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Shift of the first-order transition in RbCaF3 under hydrostatic pressure
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We have investigated the O~' to D4~ structural phase transition in RbCaF3 under hydrostatic

pressure by monitoring the electron-paramagnetic resonance lines of Gd + (S =
2

) on Ca +

sites. We find the first-order transition temperature shifts linearly by (3.6+0.1) deg/kbar but
neither the amount of the first-order discontinuity nor its character is altered up to the highest'

pressure p~ =1.2 kbar we attained. The present experiment, which does not break the sym-

metry, confirms a uniaxial-stress experiment of Buzare et al. , who reached a tricritical point at
o-, =0.19 kbar, and attributed it to the symmetry-breaking stress effect on the highly anisotropic
cubic fluctuations which induce the first-order transition.

RbCaF3 undergoes the same type of structural
phase transition (SPT) as SrTi03 from the cubic Oq'

to the tetragonal D4q space group. ' Thereby oc-
tahedral units rotate in an antiferrodistortive manner
for T & T, by angles $ (x, T) around principal cubic
axes a = [100], [010], and [0011 in the three possible
tetragonal domains. This may be abbreviated by the
shorthand notation, o. =1,2, 3, which constitutes the
three components n of the order parameter $(x, T).'
The cubic Landau-Ginsburg-Wilson Hamiltonian
which governs the transitions in RbCaF3 and SrTi03
has, in d =3 lattice dimensions, the form

shown by Bruce, and by Nattermann and Trimper
that increasing f towards its maximum value of 1

results in a more negative parameter v upon renor-
malization. One may express this by
b (f) & b (0)=—b. A detailed calculation was carried
out by Nattermann, who obtained the amount of
first-order character as a function of parameters u, v,
and f

The Fourier transformation of the "gradient terms"
in Eq. (1) yields the dispersion of the soft-mode
branch of rotations n at the R corner of the Brillouin
zone (BZ):

=—Jtdq'$(q, '. +aq.')yg@, , (2)

The parameters v and f in H account for the cubic
symmetry, the remaining terms being those of the
n = d =3 Heisenberg system. For u & 0 and f arbi-
trary, a tetragonal phase results below T, . If u &0
and

~ v~ and
~ f ~

are both not too large, a stable fixed
point is found upon renormalization (of Heisenberg
or cubic character, depending upon whether n, & or
& 3). The system thus shows a second-order transi-
tion as SrTi03 does, being a prototype of short-range
order SPT and showing critical phenomena.

In mean-field theory a second-order transition oc-
curs for u + u & 0 (with u & 0).4 Including fluctua-
tions but assuming negligible f, the boundary is
pushed up to u +be =0 with b & 1.' It was first

where we have qq = q' —
q and a = 1 f. a =0—

would indicate to second order complete flatness of
the soft mode between the R and M points of the
BZ, i.e., uncorrelated rotations of the octahedrons
between (001) planes. Assuming that the dispersion is
quadratic, very low values of a in RbCaF3 and
KMnF3 have been extracted from the inelastic neu-
tron data of a =0.013 +0.07 in both crystals as com-
pared to a minimum of a =0.036+0.012 in SrTi03. '

The amount of first-order discontinuity in KMnF3
agrees with the calculations of Nattermann for the
known parameter a.s Thus, the physical point in

RbCaF3 and KMnF3 is below the u + b(f) u =0
boundary, whereas it is above in SrTi03.

Upon application of a symmetry-breaking field F, a
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5 = —', (ldtl+2ld21)

was calculated from the data. 5 does not contain any

(3)

cubic system whose physical point is belo~ the
u + be boundary can be restored to a continuous
transition. This was shown theoretically for not too
large f 's by Domany, Mukamel, and Fisher. 9 For
positive or negative F an n =1 or n =2 tricritical
point is reached, respectively, at F =0 there is a nor-
mal triple point. More recently, Aharony and Btuce'
investigated the properties of the Hamiltonian (1) in

the presence of a uniaxial stress (symmetry-breaking
field) for f =1. They found that for v & 0 (tetrago-
nal case) one can only reach a tricritical point if the
symmetry-breaking stress induces a one-dimensional
order parameter (n =1). This was realized in

RbCaF3 by Buzare et al "und. er near-[001] stress o.

in order to induce one [010) domain below T, The.
tricritical point was reached at o-, =0.19 +0.03 kbar
and T, =195.3 +0.1 K. Under uniaxial stress cr, ele-
mentary elasticity theory tells that a hydrostatic com-
ponent of pl, = —,o- is also present. This component

can change the parameters u and v to the extent that
the physical point u(pa) and u(pa) shifts above the
u + bv =0 boundary. Then the cause of reaching the
tricritical point at a-, would not be the symmetry-
breaking effect of o- but its hydrostatic component.
To prove that this is not the case, the present hydro-
static pressure measurements were undertaken.

The order parameter was again probed by electron
paramagnetic resonance (EPR) of the Gd3+ ions sub-
stitutional on octahedral Ca sites. The RbCaF3.'Gd +

used in this experiment was from the same batch as
that employed in the uniaxial-stress experiment. " It
was ground to a (001) base of 1.3 x 1.5 mm' and a
height of 2.7 mm. To guarantee a reproducible posi-
tion of the sample in the presence of hydrostatic
pressure its base was glued with some epoxy onto
a hollow sample holder.

The EPR experiment was carried out at E-band
frequency with a superheterodyne spectrometer and a
high-pressure cavity similar to the one used by Wol-
barst' operating in the circular TEO~ mode. Pure sap-
phire was preferred over Lucalox as dielectric cavity
material, the Lucalox showing base-line excursions
due to spurious absorptions. A 1:1 mixture of pen-
tane and isopentane" served as pressure-transmitting
fluid, and a 1% precision Bourdon gauge manometer
monitored its pressure. The temperature was mea-
sured with a 2:1 at. % Au-Co/Cu thermocouple im-
bedded in the cavity wall near the sample. A propor-
tional controller stabilized the temperature to 0.05 K.

The magnetic field H was maintained along a [100]
crystal direction, and the Gd'+ EPR+2 +2 and
—

2
~—

2
transitions dt and d2 for a [010] domain

were monitored, respectively. As previously" the
quantity
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FIG. 1. Progression of axial EPR parameters b2 /gP of
Gd + in RbCaF3 as a function of temperature in the pres-
ence of five different hydrostatic pressures of p~. 0, 0.4,
0.6, 0.8, and 1.2 kbar.

fourth-order crystal-field contributions b„4. The latter
are the only ones which change under hydrostatic
pressure and temperature to a measurable extent
above the phase transition. Thus 5 was constant
above 1,. The shift of 5 below the transition
b, 5( T) = 5( T —T, ) —5( T, ) is for symmetry rea-
sons, under the geometry chosen, proportional to the
square of the order parameter @ below the discon-
tinuity, 55( T) = p[@(T)~ —P( T, )'].'4 The propor-
tionality constant was determined earlier" from a
comparative study of P(T) with the Gd3+-0 2 center
to be p = (1.05 +0.0)10 ' cm ' deg '. In the present
case, the crystal is strictly cubic above the transition
and spontaneously distorted below T,. Thus the
above quadratic relation between 55(T) and $2 is
rigorous. Furthermore, we found no EPR linewidth
broadening due to fluctuations 5$(r). They can thus
be neglected in the time-dependent form
(4«)')= ([(4) +54«)]') =((4))'=4'.

The spectra were measured at hydrostatic pressures
pq of up to 1.2 kbar and varying the temperature T by
approximately up to 0.5 K above and below the tran-
sition T,. Our results are displayed in Fig. 1, where
the quantity 55(T) = b2 ( T) is plotted versus T.
Empirical "best fit" curves with b2o/g/3 (gauss) =5.31
[ T, (pa) +0.42] "are also shown. They fit the data
points for each T, (pa) fairly well. From Fig. 1 one
sees that, up to the highest pressure applied, the
transition remains first order. Neither the character
of the transition as measured by 45( T) nor the jump
in 55( T = T, ) changes up to the maximum hydro-
static pressure. used. As the latter was six times the
uniaxial stress o.([100])needed to reach tricriticality,
the present experiment is substantial proof in favor
of the symmetry-breaking stress o ([100])as being
the cause to restore the continuous phase transition
in the earlier experiment.

The shift in the first-order transition under hydro-
static pressure is shown in Fig. 2. It is linear with a
slope of 8T/Bpa =3.6 deg/kbar. This is to be
compared with the shift of 8 T/t) 0 [tpp] = 12 deg/kbar
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FIG. 2. Shift of first-order transition temperature T, as a

function of hydrostatic pressure p~.

in the first-order transition under uniaxial stress. As-
suming the shift in T, is caused in the latter experi-
ment by the hydrostatic component of o-l~ool, i.e.,
ga =

3 ~tiool, one gets a shift of 36 deg/kbar. This

is one order of magnitude larger than the value mea-
sured hydrostatically in the present experiment. This
in effect rules out the possibility that the hydrostatic

component in the uniaxial stress experiment changes
the parameters u and v in the Hamiltonian (1) suffi-
ciently to yield a tricritical point.

For an anisotropy parameter a = 1 f=—0 one
would expect tricritical Lifshitz behavior' in the
uniaxial-stress experiment, ' otherwise, normal Ising
n = 1 tricritical behavior. The latter yields P =

4
as

generally observed except for ND4C1 under hydro-
static pressure where P =0.14 to 0.19 has been report-
ed." The higher value is compatible with logarithmic
corrections of the form (r ins t~)'~4 in the range of
measurements. Close enough to t =0 such correc-
tions should be present due to the marginal dimen-
sionality d" =3 of the tricritical Ising system. Howev-
er., such a behavior has so far only been reported for
the ammonium-halide system. Furthermore, for
ND4Cl, NH4CI, and NH4Br the recently reviewed
dynamical critical exponents all differ from the
theoretical one of zv =1. Thus it has been argued
that the ammonium halides show higher-order critical
points. '8 As the exponent P =0.18 +0.2 at the tricrit-
ical point in RbCaF3 under uniaxial stress also differs
considerably from 0.25, it appears less likely to be of
normal tricritical Ising character. The theoretical al-
ternative' is the tricritical Lifshitz behavior which, to

7 ~ 1 1
order e, = —,

—d, yields l3 = —, to 6 ." For higher

stresses this should finally cross over to normal
Lifshitz n =1 behavior. To order ~ = —, —d the pre-

diction is P = —, to —, ." However, most recent Monte

Carlo simulations20 have yielded P =0.21 + 0.03 for
the latter. This is well within the range of the ob-
served P = 0.18 +0.2 at and above the tricritical point.
It could thus be that tricritical and normal Lifshitz
behaviors are close enough to one another that no
crossover is observable within the precision of the
currently available data.
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