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EPB spectra of Fe-Vo pairs were used to study how the order parameter of SrTi03
varies with uniaxial stress applied to a (111) face. A second-order cubic-trigonal phase
boundary appears above the stress-free transition temperature E, . A first-order tetra-
gonal-trigonal phase boundary is found below T, . An independently determined Landau
potential describes the results.

In this Letter we report effects of applied uni-
axial stress on the structure of strontium tita-
nate (SrTiO,), a solid with a structural transition
in the free state. We observe the variation of
the order parameter with stress and tempera-
ture, construct phase boundaries from its be-
havior, and account for our results with the
Landau theory.

Recent investigations have revealed the close
connection between the cubic-to-trigonal and
cubic-to-tetragonal transitions in LaA10, and

SrTiO„respectively, which occur in the absence
of applied stress. ' ' In each case the transition,
with critical temperature T„results from an

instability of an optic-mode displacement repre-
senting a rotation +y of nearly rigid TiO,"or
A10,"octahedra W. 'hether the trigonal (RSc)
or the tetragonal (I4/mcm) structure is realized
depends on the ratio of fourth-order parameters
in the Landau theory, ' if these parameters are
adjusted for interaction with strain. ' In the lat-
tice-Hamiltonian theory of Pytte and Feder this
issue is decided by fourth-order terms in the

oxygen-ion potential and correlation functions,
together with strain interactions.

While the parameter values place LaA10, with-
in the trigonal phase, both theories Show that
SrTi03 is a borderline case slightly favoring the
tetragonal structure. ' Indeed, studies by Burke
and Pressley" of Cr"-impurity fluorescence-
line splittings under uniaxial stress showed that
24.7 kg/mm' (1 kg/mm'= 98 bar) applied along
a [111]-pseudocubic axis at 4.2'K, suffices to
induce the trigonal phase.

The electron paramagnetic resonance (EPR)
technique'" used in this work has the advantage
of providing direct measures of components of

the order parameter cp, obviating the crystal-
field parameter fitting required to analyze ef-
fects of stress on Cr" fluorescence. " Another
advantage of EPR is that accurate measurements
are possible at higher temperatures, close to
T„where Cr" fluorescence lines become broad.

In the experiments a stress p was applied along
the axes of cylindrical samples parallel to a
cubic [111]direction. The sample diameter was
typically 1 mm, its height about 3 mm. Special
care was necessary to polish parallel end planes
and use Teflon sheets there to ensure homogene-
ous strain in the sample and reduce hysteresis
effects at the first-order transitions. The nomi-
nal Fe,O, content was 0.03%. The variable-tem-
perature cryostat allowed the application of
stress only perpendicular to the external mag-
netic field H. Under this geometry (p(~ [111])
the EPR spectrum of Fe" substitutional for Ti '
is insensitive to the octahedral rotation cp in the
trigonal phase. However, the spectrum of the
lower symmetry Fe"-Vo pair center, "i.e., a
Fe" with a nearest-neighbor oxygen vacancy,
does vary with pyyy It has been used throughout
this work taking into account the smaller rota-
tion of this center, y(Fe"-Vo) = y/(1. 59+0.05).
This newly determined coefficient differs from
the value 1.4 deduced earlier from Ref. 11.

Figure 1(a) shows the variation of a group of
EPR lines with [111]stress for H parallel to a
[110]-pseudocubic direction at 78 K. It corre-
sponds to but one line for T & T, and P = 0, which
results from Fe"-Vo pairs with symmetry axis
at 45 to H, i.e., parallel to [100] and [010]."

For zero stress there are four lines. The
outer two are both due to pairs located in [001]
domains. These pairs lie on two inequivalent
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FIG. 1. (a) Splitting of EPR lines due to Fe +-Vo
centers for stress p parallel to a [ill] axis and

H]~ [110]at 78 K and 19.5 GHz. (b) Comparison of the
splitting with the calculated tetragonal component of
the rotation angle under [ill] stress (1 kg./mm
=98 bar).

octahedral sublattices rotated in both directions
around the c axis (cJ~ [001]) and away from the a
axes by an amount y= (0.95+0.05)', their split-
ting hH, being proportional to y, . The two mid-
dle lines result from pairs in [100] and [010] do-
mains. Their g tensors are either axial, if the
pair axis is along a domain axis, or orthorhom-
bic if these axes are perpendicular to one an-
other. The (001) plane is a mirror plane for
+y rotations along the in-plane [100] or [010]
domain axes yielding degenerate lines. '4 Under
[111]stress the pair centers in the two sublat-
tices of these domains become inequivalent, turn-
ing toward and away from H by proportionate
amounts causing a splitting bH, . For our par-
ticular geometry, 4H, is proportional to the
components goo, of p. Thus for p &0 the spec-
trum arising from domains with three orienta-
tions of the pseudotetragonal c axis generally
consists of three doublets split by &H, and bH,
as seen in Fig. 1(a).

When p increases from zero, AH, decreases
and AH, increases because Fp is tilted away from
the respective c axis toward [111]in each do-
main. However, in this range of P, only the
highest and lowest lines, whose difference gives
bH„are sufficiently resolved for quantitative

discussion. Since the observed changes in H are
small [&2% of IIH

H
H ~] at all temperatures,

AH, is to good approximation linear in ppoy and
independent of the rhombic shift. Of special in-
terest is the behavior of the lowest line which at
a critical stress p, (78'K) =14+1 kg/mm' changes
discontinuously. At P, the lowest lines observed
above and below this critical pressure coexist.
We regard this as clear evidence for a first-or-
der transition. Above p, the spectrum coalesces
into a pair of slowly varying degenerate lines re-
sulting from +y rotations around the [111]direc-
tion parallel to the stress. Thus above p, we
have a monodomain SrTiO, sample with R3c
structure.

The variation of p with p has been calculated
in a forthcoming paper on the stress dependence
of Cr" fluorescence at 4.2'K." The theory is
based on a Landau configurational potential of
the form" "

U = —,'KQ'+A'Q'+A„'Q Q. 'Q '
g&j

-~.Z T„(8Q,'-Q') -5,Z T., Q, Q, . (1)

Here Q; (=—,'a&a, , where a is the lattice parameter)
is a pseudocubic axial component of the soft-
optic mode which lies at the [111]corner of the
Brillouin zone; T,, is the applied stress tensor;
K(T) is a temperature-dependent parameter sat-
isfying the condition K(T, ) =0. At other T & T„
K(T) is taken proportional to y'(T) measured at
zero stress. ' Values of the proportionality con-
stant and the constants A', A„', b„b,have been
established" from experiments whose errors
ragne up to +25%.

For the present case of [111]stress (T;,= -&&,
all i, j), electronically computed results for Q(p)
were given only for T=4.2'K." The results may
be scaled to other T &T, according to the law
y'~ Q, '~Ko-P, since this changes all terms in
Eq. (1) only by a common factor. The normal-
ized results for y, versus P at T=78'K are
compared with the experimental AH, in Fig. 1(b).
Rotating H in the plane normal to stress in the
trigonal phase at P slightly above p, allowed the
determination of y„from the periodicity of the
EPR spectrum. From this result, y„=1.06
+0.10', we obtain y„(p,)/y„~(0)= y„/y„,=1.11
+0.10, which agrees with the calculated value
1.03.

Above T, the R3c phase could also be induced
with [111]stress, as shown in Fig. 2(a) for T
—T,= 1.0 +0.O'K. The experimental setup was
the same as for T= 78'K [Fig. 1(a)]. Due to the
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FIG. 3. Phase diagram of SrTi03 for stress-induced
R3c phase. For T & T, the transition is first order,
for T&T, second order.
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FIG. 2. (a) Splitting of EPH lines resulting froxn
Fe +-Vo centers for P (([111]and H(( [110]at 104'K.
(b) Stress dependence of the splitting and rotation
angle ~

0„'symmetry of the crystal at p =0 the four lines
have collapsed into one. As p increases from
zero the line remains unsplit up to a critical
pressure p, (104'K) = 4.0 + 0.7 kg/mm' above which
a parabolic splitting into two lines is observed.
They result again from +y„rotations due to an
R3c monodomain crystal; the continuous split-
ting shows that the transition is of second order.
Results for 6H, and also for y determined as
before by rotating H, are shown in Fig. 2(b). hH
and y are proportional to each other with a pro-
portionality constant of 5I G deg ', which is
identical to the value found at 78'K, thus proving
the experimental consistency of our results.

Figure 3 shows experimentally determined
critical stresses p, and p, ' necessary to induce
the Rsc phase below and above T, ." Our value
of p, (4.2'K) agrees with one determined from
Cr" fluorescence, "which is also shown. As
indicated above, the theoretical function p, (T)
for T & T, is sealed from the one calculated point

by direct proportion to published orthorhom-
bic EPR splittings determined at zero stress,
which are proportional to y'. ' %e note in pass-
ing that at zero stress y(T) agrees within 5%
with values calculated from the microscopic
Hamiltonia, n containing only temperature-inde-
pendent constants.

In the case T &T, we have R(T) &0, and U as
given in Eq. (1) is minimized analytically for
[111]stress with the result

(p-p, ')q -'= --,'a'(3& +W„)/[„
p, ' = —sf~/t g,

(2)

(3)

which holds for p &p,' and b, &0. In the case p
&p, ' we have y = 0.

The coefficient K is related to the soft-mode
frequency v according to

(p-p, ')cp '=62+11 kg mm 'deg (6)

I{(T) = 4z'Mv'(T), T &T„
where ~ (=0.697 g cm ') is the mass of two oxy-
gen atoms per formula unit. Neutron inelastic
scattering results at two laboratories'" are
consistent, for small T-T, &0, with the formula"
v'(T-T, ) '= (l.l+0.3) &&10" Hz'/K. Combining
this result with Eqs. (3) and (4), using our pa-
rameter values, "we find

P, ' = 3.1(T-T,) kg/mm', T & T, .

Thus, we obtain the two segments of the theo-
retica, l phase boundary shown in Fig. 3, in sub-
stantial agreement with the experimental points.

Figure 3 represents an unusual case of a well-
understood diagram of uniaxial-stress -induced
phase changes of a crystalline solid in a large
temperature interval. Recent studies of soft-
mode Raman scattering by Burke, Pressley, and
Slonczewski' as well as other effects men-
tioned' "are a,ccounted for by the same Landau
potential.

For p &p, '(104 K) the data in Fig. 2(b) obey ap-
proximately the parabolic curve
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shown in the figure. Using the relation y/p
= 1.59+0.05 determined for T & T„Eq.(2) gives
us, at all T,

(p —p, ')y ' = 162 kg mm ' deg '. (7)

In view of the good fit for y versus p(111) for
T= 78'K, and the temperature dependence of p,
and p, ', the magnitude of the discrepancy be-
tween (6) and (7) is remakably large. It may
arise simply from errors in the parameter val-
ues, which combine differently below and above

T, to determine y(P). A more interesting pos-
sibility is that critical-point fluctuations may
cause departures from the thermodynamic theo-
ry when T differs from T, by as little as 1%%uo.

We acknowledge very fruitful discussions with
Dr. J. Feder and Dr. E. Pytte on the results of
the microscopic model Hamiltonian theory.
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