggest here the possibility of a new kind of super-
structure which should explain the heterogeneities obserwed at 4 K.

I — TGS SINGLE CRYSTALS

Triglycine sulphate, in spite of its complicated structure®?, is one of the
most studied FE crystals because of an easy growth and a number of inte-
resting properties which have sometimes led to applications.

I1.1. — Thick Crystal Plates are not Homogeneous at 4 K for Far-Infrared

Figure 1 gives at 4 K the transmission of a thin crystal plate (thickness
t = 13 wm) cut parallel to both the monoclinic C, axis and the X direction?.
The electric field E of the far infrared radiations is polarized parallel to C,.
There are clearly fourteen absorption lines in the spectral range considered
(20 to 140 cm™) which are probably due to external vibrations. The spectrum
can be reconstructed in terms of pseudo-harmonic damped oscillators and
multi-reflections in the parallel planes plate. Table I gives the oscillators
parameters for the 21 low frequency infrared active oscillators. Such a large
number of oscillators is the burden associated with so complicated crystals as
TGS, but it can be handled with a small modern computer. From Table I,

the complex refractive index n = n-—jk is calculated vs frequency, and
from n and k, the transmission curve is obtained, taking into account all mul-
tiple reflections in the crystal plate. Oscillator strengths and damping coef-
ficients in Table I have been adjusted to get a good fit to Figure 1.

™

80

40 -

20} ” u b

20 40 60

A

80 Cem-1y 100 120 140

Figure 1. Observed far-infrared transmission spectrum at 4 K for a (Cs, X) plate
of TGS, 13 um thick with the electric field of the far-infrared radiation E//Cs.
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TABLE I

TGS Oscillators, 4 K, E [ [ Cs, t = 13 um. Oscillators with Frequencies Higher than

140 em™ Give a Very Small Contribution to the Transmission Spectra Considered

in the Paper (v < 140 cm™). Their Parameters are not Needed with a High Accuracy
and are Computed from a Previous Study; sz = 4.4

y cm™? A er d ~ dvfr
37.3 0.720 0.0078
49.2 0.060 0.0035
56.1 0.040 0.0060
68.9 0.018 0.0080
79.5 0.034 0.0100
88.6 0.010 0.0080
97.1 0.050 0.0100

105.0 0.140 0.0200

109.5 0.040 0.0080

119.0 0.050 0.0110

125.5 0.015 0.0080

129.9 0.055 0.0150

132.3 0.006 0.0040

138.3 0.080 0.0200

149.0 0.014 0.0200

170.0 0.150 0.0200

200.0 0.300 0.0200

215.0 0.700 0.0200

221.0 0.300 0.0200

250.0 0.250 0.0200

301.0 0.250 0.0200

From Table I, transmission spectra for crystal plates of any thickness can
be immediately computed assuming only the samples are homogeneous and
keep their oscillator parameters when, for instance, the thickness is increased.
Figure 2-a gives the computed spectrum for t =1 mm and it is seen that
for the 6 lowest frequency lines, transmission T should go to zero, and also
for v>100 cm™. The observed spectrum is given in Figure 2-b and shows
a much higher transmission in the whole spectral range even from 100 to
140 cm™ where transparency peaks are observed, smaller than 3%, but higher
than uncertainties in measurements.

It is thus seen that while thin crystal plates cut parallel to C, with
t < 13 pm are optically homogeneous for far-infrared radiations, thick crystal
plates are not. In the simplest model, there is a surface layer with thickness
t,/2 = 6.5 pm where oscillator parameters are given by Table I (i. e. the same
parameters as in the thin crystal plate considered above), and a quite trans-
parent bulk described by a new table, with same frequencies but smaller
strength parameters.

The conclusion is not confined to crystal plates cut parallel to C, but
has been extended to any cut, and any orientation of E. For instance, Figure 3
gives in full lines the observed transmission of crystal plates cut perpendi-
cular to C,, with E//Z. One plate is 4 pm thick, the other one is 2 000 times
thicker (¢t = 8 000 pm). It is seen that for the lines at 50 and 57 cm™ the trans-
mission is comparable! In contrast, the calculated transmission for ¢ = 8 mm
is zero not only at 50 and 57 cm™ but also for v >80 cm™™.
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Figure 2a. Calculated spectrum at 4 K for a (Cp, X) plate of TGS, 1 mm thick,
E /]| Cs, from Table 1.
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Figure 2b. Observed spectrum for the above considered 1 mm plate: much higher
transmission than calculated.
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Figure 3. In full lines, observed spectra of (X, Z) plates of TGS thickness t =4
pm and t = 8000 um, with E//Z and T = 4 K. In dotted line the computed spectrum
for t = 8000 um, assuming homogeneity and oscillator parameters taken in a suitable
table which gives a good fit to the 4 um thick plate spectrum: the calculated
transmision is dramatically smaller than what is observed.

I1.2. — Thick Crystal Plates Look Homogeneous at 80 K for Far-Infrared
Radiations

Figure 4 gives the computed transmission spectrum at 80 K for the same
one mm thick crystal plate considered above. The calculation is made with
a new table where the oscillator parameters are the same ones as in Table I
(T = 4 K), except for a higher damping.

The transmission spectrum at 80 K has been observed, and indeed the
fitting given by Figure 4 is fairly good. The conclusion is that the bulk trans-
parent phase we have to consider at 4 K gradually disappears when tempe-
rature is increased up to 80 K. At 80 K, the sample looks homogeneous as if
it were completely filled with the absorbing phase which at 4 K was con-
fined to the surface layer.

1.3. — Spontaneous Polarization Increasing Smoothly Down to 4 K, Di-
electric Permittivity Decreasing With o Step Variation Between
80 K and 4 K

Figure 5 shows that spontaneous polarization Ps is smoothly increased by
1.5 pC/em? when temperature T decreases from 300 K to 4 K.

Figure 6 gives the dielectric permittivity &g and shown a decrease Asy =
=45 from 80 K to 4 K. It has to be compared with the total contribution
given by all far-infrared oscillators parallel to C, with frequencies ranging



676 A. HADNI AND X. GERBAUX

T4

@0

80

20 -

A a Bl A 4 R

20 40 80 80

4 s £

:,(cm_.‘) 100 120 140

Figure 4. Calculated spectrum at 80 K for the TGS plate 1 mm thick considered

above at 4 K, with E [/ Cs, assuming homogeneity and oscillator parameters adjusted
to give a good fit to the 13 um thick TGS plate at 80 K.
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Figure 5. Observed decrease of spontaneous polarization in TGS from 4 K to 300 K.
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Figure 6. Increase in TGS electric permittivity & from 4 K to 250 K.

from 37 to 301 cm™: Agg = 3.5, plus the Debye contribution Aep. Assuming

¢
a simple law &, = 7 -liT’ with Cr = 672 K,%8, we get Aep = 0.7, and Aey +

+ Aep = 4.2. This is the right order of magnitude and an additional argument
to support our model but the reproducibility of dielectric constant measure-
ments is not good in the case of TGS at low temperatures?. However, it shows
that the surface layer thickness for a TGS plate cut perpendicular to C, is
small compared to the total plate thickness (t = 20 pm), which is indeed our
assumption to explain the far infrared spectra of such plates (see ref. 5 where
to/2 = 2 pm is assumed).

II — GASH CRYSTALS

II.1 — Thick GASH Crystal Plates are mot Homogeneous at 4 K for
Far-Infrared Radiations

Figure 7 (solid line), gives the observed transmission spectrum of a thin
GASH crystal plate cut perpendicular to the C; axis (t = 55 pm). A number of
lines are observed between 20 and 140 cm™. Table II gives a set of oscillator
parameters which allows a good fit to the transmission spectrum (Figure 7,
dotted line). It is seen in Table II that oscillator strengths are one order of
magnitude smaller than in a TGS plate cut parallel to C, (i. e. Table I).

Figure 8 (dotted line) gives the transmission spectrum calculated for a
much thicker crystal plate (¢t = 8500 yum) assuming it is homogeneous. Trans-
mission goes to zero at 50 ecm™, and stays to zero for v > 70 cm™.



678 A. HADNI AND X. GERBAUX

20 40 ) 60 80 100 120 140
vCem—1D

Figure 7. Full line: observed far infrared transmission spectrum at 4 K for a GASH

plate 55 pum thick cut perpendicular to the Cs axis.

Dotted Iine: calculated spectrum, from Table II whose parameters have been adju-
sted to give the best fit to the observed transmission spectrum.

TABLE II
GASH Oscillators, 4 K, E | Cs, t =55 um, ¢xw =15

y em! A e S = dv/»
48.0 0.0080 0.011
50.5 0.0034 0.007
66.4 0.0075 0.011
3.7 0.0120 0.014
78.5 0.0187 0.021
84.0 0.0084 0.014

100.3 0.0192 0.023

121.5 0.0017 0.007

124.0 0.0012 0.003

126.0 0.0115 0.013

131.0 0.0250 0.018

133.2 0.0150 0.019

143.0 0.0170 0.020

155.0 0.1000 0.045

163.0 0.0080 0.025

172.0 0.0033 0.021

183.0 0.0080 0.042

205.0 0.0750 0.030

250.0 0.3750 0.014

Figure 8 (full line), shows the observed transmission is much higher than
computed. We come to the same conclusion as for TGS: thick crystal plates
at 4 K show much weaker absorption than expected from thin crystal plates
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Figure 8. Dotted line: Calculated spectrum at 4 K for a GASH plate 8,500 um
thick, cut perpendicular to Cjs

Full line: Observed spectrum at 4 K for the above considered GASH plate 8,500
um thick, cut perpendicular to Cs: much higher transmission than computed.

data. A surface layer model is again a first approximation with oscillator
parameters given by Table II. for the surface layer and a new table for the
bulk which is quite transparent, and assuming the surface layer is 100 pm
thick, i. e. much thicker than in TGS.

I1.2. — Thick GASH Crystal Plates are Homogeneous at 80 K for Far
Infrared Radiations

The observed spectrum at 80 K for the same GASH crystal plate 8 500 pm
thick considered above is very close to the computed one at 4 K assuming
homogeneity (Figure 8, dotted line). We are led to the same conclusion drawn
for thick TGS samples: at 80 K the bulk has taken the high values of oscil-
lator strengths which are the privilege of the surface at 4 K.

I1.3. — Variation of Spontaneous Polarization and Dielectric Constant
Between 80 K and 4 K

We have not yet made any measurement. However, the oscillator strengths
being smaller than in the case of TGS, the far infrared contribution to the
dielectric constant is small (Agg = 0.72 from Table II). The static dielectric
constant at room temperature is also much smaller than for TGS, & = 5.1
for E perpendicular to the Cj; axis.
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III — TENTATIVE EXPLANATION
III.1. — Summary of Experimental Facts

Essentially, when a thin sample is cooled from 80 to 4 K there is no
significant change in its transmission spectrum, on the contrary, for a thick
sample there is a large increase. This is not relevant to the now trivial case
of 2 phonons-difference processes which disappear at low temperatures and
let all akali-halides, for instance, be quite transparent in the far infrared at
4 K for all frequencies lower than the eigen-frequency!’. Here it is a case
where all low frequency oscillator-strengths decrease and not a continuous
background which has not been needed to explain the 80 K absorption spectra.

III.2 — The Case of TGS

The bulk oscillators are about one order of magnitude weaker than the
surface-layer ones described in Table I at 4 K for frequencies up to 300 cm™.
This is the range of external-vibration frequencies. We know that many of
them are no longer present for wave-vectors g = 0 when the number of for-
mula-units in the primitive unit-cell is reduced. Hence the suggestion? that
at some temperature T, between 80 K and 4 K a phase transition might occur
where the number of formula-units is reduced from two at room temperature
(phase A), to one. The transition should start from the center of the sample,
and only if it is thick enough.

At room temperature we know that the two formula-units are symmetric
through the C, axis. Each one is bearing an electric dipole moment (Figure 9)
and the two dipoles make an angle @. The division of the primitive unit-cell
at T, means that the two dipoles have become parallel at that temperature,
i.e. ® = 0 and the total electric dipole in the double cell is maximum. As we
have seen that P increases smoothly when temperature is decreased from
300 K to 4 K(Figure 5), this should mean that ® also decreases monotonously,
giving a simple explanation to the increases of polarization down to T.,.

At a temperature lower than T,, transparent phase B should extend from
the centre to the surface of the sample, and at 4 K the absorbing phase A
should persist only as a surface-layer (thickness ty/2 = 6.5 pm for plates cut
parallel to C;). At lower temperatures, the surface layer thickness should still
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Figure 9. Schematic approach to the primitive unit-cell in TGS at low temperatures.
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decrease and P attain its asymptotic value. In this range of temperatures,
the TGS crystal is not homogeneous, made with phase B in the center (i.e.
® = 0), and phase A outside. It is difficult to imagine a sharp boundary but
rather a smooth increase of © up to the surface. Thus, phase A should not be
homogeneous since application of lattice translation is not enough to repro-
duce the crystal structure, but we must also slightly increase angle ® when
we look at primitive unit-cells closer to the surface. Such a structure for
phase A is reminiscent of incommeasurate structures.

At temperatures above T,, and in a limited range of temperatures, phase A
will probably stay inhomogenous with a small but definite value of @ in the
center, and a larger value outside. At T = 80 K, the crystal has been shown
homogeneous, made of the same phase which has been observed at 4 K in the
thinner plates and which has been assumed to constitute the surface layer.

In conclusion, there might be a subtle phase transition in TGS which
should start at around 80 K with first some disorder introduced by a decrease
of angle @ in the center of the samples if thick enough, until it is zero at T,
and transparent phase B occurs.

More data are needed to confirm this scheme. The increase of transpa-
rency in the far infrared means a decrease in the number of far-infrared
active oscillators and a decrease in static dielectric constant. This has been
observed and appears in good quantitative agreement with Table I if all its
oscillators with frequencies up to 300 cm™ are assumed to become infrared
inactive in phase B. The observation of X-Rays diffraction patterns from 80
to 4 K has not shown significant changes but is not a proof there is not some
kind of phase transition'®

II1.3. — The Case of GASH

The above considerations are applicable to GASH. The only difference is
that oscillator strengths in absorbing phase A are somewhat weaker, and also
that the surface layer thickness at 4 K is larger (t,/2 = 100 pm). There are
3 formula-units in the primitive unit-cell and the structure is still more
complicated than in the case of TGS.

CONCLUSION

There are at least three crystals (TGS, TGSe and GASH) where an exten-
sive study of far-infrared transmission in thick crystal plates has given a
hint of a decrease of oscillator strengths when temperature is decreased from
80 to 4 K. It might be due to a lack of homogeneity, with a surface layer prac-
tically unchanged from 80 to 4 K, and a quite transparent bulk at 4 K. We
have to admit that such high quality crystals are not homogeneous at low
temperatures. A few other cases of thick surface layers, i.e. heterogeneities
have been uncovered, by elastic measurements in SrTiO; !4, and KTaOs,!¢ or by
comparison of Raman scattering and far-infrared reflection on TlGaCe, 5, In
both crystals the phase transition starts first in the surface when the crystal
is cooled. There is also the case of KNO; where a thin crystal plate is still
FE at room temperature while the bulk one losses its FE properties for
T <T.= 113°C 16, In this case, the phase transition starts first in the bulk
as in the present study on TGS, TGSe and GASH (Figure 10).
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Far IR appears as an interesting tool to look at surface layers. More
accurate data with higher resolution are needed, and also electron or neutron
diffraction data to confirm these still hypothetic phase transitions in the bulk.
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SAZETAK
Daleki infracrveni spektri, fazni prijelazci i povrsSinski slojevi
Armand Hadni i Xavier Gerbaux

Ekstenzivna mjerenja propusnosti dalekoga infracrvenog zratenja za feroelek-
tri€ne plocCice razli¢itih debljina i orijentacija pokazala su da za nekoliko spojeva
pri 4 K uzorci nisu homogeni, te se u prvoj aproksimaciji mogu opisati apsorbi-
rajuéim povrsinskim slojem i unutarnjim dijelom, gotovo transparentnim u dalekom
infracrvenom podrucéju.

Potanja analiza sugerira da je primitivna jedini¢na celija u apsorbirajucoj fazi
pri niskoj temperaturi neznatno modificirana kada se pomakne iz sredista prema
kristalnoj povrsini, Struktura se ne moze opisati jednostavnom translacijom resetke
primijenjenom na jednu jedini¢nu ¢eliju, nego je ostatak nekomenzurabilnih struk-
tura.





