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Measurements of the spontaneous polarization P, x-ray diffraction, birefringence, dielectric

constant at different frequencies, and specific heat C, of the Cdy¢Zn,Te alloy are presented. -

The results demonstrate that this system exhibits a diffuse, second-order ferroelectric transition.
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paraelectric phase; (b) the heat capacity is given by C,=(T/ C) | (PdP/dT) |, where C is the
i stant Onenf the mam43hennmem observed in 'rheqe mlld solutinns ts_t}mmsrabll_tv_n

I. INTRODUCTION We will suggest a hypothesis for this type of behavior in
terms of a two-state model. Its clarification is a subject for
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of the diglertgic constpnt fupctingeaf | tar Smﬁle Cdg oZngy ; Te crystals were grown by the modi-

We do not use any procedure to polarize the samples. The
samples were cut from the grown crystal, polished, and
kept in darkness for some days before beginning the mea-
surements. When needed, metal contacts were prepared by
electroless deposition of gold from a gold chloride solution

ferroelectricity in these solid solutions was given by x-ray
diffraction®® and by birefringence measurements.* The
x-ray-diffraction measurements provide an unambiguous
proof of a phase transition through the determination of
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€iched 1n a 370 Br 1l metnanol solution 1or about sv s. 1118

ferroelectric properties of the Cd,_,Zn,Te solid solutions; procedure yielded low-resistance contacts with essentially

H irm ﬁ e et mrem e dibion coal nedlo caledantio.
the spemﬁc heat, and the birefringence, can be related to
n _as observed in other ferroelectrics: (i) give
measurements OI the QIEIECITIC CONSlant at QLIErent ire- -
quencies; and (iv) discuss the instability of the ferroelec-
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does not exhibit FE at any temperature, and one that does  integration of thé pyroelectfic coefficient proposed by
(below a transition temperature). Indeed, while as-grown  Chynoweth® to which we have applied a new analysis. The
samples usually ethblt ferroelectnmty, samples heated Just ﬁrst method can be used at low temperatures, but is of

3 1 ¥

the samples is standard and we shall only give a brief de-
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to reorgamzatlon of ferroelectric domains is the determi-  lated light from a Ne-He laser beam. The direction of the
nation of the structure by x-ray diffraction: After heating, polarization, as deduced from previous measurements, !
these samples have a cubic structure at room temperature.  was {111). The current produced in the samples can have
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directly from the hysteresis loop and from integration of
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FIG. 1. Pyroelectric coefficient p, vs temperature 7.

three origins: the photoeleciric effect, the thermoelectric
effect, and the pyroelectric effect. The photoelectric current
is eliminated by covering the illuminated gold electrode
with graphite. At the same time, we are assured that all the
light is absorbed and heats the sample. Appendix A%
describes the method that allows the distinction and sepa-

ration of the two cother eomiributions: thermoeleetrican

FIG. 3. Temperature dependence of dielectric constant € at different
frequencies. Note that at 300 MHz the transition is no longer visible.

sumption that p=0 at T=140°C; see Fig. 1). There is a
good agreement between the two curves when both meth-
ods are used at T'<100°C. The curve deduced from p,
shows clearly that the transition is diffuse, rather than
sharp, in accordance with the measurements of the dielec-
tric constant.!

roelectric coefficient measured on a sample in which the
pyroelectric current is much larger than the thermoelectric
current. The pyroelectric coeﬁicient Do is deduced from

W)—r i L =
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the pyroelectric coefficient pg(7") (with the reasonable as-

+ Hysteresis measurements

S Pyroeleciric measurements

50 100 150

FIG. 2. Temperature dependence of polarization P as obtained from two
different techniques: hysteresis loop and integration of the pyroelectric

coefficient.
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Pb(scl/ZNbl/2)O3
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In Ref. 1, measurements of the dielectric constant e
have been presented at a single frequency of 100 MHz.
In the present investigation, the measurements are ex-
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BOUBA Veclor voltmeter associated with a rerectometer.
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around the transition temperature. The frequency has a
strong effect on the amplitude of e: It decreases as the
frequency increases. At 300 MHz, the transition is no
longer visible. At the same time, the maximum in €(T") is
shifted to a higher temperature when the frequency in-
creases. These observations are similar to those noted in
otber ferroelectricsotidsoluiions such as Po{ZL, Ti) O3 and
disordered compounds such as Pb(Mg1 ,3Nb,y2)03 and

The absolute value of the slope de/dw is maximum for a
frequency equal to the inverse of a characteristic time 7. In
an ideal ferroelectric this time is the relaxation time asso-
ciated with the polarization dynamics,'? but for a diffuse
transition it has been shown'? that here is a distribution of
relaxation times and 7 is a mean value of the distribution.
In our case, a strong decrease of € appears between 100

)
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(Qox10*) ! and (60X 10*) 7, ie., 7~107°
tively high relaxation time is indicative of an order-
disorder transition.'?

s. This rela-
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FIG. 4. Dielectric constant € as a function of temperature T at 100 MHz
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on heating (O) and cooling (X) the sample. During cooling, one does
not observe the anomaly in €.

The occurrence of a maximum in e(T ) (Fjg. 3) de-
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FIG. 5. Powder-x-ray-diffraction line [S11] of Cd(,ano Te at 35°C (a)
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shows the variation of Ar, the difference between the index

of refraction parallel to the pqlarization direction n.. and
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ples The behavior of Fig. 4 signals the disappearance of
ferroelectricity rather than domain redistribution, since
even if there was a new domain distribution, we should
have observed a peak in e(7'). This point is developed in
Appendix B.! We conclude that the absence of a transition
ouce the samnle had been heated to T_daes not resyls
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V. X-RAY DIFFRACTION

Powder-x-ray-diffraction measurements - were con-
ducted both below and above the ferroelectric transition
temperature. The diffraction peaks of the zinc-blende

tempPtraiuic, auu
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transition: If the transition had been sharp, a divergence
would have been observed.

As was the case for the dielectric constant, polarization
measurements and the split x-ray-diffraction peak, the bi-
refringence too disappeared during the second heating of

the samnle. We have ahle ta_rest arroelecteinc

DLALT ML DULUC SApISs LY all dniedillg procequre at about

700 °C under a Te atmosphere (to preserve stoichiometry).

10
~ CdggZng,Te+In I

3 :
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not reproduced. The splitting is consistent with a rhombo-
hedral distortion with an angle of $9.4=+0.1. Marbeuf
et al.® have also found a rhombohedral distortion, with an
angle of 89.94". The sphttmg was resolved in the experi-
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The birefringence of Cd;_,Zn,Te was measured!® at a

FIG. 6. Birefringence An vs temperature 7" for two samples: x=0.04 an
2 i P E'-; .—%'
T b= -ﬁ

§
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FIG. 9. Variati th ific heat C, with t ture 7.
FIG. 7. Temperature dependence of 6= (dn/dT)/n for the ordinary (5y) 9- Variation of the specific heat C, with temperature

and extraordinary (8,) refraction indices for the Cdyg¢Zng;Te sample.
VIil. SPECIFIC HEAT VERSUS TEMPERATURE

The specific heat was measured as follows: We took a
small CdgeZng;Te sample (1.1X1.6X 1 mm®) and cov-
ered its face with graphite. This face was exposed to a CO,
We next consider the depen dence of An on polariza- laser beam. The intensity was varied with time as a step

tlon Two cases are poss1b1e depending on whether the fur.lctlon: I=0 for t<0; I'=const for > 0. If the h@atmg is
) ) ] A e uniform and there are no losses, the temperature increase
t '| mnera Nnna N N Q,_{l 1 [ Ql]-

We still do not control the procedure fo our satisfaction,
and research on a more reproducible and reversible proce-
dure is continuing.

An~ P here, (dn/dT) can exhibit either a jump (if the p7> VT T SPRAAIR TRl G MUTSLAR PSSR
transition is sharp) or a smooth variation (if the transition IV)Vhen theilcl are he;t losses, the slope decreases;v ith tlmeé
is diffuse); (ii) If the high-temperature (paraelectric) ut it s still a good approximation to suppose that at ¢=

hase js viezoplectric A P herp T axhihits ai the slope is given by the above expression. C,(T") was de-
s——iﬁ—w ———— ————————— o L_____ - ...

e e T———————==—=—=p/ o= = s S —
mum (if the transition is diffuse). the prol‘:)lem, talfmg into account that the peatlng in tl}g
sample is not uniform, shows that the error is about 5%.

In our case, the high-temperature phase has the cubic . .
zinc-blende s tructure (as checked by - ray diﬁ’ raction) Hence, the method we used has the advantage of simplicity

righ g - . ek T but it is not Vvery precise.
(Flg 7) hence’ the transltlon ls of second—order type but ALL A Lb 9 CALW ¥V CVALGALLIVRL VX v YY LUAL L1l valxkl\.u.uvuxv A

ipeii,., i‘gn k‘.:i i r nnﬂtqc"nnf mvf_ll nj Iﬁwg frnpiqi!gn

Viil. RELATION BETWEEN SPECIFIC HEAT AND
POLARIZATION
In ferroelectrics, the Landau—Devonshire (LD) the-
12 16 . . .
° ory ° gives a good phenomenological analysis of the exper-
L- AN 1. h\lﬂhﬂ {{y ifﬂ-f W “"]_n«" ’Xi i -
! & 244 -"r
:é - are in accordance with a mean-field second-order phase
100°C transition (as given by the LD theory): Po(T .—7T) and
4 . the ratio of the slopes (de~'/dT) above and below T,is
110°C very nearly 2.
—~ From the LD expansion!® of the free energy
IR Vs ST R G=Gy+38(T—T ) P+ yP*, (1)
0 2 4 6 :

i jnnpegihlatashogp: ¢ wwc TRV DTS
S el =i | =

FIG. 8. Birefringence n vs polarization P curve showing the linearly
g " = e
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FIG. 11. Schematic configuration-coordinate diagram illustrating the
proposed two-state system.

FIQ. 10. Excess specific heat AC, (crosses) and |PJP/dT| (circles) vs

temperature T mapped onto the same graph, showmg the proportionality
Qf-t'ha tuwe anantitiec

T g uia 5
(Fig. 9) at T, and a splitting of the zinc-blende diffraction
It has been noted that the relation (2) should alsobe  peak—belowT—(Fig—5),—oncethe neighborhecd of the

valid for diffuse transitions. We shall thus apply Eq. (2) to  transition temperature is reached, most of the time, subse-
our case. quent cooling leads to the dlsappearance of these effects.
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duced from the dielectric measurements for the 109 sam-
ple. The agreement is very good (probably accidental).

an ordinary zinc-blende solid solution that is nonferroelec-
tric, while the system in state II could correspond to a

Thus formula (2), which links the Curie constant, the spe- statically deformed lattice.: whose lowe.r 'overall symmetry

cific heat, and the polarization, is verified in this diffuse (see the x-ray data) permits ferroelectricity. The two states
transition. can be thought of as two distinct minima in a
____________________________________________copfiguration-coardinate diagram. These minima can be
IX. DISCUSSION B schematically in Fig. 11. This qualitative model can then

The measurements presented in this article, i.e., polar-  be used to speculate on the nature of the unstable ferro-

:@(.. ,\,‘j 1 germmernn Aialaniwin nmcwndansmdt aad Alandwinlice fvn MNATiiT A an CAllaccn. Qaviiiclan wwrimna dthncinal

————r—————-

solut1ons beifa‘r?ésh fégil;rgférroelectncs However, it is  the ferroelectricity. These particles can be released only if
necessary to explain why a small amount of Zn gives such  the sample is annealed at a temperature T'» T, to over-
a high transition temperature. Only 4% of zinc gives T,  come the larger barrier £§>.

=90 °C (363 K). This can be compared with an analogous To search for a microscopic model that could result in
N - 2 a .- . — 2 = e 10 i —
'%“%{Tﬁ Brwiticu = — %‘\EJ’,é'levoyUuuo ~ auuh"&“ﬁ‘tﬁéﬂgu;‘w © uave studicd™HCOTCICaLL ¥ m\.uu\:x ==
to T.=220 K.18 atomic displacements in ordinary zinc-blende semiconduc-

A central hallmark of the ferroelectricity in this system  tors. A “supercell,” consisting of four cations and four

is 1ts dependence on the thermal history. For example, anions, ongmally placed at the zinc-blende atomic posi-
121 = it at-. 1 LTu = e e R R O N T s
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FIG. 13. Schema of the pyroelectric and thermoelectric measurements.
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FIG. 12. Results of first-principles LAPW total energy calculations ilius-
trating the off-center behavior in some zinc-blende semiconductors.
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cation atom was then displaced from the tetrahedral site

akin to the disordered alloy environment could lead to a
metastable minimum. Hence, while the conceptual model
envisioned in Fig. 11 seems applicable to I5-VII systems,
direct evidence for its applicability to II-VI systems is lack-

- - — -
v B R e S R et

experimental research: characterize the preparation condi-

imize the population of state II, hence the amplitude of the

K1g. 1Z. we see tnat I0r a System witn active cation g
orbitals such as CuCl, there exists indeed a secondary, off-
center mlmmum, as env151oned in Fig. 11 The detalls of

cation.'”

Vaiiud, puraut;auuu, UuClLlll&CLlUC, CilL, L"ULLUCLIVULG, 11 LT
dipoles in this system are induced by the Cd-Zn size dif-
ference which leads to oﬁ‘-center dlsplacements, a similar
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dipole. In state II there are four local-equilibrium config-
urations corresponding to the four bond directions. In each
minima, the dipole coincides with the direction of the

state II) the system jumps dynamically between these min-
ima through tunneling. The observed net dipole will then
depend on temperature and tunneling rate. In the absence
of correlation between the tetrahedra, the system as a
whole will be unpolarized. As the temperature is lowered,
the dipole correlation is enhanced and a net polarization
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APPENDIX A

The experimental situation for the measurement of the

‘ pyroelectric current is shown in Fig. 13. A slab (thickness

will appear as a result of an order-disarder transition. Nate. ) is illuminated by a mndnlated laser heam {infensity W,

that the ferroelectrlcny in such a system is metastable fer-
fate | -

electric zinc-blende structure.
Since the off-center displacement found in CuCl de-
rives from a metal d-s coupling, it is expected to be weaker

+ Wy exp(jwt)]. The thermal contact of the second face

other dimensions are larger than the thickness, the excess
temperature will depend only on x and ¢ In the steady-
state regime’ T is equal to

JTO J.o AP rllys-, VUL 'm' T, 1 Jary Toov
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1(107° )
1(10° A)

FIG. 14. Cucrent Lyslog f for 3 CdTe sample, The line is a fit following FIG. 5_Corrent 1 s log f far a CdsoZng  Te samnle_showing that for
Bq. (A3). large frequencies the current goes toward a finite value. The line is a fit
obtained using expressions (A3) and (AS5).

AT (x,t)= C od ll 42 2 cosk%) total current is the sum of the two contributions.
TYOTL a=i The absolute value I, is characterized by a monotonic

_] , decrease when o increases from zero to «. There is a

7/n* .
oy . ~JOt LA 1Y : 1r awd a1 PR LWL SRS Lenk il & Fo S A
i i! €

In Eq. (Al), a constant term proportional to W1 was not  the current at high frequenmf:s '
%vaww

The thermoelectric current is equal to frequency and this means that the pyroelectric contribu-
tion (if it was alone or much larger than [;;) has no fre-
Iy=(K/R)[AT (x=0) —-AT (x=d)], (A2)  quency dependence. As shown in Fig. 15 by the solid line,

the fit is very good.
resistance of the circuit. One obtains I? the course .Of this w‘or}g‘t}vlree kinds of Cdo,gZng,Te
i _l_: a I=L!?‘_’ E 5

Taxrr g 1s e UMUvILo AV LWL WLV VAL G XL & A 4wy \ V)
= E pe—— ’

where K is the thermoelectric power and R is the total

To verify the validity of this expression a sample of CdTe  those with the thermoelectric current much larger than the
(4% 5X0.8 mm?®) was prepared, and I, was measured as a pyroelectric one. The dependence of I on @ is similar to

L NI —————
e - ]

LI T TSI T LA T L STITEA T PIRE VU TSN V= T 1S T (g L YOI QUe, TNt TR The coage TO1 TOE THE

deduced from the fit and all the other known quantltles is
250 ,uV/K It compares well with the results of Kubalkova APPENDIX B

VI G AVLAUWALMLIAW WA JVGAA  TY VAL W WA L WAL VA AW prastess

— — e EA U PIieer, A R L S o B L

JAT
Ipym‘—‘;l‘ “ = (er)do, (A4) and a rh10mb:)hed’ral fc:rroelectnc phase is
n —~ I B B AT IREPIE: SR S SN
suriace) ana pg 1S the pyroeleciric Coemcient. 1T £ 1S smatl R S A S
enough, p, can be taken constant through the sample. Us-  with 4 —Ao( T—T,) and C> B.
——ing Egs. (Al) and (A4)-one-has— This last conditionisnecessaryin-orderto-insure that ——
*‘1"-"}1, sl (ianboeoa y,‘-; Lhe-4h a1 —

PO Copd 1+yor , deduced from the conditions

519 J. Appl. Phys., Vol. 74, No. 1, 1 July 1993 ’ Benguigui et al. 519



or

AP+ BP}+CP (P2 + P} =0,

! e § e}
(1) &
AL YT WLy Tl L x T L 7] —J3

AP,+ BP}+CP,(P>+ P2) =0.

The rhombohedral solution is P,=P,=P,=P, with P,
given by

A+ (B+2C)P=0 (B3)

From Eq. (B3), one sees that P, varies as (7,—T) 12

Now we apply electric field (E,,E,,E,). From dG/dP,
+E, (and similar expressions for P, and P,), one finds (for
T<T,)

E,=2BP}SP, -+ 2CP;5P,+2CP3SP;,
E,=2BPiSP,+2CPiSP,+2CPSP,,
E,=2BP}5P,+2CPi5P,+2CP}oP,,
with
P,=Py+6P,,
The components of the suscepublllty tensor Xy are OP/E;.

PR NP

\2& )

(B4)

P =P0+6P Py PZ=P0+8PZ.

o e R, N

R Weil. E.. ich 1. Benepigui. Q’mm:l—
Mater. Sc1. Eng. B 9, 217 (1‘H.

the polarization.
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