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Dielectric-constant and hysteresis-loop measurements have been performed on single crystals of
triglycine fluoberillate (TGFB) in the vicinity of the critical point to characterize the second-order
transition and to compare the results with previous data on its isomorph triglycine sulfate (TGS). The
mean-field critical exponents and the mean-field equation of state are shown to give a good description
of the ferroelectric behavior of TGFB as expected. The parameters entering in the statistical dipolar
theory of ferroelectrics are derived, in some cases independently, from the dielectric-constant and
hysteresis-loop measurements, allowing a distinction between dipolar and atomic (mainly ionic)
polarization. The numerical values of parameters obtained in this way for TGFB, as well as for TGS,

are discussed.

L. INTRODUCTION

The static ferroelectric properties of triglycine
sulfate (TGS), a typical order-disorder ferroelec-
tric, have been studied in detail®*? near the critical
temperature. The agreement of the experimental
critical exponents with the predictions of the
classical mean-field theory has been shown to be
quite satisfactory. Furthermore, an appropriate
power-series expansion of the simple equation of
state deduced within the framework of the statisti-
cal dipolar theory of ferroelectrics (equivalent
to the Weiss molecular-field theory of magnetism)
has been shown to yield a good description of the
assymptotic temperature behavior near the crit-
ical point, both above and below the transition.

An investigation of other cases of order-disorder
ferroelectric transitions was considered of in-
terest; first to check further the validity of the
mean-field theory and second to explore the pos-
sibility of extracting more information from the
experimental data, in particular, regarding the
separation of the strictly dipolar and the atomic
(ionic and electronic) contributions to the polariza-
tion. The relative importance of the ionic and \
electronic contribution was discussed many years
ago by Devonshire, ® Slater, * and Mason, ® in con-
nection with other ferroelectric systems, such as
barium titanate, which being a first-order transi-
tion, is more difficult to interpret than second-
order transitions. We decided to study triglycine
fluoberillate (TGFB), an isomorph of TGS because
the crystallographic similarity to TGS allows
meaningful comparison of the respective mean-
field parameters. In both cases the transition goes
from monoclinic space group P,,, below T, to
P,,/m above. The unit-cell parameters are al-
most identical giving a unit-cell volume of
v.=646.2 A® for TGFB to be contrasted with
v,=676.9 A% for TGS. The density is 1.71 and
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1.69 g/ cma, respectively. The slightly smaller
volume for TGFB may be indicative of stronger
interaction between dipoles, justifying, at least

in part, the increase of the transition temperature
which is T,=346.2 °K for TGFB, compared with
322.5 °K for TGS. On the other hand, the Curie
constant values are reversed, being C= 3560 and
C=2630, respectively, for TGFB and TGS.

II. EXPERIMENTAL

The samples were plates of about 1X1X0.1 cm
with the main surfaces perpendicular to the fer-
roelectric b axis. They were cut by the wet-
thread method from single crystals grown from
aqueous solutions. While the optical quality of
the crystals was reasonably good and the peak
values obtained in dielectric-constant measure-
ments were high, the over-all quality of the samples
was inferior to that of the crystals used in the TGS
investigation.! The details of the experimental
technique for capacitance and hysteresis-loop mea-
surements as a function of temperature have been
described in previous communications.! In the
capacitance measurements, to determine the di-
electric constant, an extra precaution was taken
to ensure that the parallel capacitance from the
electrode leads and sample holder was accurately
determined. Five samples ranging in thickness
between 0.02 and 0.20 cm were measured at room
temperature. From the linear plot of capacitance
versus thickness for these five cases, the parallel
capacitance, to be substracted from the total mea-
sured capacitance, was determined. Also the
frequency dependence of the dielectric constant
was checked between 10% and 5x10° Hz. Some re-
laxation (probably domain-wall relaxation, at the
low ac amplitude of about 10 V/cm employed) was
observable at room temperature and 7'< T, be-
tween 10% and 10* Hz, but it was not very impor-
tant at 10° Hz, the frequency used in the series of
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capacitance measurements as a function of tem-
perature. Between 10° and 2.5X%10° Hz, a series
of piezoelectric resonances were clearly observed.
In order to be sure that true saturation behavior
was observed in the hysteresis-loop measure-
ments, several photographs were taken at various
fixed temperatures with increasing applied vol-
tages to the samples. Figure 1 shows a plot of the
apparent spontaneous polarization as a function
of voltage amplitude (maximum electric field per
cycle). It can be observed that at temperatures
close to the transition temperature saturation has
been practically achieved at maximum fields of
the order of 2.5 kV/cm (sample thickness ~0.1
cm). Field amplitudes of 4 kV/cm were employed,
approximately twice as large as necessary for
saturation in the final series of measurements.
Since previous hysteresis-loop results for TGS
were obtained using low fields, ! we studied also
the amplitude dependence in TGS samples. The

results were similar except that saturation at 7
close to T, was achieved at much lower fields
(~0.6 kV/cm) due to the smaller coercive field,
and probably, to the higher quality of the samples.
To be able to compare with present results for
TGFB, a new series of measurements were per-

'formed for TGS, using an amplitude of 1 kV/cm,

larger by a factor of 4 than that used in some of the
previous work. It may be noted that using large
fields seems to produce a slight distortion of the
hysteresis loops (departure from rectangularity),
which is more apparent at T~ T,. This is the
reason for avoiding large fields in some of the
previous investigations. However, in order to
make meaningful comparisons of the coefficients,
absolute values for the polarization are needed.
Therefore, it was decided to use high fields. The
“scaling” behavior reported in Ref. 1 is fulfilled
by data obtained with high-field amplitudes as well
as with lower-field amplitudes, changing only the
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FIG. 1. Apparent spontaneous polarization as a function of applied voltage for TGFB. The crystal thickness was
0.098 cm.
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scale factors.
III. RESULTS

The dielectric-constant measurements as a
function of temperature gave a sharp peak at
T,=(73.30+0.05) °C. Several samples were ex-
amined and the scattering of transition tempera-
tures was within 0. 20 °C. Figure 2 gives a plot
of €' vs AT. The Curie constant determined from
this plot was C*=2630 and the ratio of slopes
above and below T, was C*/C"~2,37. The depar-
ture from the classical (mean-field) value
C*/C"=2, can be accounted for considering the
deviations from true “isothermal” behavior® at
the frequency of these measuremenst (10° Hz).
The remaining dielectric constant in the paraelec-
tric region at 7> T, determined from

€ons = €0+ C/(Ty—T) (1)

gave a relatively large value €,=110. The cor-
responding observed values using TGS samples
were C*=3560, C*/C"~2.42, and €,=65,

Hysteresis-loop measurements in the vicinity
of T, gave the following results for TGFB

1
samples:
P,=(AAT)®,  with 8=0.49+0.02
A=0.760 (uC/cm??/°C , (2)

P=(BAE)'®, with 1/56=0.36+0.03
B=2.20%x10"* (uC/cm??/(V/cm) , (3)

where P, is the spontaneous polarization and P the
polarization as a function of field. It was con-
cluded that up to temperatures for which AT/T,
~2x10"* the classical exponents 8=z and =23

are valid as in the case of TGS. The transition
temperature as determined from a linear plot P2
vs T was T,=(73.30+0.05)°C for the same sample
used in the dielectric-constant measurements, in
excellent agreement with the peak temperature

of those measurements. The value for the coef-
ficient B was obtained by interpolating between the
values determined from hysteresis loops closest
to T, (from above and from below). Since the
coefficients A and B for TGS previously published!
referred to “unsaturated” hysteresis loops, as
discussed in the Sec. II, we report here the values
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FIG. 2. Inverse dielectric constant of TGFB as a function of temperature in the vicinity of T,.
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obtained from saturated loops:
A=0.425 (uC/cm?)?/°C,
B=2.09%x10" (uC/cm??/(V/cm) .

In Fig. 3 a plot of the hysteresis-loop results
for TGFB is given in terms of the “scaled vari-
ables” P/(AT)'/? vs E/(AT)*/%. The data for
various temperatures below T, ranging from
AT=T~T,=-0.667°C to AT=-0.060°C, scale
into one branch of the curve, while the data for T
above T, from AT=0.013°C to AT=0.350 °C,
scale into another branch, in the same fashion as
was observed previously for TGS. The data are
shown to fit the mean-field curves

ME P (1 (0P )
m:rﬁ”“mﬂ”z(s raTT 1) @

where the (-) sign applies for T< T, and the (+)
sign for 7> T,. The asymptotic behavior for E
large and T2 T, is given by

E= %)LII()\zp)a
or (5)
P=[(3\/A)E]3=(BE)/?,

and the asymptotic behavior for E small and T< T,
by

1 0,P)E/AT=1
or (6)
P =[(3\A)AT]2=(AAT)}/2 |

From this one can calculate ,=(3/4)!/2 and
2 =3(3/A)%2B, in terms of the experimental coef-
ficients A and B. Normalized variables P/ P, and
E/E, have not been used as previously because
the choice of parameters from low-temperature
data is rather arbitrary if one is going to analyze
data for the critical region only. The theoretical
curves shown in Fig. 3 are chosen to best fit all
experimental points, rather than the asymptotic
behavior, but the resulting coefficients come out
approximately the same.

IV. DISCUSSIONS AND CONCLUSIONS

For order-disorder ferroelectrics the statistical
dipolar theory of ferroelectrics, analogous to the
Weiss molecular-field model in magnetism, seems
to be a simple and fruitful approach. The equa-
tion of state® can be expressed as follows:

P,/Nu =tanh(Fu/kT) , (7)

where P, is the dipolar polarization, Npu is the
saturation dipolar polarization (N is the number of
unit dipoles per unit volume and p is the unit
dipole moment), F is the internal field seen by the
dipoles, and kT the thermal energy. If one dis-
tinguishes between atomic (electronic and ionic)
polarization, which should be, up to certain limits,

approximately linear with internal field, and
dipolar polarization, which is not, one can write

F=E+BP,+BPy=E +B(yF)+ 8P, , ®)

where B is related to the generalized Lorentz
factor which depends on the crystal structure and
v is the combined electronic and ionic polariz-
ability per unit volume. From Eq. (8) the internal
field can be derived as

F=(E+BP,)/(1-By) . (9)

The experimentally observable polarization
would be

P:pa+p,,=<11’ﬁy>1«:+(1’i’;w+1)P,, . (10)

7 For T< T, the second term in Eq. (10) predom-

inates even at temperatures very close to T, and
for external fields relatively high. For T>T,
the second term dominates. Only the first term
remains at 7> T, where the residual dielectric
constant would be

€=1+4my/(1-By), €=e(T)-C/(T-T,)
(11)
Let us consider the equation of state in the
vicinity of the transition temperature. Since Eq.
(10) gives the experimental polarization in terms
of P;, we have
P,~(1-B8y)P=kP; k=(1-8y) . (12)

Then Eq. (7) becomes

2/,2
L<£=tanh<,<§_ifi1?.2;_), 7, BN/

Np BNw T k ’
(13)
or putting E explicitly in terms of P only,
_BNp [_T_ —1(52) _Kz]
E== T tanh Ng )N (19)

The derivative dE/dT which is proportional to the
inverse dielectric constant, for T> T, and E small
(kP < Nu), can be shown to be

dE _, T-T, _ (T—Tc
at "¢ P Tc> ‘ (15)

On the other hand, the asymptotic behavior of P
for T to T, can be also obtained from Eq. (14):

T<T, E<BP-(kP/Nu)=3(AT/T, (16)
and

TZT, E>» P~ (kP/Nu)=3(kE/ENu) . (17)

Now we can compute various mean-field param-
eters from data obtained from dielectric-constant
and hysteresis-loop measurements. B can be cal-
culated from dielectric-constant data only, by
means of Eqs. (13) and (15):
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FIG. 3. Log-log plot of P/AT'/? vs E/AT?/? for TGFB in the vicinity of T,. Experimental points marked by the same
symbol correspond to the same value of AT below and above T,. The sequence is AT=-0.667, —0.557, —9.458,
-0.357, —0.259, —0.160, —0,060 °C (below T, and AT=0,013, 0.039, 0.090, 0.139, 0.239, 0.279, 0.391, 0.350°C

(above T,).

g=4r7T,/C . (18)
Alternatively, from hysteresis loops ('S T,)
only, by means of Egs. (16) and (17):

B=(PEE/PAT)T, . (19)
The other parameters can be calculated as fol-
lows: From hysteresis-loop data only,

N=gP%/kAT , (20)
using Eqs. (13) and (16); from dielectric constant
alone

y=(1/B)ey—1)/[4m+Bleg-1)] , (21)

using Eq. (11) (note that this expression is equiv-
alent to the Clausius—~Mossotti relation); and from
a combination of both

p2=[(1 - gy)?¥/N?] 5 T (PY/AT) , (22)

from Eq. (16) in which the results from Egs.
(19)-(21) along with the experimental value for
P2 /AT can be substituted.

Of course this model is a simplification in the
sense that all elementary permanent dipoles are
considered to have the same moment and are sens-
ing the same mean internal field. Also we have
assumed the atomic polarization to be linear with
internal field. These assumptions may or may
not be valid in actual ferroelectric crystals. We
have computed the numerical value for TGFB and

TABLE I. Mean-field parameters for TGS and TGFB.
(All numerical values are given in cgs-esu units.)

Parameter TGS TGFB
B=41T,/C (T>T,) 1.14 1.65
B=T,(PY/AT)/(PP/E) (T<T,)  0.98 1,25
N=BPY/3kAT 0.90x 10%% 2,07 x 10%
n=Nv, ~6 ~12
v=(1/B) ey —1)/[4m+Bley—1)]  0.75 0.56

p=NQ - By)PY/3(AT/ T /?  3.3%x 107 0,9x 1018
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TGS using Eqs. (18)-(22). They are shown in
Table I. It may be noted that for both crystals

B seems to be slightly lower in the ferroelectric
phase than in the paraelectric phase. It is con-
ceivable that the small unit-cell distortions which
accompany the transition may produce small
changes in 8. The number of dipoles per unit
volume leads to # =Nv, (dipoles per unit cell) ap-
proximately 6 for TGS and slightly more than 12
for TGFB. These figures seem to be too high,
since one would expect fwo dipoles per unit cell,
corresponding to the two chemical units per unit
cell. They differ by a factor of 2, which also
seems unrealistic in view of the close crystallo-
graphic analogy of both systems. It may be noted,
however, that for TGS and TGFB, ® the change

in specific heat at the transition, which in the
statistical dipolar theory is directly proportional
to N, also indicates a factor of 2. In addition, the
expected absolute value AC, =3 Nk, with N given by

Eq. (20), while still somewhat too small (roughly
by 50%) in comparison with the experimental data,
is closer to these data with »=6 (TGS) and n=12
(TGFB) than with n=2. The difference in ele-
mentary dipole moments for TGS and TGFB also
seems too large, however, the resulting moments
per unit volume Ny are closer to each other than
the u, as expected.

In summary, one can conclude that, while the
statistical dipolar model discussed here appears
too simple to be correct, it gives a fairly good
picture of the transitions for TGFB and TGS, and
that the characteristic parameters determined
from different experimental data are reasonably
consistent with each other.
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The heat capacity of V,0; has been measured between 0.3 and 10 K at pressures of 1 and 25 kbar.
The results confirm that the very high electronic heat capacities measured for doped samples are

characteristic of pure V,0; in the metallic phase.

Vanadium sesquioxide has a metal-to-antiferro-
magnetic -insulator transition at 1 atm and 150-160
K. The low-temperature insulating phase can be
suppressed by doping [(V;_,Ti,);0; with x~ 0.05]"
or by changing the stoichiometry [V, ,0; with x
~0.03] or by pressure.® In the first two cases,

heat-capacity studies at low temperatures on the
metallic phases have revealed very large linear
contributions. '* These have been attributed to the
highly correlated nature of a metallic state on this
verge of localizing to form a Mott insulator. The
heat capacity and magnetic susceptibilities*** are



