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Satéllite X~Ray Scattering aad Structural

Modulation of Thiourea

Y8ichi Shiozaki

Department of Physics, Faculty of Sclence,

Hokkaido University, Sapporo, Japan.

Synopsis

Integrated intensities havé been measured of
the satellite x-ray scatterings\which appear in thé
intermediate phases II, III and IV of thiourea.  The

structural modulation which causes the satellite

scattering is assumed to be a sinusoidal transverse

wave of atomic shifts with the wave number vector

- parallel to the c axis. Parameters which characterize




the modulation at -86% are determined by a least
squares calculation,‘and agreement is obtained between
the observed and calculated scattering amplitudes

with the discrepancy factor R of 0.16. Intensities

of several Bfagg and satellite scatterings have been
measured as functions of temperature by a single

crystal diffrgctometer and expreésionvon the temperature

dependence of’ the modulation parameters are deduced.

J
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§1 Introduction

Ferroelectricity in thiourea was discovered by

- Solomon in 1956.1) This cryatal has five phases between
2)

the iiquid nitrogen and the room temperatures.
The transition temperatures arﬁ,-104°0; ~97°C, ~o4°C
andk—71°C. These phases are named as I, II, III,. IV ‘//f
and V from low temperature phase, respectively.

Figure 1 shows dielectric constant as .a function of
temperature and the five phases after Goldsmith and

White.2)

The phase I is ferroelectric whose polarization
is parallel to the b axis® and the phase V is generally

called paraelectric. The phase III in the intermediate

*There are two ways tq assign the crystallographic axes
a, b, ¢ in thiourea: one was adopted by Goldsmith and Whitea)
and the other by Kunchur and Truter.s) In the present -

paper the system of Goldsmith and White is used.



temperature range is also ferroelectric whose spontaneous
polarization is as small as 10™2 times of that in the.
phase 1. Severel workers made structure analyses of
the phases I and V by means of x-ray and neutron
diffraction.2’3’4’57 According te their analyses,
unit cell contains four molecular units. The space
groups of the phases I and V are Pb21m and Pbnm,
respectively. A model was proposed to explain the
dielectriclenomalies by Calvo.6) In 1962, Futama made
hysteresismand thermal studies of all the phases,7)
and in 1963, Futama and Chiba first observed satellite

X=-ray scatterlngs in the phase IV. 8) Further\investigations
showed that the satellite scatterings are present not
only in the phase IV but also in the phases IT and III,
and their-intensitiesAvaried continuously and smoothly
within the experimental error Fhrough the phases II,eIII
and%IV.9f1o) The satellite x-ray scattering suggests/w/
\that there exists a structural modulation in the intermediate
phases II, III and IV.  The purpose of this study was |
to find out the nature of this structural modulation.

A preliminary report on our work was published in

1970.1]) Somewhat similar structural works were‘made
in other laboratories and brief reports have beenepublished

12 13)

by Tanisalkl and Nakamura ) and by Futama

Discussion will be made in connection’ with thelr results

in §7.




‘§2 Bxperimental Procedures

Cylindrical specimens parallel to the a and ¢ axes,
respectively were prepared. The lengths of the épecimens
were about 1 mm and the diameters were less than 0.3 ﬁm. |
The specimen was cooled by a gas blow method of nitrogen
ffom a liquid niﬁrogen vessel with heater. CukX
radiation was used in all experiments, Weissenberg
phbtographs¢6f (hof) and (ok ) reciprocal planes were
taken to survey general features of the intensity
distribution of the scattered x-rays at -100°C in the
phase TI, at -95°% in the phase III, at -86°C in the
phase IV and at several other temperatures, where (th)‘b
is the Miller indices. Also photographs of (1kf{) and
(ZRQ) were taken arouﬁd -95°C., A scintillation.counter‘
and a LiF crystal monochrometeﬁ were used to investigéte

4 ' B
temperature dependece of the scattered x-rays. o

. §3 General Features.of Satellite Scatterings

The Weissenberg photographs proved that the gengrai
features of the distribution of diffracicd intensities
are common in the phases II, III and IV. . An example
of the Weissenberg photographs is shown in Fig. 2;

Below discussion will be made on the intensity

.




distribution by referring to the "unperturbed structure"
imagined in the phases II, IIL and IV. It is similar

to the structure of the room temperature phase V in the
sense that its space group is Pbnm and its unit cell
vectors a, b, ¢ are almost the same as those in the

phase V, (a=5., 52A b=7. 66A, 0—8 54A at 20°% in ;he

phase V.5)) The unperturbed structure will be realized
if the structural modulation described below were put
equal to zero. The reciprocal lattice vectors of this
unperturbed structure are denoted as aX, v¥, ¢X. The
Miller indices (hkd) will be referred to the above~defined
a, b, g./ Distribution of the scattered x-rays on the
E*-g* and e*—c*‘planes are depicted schematically in

Fig. 3. The satellite scatterings take place at (h,k, QinS)
in the re01procal space as seen in Fig. 3 and as was '
observed on the photographs of (1kQ) and (2kQ) rec1procal
pla;es. Here n is an integer and & is the distance '
.in fraction between the main and the first satellite
scattering in re¢iprocal space,'where the main scattering

means the Bragg reflection at (hkf) and the first

‘satellite means the one nearest to the main spot. .

The maximum value of n observed so far was 3. Values
of_S were determined at various temperatures by measuring
the diffraction angles of the (020) and (020) reflections
with a single crystal diffractometer. Figure 4 shows

1/8§ as a function of temperature.




As described in §1, the space group is Pbam in the
phase V and Pbalm in the phase I, that is, the b-glide
symmetry exists in both phases but the n-glide symmetry
is destroyed by the occurrence of the spontaneous
polarization, The distribﬁtion of the satellite spots
demonstrated in Fig. 3(a) proves that there exists the
b-glide also in the phases II, IiI‘and IV because
diffraction spots appear only at (O,k,ﬂinsb with kseven.

It is interesting to observe in Fig. 2%2(b) that no Bragsg
spots appear at (hof) with hif=odd but satellite spots
appear arqund these points and also that no satellite
| spots aré,observed around (hOQ) with h+f=even. - These
'features, which may be called a pseudo-extinction rule,
can be explained by assuming ihat the unperturbed structure
has the space group Pbnm but the n-glide 1is destroyed

by the structural modulation, as discussed in §i. ‘
Thearetically,14’15) the fact éhat the satellites appea?,/
only at (h,k,QinS) implies that the crystal structure

is modulated by a sinusoidal wave with wave number vector
&c¥ and in general by additional harmonic waves. |
fKorekawa presented, in his review artiéle,16> typical
patterns of satellite scatterings caused by the modulation
of atomic scattering amplitude and those caused by the
longitudinal and transverse wave modulations of atomic
positions, when the modulation is expressed by a pure

sine wave,‘ Characteristic features of the results of



these three types of modulations are as follows, when

the wave number vector of modulatioﬁ is 8c*, The
satellite scatterings appear only at (h,k,ﬁig) in case

of the amplitude modulation. In cases of the modulation
of atomic positions, satellites appear generally at
(h,k,QinS). . Intensities of the satellites increase

with increasing Q in case of the modulation of atomic
positions by the longitudinal wave, and increase with

k in casé of the modulation of atomic shifts by the
transverse wave, when the polarization of the transverse

wave is parallel to the b axis. The general features

- of the sétellites observed in thiourea is in agreement

with the case of the transverse wave modulation, as seen

in Fig. 3(a). Especially, if the modulation wave has

a longitudinal character, satellite spots should be expected

around (OOﬁ). However, no satellite was observed at

}(O,b,ﬁtnS). Therefore, the modulation is assumed to

'be a pure transverse wave in the following discussion.

8L Models and Formulation

On the basis of the experimental observations
described above, the following postulations are made
to explain the satellite x-ray scattering.

(1) For simplicity, the structural modulations of the



phases II, III and IV are assumed to be the same in
nature.
(2) The unperturbed crystal has the space group Pbnm.
(3) The structural modulation consists of atomic shifts
varying in space as a pure sine wave whose wave number
vector is dcX,
(4) Atomic shift caused by the modulation has no z
component. In this sense the modulation wave is pure
transverse. ’
(5) The b-glide symmetry is not destroyed by the
structural modulation. |

The'hnit cell of the unperturbed structure contains
four molecular units of SC(NHg)é’ as shown in Fig. 5.
The space group is Pbnm ahd the molecules 1 and 2 are
related by the b-glide and 1 and 3 by the n-glide.
There are eight equivalent positions in the unit cell,

\ !
while only four molecules exist in it, and therefore,

"atoms S and C are at the special positions, e.g., S and

C of the molecule 1 lie on the mirror plane at z=1/L.
As a ﬁechnique of programming for the least squares

calculation, however, we will treat the four SC(NH2)2

molecules as if they are eight (80)1/2NH2 molecules and

"locate them at the eight equivalent positions given by

(x,¥,2), (x,y,1/2-2),
(1/2-x,1/2+y,2), (1/2-x,1/2+y,1/2-2),
(1/24x,1/2-y,1/242), (1/2+x,1/2-y,1-2),
(1=-x,1=-y,1/2%2), (1-x,1-y,1-2).

P )




Throughout the following discussions we put z=1/4 for
S and C atoms so that eight (SC)1/2NH2 molecules are
identical to four SC(NH,),.

Figure 6 shows the unit cell when the structural
modulation is introduced. The numbered circle in Fig. 6
stands for any atom of the thiourea molecule having
the same number in Fig. 5. The arrows show x and y
components of atomic displacements as a result of the
modulation. (They are drawn referring io‘Eqs. (17) and
(19) discuésed later.) The b-glide symmetry still exists
as assumed above and the positions of the atoms 2 and
L caﬁ befexpressed by the positions 1 and 3, respectively.
Therefore, the crystal may be decomposed into two
sublattices: sublattice 1 consists of molecules 1 and
2, and sublattice 2 of molecﬁles %3 and L. The longitudinal
displacements of atoms do not occur as assumed at the |
beginning of this section,»and’therefore, the z—parame%grs
"of all atoms are not changed by the modulation. Below
each atom,in thiourea molecule will be numbered and
expressed as the j-th atom (j=! corresponds to S, etc.).
Its position in the unperturbed structure will be denoted
by XJ.,;'y:j and Zj. "The unit cell of which origin is
at n1§+n29+n5g will be.:called the n-th unit cell.  Now
the modulation on the x~-parameters of thé j-th atom ij

in the sublattice 1 of the n-th unit cgll will be

expressed as
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Ax}-.—.O(jyst'//l2Tl<%i+%(j,) (1)

Here 0%1 is amplitude,.Mc is the wave length and 9231
is the phase parameter, The parameter M will be called
a period and related to § by

M=1/§. | | (2)
Temperature dependence of M wés already shown in Fig. 4.
The symbol 0%1 will be replaced by 6%1 for the y-parameter,
and the suffix 1 will be changed to 2 for the sublattice
2. |

As a result of the structural modulation, the eight

positions listed above are now as follows.

(% 4y Son 2T (T +5y0), I+ Son2m (%‘_B‘J“ﬁ%ﬂ): z;),
| (xj+og,sfmzm.(%“,‘é-+£m) g+ By sen2m (2. +‘ngji)}—‘2-~zj),
%= ;+o(-13vn2((( +2+50x1)) 2+3J.+(5”3m21c(“3 +50&)1)’
(—-——I +a 13W2K(-ﬁ-+z+fx1>;z+gJ +PJ1S‘MM@L+§§J1 274 ))
(4R SN2 (T 9yg5), 3y 1By 52N 31+ G2 343,

& "'XJ* 25““27%"*2.1“5‘3(2)72 5J+(3J2.szu(_—-+f)§2)l %)

(l*XJ‘-%- O(J'ZSMZR (—'?—43‘ +607Cj2>1 | -25‘-#(5)'23\/4 ZZt(ﬂ-vl- 5”3)2 ) Z+E; )

(1-:(_3 +0kja S 2T (124 $s2 ), 1=d) By S 2T (%i*ﬁjz>9 I-%;). )

The former four positions belong to the sublattice 1
and the latter four to the sublattice 2. Denoting

the atomic scattering factor of the j-th atom as fj,

(3)
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the structure amplitude of the sublattice 1 of the n-th

unit cell F1

Fin '_Zf
x[¢ LG(ﬁ{x‘)-{-o(ﬁSmZIC(M +30U,)}+>;{;/J+@J,smzzc(ﬂé—rj‘gﬁj,)}wg

is given by
,

+ e TPy sonzn (B + o)} +7{ 448 sinaR(L+ Syt 53-8
+etzeb{-xr :3""27‘<77+z T )} +7{'z*(7; +613°"2“(W+5§u>}+f %)

+ e_t'm(é{'z‘j‘?ﬁj+0(j1$"”2m(%1+2?5+50>§1)}*7{”2?*%**6‘1Séﬂm@ﬂé"”ﬁjﬁ W55 })J (L)

where %, 7fand é‘are components of a position vector
in reciprocal space. The total structure amplitude F1
of the sublatbics 1 of whole the crystal bathed in the
- idncident x—raysiis given by summing F1 n witH respect

)
to n,, n, and n5:

12713(?"'11*77"72*‘;7’3) |

F A ‘
FT %%%é%% Ln J <5>

) )

Y o0 r

' By using the relation exp(idsinéﬁzé&fﬁ(d)exp(ine), where

J_ is the Bessel function of the n-th order, we have
F = 6 ()26, 7% cooans (zy-4)
x[et2T Ry +RY) 5° Z_;M s j,,,(zmﬁog,)jm(zché@ﬂ)
K pten B +mSy) GT(;+’”*”1) |
+ 2R (R +RE+) 5 )5, 7 T T k)

C oy em_(; Loy o (¢+%ﬁ)].
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Here .G is related to the Laue interference function L

by [G|2sL. The functions G(&) and G(p) directly resulted
from Eq. (5) are written-as G(h) and ‘G(k) in Eq. (6),

where h and k are integers. the Laue function [Q é+”*m |
has the finite value only for ;+”+” ={ (integers), and

thus gives the main and satellite scatterings at ﬁ::ﬂ—f%%ﬁ,-
In the same way as above, we have the structure amplitude

- F

2 of the sublattice 2 as

@'(ﬁ)@-(?%)ZZJC e“‘”czrﬁ Cod 2T (z.—:f)

ﬂé% RE-Y '
RGP+ R o{;»% % L(gnﬁo{jz)%(znkﬁjz)
K e2e@ iz g gt
+ e 12 (=) +R0-4) v 5~ T, (RTAA) T (RTR B2)
| n m '

Xeczzt('??ﬁz-/fm}ggz) @'(ﬁ‘l“ )]. (7)

Thé\total structure amplitude F of the structurally modulated

crystal is given by adding F1 and Faz

F=F1 +F2‘ (8)
The expression (8) becomes easy to handle in the
‘case of either k=0 or h=0. The médulation parameters
will be determined by using these reflections in the
next section and the structure amplitudes are treated

in more detail in these cases below.

The Scattering Amplitude for (h,o,ﬁing)

Simple calculations lead us to the following expression
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of the structure amplitude for the main and satellite

scatterings at (h,O,Q-nS). .
o BES
F = 26(h) 6 (%) i:;‘j e T oo 2il (2] -4)

X%: [{eiznﬁ(xj “4‘)+ eizzt—%- e’im}t‘) (2’4___99,)}
X {J:n(ZZCﬁV(J;) et'zlm 5D,9q __}_\a_‘{zltﬁ:“zé_:"ljw(zmﬁogz)e{zmﬂ% }
XG(5+5)] (%)

In this equation n can be either positive or negative.

As mentioned in §3, there are characteristic features
in the intensity distribution on the (h0{) reciprocal
plane, that is, the Bragg spots appear only fbr h+f{=even,
while the satellites (h,O,ﬂiS) are present only for
n+=odd. This pseudo-extinction rule can be explained

by examining the factor in Eq.(9):

\

) B=J (27C'ﬁ0(j1) e{_zﬂ.‘ﬂ 5079'7 -
] ’ﬂ“*‘ é-‘ﬂ ] '
+ QLZTC A J:n (zmﬁdj2> etZTC’Vl ?XJ‘Z (.10)

If we neglect terms higher than the second power in the
Taylor series expansion of the Bessel function Jn(g),
we have J,(x)=1, J,(x)=x/2 and J, (x)=0 for nz2. By
this approximation, we have the following relations.
In case of naé (main scattering),

B=2 (11)

for h+l=even, and
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B=0 : (12)

for h+l=odd. In case of n=1 (the first satellites),

B = Th T i [y - Ky € e Fig)y ()

for hij=even, and
S
' i R - n:'—" ta .

B= 1k ei2m Yoy [jy + 0o, €472 02T Fz $n] (14)
for h+f=odd. In case of nz22,

B=0. - (15)
Here 0%1 and 0%2 are defined as amplitude, the positive
real quantity, and therefore, the pseudo-extinction rule

are explained by putting
=Y . L
$ejo = Txj1 * 2

0(.)‘1

(16)
= J-z
Since M=210, these relations are approximately equivalent
B | |

to L

K= g2
Pes1= Pxjo

(17)

The relations (17) will be assumed to hold exactly throughout

the calculation described below, in order to make the
calculation simple. ‘The arrows parallel or antiparallel
to the a axis in Fig. 6 were.draWn by taking into account
of‘Eqs. (17). |

The Scattering Amplitude for (0,k,fnd)

As in‘ﬁhe case for (h)O,Qing), we get the following

2




expression of the structure amplitude for the main and

satellite scatterings at (0,k,{-nd).
F=4Gh) @(ﬁ)etm?r mszz,c ot 2T

+€‘2’K7 .?_Ic'ﬁ(-q: SJ)J-M(JC%@J )etZTC'Y\.‘)DgJZ}

XG(s+%)] | (18)

In this équation n can be either positive or negative.

As described in §3, there is the extinttion rule characteristic
to the b-glide: diffraction spots are present only at
(0,k,)-n$) with k=even. The factor cos(2Wk/4) in Eq. (18)

is resulted from the presenbe of the b-glide and explains

"the extinction rule. | |
S i

~ §5 Atomic Positions in the Structurally Modulated

Crystal at -86°C

In this section, atomic positions in the étructurally
modulated crystal are determined by means of least
squares calculation, based oh»Eqs. (9) and (18).

For the calculation the following assumptions are

méde.

(1) The parameters Zj are constant, 'since the modulation

wave 1s pure transverse as assumed in §4. Values of
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7,5

Zj are assumed to be the same as those in the phase
which are shown in Table I.

.(2) For simplicity, anisotropic temperature factors
assigned to each atom are determined by interpolation

of the values in the phases I and V.5) The values adopted
‘in our calculatioﬁ are shown in Table I.

~(3) The relations (17) are assumed.,

(4) The following relations are assumed.
@;n: Bsz }
Py31= Pys2

‘In Fig. 6, the arrows which express the ¥y components of

(19)

the atomic shifts have been drawn taking into account
these relatilons. It was‘dbserved that the satellites
at (O,k,ﬁing) with {=odd were weak and those with L=even
were strong in generél. Preliminary calculations were
made by assuming the counter—ﬁhése modulation of the
 sublattices 1 and 2, i.e., by pubtting 33j1==&3j2+o'5, P
without success in interpreting the above-described
features’of‘(o,k,ﬁinS) scatterings. -Therefore, §§j1==§3j2
is a better assumption than putting 3§j1=ffy32+o'5f _

The relations of Bq. (19) are, however, an assumption

| which we were forced to put due to the limitation of

the memory capacity of ouf combuter FACOM 270-20.

Q; hope refine this point when more precise data will

be collected. On the basis of Egs. (17) and (19),

the notations a%, By 9&3’ g&i will be used for 0%1
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and O(jZ’ (53.1 and (53.2, 30}{3’1 and J 5o ﬁoy;“ and Jyo
respectively.

(5) It is assumed that S;j
values of either O or 0.D. This will happen if the

and 9§j can have only the

thiourea molecule is rigid and if the modulation
-corresponds to pure rotation or pure translation of the
molecule or to combinétion of them in phase or in antiphase.
(6) Contribution of the hydrogen atoms to the x-ray
scattering was neglected in the.calculation, since the
data did not seem to be so good.

(7) The period M of the modulation wave which appears in
Egs. (9)fand (18) are put equal to 8.4 at ~-86°C. This
" value was determined by the observation shown in Fig. 4,
where M=1/§.

Oh these assumptions the variable parameters to

be refined by the leést squares calculation are xj, yj,
aﬁfand B; with j= S, C, N, as seen in the expression (3}; 
"'The least squares calculations were made for all possible
combinations of the vélues (0 or 0.5) of ﬂ;j and v
As described below two combinations resulted in good
agreemeht with the observation. The choice of one from
the two was made by the criterion that the thilourea
molecule does not deform drastically by the modulation.
| P The intensity data were collected from the Weiséenberg
" photographs taken at -86°C. The data on (h,O,Q-S)

and (O,k,Q—ng) with n=1, 2 were used to determine Xy and
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O% by Eq. (9) and y4 and @j by Eq. (18), respectively.
The least squares calculation was made so as to
minimize R'EE](IFO]-{FCI)Z, where F_ and F, are the

observed and the calculated structure factors, respectively;

-The derivatives of Jn were expressed by Jn—1 and Jn+1

~and, as mentioned in §4, the four SC(NHZ)2 molecules in

unit cell were treated as eight'(SC)1/ZNH2 molecules in

the programning. The trial values of Xj and yj used

at the first cycle of the least squares calculation were

those in the room temperature structure (phase V).

Primitive calculations suggested that the orders of

magnitudes of N3 and ﬁj are 0.02, which were used as

the trial values of them in the first cycle of the

calculation. For each combination of the values (O or

0.5) of %;j and yj,\three‘or four cycles of least squares
calculation gave steady values of R, where REZJIFOI-IFCII/SﬂFCI.

The six parameters xj andes were determined by using s

" Eq. (9) and 110 integrated intensities of (h,O,Q) and

(h,O,Q—S) reflections as listed in Table III(a). The least
squares calcuiations were made for all the combinations

of the values (0 and 0.5) of g;j, except for the
combinations which resulted in bending of the thiourea

molecule. The lowest value (0.16) of R was obtained

for the same values of g;s,‘g;c and 9;N (i.e., for the

case of in-phase) and for the values of Xj and ds listed

in Table II. The six parameters Y5 and Qj were determined
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by using Eq. (18) and 111 integrated intensities of
0,k,4), (0,k,8-8) ana (0,k,-28) reflections, which

are shown in Table III(b). The minimum value (0.16) of
R was obtained for the values of ¥, and @j listed in
Table II, when 9;N differs by 0.5 from 9;8 and yC*

As far as the agreement between IFOIAand *Fcluis
concerned, the same result is obtained for the following
four combinations of (§§S’ 5&0’ <N ? %38’ ggc,ff
¢,=(0.5,0.5,0.5,0,0,0.5), ¢, =(0,0,0,0.5,0.5,0),
¢5=(0,0,0,0,0,0.5), cqs(msxuaoggm5xxzox
Physically, the combination C, is identical to C, and
jcB'is identical to C,. The difference between C, and

C, can be seen by the fact that C1 gives negative ¥y

5
component of displacement to the S atom when its X
componentAis positive, while C3 gives positive y component
when x component is positive.  One may determine which

is better C, or C3 by doing the least squares calculation .
‘using generql (h,k,QinS) reflections. This formulation
is, however; complicated as can be seen in Egqs. (6) and
(7), and we used the criterion that the thiourea molucule
‘.should not Be deformed drastically by the modulation

. wave. Table IV shows the: (001) projéction of the atomic
disfance calculated at the maximum displacement of .- |

3 0%, Y4 @ listed in Table II

for the combinations C, and 05, “in comparison to the

modulation by using X

bond length at 20°C. It is clearly seen that C, gives




2 Qe

better agreement between the values at -86°C and 20°C

than C Therefore, we decided that the values of 9;3

3.
and &§j corresponding to the combination C1 were realized
in the crystal, and they are listed in Table IIL. The
values of «, and y, in Table II may be compared to those

u

at 20°C: XS=O.1148; XC=e031635, xy==0.2773, yg=-0.0073,
¥0.0906, ¥=0.1307. 5) |

Figure / shows the maximum atomic dlsplacements
caused by the modulation referring to the gtomic¢ positions
in the unperturbed structure at -86°C.  The values of
d and @ listed in Table II and demonstrated in Fig. 7
show that the displacement of the molecule is translatlon-
like along the a axis.

As mentioned above, the structural modulation destroys-
the n-glide symmetry and thus the centre of symmetry .
locally, and results in the polarization wave in the
crystal. e b-glide symmetrf which we assume to exist .-
even in thc modulated structure has its reflection plané
perpendiculur to the a axis. Also itvis assumed that
z-parameters are not modulated. Therefore, the polarization

of each unit cell caused by the structural modulation

‘-should'be parallel to the b axis. Figure 8 shows the

modulation wave and the polarization wave schematically.

o
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§6 Temperature Dependence of Modulation Parameters

The temperature dependence of integrated intensities

of several (h,o,nS), (O,k,nS)‘reflections were measured

by means of a single crystal diffractometer. These

intensities vary continuously and monotonically in

.the temperature range which covers the phases II, III

and IV,

Results of the measurements are shown by circles
in Figs. 9 and 10, As seen in Figs., 9 and 10 integrated

1nten51t1es of (0,2 8), (0,4, 8) and (0,6, 8) are approximately

~proportlonal to (TIV V-T) and that of (5,0 5) is roughly

proportional to (TIV_V—T) in the vicinity of TIV—V’

where T is temperature and TIV-V 1s the transition‘point
between the phases IV and V. The. integrated intensity -
is proportional to IFI2 and, as seen in Bq. (14), F of
(h,0,8) can be approximated by)the linear combination ,fl
of O%'s, if they are small, and in the same way, F of #
(O,k,S) céh be approximated by the linear combination

of @j's. ‘Thereforej the above-mentioned temperature
dependence of (h,O,S) and (O,k,g) reflections suggest

that (. is expressed as a.(T .y =T) and B, as b, (T _1)1/2
JjrTIvV-V J JYTIV-V ’

 where aJ and b, are constants. The parameters 0( and

J
@ must have the values llsted in Table II at —86°C

so that the coefficients aJ and bJ are determined as

follows.
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o(a = &j (TIV_V—T)
aS:: 0.0008

aC= 00,0010

ay= 0.0013

Gy=P3(Trv-y~
b = 0.0067

S
o= 0.0015

N=

(20)

b 0.0005 ' .

~Also from the data shown in Fig. I, we have the expression

of temperature dependence of M as
| 2
M= 8+0.0018(Tyy_yT) (;1)

The curve in Fig. 4 shows values calculated by this
equation, The.solid lines.in Figs. 9 and 10 show results
of the calculation based on Egs. (9), (18), (20) and

(21). In this calcuiation Xy and Y5 are put equal to

the walues at -86°C, which are listed in Table II.

The agrgement between'the observed and the calculated
values is satisfactory for the satellite scatterings,
Calculatiéns proved that the satellite intensities were
rather insensitive to the temperature dependence of‘x‘j
and‘yj but intensities of the main scatterings were sensitive
to it. ' The discrepancy between the observed and the
calculated intensities of (020), (OLO) and (060) can be
improved by assuming the temperature dependence of yj, but
it is difficult to avoid arbitrariness in determining

temperature dependence of yj and the details are not
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described here. In the next section, brief discussion

will be made on the implication of Egs. (20).

§7 Discussion

In spite of the arbitrary assumption such as @j1=:€jz
(Eq. (19)), we obtained the R factor of 0.16, which
suggests thatvour model is not so far from reality.

As mentioned in §1, Tanisaki and NakamuraTa) and
Futama13> also made structural studies on the satellite
scattering/by thiourea. Atomic shifts caused by the
structural modulation were calculated on the assumption
similar to us, for =85°C by Tanisaki et al. and for -100°C
by Futama. We have rewritten their formulations by’

using our notations and compared their results to ours

_in Table V. No numerical values are given to X and

. in Futama's paper.15) As described in §6, we assumed
Y3

- .that Xj and yj do not depend upon temperature, while

0% and Fﬁ are functions of temperatuﬁe as expressed by
Egs. (20). + The values shown as '"present study" in

Table V are calculated on these assumptions for -85°C

‘and ~-100°C, A similar trend can be observed between

the results of Tanisaki et al. and ours. There is
a somewhat  large disagreement between the results of

Futama and ours. To check reliability of our values
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at -100°, we took Welssenberg phctograph of (O,k,QtnS)
reflections at ~100%.  Our parameters could explain
the observed intensities of the satellites better than
Futama's parameters. He used only (0k0) and (h00)
reflections and satellites around them to determine
his parameters. Large discrepancy.between the values
observed and calculated with his.parameters were found
on some satellite reflections around (Okﬁ) other than
those around (0kO). Tanisaki et al. introduced
longitudinal component of modulation wave, and his fingl
R factors were 0.17 for Bragg reflections, 0.18 for the
first satellites and 0.21 for the second satellites. |
We observed no satellites around (ooﬁ) reflections and 1
assumed that the modulation was pure transverse wave,
Our final value (0.16) of R is a little smaller than
theirs. |

\In 1961, Tanisaki18) found!satellite x-ray scattering
by NaNOa. Its characteristic features are that only
the first satellites are present, a fact suggesting that
the satellites are caused by the amplitude modulation.17)
‘Therefore, the satellite scattering by thiourea is a
phenomenon quite different from that by NaNOZ. Our
results described in this paper suggest that the structural
modulation in thiourea can be looked upon as a frozen-in
of a;,; transverse optical lattice vibration, as pointed

out first by us.9) This idea is schematically shown
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in Fig. 11, which demonstrates that the angular frequency
of an optical mode becomes zero at Try_y- In this
connection, it may be worth-while to report that we
observed diffuse x-ray scatterings extended along the
c® axis on the (Okﬁ)'reciprocal plane near the transition
point TIV-V‘ |
The phase III is ferroelectric with the polar axis
parallel to the b axis.a) The spontaneous polarization
~ should destroy the n-glide symmetry of the unperturbed
structure. We tried to observe in the phase III the
Bragg reflection (hOQ) with h4l=odd, which should be
present if the n-glide is destroyed, but we did not succeed
in it. Also intensities of the main and satellite
scatterings vary monotonically in the‘temperature range
which covers the phases II, III and IV. These facts
seem to be related to the very small value of the
spontaneous polarization in phase III as small as 1072
times of PS in the phase I. Possibly this small magnifude
of PS permits the coexistence of the structural modulation
and the spontaneous polarization in the phase III.
As is well known, in case of ferroelectric ﬁhase
transition of second order, the usual phenomenological
~ theory gives the temperature dependence of fhe spontanéous
polarization P, as Pscx:(Tc—T)1/2, where T is the Curie
temperature. The sponﬁaneous electrostriction which

is proportional to Ps2 is thus proportional to (TC—T).
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In this connection it is interesting to observe that
the parameters @j which are linearly related to the
polarization wave when they are small are proportional
to (TIV_V~T)1/2 and that the parameters «j which are -
linearly related to atomic shifts perpendicular to the

polarization direction are proportional to~(TIV_V—T),

as given by Egs. (20).
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Figure Captions

Dielectric constants of thiourea as a function
of temperature and five phases (after Goldsmith
and Whitea)).

Weissenberg photograph of (Okﬂ) reflections
taken at -100°C. |

Distribution of satellite scatterings. Strong
reflections are represented by large spots.

() Around (Ok{) Bragg reflections.

(b)‘Around (h0f) Bragg reflections.

"1/§ vs. temperature. Later 1/§ will be denoted

as M (Eq. (2)). Circles stand for values
determined by the diffractometer and the curve
shows values calculated by Eq. (21).

Unit cell of the unperturbed strucfure of thiourea;
The space group is Ponm. Atoms S and C are

on mirror planes. Each nitrogen atom in 2N

is a mirror image of the other with respect

to the mirror plane.

Unit cell of thiourea when the modulation is

.. introduced. For detailed explanation, see

7

text. ‘
Atomic shifts caused by the modulation at -86°C.
Projéction on (001) plane is shown.  The

number assigned to each atom is the same as



Fig.

" Fig.

8.

9.
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in Figs. 5 and 6. Molecules at the positions

of the maximum displacements are drawn with

solid lines. Molecules at their positions

in the unperturbed structure are drawn by broken
lines.

Tllustration of the modulated structure projected
on (100) over the full wave length Mc of the
modulation.

(a) Atoms S and C of thiourea molecule lie

on the planes at z=1/4 or 3/L and its (100)

projection is as shown in the upper figure,

"which is represented by the arrow shown in

the lower figure,

(b) Structural modulation over ten unit cell

- aligned along the ¢ axis. Arrows directed

to right and to left -correspond to the ‘molecules
1 and 4 in Fig. 7, respectively. The period M

is equal to 8.4 here, which is the value at

~86°. In this drawing, the ratio of the

lengths of the molecule and the ¢ axis does

not correspond to the actual value.

(¢c) Polarization of each unit cell caused by

the structural modulation. The polarization

is parallel or antiparallel to the b axis.
Iﬁtegrated intensities I of (O,k,ng) reflections

as functions of temperature, in electron unit.



Fig. 10.

Fig. 11.

-

-3

Circles represent experimental data and the
solid curves to the valuves calculated based
upon Egqs. (20) and (21). (a) Reflections
around (020). (b) Reflections around (040),
(c) Reflections around (060).

Integrated intensity I of (508) reflection as
a function of temperatﬁre, in electron unit,
Circles represent experimental data and the
solid curve to the values calculated based
upon Egs. (20) and (21).

Proposed temperature dependence of the dispersion

‘relation for a transverse optical branch of

lattice vibration.  The propagation vector g
is parallel to the cX axis and w is the

angular frequency. The structurally modulated
phase IV takes 'place when & becomes zero at’

g =2mc*/M, as shown by the lower curve.



Table I, Values of the parameters which were fixed constants

ey

in least squares calculation.

N o 2 2 2 o ﬂ
Temperature wmoa\owlmuﬁdm.&:w rdmmw ..,oww\@ ..m,cgm,ﬂm mdﬂwi..m@mwhmf.

25 Py P22 P32 P12 b3 o3

S 0.2500 0.0101 0.0143 0.0059 -0.0011 0.0000  0.0000

C 0.2500 0.0153 0.0093 0.0053 0.0025 0.0000 0.000Q

O \O
Y,

N 0.1171 0.0262 0.01 0.0061 0.0100 0.0007 =0.0003

M=8.4

(SHIOZAXI Table I)



Table II. Parameters at -86°% determined by the

least squares calculation.

Parameters x. and yj

J

represent the atomilc positions in the unperturbed

structure, and paranmeters aﬁ, @j and %%jf ﬁgj are

amplitudes and phases of the modulation wave, respectively.

S B~
s .0.115 0.012
C -0.165 0.015
N -0.292 0,019

yj . @j ffyj
~0.009 0.026 0O
0.106 0.006 O

0.13%1 0.002 0.5

(SHIOZAKI Table II)
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"Table III(a).

calculated,

observed, Fc(n):

Fo(n):
O corresponds to the main Bragg reflection

amplitudes of (h,O,Q~n5) reflections.

-
=

Here n

{Fo(n){—[FC(n)l.
and nsl to the first satellite at (h,0,4-8).
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Table IV. Projection of interatomic distances
on (001) 'in A. The values at -86°C correspond. ..
to those at the maximum displacements caused By

the modulation.

At -86°C At 20°C
(Phase IV) - (Phase V)
c, Cy
S-C +  1.72 - 1.87 1.71
C=N 0.72 0.77 0.70
S=N. - 2.0l 2.62 2,041

(SHIOZAKI Table IV)



Table V.

authors.

using Egs, (20).

J
S C.115

c -0.165
N -0.292

X.
S owéam
C -0.165
N -0.292

g
-

Present study, at -85°C

K5
0.011
0.014

0.018

Y% ¥ 8
0.5 -0.009 0.025
0.5 0.106 0.006

0.5 0.131 0.002

Present study, at ~100°C

e

J

0.023
0.029

0.038

Yy T3 By
0.5 ~0,009 0.0W@
0.5  0.106 0.008

0.5 0.131 0.003

Pys
0

0
0.5

o

C

0.5

Comparison of the parameters obtained in the present study and those by other

awm parameters at ~85° and -100°C in the present study were calculated by

Taniszki and Nakamura, at -85°C

SIS
0.117 0.014
-0.165 0.029
-0.278 0.03L

Futama, at -100%C

500 %
0.013

0.024

0.031

@u mwu
0,026 O
0.007 0O
0.002 0.5
B;  Fy;
0.021 O
0.0385 0
0.013 O

SHICZAKI Table V)
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