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ABSTRACT

The ordinary concepts of tho order of phase changes are not suitable near
eetric transitions whesch show logarvithwic or other infinities in specific heats,
The application of the more general Pippard scheme under such circumstances is
studied. The linear correlations among the heat capacity, thermal expansion, elastic
compressibility and pressure derivative of T, are discussed in the sase of triglycine
sulphate, sodwm nitrite, potassiom-dihydrogen phesphate, barium titanate and lead
titanate. In thecase of the first two, a discussion of the behaviour of wmdividual
cosficients of linear expansion and compliance moduli is also possible. 1t is
suggested that irrespective of the order of the transitions, the Pippard relations
shoulg be used whenever the thermodyramic quantities show very largs variations
as 7» Is approached,

Gi

INTRODUCTION

With the recent studies on A-trapsition in Hguid heliam-4%, it has been
ised that the Ehrenfest’s relations for the second-order phase trausition
reak down in the instances where the specific heat C,, h'xermﬂi expansion
i 971 (. 0/5 T}p] and isothermal compressibility k[ = ~ 2™ (70fa P} show
ogarithmic or other singularities at the transition tempcerature. A conside-
avon of equilibrivin among the phases along § and ¥ curves in a second-
order trassilion leads® Lo the Bhrenfest relations
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where DT/DP is the slope of the equilibrivm curve, i.e, change in transition
temperature with pressure. With the approach of G, 8 and ky to infinity
according a logarithmic or other power law singularity, the quotient in the
Ehrenfest relations becomes indeterminate., Further, in view of the approach
of ithe thermodynamic parameters to infinity from either side of the transition
even the concept of discontinuity implied in the Enrenfesz relations becomes

questionable®®,
23
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ase of A-transitior in He', this dificulty was overcome by P Pippard’y
ide of cyliadrical entropy surface near the transition tomperature, which
ieads to simple expressions among the C,, 8 and &y of any one of the phases
near the fransition. A close study of this problem shows that in Pippard;
scheme the order of transition is quite immaterial and hence without making
any further reference to the order of transition or the type of power law
singularity, one can use Pippard’s scheme for correlating €, 8 and &y A

cal imvestigation on the cxtension of these ideas io the case of ferro-
antiferromagneiic to paramagnetic transitions has been previously
reporied®.  In the present study the available thermodynamic data of ferro-
electric substances are correlated using the Pippard scheme.

Pippurd’s Relasions mear Phase Transivionms: In deriving the relations
among the thermodynamic quant in the vicinity of transition te'npcratures,
different, though equivalent, methods have been employed. Originally Pippard™
introduced the assumptios that the entropy function close to 2 A — transition
has a cylindrical shape on account of the very large values of the specific heal.
This assumption regarding the shape’of the entropy surface leads to two

equations,
- bp
Cp=Tol - —) 8 + Constant 1
LYo

—
2,

[/ DP -
B = { 7)}} kr + Constant

Both these equations have been verified at the ) — transitions in liguid helium’,
srumonivm chloride, quartz’ and a number of ferromagnetic xnd antiferrc-

magnetic trapsitions®™*,

An ADpTOaCﬂ mozre suitable for the present purpose is that of Buckingham
and Fairoank', who used identitiss of the type

{where x, y are thermodynamic variables and z a constraint) to obtain exact
retations among the thermodynamic quantities. For instance the identity
Ll 28] _ as a8l ar
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can be recast as

¥

C, =T ;7-/9 + G, where (o= 7 {DS) t
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The transition occurs at slightly different temperatures ‘when the substance is
subjected to different pressurs. So quantities like (£8/D7T )y and {DH¢/DIT')
are to some extent dependent on p and 7. But the variation is so very wml
corpared to the very large variations of C,, B and kz pear A — transitions that
{[}S/Di)\ and {Do/DT), mav be cousidered “constants ™ by compurison.
This is equivalent to the cylindrical approximation and equatons [4}, [5]
aver to equations (2, 5'3], where the notation {DP/DT}, is used fur t}ie
derivative along the ) line.

1t is fivst noted that for a proper second order phase transition equations
{2} and [3] give the Ehreafest relations [1] between the two phases. If C,, B
and ky assume very large values mear the phase transitions, estimation of
veentities like Cpp — Croy f1~ f2, ki — kg 15 difficult apd the ratios in equa-
tions [1] bec :ome indeterminate, whereas the Pippard relations are still useful.
In this case even the order of transition does not matter. Equations 2] and |3]
isvolve quantitiss pertaining to a single phase and so uncertainties in the
eniropy or volume changes across the transition {whether finite 28 in “ frst
order”” changes or zero as in °‘‘ second order ™ changes) do not affect the
correlation among the thermodynamic quantities. Such utility of the Pippard’s
relations has been emphasized by Renard and Garlasd’.

in the tast few years Tisza®, Viswapaihan®, Garland'® and Janovec' have
considered extensions of Pippard’s relations to erystalline media, where the
transition mn*psratu”’ pray vary with the components X, of the stress tensor.
It is found ** *® that if «; ave the coeflicients of thermal expansion and S,J, the
isothermal elastic compliance coeflicients,

«; = v, Cpf Tv + Coustant 3]
5% = v; «; + Constant. i

where ;= — (DT/DX ). In the case of hydrostatic pressures one has

3
T a=f = S =k
1

and so Pippard’s relations 2, 3 are obtained with

pery,
o
s

3
DT{pP=32 v

i=1
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Oartand ™ has checked equations 6 and 7 in quariz fading that the plots of
55, and 5pegainst oy and of §,; against o, have the same s&ep’e Vie Janovec' hyg
connidered the application of these relations as well as similar relations for
piezoelectric constants 1o ferroelectric triglyeine sulphate. ) {'There are one or
twe small slips of sign in Janovecds paper which are easily corrected). I
particalar Janoves bhas considered the relations

S§ = wiy; {Cof T} + Constant ]

oblained from equations § and 7. In the present note these equations will be
applied to 2 number of other ferroelectric crystals.

The merit of Pippard’s zpproach lies in its wide range of applicability,
Binee, as already pointed out, Jinear correlations among C,, § and ky become
possible irrespective of the ““order of transition ”, Pippard scheme is parti-
colzrly useful in the cases for which the order of transition involved is
uncerizin because of the very large values attained by C, and f near the
transition. The asymrpiotic value of the slope of C, versus 8 or f versus by
olot gives the true value of DZ/DP and so the thermodynamic data should be
correlated with sufficient accuracy as close to T, as possible.

Fesult for Ferroelectric Tronsitions 1Inierest in the phenomenon of ferro-
icity led to 8 rumber of investigations on the electrical and thermai
properiies of forroelectrics?,  Elecirical measurements of high accuracy have
been carried out on a large number of substances. However the earlier
thermal measurements have not been precise. Corsiderable discrepencies are
fousd among them both in detail and shape of the curves close to the
sransition.

oot

i

cently | resclution studies, especially on specific heats of a number
of ferroeleciri ials, suggest logarithmic or other singularities near 7.
A Jogarithimic infinity nt the transition temperature is reported in specific heats
of triglycine suiphate’, potassium dibydrogen phosphate', potassium dihydre-
gea arsenate’® and antimony sulphur iodide'®

ecific heat of sodivm nitrite also indicates the presence of a strong
ty =t the Curie temperature'® 7. Therefore as in ferromagnetic/
aniiferromagnetic to paramagaetic tremsitions®, in the case of transitions in
ferroeiectrics or antiferroelectrics also, the conventional methed of making
zorretalions based on Eherenfest relations, often fournd even in current literature,
is unsound. These infinities render equation {1] jovalid and in such cases any
agretment betwsen experimental and calculated values of DT/DP should be
considered as Jargely fortuitous. The more general scheme of Pippard’s relations
shoiuld be employed for making these correlations and estimating the values
of DT DP.
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Detailed specific heat measurements near 7, have been made on a relatively
jarge number of subslances, whereas high resolution studice on thermal
expunsion or elastic behavicur are available only for a limited number of
substances, like triglycine sulphate, sodium nitrite, bariom titanate, lead titanate

rnd K0P Ip the preseut noie & detailed discussion is given of these materials,

TRIGLYCINE SULPHATE

The crystals of triglyeine sulphate belong 10 monoclinic system and the
Curic temperature is about 49°C.  The polar room temperature phase belongs
1o the space group P2, which is transformed into the space group P2Xy/m on
transition to the paraelectric phase. Investigation of dielectric arnd thermal
properties established the transition to be of the second order™

The sarly specific heat data showed only 2 hump near 7, and did not give
any indication of a singularity. Recently carsful investigations by Strukov'
bave shown a logarithmic simgularity both above and below the Curis
temperature’®.  Hewsver for some lime a controversy had sxisted over the

atues of thermal expansion cocfficients. Ezhkova and coworkers™, using
X-ray lattice parameter measurements, and Ganesan?! using interferometric
measurements, reported values along 2 and & axes which disagreed seriously in
magnitude, sign and temperature variation, Therefore Shibuya and Hoshino?
carried out detailed measurements using both X-ray and dilatometric methods.
They found agreement with Ganesan’s data along the &axis (oj negative and
becoming more negative as 7, is approached from below) and with the Russian
data along the g-axis {a, negative and becoming more negative as 7, is
approached from lower temperatures). Telle™ has also recently measured the
thermal exparsion coefficients. The trend of values completely agrees with
the tesults of Shibuya and Hoshino, 1t must therefore be concluded that
Ganeshan’s results along a-anis and the results of Ezhkova et af along the
b-axis contain unsuspected errors.

In the present discussion, the specifie heat data were taken froni the
logarithmic fit given by Grindlay'®, The volume expansion coefficients were
obtained from the recent work of Telle”® who has given the linear expansions
along thrse wutually perpendicular directions. The exact values? of the Curie
temperature are slightly different in the reports of the various workers,
probably because of the small influence of crystal perfection and purity.
Heace C, and £ values were taken for specific | 7, — 7] intervals in the low
smperature side of the transition.

The C, versus @ piot shown in the Figure 1 is linear in the vicinity of 7%.
The value of DT/LP calculated from the asymptotic slope is + 1.8°C/kbar
with an error of about 10%. This is in zgreement with the experimental value
of 26°C/kbar obtained by Jona and Shirane™ in their studies upto 2500 atm,,
2.6°C/kbar obmined by Leonidova and co-workers®™ in their stadies upto
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Fig. 1

‘The plot of heat capacity € asa function of volume expansion cosfficient g for triglycine
sulphate, Values of T,—7 are shown in °C near the poiats.

5000 atm, and with the value 1-6°C/kbar obtained by Zheludev and
co-workers’>. The experimental values of DT/DP are invariably obtained
from the measursment of diclectric properties at high pressvres.

The corselation of elastic eompliances and specific heat of triglycine
suiphate was recently reported by Janovec™, Data on only three elastic
compliances Si;, Sz and Sy are available close to the transition®”. These are
al] adiabatic values, but the difference between adiabatic and isothermal values
is jnsigniicant for the present purpose. In view of the uncertainty in the
thermal expansion data available then, Janovec used equationm [9] relating
8,3 to Cp rather than checking equation [71; connecting § and «;. Taking the
diugonal terms in equation [9] we have

ST =12 {C,/9T) + constant [10}
35 =93{C,/vT}) +constant 11}

855 =23 {C,/8T) + constant [12]
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The plots of Sy Sz and Sy as a fanction of &, are shown in Figure 2,
S. tepresnis Ui complance coeficient along b-axis, the two feld symmetry
ayiy while S is ine compliance coefiicient along the axis 3 coinciding with
ths e-axis and Sy that along asis | whichis »s .o "7 to 3. Telle, in hi
taermal expansion studies, has chosen the axis 3 o coincide with the g-axis
and the axis 3 perpendicular to axis 1. The plots of 5."s as a function of oA
are spproximaizly linear, according to the above zquations. The wvalues of
vi v and 7y caloulated from the asymptotic s}opesn of these plots arg
yi = - 80, 92= — 82 and y3= +14.9 in units of 107*°Cfbar.  The corres.
ponding vaives given by Jancvec are ~ 7.1, - 93 and 4139 in the sume
wnits. We tave corrected the signs of Janovec's values in the manner des.
cribad below  Within the accuracy of about (0% in both sets, the agreement
with Janovec's vaiues is fuir; the slight differences arise because asymptotic
slopes have besn taken in the present work, whereas Jamovec gives equal
weightage to the polnts far away from 7.

Tt should be noted that yy's calculated from the eguations [0}~ [12] can
be positive or nsgative. Janovec ervoneously gives positive sign to all the 3’
and obtaing a very large value for DT/DP ( =2y} =30-3 x 107*°C/bar. The
correct procodure, obvicusly, is to employ squations 6 and 7 qualitatively to
find the true sign of y. In the present case for T<T7,, Cp Sy, §n and 8y
steadily increases with T The linear expansion coefficient o, (thermal
expansion coefficient perpendicular to the axis 1) also increases with 7, while
oy and ny decresse with T as the transition is appreached from below,
Therefore y, and y, have negative signs while v has positive sign.  {(Here it
must again be pointed out that the two perpendicular axis 1 znd 3 in the e
plane used in the theemal expansion studies and elastic studies do not exactly
ide. Still the correct signs for y, can be known from the trend of curves
in Ganess

s* work which, in addition 1o the three perpendicular dircctions,
gives the expansion cosficient along the ¢-axis which is the axis 3 chosen in
elastic studies).

The plots as in figure 2, while giving an estimate of the change of T, with
uziaxizl stresses, are not suitable for evaluating DT/DP becauss the latter is
equal 10 y; +y, + vy and is hence obtained as the difference between two
large qu wtities.  Thus  with correct signs for ,, DT/DP comes out as

= 1-3 % W07°C/bar with an ervor of abomt +2x 1072 °C/bar. Therefore no
reliabie estimate of DT/DP can be made from tha valuas of , in the present
case.  More accurale values of 8y very close to T, will be needed for a realis-
ic cotaparison with the experimental determinution of DT/DP.  The value
DT/DP =303 as given by Janovec is high by an order of magnitude compared
to the experimental values of 2 6 and 1-6 { x 107° °C/bar) and the error arises
from the wrong signs ofy,. {1t must also be pointed out that there is a;slip

in Jzaovee’s work.  He puts yy= ~ DT/DX, and still gives DTiDP= —~ 21;‘;
a ~ 3 =
instead of DTIDP =2 y,).
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Feyro:

Sopium NITRITE

Sodium Nitrite belongs to the space group Im Zm at room temperature.
The polar phase transforms 10 centro-symmeiric space group Immm at about
153°C, Various physical properties such as dielectric, thermal, optical and
other properiies have been extensively studied by the Japanese workers.

The ¥-ray stodies™ just above Curie temperature showed an anomaions
temperaiure dependence of lattice constants, It was therefore concluded
that a phase intermediale between the ferroelectric and paraelectric phases
should exisi. This was later confirmed by the specific heat measurements'® 17,
study of slectrica}’propm'lies as a function of temperature and pressure® and
and X-ray studies”™. Oa the basis of X-ray intensities it is concluded that the
intermediate phase is antiferroeleciric with a sinusoidal modulation of the
moment, unlike the usual antiparallel modulation The transition at 163°C
corresponds to the transition from ferroelectric to antiferroelectric phase
while the transition at 164°C occurs from sinusoidal to the wsual paraelectric
phase.

Considering first the tramsition at 163°C between the ferroelectric and
antiferroeleciric phases, the observation of a doubled hysteresis loop in the
dielectric measurements™, volume discontinuity!” at the tramsition aud the
observation of latent heat™ icave no doubt that the tramsition is of the first
order. ©Of course irrespective of the order of transition, correlations betwszen
Cp 8 and ky can be carried out using the Pippard scheme.

The thermal expansion data of Maruyama and Sawada® are of high
resolution and cover the region T, — T<2° in detail. Therefore it is possible
to check equation 6 connecting C, and «; and obtain the variation of 7, with
uniaxial stresses. The spscific heats below 7, are taken from the work of
Sakiyama and co-workers!” and the C, vs o; plots are given in figure 3.  The
crystal axes used are those of Maruyama and Sawadea®™, There is reasonable
linearity close to 7, and it is obtained that y; = +3.4 mdeg/bar; y; = +40
mdegfbar; y;=~ — 2.0 mdeg/bar. The individual values of v, have not been
dstermived experimentally but DT/DP has been measured as 49 % 1072 °Cfbar
by Gesi and co-workers® in their high pressure siudies upto 10k bar. These
anthors have also estimated DT/DP=5.0 % 1073°C/bar from the Clausius —
Clapeyron equation. The present value of DT/DP{ =2 y;)is 5.4 % 103 °cf
bar. Considering the error about 18% in y,’s this value is not in disagreement
with the experimental results.

The measurements of elastic constants has not been done to a high enough
resolution. MNevertheless using the results of Hamano and co-workers™, curves
have been drawn to check equations 10 -12. The values of y (p;= + 1.8
rdeg/bar; w, = 2.1 mdeg/bar; ys= —2 mdeg/bar} are less reliable than the
values given above from the high resolution thermal expansion data,
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ition from ihe sinusoidal antiferroeiecitic to para-electric phass
. probably of the second order. The experimental value™! of
11f/DI’D is 456 Clibar. Reliable msasursments of B and ky close enough to
the trapsition are not availlable and so it has not beem possible to apply
Pippard’s scheme to discuss this transition.

PoTAssiOM DIRVDROGEN PHOSPHATE

The room temperature paraelectsic phase of potassium ydroren

5 1o the tetragonal system with space greup #4442, This
K inte ferroelgctric phase with orthorbombic symmeiry,

rhosphate beleng
gransforms at 12
space group Fdd 2.

The heat capacities of £ D P, denterated £ D Pand potassium dihydrogen
arsenate were measured over a wide range of temperature by Bantle™, Zwicker
and Scharrer®, Stepheanson aud Hooley™ and Meodeisscha and Mendelssohe®
deterinined the spseific heat of KD Pand found overall agreement among
their values.  Using these specific heat dats, Grindlay™ showed that the specific
heats of X D Pand X D 4 show a logarithmic singularity at the Curie point.

Arx and Bantle® have measured the expansivity close to 7, and find that
ag one of the orthorhombic axes Xl, which is rotated through 45° relative
to the original X, axis of the tetragonal system, there is a sharp contraction
close to the transition. The behaviour of the thermal expansivity along the
cther two axes of the orthorhombic systern in the ferrocleciric phase has not
been spscdfically mentioned.  The coefficients of thermal expansion from
their observations plotted against C, valuss taken from the work of Stephensca
and Hooley are shown in figucs 4. The linsar fiv gives y‘ - = 143 % 1073
deg/bar which gives an estimite of the change of Curle point with usiaxial
stress along the X { direction. Since the bebaviour of thermal expansion atong
the other two orthorhombic axes has not been studied in such detait®? it is not
possible to predict gunantitatively the effect of hydrostatic pressure ou the
Curie point of ¥ O L. Qualitatively a decrease of 77, with increase of pressure
can be predicted. At present there is no experimental observation of Dl!D;

©,

BariuM TiTaMATE AND LEAD TITANATE

The room temperature polar phase of barium titanate belovgs to the
tetragonal system, space group P4 mm. Above the Curie pmnt {120°C} the
symmetry on non-polar phase is cubic, space group Pm3Im. The ferro-
siectric to paraelectric phase transitions of the BaTiO; group of substances are
of the first order and therefore Clausius-Clapeyron equation ¢an be directly
applied to obtain the value of DT/DF. All the same the specific heat and
thevmal expansion show rather large values as 7 is approached aad therefere
it is of interest to discuss brietly €, and § in the Pippard scheme.
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oae of the crystallographic axis of the orthothombic phase for KH,PO, Values of Ti—7
in °C correspdrding to various points are showa., The slope is negative.

There have been many studies on the properties of barium titanate, Jead
iitanate, strontiumr titanatz and their mixtures in order to understand the
mechasiem of ferroeleciricity in perovskites™  Since impuritics affect the
phencmena véry near 7, it appeats besi io restrict the discussion o pure
materials.

The C, versus § plot of BaTiO, was made using the specific heat and
therreal expansion coefficient values Shirane and Takeda®® measured on the
same sample. The Curie temperature is found to decrease with pressure
{Fig. 5) which is in agreement with the experimental resuli. The asymptotic
siops of the plot gives DT/DP equal to—58°C/kbar. The vslue obtained’
from applying Clansius-Clapeyron equation, in which the heat of tyapsition B
estimated from the specific heat data, is —6.7°Cfkbar. The use of direcily
measured value of latent heat will be desirable.

The experimental value of DT/DP for BaTiO, has been determined BY
several workers from dielectric behaviour at high pressures. It is important




Ferroelectric Transitions 95

%7z 0.8°

e
6

cp {102 cat foham °x j

L r
VA
¢

. T
~05-0
e,
\\‘QE'O f
7.6«
- + : : ; L
~{30 ~il0 -90 -70 ~50 -0 ~io
B (9% %}
F1G. §

The plot of heat capacity Cp as a function of volume expansion cosfiicient 8 far BaTiOq.
Valaes of T,—7T corresponding to various points in the plot are Indicated.
The slope is negative

that only the initial slope is taken because DT/DP changes sign at about
35 kbar® %, The experimental values, obtaiped from the initial slope
are - 5.8°C/kbar®, - 4 3°C/kbar** and —6.3°C/kbar?. Recently Samara®™ bas
obtained 2 range of values from — 4.6 to — 5.9°C/kbar for different samples.
The large scatter in the experimental values is due to the dependence of DT/DP
principally on sample purity and to a lesser extent on domain structure. In
view of these variatioms, the vaIue——SB"C/kbar obtained from the Pippard
relation should be cousidered satisfactory.

The C, versus 8 plot of lead titanate (Fig. 6)is obtained using the
same saraple of PbTiO,; by Shirane and Takeda®. A value of DT/DP equal
to—3x 1073 °C/kbar is predicted, At present there is no experimental measure-

ment of this quantity in lead titanate.

Discussion

The Pippard method of correlating the thermal data of ferroelectric
substances near the transition temperature is applicable irrespective of the
otder or the nature of the transition involved. The Ehrenfest velations turn
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4. spo-is! cases of this general scheme, and of course for A - type
tion enly the present method applies.  Moreover, the Pippard relations
refer 1o 4 single phase aed this is an advantage in discussing the experimental
results.

Accurate thermal and compressibility data near 7, are available for only

a few ferroclestric substances and therefore it is not possible to cactry out any
detailed sorrelation among the thermodynamic quantities. Furthermore, the
reposied here are for the polar phase occwring below T,, because
aceunte mermal expznsion data for the phase above 77, are not available. It
iz well known that if the data in the phase above and below T, are used for
obtaining these plots, the asymptotic slope and hence DT /DP can be estimated
a hngh degree of accuracy.l It is, however, abundantly clear from tag
- cited here that the Pippard relations are borne out at the ferroelectric
ions.  The values of the rate of change of Curie point with pressure

extimated from the Pippard relations agree fairly well with the directly
easured values.

CEL

Lramns




Ferrpelediric Transition 97

In case of barinm titanate, data on the samples of different purity support
ihe contention that the purity of the sample is of vital importance in deter-
mining the shape and simgularity of the thermodynamic properties at the
crapsition.  For instance, the values of DT/DP on the samples of different
purity’® range from — 4.6 to — 5.9°C/kbar. Data on the purity and thermal
history of the samples employed in the present correlations have not always
been quoted in the original publications. Tt is most desirable that all the
thermal and elastic propertics as well as DT/DP be messured om the same
sample ; and in order to determine the effects of impurities, for the same
substance on the samples of different impurity. At present such data are
generally lacking in ferroelectric materials.

The available specific heat data on the ferroelectric substances are on the
whole more abundant and accurate that 8 or Xy dats. This brings out the
dire need of detailed studies on these physical properties on a large number of
ferroelectric substances. A programme of work along these lines is beiag
initiated here with the financial assistance of CSIR.
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NOTE ADDED IN PROOF

Very recently Cook® has carried out thermal expansion measurements
in KH; PO, crystals both above and below 7. He has reported expansivity
curves along the orthorormbic ¢-axis and as average of the other orthorhombic
axes @’ and &, Ploiting the volume expansion coefficient £ calculated from
Cook’s data against the specific heat data of Stephenson and Hooley®
{as already reported) we have obtained the value of D7,/DPas —4 8 m. deg/
bar. Very recently, fresh experimental measuremenis on the etfect of
tydrosiatic pressure on the Curie temperaturs of KH,PO, by Hegenbarth and
Ullwes® show the value of DT./DP as —5.7 % 107% and - 5.5 x 107° deg/bar,
using thres different specimens.  Umecbaysbi® ef al.. have reported a valoe of
«4“521{}.060(7/'/{\3;11'. for DT,:_/DP, In the light of such wvaried values for
DT./DP, the value obteined through Pippard scheme must be considered
satisfuctory.

a. William R., Cook, ¥ R. J. Appl. Phys. 1967, 38, 1637,
b. E. Hegenbarth and S. Ultwer, Cryogenics, 1967, 7, 306.
«. H. Umecbayshi, B. C. Frazer and G., Shirane, Solid State Communs, 1967, 5, 591.



