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Electron paramagnetic resonance measurements near the tricritical point in BaTi@
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We report electron paramagnetic resonance measurements ongBadiaining a dilute impurity of Fe,
in its ferroelectric phase over a range of pressure and temperature near the paraelectric-ferroelectric phase
transition line. We have developed an algorithm to analyze the data, allowing us to determine the values of the
crystal field parameters and their temperature and pressure dependence required to reproduce the measured
spectra. Then, using the Landau free energy expansion to sixth order in the order parameter and noting that the
tetragonal distortion field D is proportional to the square of the order parameter, we determine the Landau
parameters and get a value for the tricritical point for BaTiO

DOI: 10.1103/PhysRevB.66.174103 PACS nuniber61.50.Ks, 64.60.Kw, 64.70.Kb

I. INTRODUCTION vibration becomes larger and the anharmonic terms in the
interatomic potential become more important néar The
The series of phase changes in #BO; family of per-  structure of the new phase is determined by the eigenvector
ovskites ranks among the most extensively studied of albf the soft mode and the parent phase. The eigenvector of the
structural phase transitions. BaEiOa member of this fam- mode is the array of atomic displacements relative to the
ily, is a prototype ferroelectric and has widespread applicalattice sites and is equivalent to the order parameter of the
tions in nonlinear optics and electro-optics. Its transitiontransition.
from the cubic-paraelectric state to the tetragonal- In a pressure-R-) temperaturéT) thermodynamic phase
ferroelectric state results from a tetragonal distortion belowdiagram, a critical point marks the end of a line of coexist-
the transition temperatufg, . As discussed by Samatahis ~ ence where two distinct coexisting phases become identical.
first-order, cubic-to-tetragonal, transition in BagiChanges If one considers a system with three thermodynamic vari-
to second order above a certain pressure. The point on thables, i.e., an electric fiel@ in addition toP and T, then a
phase line where the order of the transition changes is callecritical point in P-T plane will become a continuous line of
a tricritical point? This transition, originally believed to be critical points in theP-T E space. These are lines of continu-
purely displacive, may have some order-disorder charactepus phase transitions. Landau argued that a second-order
istics alsa® continuous coexistence line separating two phases of differ-
A displacive phase transition involves a shift of some at-ent symmetry cannot end in a point and proposed that such a
oms by small amounts from their symmetry positions in theline would have to terminate by changing into a first-order
higher-symmetry phase. The new positions change the syntransition line. This point is called a tricritical pointWhen
metry and thus create a new crystal structure. Order-disordetiewed in a space of suitable thermodynamic variables, a
transitions involve a disordered state, in the high-symmetryricritical point may be defined as the end point of a line of
phase, in which the atoms are dynamically distributed unitriple points at which three coexisting phases simultaneously
formly over a set of equivalent sites which average to a symbecome identical. Indeed, the term “tricritical point” was
metry position in the higher-symmetry phase, and at the traneriginally introduced by Griffith to indicate the confluence of
sition the distribution changes to favor a subset of thethree lines of ordinary critical poinfs.
equivalent sites which results in a new crystal symmétry. At atmospheric pressur@. is about 136°C for pure
One can associate an order parameter with a change in &arium titanate but is lowered by impurities such as iron in
ion’s position relative to the unit cell for a displacive transi- the lattice. BelowT., at room temperature, the axis is
tion or the occupation of the various equivalent sites for arelongated about 0.6% and theaxes are shortened by about
order-disorder transition. In the ferroelectric phase 0f0.3%, changing the symmetry from cubic to tetragonal. The
BaTiO; the T** ion and its cage of & ions are displaced tetragonal distortion alone does not produce the electric po-
relative to each other such as to create an electric dipolirization but rather the rearrangement of the ions within the
moment in each unit cell. This displacement can be used asew unit cell. The Ti* ion, which was in the center of an
the order parameter of the transition. Thus the order paranexygen cage, is displaced along the newxis in a direction
eter is zero in the cubic phase, but in the ferroelectric phasepposite to the displacement of the oxygen cage, thus creat-
the electric polarization vector, which is proportional to thising a permanent electric dipole moménThere is strong
displacement, can be used as the order parameter. A phaseidence that the transition is associated with the instability
transition is considered first order if the order parametef one of the optical phonon modes of the lattice. As the
changes discontinuously at the transition. frequency of the relevant mode decreases and finally be-
It appears to be a general property of second-order stru@omes unstable at the transition, the crystal transforms to the
tural phase transitions to involve a lowering in the frequencytetragonal phase. Whether the transition is purely displacive
of some vibrational mode, a “softening,” a$. is ap-  or partly order-disorder has not been answered definitively.
proached. As the mode frequency decreases, the amplitude of Several researchers have made measurements that have
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hinted at a tricritical point in BaTiQ This was first sug- 30

gested by Polandoet al.” who measured the effects of pres- A e

sure to 10 kbar on the magnitude of the jump in the sponta-

neous polarization K,) at the ferroelectric transition. He 20—

discoveredA P2 to decrease linearly with pressure and ex-

trapolated it to go to zero at 17 kbar. This was the first a

estimate of the tricritical point. Samarpresented dielectric 10— Paraelectric
constant measurements to 19 kbar and noted that the trans Cubic
tion still showed definite first-order behavior but a continu- ol Ao o606

ing trend toward becoming second order. From this he pre-

dicted the tricritical point to be in the range of 30—40 kbar. T(C)

Clark and Benguigdireported experimental measurements 10
of a pressure-induced tricritical point at 34 kbar and 18°C.

F© OO0 O O A A A AA

Ferroelectric

Their results were probably affected by the sensitivity of this Tetragonal

transition to nonhydrostatic stress. Decker and 2haade 20— o e o0 @
dielectric and polarization measurements in a hydrostatic

medium to 38 kbar and reported that the phase transitior b
appeared to go from first to second order near 35 kbar anc _go|— SO & ee

—40°C. They looked at both pure BaTjGand butterfly
crystals which have different phase lines and tricritical points
because of their impurity content. -40 1|0 1|5 2|0 2|5 3'0 3'5 0
The object of this work was to use a more sensitive probe P(kbar)
to observe the symmetry changes in the BaTi@ystal
structure. For this purpose we employed electron paramag- FIG. 1. The positions in pressure-temperature space where sets
netic resonanc¢EPR), which is a good technique to study of data were taken. The different symbols show the data sets from
phase transitions because of its sensitivity to local symmetryifferent runs. All measurements shown were in the tetragonal
changes in the crystal. This required the development of aphase.
apparatus which could make precision EPR measurements
on single crystals in a hydrostatic environment over a regiorattice distortion and the square of the electric polarization in
of pressures and temperatures never before accomplishettie ferroelectric phase. Sakufistudied the change of the
This study will contribute to a better understanding of thecrystal-field parameters of BaTiGt the phase transition and
tetragonal-cubic phase transition and the tricritical point inalso the effect of a dc electric field on the phase transitions in
BaTiO;. BaTiO;. Muller and Berlinget’ measured the pressure de-
EPR is carried out by introducing into the lattice a para-pendence of the cubic-crystalline field-splitting parameter
magnetic probe ion in low concentration. Transition-metalto 3 kbar.[Note theira is 6 times larger than that defined in
ions such as Fé having a half-filledd shell are particularly ~ Eq. (1).] They argued that the tetragonal-cubic transition in
useful as probe ions. EPR studies of crystal symmetries anBaTiO; is more order-disorder in nature than displacive.
structural phase transitions have been pioneered bieMu Several years ago Ellwand@made the first EPR mea-
and others in his laboratot§:* Hornig et al*? made the first surements in a pressure apparatus on BaT@terfly crys-
study of barium titanate. Since the ionic radius of Fés  tals. The resonance peaks were very broad and the results
0.64 A, which is close to that of the 4Ti, 0.68 A, it was had large uncertainties. Part of this work was publistfed.
assumed that Pé substitutes for Ti* on the octahedral site. Our measurements are the first precision high-pressure EPR
This assumption has been verified by Siegel andldtf  studies on a good single crystal of this material.
using Newmann superposition theory.
We introduce here the spin Hamiltoni&h in tetragonal Il. EXPERIMENTAL MEASUREMENT
symmetry, to facilitate further discussion of EPR results:

A detailed description of the apparatus is given in the
H=pB.§-S+DS2+as +b(Si+S, (1)  dissertation by Huarf§ and has already been publisied.
Briefly, we directedX-band radiation from a klystron into a
whereg is the Bohr magnetorB is the magnetic field vec- right-circular-cylinder single-crystal sapphire of dimensions
tor, andS is the spin operator with componert,S, ,S, . such as to be resonant in the T)dmode at~9.3 GHz. The
The gyromagnetic rati@, is a 3<3 diagonal tensor which sapphire also served as one anvil of a high-pressure press.
has two independent elemergs andg, for the directions The other anvil was of titanium carbide. Between the two
parallel and perpendicular to the axis. D, a, and b are  anvils was an Inconel 718 gasket of 0.3 mm thickness con-
crystal-field parameters. Because of the half filkeshell in  taining a hole of 1.1 mm diameter into which the sample and
Fe** the orbital angular momentum is quenched and thisa small ruby fragment were placed. This hole was filled with
becomes an exact Hamiltoni&h. petroleum ether to serve as a hydrostatic pressure medium.
Rimai and deMarS showed thaD, measured with both The sapphire was enclosed in a thin-walled copper can with
Gd®* and Fé" probes in BaTiQ, was proportional to the openings to provide for coupling the microwaves to the cav-
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<-f*"'/ ﬁ,ﬁ FIG. 3. Magnetic-field dependence of the eigenenergies of spin

5/2 with the crystalc axis oriented along the magnetic field. The

-
v,,v"’(’ eigenenergies are labeled with the dominant spin component. The
K3A4 rd EPR resonances observed at a klystron frequency of 9.28 GHz are
/ shown along with the way we labeled them.
! ! ! el !
3900 3950 4000 4050 it was possible to cool the entire cell to temperatures of the
B(Gauss) order of 40 K. We controlled the temperature by an Air Prod-

uct temperature controller and a heating element attached to

FIG. 2. Resonance signals 08 anda4 spectral lines vs mag- the cooling head of the refrigerator. Temperatures could be
netic field. Also shown is the least-squares fitting using a singlecontrolled and measured to an accuracy+dd.3 K.
Lorentzian derivative line shape and two slightly separated Lorent- We made EPR measurements at several pressures and
zian derivative spectra. temperatures in the ferroelectric phase near the phase transi-

tion; see Fig. 1. We tried to stay below the tetragonal-cubic

ity and optical access for directing an argon laser beam onttransition because after passing the crystal into the cubic
the ruby to measure the pressure in the Zell. phase it would usually return to the tetragonal phase in a

Modulation coils modulated the magnetic field at 100 multidomain state, especially as one approaches the tricriti-
kHz, and the dc magnetic field supplied by an electromagnetal point where there is very little difference between the
was calibrated at the sample position with an NMR probedomains. The points shown in Fig. 1 came from four differ-
The estimated field reproducibility was abati0.4 G. The ent runs, each terminating after once crossing the phase line
EPR spectrometer recorded the derivative signal on a datar when the sample was crushed by the deformation of the
file which could then be analyzed by computer. gasket under high pressure. Our measurements below

We employed a small single-crystal of Baki@oped with  —30°C were also unusable because the surrounding fluid
0.03 at. % FgO3; which was grown by J. Albers using the became nonhydrostatic and the strains would create multido-
top-seeded solution technigtieAfter orienting the crystal mains in the sample. The results from the 30 sets of data,
we used a wire saw to cut off a thin plate such thataaxis  each set containing 1-5 resonances with the magnetic field
was normal to the plate and thus the plane of the plate coralong thec axis and 1-5 resonances with the field along the
tained thec axis and the othea axis. It was polished to a a axis, were collected on a computer and then analyzed as
final thickness of 0.1 mm, and circular disks of 0.9 mm di-described in the following section. These data are noted in
ameter were cut from the plate using a rotating “cookie” the figure, and the different symbols designate to which run
cutter and 600-grit SiC abrasive. The disk when placed in theach data point belonged.
high-pressure cell was easily oriented such that the magnetic
field could be pointed parallel to thee or ¢ axis merely by
rotating the magnet through 90°. The pressure cell was at-
tached to the cold head of a Displex helium gas refrigerator, The EPR spectral lines are derivatives of a Lorentzian-
and the system was surrounded by a vacuum chamber coshaped signal, and ideally they should be represented by the
tained between the pole faces of the magnet. In this mann&xpression below wherB(B) is the resonance signal as a

Ill. ANALYSIS
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function of the magnetic field: We are not as yet prepared to discuss the cause of the
3 ) peak doubling. It may be due to the presence of vacancies
R(B)=-Y,,B% (B—B )/ ((B—B )2+ - B2 ) ) causing different environments surrounding thé'F&PR
pPTpp ' O probes or if the transition is order-disorder the*Feons
whereY,, and B, are the peak-to-peak signal height and™ay not be in sites of exact tetragonal symmetry.
peak-to-peak field width ang, is the center-field position of ~ We labeled the various resonancesBas and B,; where
the resonance. the subscripta andc mean the data was taken with the field
The measured resonance shapes are slightly unsymmetficalong thea or ¢ axis, respectively, antdgoes from 1 to 5
and a nonlinear least-squares fitting of them to E).re-  for the five principal transitions between the respective en-
vealed that each was a combination of two strongly overergy levels. We refer to the transitions between the spin
lapped Lorentzian derivatives. Fitting the resonance to tweigenstates labeled by their dominar@omponent of spin—
overlapped peaks each with the shape in @y.gave ay?> i.e,—3to—3, —3to—3, 3to—3, 3to3, and3 to 3,
value some 3-6 times smaller than for a single such line. Imespectively, as shown in Fig. 3. The transitions resulted
all of these double resonances one of the peaks ha@.8 when the energy difference between the eigenvalues equaled
times the integrated intensity of the other. We chose the pathe klystron frequency, and these are shown by the vertical
sition of the resonance line as the weighted average positidines in the figure. We labeled the different resonances 1-5
of the two individual resonances. Figure 2 shows two resoas shown in the figure.
nance spectra and the computer fit to the data. The superior- The spin Hamiltonian of Eq(1) can be written in matrix
ity of the two-peak fit as compared to a one-peak fit is easilyform using the standard representation of the spin-5/2 sub-

observed in the figure. space as the basis vectors:
5
Sp+é \Bg 0 0 V4 0
3
Vsq* Sp+n Bg O 0 Vam
1
0 J8q* S+ 3q 0 0
H= : ()
. 1
0 0 3 (-5p g 0
3
Vas 0 0 8a* n-5p 5q
5
0 4% 0 0 Bg* &-5p
|
where can be calculated directly from theto — 3 transition mea-
) sured withB parallel to thec axis. The other parameters must
p=g;8B, q=0, for Blc axis, be deduced from the spectra withaligned along the and
C axes.

1
p=0, g= EgL,BB, for Blla axis,
A. First approach to extracting the crystal-field parameters

§=25D/4+625a/16+ 650/8, (4) With the field along thec axis, whereq=0, the spin
Hamiltonian can be diagonalized algebraically usimgpLE
n=9D/4+81a/16+ 241b/8, V to get the eigenenergi&s . The subscript orders them by
ascending energy at a large magnetic field, as a function of
{=D/4+al16+401b/8. 9;,B,D,a, andb. Then we solve Eq(5) shown below, for

. o . . the resonance fiel®.; whereh is Planck’s constant ang| is
There will be six eigenvalues corresponding to the SiXthe Klystron frequency at thieh resonance line:
spin statesm of the spin-5/2 manifold. The principal reso- '

nances result from the five dominant transitions between
these eigenstates withm=*+1. The gyromagnetic ratig Ei.1—Ei=hy;. (5)
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This gives us the field positions of the five principal reso-expanded Eq(5) to lowest order irh;, d, sa, and sb with
nances with the field along the axis. This equation for g taken from Eq.(6) and »; being the measured resonance

=3 can be solved fogy, i.e., frequency. Solving we gét.; as a function of d, da, éb).
For the spectrum taken with the field along #nexis one
gj=hvz/BBcs. (6)  must take a different approach since the Hamiltonian matrix

cannot be diagonalized analytically. We first block diagonal-

The other equations far=1, 2, 4, and 5 give fourth-order . = . .

. . ize the matrix into two X 3 blocks using the unitary trans-
equations and are not readily solvable. We therefore substi- i . 1
tuted, into Eq.(5), B;=By,+ N, D=Do+d, a=a,+da, formation which hast yz along the three top elements of

andb=bg+ ob, whereB,y,; is the measured value of the field the principal diagonal and all along the secondary diagonal

at the resonance, arid,, a,, andb, are estimates for these and— /3 for the lower three elements of the principal diag-
crystal-field parameters for that particular data set. We theonal to get

£ J5(q+3b) 0 0 0 0
V5(q+3b) 7 V8g 0 0 0
0 J8q (+3q O 0 0
H— : )
0 0 0 ¢-3q  \8q 0
0 0 0 8q 7 V5(q—3b)
0 0 0 0 5(q—3b) ¢

with g,¢, 7, and{ defined as functions d8,D,a,b, andg, tematic variations with temperature. Thus we decided upon a

by Eq. (4). more sophisticated analysis to allow us to use all the data and
One then chooses initial values f@=D,, a=ay, b ~ remove most of the scatter.

=bg, 9, =9)=0o, Wheregj is taken from the analysis along

the ¢ axis; andB,;=B,,;, the measured values of the reso- B. More sophisticated analysis of the data

nance fields. This turns E¢7) into a numerical matrit,.

.HO is then diagonalized using the Jacobi met.hoq for each O\f/aries as the square of the order paramétemping from
its two blocks. Then we make the substituti@®=Do ;04 in the cubic phase to a finite value in the tetragonal
+d, a=ap+da, b=bo+db, g, =go+y, and Bai=Bmi  phase where the transition is first order or rising with an
+hgi, into the Hamiltonian matrix, Eq(7), and proceed njtial infinite slope upon entering the tetragonal phase where
using the same transformation matrices that diagonalied  the transition is second order. In the cubic phase the crystal
We conclude with a second-order perturbation calculation tgield parameters=b, but they separate discontinuously or
get the final eigenenergies. Putting these eigenenergies inigith an initial infinite slope upon entering the tetragonal
Eq. (5 and expanding to lowest order in the parametirs phase, depending on the order of the transition. The same is
da,éb,y, andhy;, we solve for the five principal transition true forg; andg, . Thus we assume that —g andb—a
fields h,;(d, a, db, y). are both proportional td with the average value ofa(
Sincehg; and h,; are the differences between the calcu-+2b)/3 and @+ 2g, )/3 being simple functions of pressure
lated and measured resonance fields, we minimiz&nd temperature. According to the experimental results of
S[(hei! 8Bci)?+ (h,i/ 6B4;)?] by varyingd, da, db, andy, Mdller and Berlinget’ they may be taken as linear functions.
where 5B,; and 6B,; are the uncertainties in the measured e let
resonance fields determined in the least-squares fitting to the

At this point we consider the following. The parameler

line positions. This gives us a new set of valig,ag,bg, ag=ag+ pP+tT—2nDy,
and g, to start the iteration over again until convergence is
attained. by=a,+3nDy

In this manner we could determine a value of the crystal
field parameters for 28 of the 30 sets of data which had
greater than 5 measured resonances. These results are given
in Huang’s dissertatiof® However, 3 of these sets had only
6 measured resonances and thus only 1 degree of freedom, glk:ng—’_Ska' (8
and 9 had only 2 degrees of freedom, so there was consider-
able scatter or uncertainty in the results. It was also noted, andg, are the values dfa) and{g) at some chosen point
that plottinga andg; versusD along isotherms showed sys- in the P, T plane. We choose this point to be the tricritical

ng: go+ pPk+ TTk_ 2ka ,
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point (P., T.). To start the fitting, we initially make an in- TABLE I. The parameters, determined in the fitting, for calcu-
telligent guess folP, and T,. The k’s index each data set latingg; andg, andaandb as shown in Eqg8). D in GHz and the
whereP, and T, are its pressure and temperature relative tdficritical point P.=36.8 kbar and ;= —32.6 °C. Other values for
the tricritical point. We then did a least-squares fit to the?(@)/dP andd(a)/JT are also shown.

entire set of the 220 resonance lines simultaneously with the

38 variable parametees,, p, t, n, go, p, 7, f, andD, for 9o (K™Y p(kbar ) f(GHz %)

eachk from 1 to 30. This left 182 degrees of freedom. 2.0062715 0.00039361)  0.00012611) 0.000 3338)
This analysis was done by creating anotkiePLE v pro-

gram in a manner similar to the algorithm explained above. &, (GH2) t (GHz/K) p (GHz/kbay n

Beginning with an initial set of values for th@,’s and for ~ 0.0682815% 0.000005¢66)  0.000 523 887) 0.00059848)

ag,p.t,n,gq,p, 7, andf, we again did the least-squares fitting —0.000 028 0.0013

of the spin Hamiltonians in both theeandc directions for all —0.000 2% —0.0010

sets of resonance-field values. The least-squares fitting prg=—

gram also determined a statistical error for each of the varizThIS paper.

able parameters. There was one other correction that WaCEQeference 17.

made to the data. The resonances alongath&is measure- Reference 19.

thec axts, We therefore assumed that (e process of rotatin2L 01 G/ =0G/dP,=0 at P.=0 and other roots found
' om G'/Ps=0. SinceG, G'/Pg, andG” are all functions

the magnet may give an offset to the field measurement. All [ _» . . 5
the field calibrations were taken with the magnet aligneaOf Ptst’hwe V.V'I.I defmef%—t PS.'[VYE now cl?lculate the value of
along the direction where we positioned tbeaxis of the Q at the minimum ofG to get the resu

crystal. We therefore subtracted a small amount from the B B2 A
resonance field values for tleeaxis measurements and var- Q=———=+ (_) S (10)
ied the amount subtracted to give a minimum in i#feof the 3C 3C 3C

fit discussed above. This amounted to a 2.3 G correction. As we mentioned above is proportional to the square

of the order parameter; thu3 is proportional toQ. In the
IV. RESULTS neighborhood of the tricritical point we Iét andB be linear
The results of the analysis are given in Table I. With thefunctions of pressure and temperature &g a constant, so
high precision of the measurement and the method of analyfom Ed.(10)
sis the values oD, at each point, are accurate 100.006 to _ _ _
+0.014 GHz (@), for all points except the point nearest D=—elT-Te+s(P=Pc)]
the transition wher® =0.067(26) GHz. From the results in +VE[T-Te+s(P—P)P—a[T-T.+r(P—Py)],
the table one can calculateandb, as well asg; andg, at
any pressure and temperature whBrés known using Egs. (1)
(8). For example at room temperature and zero pressur@herea, e, r, ands are constants whil&, and P, are the
where D=2.7 GHz, we calculatey;=2.007G+0.0006 and temperature and pressure at the tricritical point.
g, =2.0096£0.0006 which are in good agreement with  To justify the above arguments we refer to a paper by
Hornig et al." who reportedy;= 2.00+0.01. Ifiguezet al® They made a first-principles study of BaFO
We now turn to an analysis of the temperature and presand found that the sixth-order potential expansion properly
sure dependence @f. SinceD is proportional to the square accounts for the system over a large range of temperature,
of the order parameter, we begin with the Landau expansiobut the temperature dependence of the coefficients was not a
of the free energy near the phase transition in the tetragonalivial function. However, an examination of their figure
phase: showing the explicit temperature dependence of the coeffi-
) 4 5 cients from 0 to 350 K reveals that a linear dependencg of
G=Go+AP;+BP;+CPg, (9  andB and a constan€ is a very good approximation over

whereG, is the Gibbs free energy of the cubic phase, Rgd € range of temperatures in this experiment.

is the polarization, which can be considered the order param- 1he measured values for the tetragonal distorflowere
eter. This is a mean-field analysis. The coefficignmust  fttéd to Eq.(11) by least squares analysis withce: + non-
vary with temperature and pass through zero at the phadi€ar least-squares program, wiih €, T¢, P¢, s, andr as
transition. In a like manner it must also be a function of variable parameters to get the following results:

pressure. Huibregste and Yodfighowed a significant tem- —0.0400246) ~0.0031223)
perature dependence & and we would include pressure a=s b '
dependence. The parametémust be everywhere positive T,=-32.65.8°C, P.=36.816) kbar, (12
for stability. ¢ e ’
The minima of G(Ps) define the physical states of the r=3.68441) K/kbar, s=8.0960) K/kbar.
system. If the minimum is &®,=0, then the cubic phase is
the stable state, but if the minimum is Bt#0, then the These results of the fitting are shown in Fig. 4 where we

tetragonal-ferroelectric state is the stable state. There is @mpare the values dd measured along isotherms versus
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P(kbar) FIG. 5. The phase diagram of BaTj@howing lines that sepa-

rate regions of positive and negative Landau parameteasd B
FIG. 4. The measured values Dfvs P along the temperature and the phase line between the tetragonal and cubic phases. The

isotherms and the least-squares fitted curves. The temperature 3f-. I o . .
L -Sa . P region of the tricritical point is also indicated by a solid bar.
each curve is indicated in degrees Celsius.

the results calculated from E@L1) using the values of, e, stron frequency. In this manner we were able to determine
Te, Pe, 1, ands shown above. We show in Fig. 5 tiig T the crystal-field parameters by fitting the resonance measure-
phase plane of the region near the ferroelectric-paraelectri@ents to the exact spin Hamiltonian without approximating
transition. Shown in this figure are the calculated lines wherdhe eigenvalues or ignoring differences between small terms.
the Landau paramete’s=0 andB=0, and the transiton The average value af andb is (a)=(a+2b)/3 and ofg

line where the Gibbs free energies of the cubic and tetragon@nd g, is (g)=(9;+29,)/3. Then by making a linear ap-
phases are equal. The point where bAtand B are zero is proximation for the temperature and pressure dependence of
the tricritical point. The transition extrapolates to 109 these average values along with the proposition that the dif-
+(6) °C at atmospheric pressure which is reasonable for frencesb—a andg, —g; are proportional t®; we are able
sample with iron impurities. There is a strong correlationto analyze all the data simultaneously. The assumption of

betweenT, and P, in the fitting so the minimum of? lies ~ —a being proportional tdD seems reasonable sinte-a
along a trough as shown in the figure. andD both depend upon symmetry breaking from the cubic

phase. The dependencegf—g; on D was also assumed to
be linear, but the measured resonances could be fitted equally
well if the dependence was quadratic.

We have presented a unique analysis of high-precision The temperature and pressure dependenéa)ofloes not
EPR data which allows a precise study of the pressure anagree with the results of Mier and Berlingett’ but in order
temperature depence of the crystal-field parameters ito compare with the values given in that paper we must rec-
BaTiO;. The analyses of former EPR measurements orognize that the term which they lakeis 6 times larger than
BaTiO; have approximated the spin Hamiltonian by assum+the parameter which we labeled However, even after di-
ing D>a,b, a=b, andg, =g;. The only former results viding their values by 6 to compare with our results, their
with narrow enough resonance lines to get precision mearesults are still a factor of 2—3 times larger than ours. Their
surements are those by Mer and Berlingett’ It is impor-  pressure range, however, was so small that the discrepancy
tant to use single crystals with the smallest amount of straiould be within their scatter, but their temperature range was
possible to achieve sufficiently narrow resonance lines to demuch larger, and we do not know why their results differ so
termine the line positions accurately. We have shown that imuch from ours. Their values o were measured in the
is possible to determine individually andb as well asg;  cubic phase and showed a negative temperature dependence.
andg, using such a BaTiQcrystal, with careful calibration Our values were measured in the tetragonal phase and give
of the magnetic field and precision measurements of the klynearly zero-temperature dependence. They refer to the value

V. CONCLUSIONS
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of a given by Horniget al.*? at room temperature in the an enhanced anharmonicity of the Ti ion in BaJiénd ar-
tetragonal phase. This value agrees well with the result wgue that it “confirms the substantial order-disorder character
would have at room temperature and atmospheric pressujg BaTiO,.” Our results negate those conclusions. We also

but Muiler and Berlinger'sa versus temperature measure- conclude that there is a tricritical point in BaTj@vhich is
ments do not extrapolate to that value. near—33° C and 37 kbar.

Using Egs. (8) we calculate a=0.0461 GHz, b
=0.0509 GHz, and(a)=0.0493-0.0005 GHz. Horniget
al. reported the value at room temperature ofat®b
=0.95+0.21 GHz. We get 1.01%t0.010 GHz, which is in
very good agreement. We are grateful to J. D. Barnett for helping us use his

Muller and Berlinger used their large values of the tem-high-pressure EPR apparatus and many discussions of the
perature and pressure derivativesaofor BaTiO; as com-  work. We thank W. E. Evenson and D. H. Hatch for valuable
pared to those measured for other cubic oxides to argue faritiques of the paper.
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