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The electron spin resonance of Gd** impurities in single crystals of PrAlO; has been studied in the
temperature range 4.2 to 295 K. The fine structure can be explained in terms of a spin Hamiltonian
whose largest term is an almost axial second-rank tensor, which is closely related to the local distortion
at the rare-earth site. The direction of the principal axis of this tensor shifts discontinuously from [111]
to [101] at the 205-K trigonal-orthorhombic phase transition. Below the 151-K second-order phase
transition, the angle between the principal axis and [101] varies continuously with temperature. Below
70 K the principal axis lies within 1° of [001], and the symmetry is almost exactly tetragonal. From the
direction of the principal axis we derive an order parameter describing local (“internal”) displacements.
We also measured the splitting and symmetry of the lowest electronic states of PrAlO; by optical
absorption. Our results are more accurate than previous fluorescence measurements. From this splitting,
an “electronic” order parameter can be derived. We find that for T > 0.8T, these two order
parameters are equal to each other and to a third, the reduced macroscopic strain, which has been
measured previously by Birgeneau et al. This agreement is predicted by Feder and Pytte’s theory of
cooperative Jahn-Teller phase transitions. The order parameters are found to follow the classical
(T, —T)"? behavior to within 0.2° of T,. At 118 K (0.785T.), where a pronounced acoustic anomaly
has been reported by Fleury et al., we find only a very weak anomaly in the temperature dependence
of the internal-displacement order parameter, and no detectable effect on that of the other two

parameters.

I. INTRODUCTION

Recently there have been several important ad-
vances in the understanding of the phase transi-
tions of PrAlO;. This crystal undergoes a succes-
sion of phase transitions from the cubic perovskite
structure, through trigonal, orthorhombic, mono-
clinic to an essentially tetragonal structure at
T=0.%% Harley et al.® have proposed a model
which describes the various distortions from cubic
symmetry in terms of rotations of the AlOg octa-
hedra which are coupled to the electronic *H, levels
of the Pr* ions through the electron-phonon inter-
action, Birgeneau et al.* studied the 151-K second-
order phase transition between the orthorhombic
and monoclinic phases and showed that it was driven
by the coupling of the lowest-lying exciton to the
phonons. It is thus well established that PrAlO;
exhibits both a first-order transition (trigonal-
orthorhombic at 205 K) and a second-order transi-
tion, which are both due to the electron-phonon in-
teraction.

The dynamics of such transitions (usually re-
ferred to as cooperative Jahn-Teller transitions)
have been discussed theoretically by Feder and
Pytte.® They have studied a simplified model of an
ionic system with doubly degenerate electronic
levels coupled to both the optical phonons and elas-
tic strains. For such a system, order parameters
can be derived from the splitting of the electronic
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levels, the macroscopic strain, and the appropriate
internal displacements, and each order parameter
is expected to show the same temperature depen-
dence close to the transition temperature, While
PrAlQ; is somewhat more complex than this model,
it is probably a unique system, in that each of these
three order parameters can be measured indepen-
dently: the electronic splitting by optical absorp-
tion, ! fluorescence, ® and electronic Raman ef~
fect®®"; the macroscopic strain by elastic neutron
scattering, * and the internal displacements by elec-
tron spin resonance.®

The model of Harley et al.,? as refined in the
light of subsequent work, is as follows, It is an
extension of the well-known model of structural
phase transitions in LaAlO; and SrTiO,;, which are
isomorphous with PrAlO; in the high-temperature
(cubic perovskite) phase, The structure of this
phase is illustrated schematically in Fig. 1. In
LaAlQ; at 760 K, as in PrAlO; at 1320 K, there is
a second-order transition from cubic to trigonal
symmetry.® The distortion consists of a staggered
rotation of AlQgz octahedra about a (111) axis, Simi-
larly, SrTiO; at 105 K undergoes a transition to a
tetragonal phase in which the staggered rotation is
about a (001) axis.!® These spontaneous rotations
are due to anharmonic interatomic forces and are
the subject of several illuminating review papers.
In PrAlQ; as in LaAlQj, these forces favor a tri-
gonal distortion. However, Pr® differs from La%*
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FIG. 1, Perovskite structure, showing how the AlOg
octahedra form a cube around the Pr®* ion, There is an
O ion at each corner of each octahedron, shared be-
tween adjacent octahedra. In the distorted phases the
octahedra rotate in a staggered fashion; i.e., neighbor-
ing octahedra rotate in opposite senses around parallel
axes., With the choice of cubic axes given in Sec. II,
the axis of rotation is parallel to [111] in the trigonal
phase, to [101] in the orthorhombic phase, and to [001]
in the tetragonal phase. :

in having a ground state which is degenerate in cu-
bic and trigonal symmetry. At low temperatures,
when only the ground state is occupied, the Jahn-
Teller effect by itself would favor a tetragonal dis-
tortion, since this gives the maximum splitting of
the state. Competition between the two modes of
distortion causes the axis of rotation itself to ro-
tate, first to a (101) direction, giving the ortho-
rhombic phase which is stable between 205 and 151
K; and finally to (001), giving the tetragonal struc-
ture observed below about 100 K.

While the 205-K transition is first order, so that
the associated change in rotation axis is discon-
tinuous, the 151-K transition is second order, and
the axis moves continuously. Itis the primary
purpose of this investigation to study this continuous
variation directly, using the electron spin reso-
nance (ESR) of Gd* impurities as a probe. As we
shall see, the Jahn-Teller interaction between Pr
ions, being mediated by lattice strain, has a very
long range and is not appreciably affected by the
presence of the Gd impurity. ESR of impurities in
crystals undergoing structural phase transitions
has been used in several cases in the past, the most
complete study being of Fe* ions in SrTiO,; and
LaAlO;.  We have previously reported® some of
the findings of the ESR studies of Gd** in PrAlO,.

In this paper we report the full results and analysis
of this study. We give a fuller account of the ex-
perimental aspects in Sec. II. The analysis using
conventional spin-Hamiltonian theory, by which the
temperature dependence of the internal displace-
ment order parameter is derived, is given in
Sec. III.

An important objective of this work is to compare
this order parameter, obtained by ESR, with the
order parameters obtained from electronic split-

41769

tings and from macroscopic strain. While accurate
measurements of the latter are available,* published
optical data®® are considerably less precise than
our results, We therefore made optical-absorption
measurements on the ground-state splittings, which
are described in Sec. IV. Our results agree quali-
tatively with the fluorescence data of Harley et al., 3
but are more precise. Furthermore, we could ob-
tain the symmetries of the states from the polariza-
tion of the transitions, and thus confirm the assign-
ments of Ref. 7 in the orthorhombic and tetragonal
phases,

In Sec. V we compare the order parameters ob-
tained from the three different types of measure-
ments, Good agreement is obtained near T,, but
discrepancies appear in the region of the 118-K
phase transition reported by Fleury et al.? Oddly
enough, this transition has no detectable effect on
the electronic splitting and macroscopic strain, and
its effect on the internal displacement, though mea-
surable, is quite small,

II. SPIN-RESONANCE MEASUREMENTS
A. Samples

All samples used in this study were flux grown
and showed excellent {100}-type growth faces.
(Here all crystallographic indices refer to the cu-
bic-perovskite phase.) On the basis of preliminary
measurements, we selected three samples which
were single domain in the orthorhombic phase,
and whose domain structure in the tetragonal phase
could be switched by a magnetic field of 12 kG or
less, ® The latter property is an indication of low
internal strain. Two samples were rectangular
parallelopipeds containing nominally 1-at.% Gd**.
substituted for Pr®*, The third was a square
platelet containing 0.03-at.% Gd**, as measured
by spin resonance. Our results are independent of
Gd content,

We use the following crystallographic conventions
throughout the paper. The C; axis in the trigonal
phase is labeled [111], the S, axis in the tetragonal
phase [001]. Burbank® has shown that the true two-
fold screw axis in the intermediate (orthorhombic)
phase is at approximately 35° (rather than 90°)
to [111], and we label this axis [101] (see Fig. 1).
This screw axis is the rotation axis of the AlQg
octahedra in this phase. The point symmetry at
the Pr® site is C,,, with the C, axis perpendicular
to the screw axis, i.e., along [101I]. This can be
seen by inspection of Fig. 1 of Ref, 8, %

The actual distortion axes in a particular crystal
depend on its state of strain. Our samples were
very small, and were chosen for their lack of in-
ternal strain; consequently they were exceptionally
sensitive to strain imposed from outside, The
principal source of such strain is differential con-
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FIG. 2. Typical 24-GHz ESR spectra of Gd* in PrAlQO;
at different temperatures, (a) Hgll[111], trigonal phase;
(b) ﬁdcll [10T], orthorhombic phase; (c) _}.Idt rotated by 9. 5°
from [10T] in the (010) plane, just below the 151-K phase
transition (the lines marked 1 and 2 correspond to two
domains as explained in the text); (d) same as (c), but
well below the transition, with ﬁdc rotated by 27° from
[101] (the sample is now single domain); (e) Hgll [001],
tetragonal phase. Note that the gain is reduced for the
central lines in (d)and (e).

traction, especially if the sample is glued to some
support. Changes in the mounting arrangements
sometimes caused changes in the axes, and for
consistent results the mounting had to be such as to
minimize strain at all temperatures.

B. Spin-resonance measurements

Measurements were made in the absorption de-
rivative mode at 24 and 34 GHz. At 24 GHz the
sample was mounted on a polystyrene rod at the
center of a cylindrical cavity, oriented to within
0.25° by x rays, and secured by a small quantity
of silicone grease. With this method of mounting
we found that the strain induced by differential con-
traction caused the 151-K transition to appear weak-
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ly first order, instead of second order. For mea-
surements very close to T, we therefore placed the
sample loosely in a slot in the mounting rod. It
was then free of external strain and showed, as far
as we could see, a good second-order transition.
Because the sample could twist slightly in the mag-
netic field, this method of mounting led to an un-
certainty of + 1/2° in the orientation, Away from
T, the results obtained with both methods of mount-
ing were the same. At 34 GHz a rectangular cavi-
ty was used, and the sample was oriented by plac-
ing the (010) face on the base of the cavity. We
held it in place by gently packing with styrofoam.
This arrangement gave a good second-order tran-
sition without introducing appreciable nonrepro-
ducibility in angle,

The cavity was cooled with flowing cold He gas
and the temperature was stabilized to within 0.05 K
with a heater fed back from a copper-constantan
thermocouple thermally bonded to the outside of
the cavity, In a separate experiment the tempera-
ture difference between the sample and the refer-
ence thermocouple was measured. The sample
temperature was thus known absolutely to an ac-
curacy of + 0.5 K while the relative accuracy was
+0.05 K.

Typical 24-GHz resonance spectra, taken with
the direction of Hy, chosen to give the maximum
separation between lines, are shown in Fig. 2.

The spectra at 295 K were taken with H,, rotating

in the (170) plane and the spectrum shown is for
Hgll[111]. _All other spectra shown in Fig. 2 were
taken with Hy, rotating in the (010) plane. In Fig.
2(b) we note that the maximum splitting in the ortho-
rhombic phase is obtained with HgI[101]; i.e.,
along the local C, axis, which is perpendicular to
the C, axis of the trigonal phase (see Sec. IIA),

In the b, ¢, and d spectra, weak lines due to the
small twinned fraction of the crystal are observed
near the — ;- +3% line (at ~8200 Oe). The linewidth
varied with temperature, and with the orientation
of the applied magnetic field., The sharpest line
was the — 3 - + 3 transition (~ 30 Oe) at low tempera-
tures while other lines were typically 50-200 Oe
broad. This large linewidth (which may be con-
nected with the finite magnetic susceptibility of the
Pr* ion) almost obscured the slight broadening due
to critical fluctuations near T,, and excluded line-
shape studies such as have been made, for instance,
in the case of Fe® impurities in SrTiO;, ©

The domain structure which appears in the spec-
tra below the 151-K phase transition plays an im-
portant role in the analysis. Figure 3 shows the
angular variation of the spectra just above the
orthorhombic-triclinic phase transition at 151
K and just below it. Below 151 K, when Hy, is ro-
tated away from [101] in the (010) plane each line
splits into two lines designated 1 and 2 in Fig. 3(b).
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FIG. 3. Angular varia-
tion of the 24-GHz ESR
spectrum of Gd* in
PrAlQ;, just above and
just below the 151-K
transition, as ﬁd, is ro-
tated in the (010) plane,
The principal axes of the
spin Hamiltonian are found
from the angular varia-
tion of the two highest
field lines, as described
in the text.
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Each set of lines corresponds to a domain with its
principal axis (direction for maximum separation
between resonance lines) rotated from the [101]
axis towards either [001] or [100]. At about 125 K,
the domain with its axis rotating towards [100] usu-
ally disappeared and the crystal appeared to be
single domain down to low temperatures [Figs. 2(d)
and 2(e)].

Besides these measurements in the (010) plane,
we made some measurements on the same sample
in the (100) plane. We took care to preserve the
same domain structure as in the (010) measure-
ments. This was found to be impossible below
125 K. We found that, down to 125 K, the turning
point of the spectrum remains within 1° of [010].
This shows that one principal axis of the spin Ham-
iltonian remains parallel to [010], so that the other
two axes rotate in the (010) plane.

Precise 24-GHz measurements of the resonance
fields, for use in calculating the spin-Hamiltonian
parameters, were made at 295, 152, 123, and 25

K, with accuracy of between +5 and +20 G, accord-
ing to the linewidth,

In addition to the 24-GHz measurements a de-
tailed study of certain temperature regions was
made at about 34 GHz. We made careful search for
possible deviations from classical critical behavior
close to T,. An advantage of working at the higher
frequency was that the field for resonance was then
high enough to make some of our samples single
domain, even close to T,. This allowed us to make
measurements closer to T, than in samples in
which the lines from two domains overlapped. A
further advantage was that the frequency of the
smaller cavity was found to be quite sensitive to
changes of sample dimensions and dielectric con-
stant. As a result we could locate the phase tran-
sition, even in zero magnetic field, through its ef-
fect on the dielectric constant and sample dimen-
sions, which is reflected in changes in the cavity
frequency. The frequency was measured to +0.03
MHz (i.e., one part in 10%) with a Hewlett-Packard
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transfer oscillator and frequency counter, The
precision with which the second-order transition
could be located was limited by its intrinsic width,
which in our best crystals was about 0.2 K, A
field of 18, 5 kG was found to have no measurable
effect on the position or width of the transition.
Once it had been established by the 24-GHz mea-
surements that the most important effect of the
phase transition is the rotation of the principal
axes of the spin Hamiltonian in the (010) plane, it
was no longer necessary to make a complete angu-
lar diagram at every temperature., Instead, we
aligned H,, at about 25° to [101], in (010), and fol-
lowed the two highest resonances as a function of
temperature., The result of such a scan is shown
in Fig. 4, which covers a range from 1 above to
3 K below T, in steps of about 0.2 K. The phase
transition shows up very clearly in such data, The
analysis of these data is not altogether straight-
forward, however, and will be dealt with in Sec,
III B,

III. ANALYSIS OF ESR DATA

In this section we show how our ESR data on Gd**
can be used to derive the direction of the rotation
axis of the AlQg octahedra, as a function of tem-
perature, We begin in A by defining the appropriate
spin Hamiltonian, and in B we show how we use our
data to find its principal axes. In C we develop a
phenomenological relation between the principal
axes and the rotation axis, and we give our results
in D,

151.15
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FIG. 4. 34-GHz ESR spectrum of a single domain
sample of PrAlO; containting about 1% Gd**. Tempera-
ture and absorption derivative are plotted vertically for
the two highest field transitions, with —ﬁd, at 25° from
[10T]. Temperatures shown have a relative accuracy
of £0,05 K, and an absolute accuracy of 0,5 K.
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FIG. 5. (a) Coordinate systems for the cubic part of the
Hamiltonian (¢,7,¢) and for the axial part (x,y,2), in the
monoclinic phase. (b) Projection of (a) onto the (010)
plane, showing the axis of rotation of the AlO; octahedra
and the z axis of the spin Hamiltonian.

A. Spin Hamiltonian for Gd>*

The spin Hamiltonian used to fit the observed
line positions has the form®

=g usHo S+D[S2-15(S+1)]+E (S%-S2)
+3a[St+St+ St~ £S(S+1)(35%+ 35 - 1)]
+ g F[355% - 30S(S+ 1)S2+ 2552 - 6S(S+ 1)
+382(S+1)7] , (1)

with S=L Here &, 7, ¢ refer to the cubic-perov-
skite axes, and do not change with temperature,

The deviation from local cubic symmetry is intro-
duced by the terms in x, y, z, axes which are tem-
perature dependent. The relation between the axes
is shown in Fig. 5(a). In the trigonal phase (T >205
K) z11[111] and in the orthorhombic phase (151< T
<105 K) the axes are selected as z Il [101], X 1[101],
and Y 1[010]. In the monoclinic phase (T<151 K)
the z axis rotates from [101] to [001], almost reach-
ing the latter direction at low temperatures. The
parameters obtained by fitting the spin Hamiltonian
with 14 lines for each temperature are listed in
Table I, A sixth-order crystal-field term of cubic
symmetry was included in the fitting but its coei-
ficient found to be essentially zero. This result is
in accord with measurements on Gd** in other per-
ovskites, ® The sign of D (and hence of all other
parameters) was determined by the relative intensi-
ties of the extreme lines at 4.2 K. The parameters



TABLEI. Spin-Hamiltonian parameters for Gd** in
PrA].Og. *
T (K) g D E a F
205 1,992  —0.0744 0,0 ~0.0015 0. 0002
£0,003 0, 0003 £0,0002 0, 0001
151 1.999  -0.0880 0,004 —0.0002 0. 0002
£0,004 +0,0005  +0,0005 £0,0002 %0, 0001
123 1.998 —0.0975 —0,0014 —0.0016 0. 0004
£0,002  £0,0003  £0,0002 £0,0002  +0.0001
25 1,999 -0.1039 0.0 —0.0015 0. 0008
£0,003  +0,0003 £0,0002 %0, 0002

2All parameters are in cm™ (except for g). The sixth-

order terms are zero within the accuracy of measurement,

given in Table I indicate that the fine structure of
Ga* impurities in PrAlQ, is mainly due to the sec-
ond-order “D” term in the spin Hamiltonian, The
fourth-order terms are small compared with the
D term.

The only important fourth-order term is the
cubic “a” term. It appears to be independent of
temperature, except for an anomalously low value
in the orthorhombic phase. This anomaly is prob-
ably an artifact of our fitting procedure, which is not
well conditioned to distinguish between first-order
effects of the @ term and second-order effects of
the “E” term. The value of a at other tempera-
tures, about —0.0015 cm™, is in good agreement
with data on Gd3 in 12-fold oxygen coordination in
other crystals. 16

The second-order tensor is almost axial even in
the monoclinic and orthorhombic phases, since
E/D~0.01 at 123 K and increases only to 0,05 at
151 K. The magnitude of D changes by 15% be-
tween 4.2 and 151 K.

B. Rotation of the principal axes as a function
temperature

As described in Sec. II, the 24-GHz resonance
spectrum for 1253 T'< 151 K consists of two sets
of lines corresponding to two types of domains, We
have measured the angular dependence of the ESR
spectrum with Hdc in the (010) plane, as a function
of temperature. The two highest field resonance
lines are the most sensitive to angular variation.
Their angular dependence is shown for a few typical
temperatures in Fig, 6. It will be seen that for
intermediate temperatures the curves for each do-
main are asymmetrical about their respective turn-
ing points (that is, about the position of maximum
resonance field). Furthermore, the different tran-
sitions in the same domain have different turning
points. This is because the cubic a term in the
spin Hamiltonian produces an angle-dependent split-
ting which has turning points along [100]- and [110]-
type directions, regardless of the axis of the D
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term. We correct for this contribution to the split-
ting on the assumption that @ = — 0.0015 cm™' at all
temperatures, After this correction the curves are
found to be symmetrical, with turning points that
agree within the experimental accuracy of +0. 25°,
The direction of Hy, at the corrected turning point
is the z axis (principal axis) of the spin Hamiltonian
of Eq. (1) for this domain. The z axes for the two
domains are found to be rotated by equal and oppo-
site amounts, which we denote +6(T).

The limiting value of 6 at low temperatures is
found to be 44°+0.5°, rather than 45°. It varies
somewhat from sample to sample, and even from
one domain to another in the same sample, This
suggests that we can attribute the deviation from
the ideal value of 45° to strain or impurity.

We now turn to the analysis of data obtained at
fixed angle, such as that displayed in Fig, 4. The
field for resonance is not a linear function of angle;
furthermore, the spin-Hamiltonian parameters
vary somewhat with temperature. Our procedure
for obtaining the direction of the principal axis, as
a function of temperature, is as follows, Let © be
a general angle in (010), measured from [101]; let
©, be the fixed angle at which the measurements
were made and 6(T') be the direction of the principal
axis, We made full rotation diagrams, as described
above, at approximately 3-K intervals, thus obtain-
ing H©,T) and 6(T) at a few spot temperatures.
Since H(© — 6, T) depends only on D, E, and a, it is
a slowly varying function of 7, and can be accurate-
ly interpolated. Thus, comparison of the measured
H(©,,T), corrected for changes in cavity frequency,
with the interpolated H© -6, T) gives us 6(T) di-
rectly. The absolute accuracy of this procedure
is only +0, 4°, but its precision is £0.15°, and
angles can be measured with a relative accuracy of

this order.
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FIG. 6. Field for resonance at 24 GHz of the two
highest field transitions of Gd®* in PrAlO;, plotted against
angle ® in the (010) plane, at some representative tem-
peratures,
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C. Derivation of the direction of local distortions

How are we to interpret 6(T'), the angle by which
the principal axes of the spin Hamiltonian are ro-
tated in (010)? For an S-state ion like Gd*, the
relationship between the local distortion, the crys-
tal field, and the ground-state splitting is complex
and not well understood. I In the orthorhombic and
tetragonal phases, symmetry requires that the
principal axes of the spin Hamiltonian coincide with
the crystallographic axes, but there is no such re-
quirement in the intermediate phase. However,
we can show by a very general argument that there
should be a definite and easily calculable relation
between the principal axes of the D tensor and the
axis of rotation of the AlOg4 octahedra.

We argue as follows. The D tensor (i.e,, that
part of the spin Hamiltonian which is quadratic in
the spin operators) can be written in the general
form

= ZDaBSuSB ’ (2)

where a and B refer to the cubic axes &, 7, and &.
Because one axis is always [010], the local sym-
metry is at least C,, and we have D,,=D,,=0. Our
basic assumption is that all the other components
of the D tensor can be expressed as smooth func-
tions of a single temperature-dependent parameter,
and that this parameter is an angle in the (010)
plane. The only such angle in the model of Refs.

3 and 4 is the angle defining the axis of rotation of
the AlQg octahedra. We call this angle ¢, and mea-
sure it from [001]. We expand the components of
the D tensor as a Fourier series in ¢, Symmetry
requires that the series have the form

Dyo=D% + DY cos2¢ + D& cosdp +...

3
Dy =D{P sin2¢ +... , @

where the coefficients are independent of tempera-
ture, We can determine these coefficients, though
no higher ones, by considering only the limiting
values of ¢, which are 0, im, and 37. For these
we have the respective Hamiltonians

3,0)=D[S§-3S(S+1)] ,
¥ km)=D"[SZ-4SS +1)]+E"(S2~52)
where

ZI[101], xl[101],
. 1 2 1 (4)
sestzm)=D[Sf-3SE +1)] .
Here D is the observed spin- Hamiltonian param-
eter in the tetragonal phase and D’ and E’ the pa-~
rameters in the orthorhombic phase.

Substituting Eqs. (2) and (3) in (4), and solving
for the coefficients in (3), gives

COHEN, VAN UITERT, AND VAN STAPELE 11

Dee+Dyp==Dyy=[3E'+3(D+D")]

-[4E'-3® -D")] cosds ,
Deg =Dy =D cos2¢ 5)
Dyy=-1(D'-E")sin2¢ ,

plus higher terms which we cannot determine from
the data available,

For general ¢, the spin Hamiltonian (2) contains
off-diagonal terms, but can be diagonalized by ro-
tating the coordinate system through an angle cp'.
In terms of the experimentally determined angle 6,
measured from [101], we have ¢'=6 — 17 [see Fig.
5(b)]. Then the relation between 68, ¢, and ¢’ is
found to be

ZD D' _ EI

cot26=—tan2¢’=D—"—~—g—= 5 tan2é . (6)
[{ S 14

The negative sign implies that ¢ and ¢’ have oppo-
site signs. AtT,, ¢=~¢ =im; i.e., the rotation
axis is perpendicular to the major axis of the spin
Hamiltonian, as noted in Sec. II, For small 6,

(47 -¢)/6=D"-E")/D., With our numbers, this
ratio is 0, 808 +0.008.

We can adduce two pieces of evidence supporting
our basic assumption that the D’ s are smooth
functions of a single parameter. The first is the
smallness of the cos4¢ term in (5); with our num-
bers its coefficient is about 1% of the terms in 2¢.
The other is that Eq. (5) makes a definite prediction
of the value of D and E for intermediate values of
¢. For instance, at 123 K, where 6=28°, the pre-
dicted values are D=-0.0973, E=-0,0016 cm™.,
These agree with observation (see Table I) within
experimental error, Of course, these facts only
show that there is some angle ¢ in terms of which
the D tensor can be expanded; the identification
with the direction of the axis of rotation of the
AlOg octahedra depends on the specific model.

Our result, Eq. (6), is identical in form to that
obtained from the point-charge model (PCM), and
used in our previous publication on this topic.® The
PCM is, in fact, a special case of the general ex-
pansion used here; the PCM has the essential
property that all calculated quantities are smooth
functions of a single parameter ¢. While the PCM
is quite successful in describing the optical split-
tings of PrAlO; and NdAlQ;, it is known to have led
to entirely wrong results for the high-order D
splitting of the ground state of Gd*, whenever it
has been applied. ' The present calculation shows
that the specific assumptions of the PCM can be
dropped without affecting the relation between ¢
and 6.

D. ESR results

We shall see in Sec, V. that cos2¢ is the appro-
priate order parameter to describe the internal
displacements. The Landau theory of second-order
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FIG. 7. Temperature dependence of cos’2¢, deduced
from the ESR data. Below 0,6T,, cos?2¢ is essentially
constant at 0,998 0,002, The dashed line is a smooth
curve through the data, ignoring the region around the
118-K transition (indicated by the arrow).

phase transitions predicts that the order param-
eter should vary as (T, - T)"/2 near T,. In Fig. 7
we plot cos?2¢ against T/T, over the entire range
of temperature in which it has appreciable varia-
tion. Below 0,67, it has essentially reached its
limiting value of 0. 998 +0.002.

Figure 8 shows the region near T, on an ex-
panded scale, We see that the Landau relation is
reasonably well obeyed for 0,9<7T/T,<0,995, The
slight deviation apparent near 0, 9857, is sample
dependent and probably not significant. This “clas-
sical” behavior is expected when the effective in-
teraction has a long range. The inelastic-neutron-
scattering results? show that the range is indeed
long, apparently of order 30 A.

Another region of interest is the vicinity of 118
K, where Fleury has reported a pronounced acous-
tic anomaly. ® Figure 7 shows that, away from
118 K, cos?2¢(T) is convex upwards, but between
112 and 122 K there is a weak downwards convexi-
ty. This relatively small effect, corresponding to
a displacement in 6 of less than 1°, or alternatively
a 10% change in slope of the cos2¢-vs-T curve, is
the only direct indication in our data of the 118-K
transition,

We also looked for a change in cavity frequency
in this region, such asmight be produced by a di-
electric anomaly or a dimensional change. Any
deviation from a smooth dependence on tempera-
ture is less than one part in 2% 10°, for a filling
factor of about 0,05. This is to be compared with
the frequency shift of about 1 part in 10* observed
in the first 1 K below the 151-K transition.
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IV. OPTICAL MEASUREMENTS

We measured the optical absorption spectrum of
PrAlQ; in the region 20000-20 800 cm™! on a Cary
14 spectrophotometer with a spectral slit width of
8-~10 cm™', The transitions in this region all ter-
minate on the °P, excited state of Pr®, and originate
on the lower crystal-field states of the *H, ground
level. The splitting of the lowest crystal-field
doublet, whose temperature dependence is shown
in Fig. 9, drives the cooperative Jahn-Teller phase
transition. Both members of this doublet transform
as 4, in C; (monoclinic) symmetry. There is also
a low-lying state transforming as A,, which remains
at an almost constant energy from the ground state,
and is not involved in the cooperative Jahn-Teller
transition, We are concerned here (a) to establish
the symmetry of the various states in the ortho-
rhombic (C,,) phase and (b) to measure more pre-
cisely the doublet splitting as a function of tempera-
ture,

A. Symmetries in the C,, phase

Polarized absorption measurements were made
on single-domain samples whose orthorhombic axes
had been determined by ESR. We established in
Sec. II that in a strain-free sample the z axis of
the spin Hamiltonian [Eq. (1)] is the local C, axis
[101], and is perpendicular to the rotation axis
[101]. Having determined these direction in a crys-
tal, we remounted it in a strain-free manner in the
spectrophotometer. Typical polarized absorption
spectra for the C,, phase are shown in Fig, 10,

The electric-dipole operators ex, ey, ez trans-
form in C,, as B,, B,, A, respectively.'® The cor-
responding magnetic-dipole operators transform as
B,, B,, A,. Since the labeled transitions are elec-
tric dipole® and all terminate on the °P, state, which

0.15

o.10

Cos22¢p

0.05

o]
095 0.96 097 0.98 0.99 10O

/T,

FIG. 8. Temperature dependence of cos22¢ near the
151-K phase transition. The experimental transition tem-
perature (marked T,) is determined to +0, 15 K by ob-
serving changes in the cavity frequency.
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FIG. 9. Temperature

D2d Cs Cav D3 dependence of the lowest
p——A, crystal-field states of Pr®*
20400 0,-22—- gty Al g in PrAlO;, relative to the
00038°8 4 7 3P, excited state, Filled

IE 20500

c

20600

circles—absorption data
of Sec, IV B; open circles—
fluorescence data of

Ref. 3. The symmetries
of the states in the various
phases are shown; these
were determined from the
polarization of the ab-
sorption lines in the C,,
and Dy, phases, and agree
with the assignments of
Ref. 7. The A, state can-
not couple to the other

two states shown, and

has A, symmetry in C,,, the observed polarizations
establish the symmetries shown. Table II shows
the energies of the initial states of the transitions
observed. The energies agree reasonably well with
those found in fluorescence, 3 but we were unable to
detect a transition from the second B, state, which
according to Ref. 7 is around 310 cm™!, Apart
from this, the symmetries confirm the assignments
made in the most recent crystal-field calculation,’
which includes J mixing. They do not agree with
previous assignments made on the basis of calcu-
lations which neglect J mixing. *

B. Temperature dependence of the ground-state splitting

The splitting between the lowest states (both A4,
in C, symmetry) can be followed in absorption

TABLE II, Positions of the crystal-field states of the
SH, manifold of Pr® in the orthorhombic phase of PrAlOs.

Absorption Fluorescence®

(em™) Assignment (cm™) Calculated®
0 B, 0 0 B,
59 A, 57 36 A,
155 A, 160 1mn A,
253 A, 238 240 A,
255 £20° B, 282 271 B,
sen se e 322 A2
“ee 311 306 B,
357 B, 357 361 B,
oo 8214 817 Ay

*Reference 3.

bReference 7,

®Derived from a very broad transition.
dRaman data from Ref, 7.

200 plays essentially no role
in the cooperative Jahn-
Teller transition,
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FIG. 10, Polarized absorption spectra of PrAlO; at
160 K. Dashed line—Ell [10T]@); full line—E |l [101]().
Energies are given in cm™, and the labels are the sym-
metries of the initial states in C,,, The spectrum for
E1I[010]G) consists of a single very strong and broad
line from a state or states of B, symmetry, centered
near 20290 cm™,
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down to about 60 K, where the excited state has

too small a population to be visible in our 0. 7-mm-
thick sample. The results are shown as full cir-
cles in Fig. 9. The fluorescence data® are also
shown: It will be seen that agreement is only quali-
tative, but could be improved by a change in tem-
perature scale (T, is given as 146 K in Ref. 3,
which is 5 K below the accepted value), The dis-
crepancy is not connected with the asymmetry of
the lines, Even when this asymmetry is most se-
vere, below 100 K, the difference between peak
position and centroid is less than 5 cm™!, Peak
positions are used here, since they are easier to
measure and probably give the best measure of the
line position in unstrained portions of the crystal.

V. RELATIONS BETWEEN ORDER PARAMETERS

We have three different measures of order in
this system: the angle ¢, the macroscopic strain,
and the splitting of the ground doublet. One can
deduce an order parameter from each of these.
According to the theory of cooperative Jahn-Teller
phase transitions, ® all three parameters should
have the same temperature dependence near T,,

In Ref, 4 a relation is derived between the macro-
scopic strain at temperature T, (c —a);, and the
rotation angle ¢:

(c—a)r/lc —a)y=cos2¢ . (7)

This relation is based on a Hamiltonian containing
lowest-order terms for the anharmonic interac-
tion between the macroscopic strain and the local
distortion coordinates, and follows directly from
the assumption that the coupling is quadratic in
these coordinates., It can also be obtained by sim-
ple geometry if we assume that the AlQ4 octahedra
rotate as rigid units, and that the angle of rotation
¥ remains constant as ¢ varies. (The assumption
of rigidity has been shown to hold in SrTiO;.%!) We
find that Eq. (7) holds with (c - a)y/a,=$¥?, where
a, is the cube edge. Taking ¥=0.015 (9°)* we find
(c —a)y/ay=0.012, compared with the observed value
of 0.014.%

In Ref, 4 it is also shown that if interaction with
higher states is neglected, the splitting W(T') of the
ground doublet is related to the electronic order
parameter (o) by

(op? = [WA(T) - W¥T,)]/[W?0)-WAT,)] . (8)

This is just the relation for an Ising system in a
transverse field W(T,). If W(T',) were zero, the
system would be identical with that studied theo-
retically by Feder and Pytte.® We can relate (o,
to ¢ by a similar argument to that used for the D
tensor. In order to do this we must assume that
the crystal field is purely quadrupolar, so that
it can be written in operator-equivalent form

4771

Veryat = a2 =370 + D]+ 3Ag = A)0E- D)

9)
withJ=4and A, +A,+A,=0. The apparently per-
verse choice of axes simplifies the algebra. Since
we are only interested in the ground doublet, which
transforms as E in 0,, terms like J,J, are omitted
from Eq. (9). We take as basis states | 372 — #2),
| £2 — %), and use the wave functions given by Grif-
fith. 2 We find for the matrix form of the operator

4 V3A, A,-A,
avst ™ 13\A,-A, -V34, |

The A’s are functions of ¢, analogous to the D,,’s
in Eq. (3), For T=0, ¢=0, we have

Veryst= =15 WO)NJE-3J(T +1)] .

14 (10)

(11a)

For T=T, ¢=%m, and, in precise analogy with
Eq. (4),

Veryst = VolJE = 37 + 1)]+ Ve (I7 - J5)

= =3 (Ve+3V)[JE-3J(J+1)] . (11b)

We do not need to know V, and V. independently,
but only in the combination

W(T,)=-§(Vo+3V,) . (12)

Here, positive W(T,) corresponds to the observed
order of the levels in the orthorhombic phase.

We now assume, as in the case of the D param-
eters, that the A’s are smooth functions of ¢ only.
Since Eq. (11) is analogous to (4), we have, anal-
ogous to (5),

A, =35{[W(0)+2W(T,)] + [W(0) - 2W(T,)] cosd¢} ,

A - A =% W0)cos2¢ . (13)
For general ¢ the splitting is, from (10),
W(T)=§[A%+ U - AP]V2 | (14)
Whence
_ _qZ(l _ coszz¢) 1/2
{op = cos2¢ (1 Bra)i=q) ) (15)

where g = 2W(T,)/W(0) -1,

For the observed value of ¢, about —0.45, the
term in brackets lies between 0,97 and 1.0, Thus
{0 should equal cos2¢ within experimental error.

In Fig. 11 we compare the temperature depen-
dence of the three order parameters, squared to
illustrate the (T, - T) 2 behavior near T,. The
full line is a smooth curve through the cos?2¢ val-
ues of Fig. 7. The crosses are the reduced macro-
scopic strain, (c —a)2/(c -a), obtained by elastic
neutron scattering,* The circles are the values of
(0p? obtained by applying Eq. (8) to the data of Fig.
9. Down to 0.87T, all three parameters agree with
each other, and with the Landau (T, - T)Y2 law,
within experimental error. Deviations begin in the
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FIG. 11, Comparison of the three different order
parameters associated with the 151-K phase transition.
Full line—smooth curve through the data of Fig. 5
(cos®2¢); circles— (¢ ¥ derived from the data of Fig, 7,
with the aid of Eq. (8); crosses—(c —a)%/ (¢ —a)} from
the data of Ref. 4.

region of the 118-K transition. The weak anomaly
in cos2¢ is not reflected in the temperature depen-
dence of {0}, nor apparently in that of (¢ - a), al-
though this is less certain because of the wide
spacing of the points., Below 118 K, cos2¢ ap-
proaches its limiting value much more rapidly than
the other two order parameters. 1t is not clear
what connection, if any, this discrepancy has with
the 118-K transition,

While agreement between (o,) and cos2¢ is excel-
lent over much of the temperature range, itis
somewhat surprising that this is so. The basic
assumption leading to Eqgs. (8) and (15) is that
the ground doublet is isolated; interaction with
higher electronic states is neglected. However,
crystal-field calculations, both with? and without*
J mixing, show that such interaction is not small.
Thus, it is possible that the good agreement found
here is fortuitous.
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VI. SUMMARY

In this work we have measured the temperature
dependence of two of the three order parameters
describing the 151-K second-order transition of
PrAlO;. We find that all three agree for 0, 8T,
<T<0.995T,, and are proportional to (T,- 7)'/%over
this range., This is the “classical” Landau behavior
expected when the interaction is long range, as in
this case, We find that simple semiphenomenolog-
ical models describe the relation between the order
parameters remarkedly well, Our results agree
with the more general theory of Feder and Pytte,
even though their simple Ising model for the Jahn-
Teller interaction is not strictly applicable to
PrAlO; because of the presence of the “transverse”
crystal field.

We find that the 118-K transition has only a small
effect on the order parameters associated with the
151-K transition. This supports the view that the
118-K transition involves only macroscopic strain,
this strain being orthogonal to the strain involved in
the 151-K transition.
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