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The paramagnetic resonance spectrum of the iron oxygen-vacancy (Fe®*-V,) pair in the
tetragonal I4/mcm phase of SrTiO; at 78°K is analyzed in detail. The spectra observed at
K band are fully accounted for using the accepted structural properties of the crystal in the
low-temperature phase. Whereas in the high-temperature cubic O} phase the Fe’*-V,, spectra
are axial, in the D}}— I4/mcm phase second-order perturbation terms of an orthorhombic
E(T)(52—S52) term have to be taken into account with E(T) =1, 82¢%(T) cm™!, ¢(T) being the in-
trinsic rotational (order) parameter of the transition measured in radians. The analytically
well understood spectrum justifies its use for the analysis of the structural phase transition
observed in SrTiO; under applied stress and for the investigation of critical phenomena.

I. INTRODUCTION

In this paper a detailed analysis of the paramag-
netic resonance spectrum of the Fe®* -V, center—
a charge-compensated Fe** impurity—in strontium
titanate at 78 °K is presented. The resonance of
this center has been attributed to a three-valent-
iron impurity substitutional for a Ti* ion with a
nearest-neighbor oxygen vacancy, and analyzed
previously in the cubic phase by Kirkpatrick,
Miiller, and Rubins, ! hereafter referred to as KMR.

The analysis consisted essentially of the Fe®* -
ground-state splitting in the presence of a large
axial crystal-field term D[S? - 1S(S+1)] with the

z axis parallel to one of the three equivalent (100)
crystal axes. It has subsequently been refined by
two groups by taking into account fourth-order terms
in the spin Hamiltonian yielding agreement with the
essential point of the KMR investigation.? * Since
then the center was also observed in BaTiO;* and
KTaO,, * and the same kind of centers have now also
been observed for other transition-metal ions such
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as Ni** -V, ® and Co® -V, 7 in SrTiO;, and Co*-V,®
and Mn? -V, ® in KTaO,. The Fe’ -V, center has
recently proved to be extremely usefulin the analysis
of the behavior of SrTiO; below the cubic-to-tetrag-
onal phase transition. The additional splitting of
some resonance lines of the Fe* - Vo spectrum be-
low the transition temperature T,=105°K has been
measured as a function of temperature. Some of
these splittings are directly proportional to the ro-
tational order parameter ¢(T),'% ! others to the
square of ¢(7). 2 The splittings proportional to
@(T) yielded the temperature dependence of ¢(T)
with a precision of about g of an angular degree'?
due to the small linewidth of some 3 G and the large
splitting value. For the same reasons these results
are about a factor 2 to 3 more accurate than the
ones obtained from the non-charge-compensated
Fe*. As a function of uniaxial [111] stress the
axis of the rotational motion 5 deviates from the
{100) axes. These deviations in terms of the (100)
components and the magnitude of (Z(T) were also ob-
tained using the Fe® -V, spectra and the onset of
first- and second-order phase transitions to the
trigonal R3¢ phase with [111] stress investigated
below and above T,.!* The full analysis of the
Fe* -V, spectrum at a fixed temperature T<T,
given here shows that its paramagnetic resonance
data can be used for structural studies.

In Sec. II very detailed experiments on multi-
and monodomain samples are reported from which
an identification of all observed lines was possible.
In Sec. III the theoretical analysis is presented ex-
tending the work of KMR and others? 3 by introduc-
tion of an orthorhombic term E(SZ- S2) into the spin
Hamiltonian and by use of the accepted structural
properties of SrTiO,; of alternately rotating octa-
hedral units and c-axis elongation. The paper con-
cludes with a discussion on the temperature depen-
dences of the orthorhombic E(T) term as well as the
measured @(T) rotation of the Fe®' -V, pair with re-
spect to the intrinsic ¢(7) rotational parameter and
the structural information obtainable by the Fe* - Vo
resonance spectrum (Sec. 1V),

I1. EXPERIMENTAL RESULTS AND IDENTIFICATION OF
RESONANCE LINES

The experiments were carried out with a super-
heterodyne single-side-band EPR spectrometer at
K-band frequencies. The crystals were grown by
the National Lead Co. using the Verneuil flame-
fusion technique. To the powder feed 0. 03-wt%
Fe,0; was added. In the cubic phase, besides the
cubic spectrum of non-charge-compensated
Fe¥, 1% 1115 the resonance showed the strongly
axial spectrum described and analyzed by KMR and
others.®® At T,=105°K, SrTiO, undergoes the
cubic-to-tetragonal phase transition. Therefore,
below T, some of the resonance lines split due to

4325

the local lowering of symmetry and domain forma-
tion. Different domains are characterized by their
tetragonal axes pointing in either of the three pseudo-
cubic [100], [010], and [001] directions.

We used the same experimental arrangement as
KMR, i.e., rotating the scanning magnetic field
in a plane perpendicular to the cubic [001] crystal
axis in the high-temperature phase. The first set
of samples used were multidomain crystals usually
cylindrical in shape with a diameter between 1 and
1.5 mm and 2-4 mm in length, the cylinder axis
being parallel to a (100) direction. When the align-
ment between these crystals and the magnetic field
is not exact within 0. 1° then below T, the axial res-
onance lines of the Fe® -V, center split smoothly
into a set of five lines. Figure 1 shows this reso-
nance pattern at g~2 for the magnetic field close
to a pseudocubic [100] axis at 78 °K. If the crys-
tals are aligned very carefully then two of the five
lines collapse for all directions of the magnetic
field in the (001) plane. The line which at high
temperature appears isotropic at g~ 6 splits into a
set of three lines below 7,. In Fig. 2 the angular
dependences of the lines for the magnetic field close
to the [100] direction are depicted for both reso-

[100]
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FIG. 1. High-field Fe*' -V, lines in a multidomain
sample at 78°K for a rotation of the magnetic field H in
a pseudocubic (001) plane with improper alignment.
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nances at g~ 2 and g~ 6. The doubly degenerate
lines are indicated by boldface curves. The ref-
erences are identification codes defined later.
Figure 3 shows the resonance with the magnetic
field around [110]. It appears that the angular be-
havior of three lines near g~ 2 reported by Unoki
and Sakudo!! resulted from incomplete alignment
of the crystals.

The split lines observed can be understood by
considering the details of the cubic-to-tetragonal
phase transition and the accepted microscopic
structure of the pair center as proposed by KMR.
The crystal transformation consists of alternate
rotations of nearly rigid TiOg octahedra around Ti
positions. Along the ¢ axis consecutive (100) octa-
hedral layers show alternate rotations as concluded
by Unoki and Sakudo!! from EPR Gd* data yielding
a structure of I14/mcm. The rotation axis may be
parallel to any of the three equivalent cube edges.
In a macroscopic region of the crystal this is the
tetragonal domain axis. The rotation angle ¢, being
the generalized order parameter of the transition,

H (G)

40 30 29

L 1 1 |

1
15° 10° 5° [100] 5° 10° 45°

aQa —

FIG. 2. Fe¥-V, resonances in a well-aligned multi-
domain sample with H in the pseudocubic (001) plane at
78°K. (a) Experimental and theoretical angular depen-
dence of the high-field resonances near [100]; (b) for low-
field resonances (g~ 6). Boldface lines indicate degen-
erate resonances.
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FIG. 3. Same resonances as in Fig. 2(a) for H near
[110]. (a) Angular dependence of the resonance fields.
(b) Resonance pattern with H parallel to [110].
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is a function of temperature and for 7="78 °K has a
value of (1.53+0,05)° as determined from EPR
spectra of Fe®* ions in ordinary lattice positions
(not charge compensated) (Fig. 4). For the

Fe®* - Vo center below T, the missing oxygen ion can
be located along the ¢ axis of the domain or in the
plane perpendicular to it. Figure 5 depicts sche-
matically both cases showing some distortion around

® Fe*t

O o

a+

® Ti

FIG. 4. Oxygen octahedra rotated around tetragonal
¢ axis (domain axis) in SrTiO; below 7,. The presence
of a non-charge-compensated Fe?* substitutional impu-
rity is indicated.
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FIG. 5. Schematic representation of rotated and dis-
torted oxygen octahedra near an Fe®*-V, pair for T <T,.
(a) Center axis parallel to rotation axis, yielding the axial
O lines. (b) Center axis perpendicular to rotation axis.
Situation for the orthorhombic spectra.

the Fe®* due to relaxing neighbor ions from their
ordinary positions. It is seen that the first type of
centers remains axial, whereas for the second type,
the transition-induced tetragonality is perpendicular
to the main center axis, thus for these centers the

20
30
4.0

5.0

60 F

0° 10° 20° 30° 40° 50°

[100] [#10]

FIG. 6. Experimental data and theoretical curves of
the Fe?*-V, resonances in strontium titanate at 78°K for
a rotation of the magnetic field in a pseudocubic (001)
plane of the crystal at a microwave frequency of 19, 34
GHz.
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transition causes a symmetry change from axial to
orthorhombic.

For the first type of centers with their axes
parallel to the domain axis the transition-induced
tetragonality of the order of 10~° cm-! adds to the
intrinsic large center axiality of 1.4 cm-! (which
is by itself temperature dependent). However, this
small correction does not yield a measurable change
in the effective g factor. Furthermore, the rota-
tion of the oxygen complex occurs around the center
axis and thus is not observable either. Therefore,
the resonance positions of the Fe®* -V, pairs with
their axis along the three possible domain axes are
not affected by the phase transition, but correspond
to the high-temperature lines analyzed by KMR.

We call these lines zero lines (Figs. 2 and 3). The
resonance fields of the split lines in the multidomain
samples were checked with respect to these zero
lines. In Fig. 6 the results for a rotation of the
magnetic field parallel to a (001) plane are shown
together with the theoretical curves as described in
Sec. ITI. Figure 7 shows the splittings between the
zero and the other lines.

In order to identify the split lines resulting from
the orthorhombic centers samples were used which

0.08 | . . (a)
0.06 |-

0.04

Age—»

0.02

!
- 0.04
<

-0.02

- 0.03 1 1 I 1 1 1 1 1 1
o° 30° 60° 90°

[100] [10] [010]

Q —

FIG. 7. Differences of the effective g factor between
the orthorhombic and the corresponding axial lines as a
function of magnetic field direction within the pseudo-
cubic (001) plane (a) for the @_ lines, (b) for the m
lines. Between @ =5° and 25° the orthorhombic m and
axial O lines are not resolved. Solid lines represent the
theoretical curves.



4328

”
_a -
P+
j/ (b)
N

L L 1 1 J
15° 10° [100]  10° 15°

aQ —e

P- Om &P+

H (C)

50 G

H —»

FIG. 8. Similar data as in Figs. 2 and 3(b), but mea-
sured in 2 monodomain sample with domain axis parallel
to the pseudocubic [001] direction. These results were
used for the identification of the lines.

below T, transform into a monodomain crystal.
Two methods have been developed to achieve this. 8
The first consists of machining flat rectangular
(110) plates thinner than 0, 3 mm. The larger basis
of such a plate is parallel to a [001] direction and
typically 7 mm long, the other basis is parallel to
a [110] edge. Below T, such a sample transforms
into a {001} monodomain, where the symbol {001}
denotes a domain with ¢ axis parallel to the [001]
direction. In the second method uniaxial[110] stress
is applied to a thick sample which for sufficiently
high pressures (~1 kg/mm? becomes near mono-
domain along {001}. If stress along a [001] direc-
tion is applied the sample consists of {100} and
{010} domains. All these effects result from the
fact that the c¢/a ratio is larger than unity. !’

The thin samples obtained by shaping are in-
herently strained along the [110] direction due to
the grinding of the surfaces. This strain causes
the monodomain effect, and has recently been found
to fade away in the course of some months. It also
disappeared by annealing the samples for 6 h at
1550°C. In the present experiments such (110)
flat plates were aligned with their {001} monodo-
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main axis parallel to the rotation axis of the mag-
net, i.e., H lies in the tetragonal (001) plane. For
further identification of resonance lines flat (001)
plates containing {100} and {010} domains due to
their “built-in” strain were also used, aligned with
their (001) plane parallel to the magnetic field
plane.

For a monodomain {001} sample with H rotating
in the (001) plane, the resonance pattern as shown
in Fig. 8 was observed [ compare Figs. 2 and 3(b)].
The zero line at g~6 results from the axial Fe* -V,
pairs parallel to the {001} domain axis. The lines
denoted by ¢, and ¢_ belong to orthorhombic
Fe¥ -V, pairs in the (001) plane, rotated by +&
away from the respective a axis as indicated for
one center in Fig. 5(b). In the region near g~2
these two spectra ¢, and ¢. correspond to pairs
located in two inequivalent octahedral sublattices
rotated against each other by 2¢. They are clear-
ly resolved near g~ 2, whereas in the region near
g~ 6 this is not the case due to the weaker depen-
dence of the resonance field strength on field di-
rection. Due to the presence of the oxygen vacancy
and the resulting local distortion of the oxygen
pyramid around the Fe® ion, @ is smaller than ¢
and at 78 °K was determined to be ¢ = (0. 95
+0,05)° ' [Fig. 5(b)]. We note that for H parallel
to the pair axis the orthorhombicity does not enter.
Thus, the maximum of the resonance field for @,
and ¢@_ is the same as for the zero line at g= 2, 0037
[see Fig. 2(a)], whereas near g~6, where H is
perpendicular to the pair axis, the orthorhombicity
causes a shift to lower fields with respect to the
corresponding zero line [Fig. 8(b)]. For H parallel
to [110] the @, and @. lines are the two outmost
ones [Fig. 8(c)].

After the identification of the zero, ¢,, and @.
lines, the origins of the remaining lines in the
multidomain resonance pattern (Figs. 2 and 3) are
easily recognized. They result from Fe*-V, pairs
located in {100} and {010} domains. This was veri-
fied by using thin (001) plates which, due to their
“built-in” [001] strain, contained only{100}and
{010} domains. For these measurements H was
rotated in the (001) plate plane. The axial zero
lines again result from centers parallel to the do-
main axes. Near g~ 2[see Fig. 2(a)] the line de-
noted by m for “mirror” is due to centers with axes
tilted by +¢@ out of the (001) plane. For these cen-
ters the (001) plane is a mirror plane, therefore
they yield one degenerate line for H in the (001)
plane, Near g~ 2, where H is nearly parallel to the
center and hence the orthorhombicity does not en-
ter significantly, the difference between the maxi-
mum of the magnetic resonance fields of the m
line and the zero line is entirely due to the inclina-
tion of the centers by +¢ with respect to the mag-
netic field. In the region near g~6 two lines are
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observed. They are due to Fe*-V, pairs with their
axes tilted by an angle @ from the [001] direction.
The tilt is either + @ towards the [100] direction
for centers in a {010} domain or +¢ towards the
[010] direction for those in a {100} domain. Within
one domain, the centers tilted by +¢ are again de-
generate as they are related to one another by the
inversion operation and the (001) mirror plane.
Therefore the two orthorhombic lines at g~6, de-
noted by 7,4, and 7, [“rhombic, ” Fig. 2(b)] are
again doubly degenerate and correspond to centers
belonging to {100} or {010} domains and tilted by
+@ away from the [001] direction. It may be noted
that in this case where H is nearly perpendicular
to the center axis the difference between 7y, and
7010 and the corresponding zero line is essentially
due to the orthorhombicity, since the effect of the
inclination is negligible as demonstrated by the
collapsing of the ¢, and ¢_ lines near g~6.

IIIl. THEORETICAL ANALYSIS

As discussed in Sec. II, the resonance lines of
|
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the Fe* -V, center observed can be divided into
two groups: those resulting from centers with axes
parallel to the domain axis and those with their
axes perpendicular to it. The former centers see
an axial local symmetry and are thus analyzed by
the axial spin Hamiltonian used earlier.'™® For
the second group, the local symmetry is ortho-
rhombic which requires an extension of the axial
Hamiltonian to include orthorhombic crystal-field
and Zeeman terms. Calling the main center axis
z and taking it as axis of quantization, 3C may be
written

3¢=35D 0%+ tiy F 03+ 135 a(09+ 50%)
+EO3+G,H,S,+G,H,S,+G,H,S,, (1)

with G, = up g, (up = Bohr magneton) and the usual
definitions of the O} operators.!® Using 6 and 6 as
the polar angles of the magnetic field with respect
to the main axis z of the local center, (1) is reex-
pressed in terms of the spin operators S,, S,

=5, £iS,:

3=D(S2~1) + 135 F[355% —30S(S+1)S%+ 2552+ %] + td5 a[355% — 30S(S + 1) S+ 2552+ ¥ + $(S*+ 5% ]

+3E(S2+52)+ upH[ g,5,c086 +3 g,(S, +S.) sinb cosb - 3ig,(S, —S.) sinfsind] . (2)

It should be noted that in (2) the constants $D,
—-2F, and -a have been added to the first three
terms of (1) in order to yield a zero shift for the
magnetic +3 doublet for which the resonance transi-
tions are observed. This simplifiesthe calculations.
Comparison of the results obtained in the high-
temperature phase by perturbation calculation® and
by direct computer diagonalization of the S=3% ma-
trix® yielded a negligible error of 0.004% at X
band, where kv is of the order of 25% of the crys-
tal-field energy |2D|. Henderson et al.'® de-
termined the g tensor and the crystal-field param-
eters for the case of charge-compensated Fe* in

¥ 13) 13 Iz)
($I 54 -3a V($)B* J(10)E
Gl V@B 34-%a J(§)B*
(zl JAO)E J($)B A
(-3l 0 J(18E B
(=2l V@ 0 J(18)E
(<31 o V@a 0

with

A=3g,upHcosb ,

MgO by both methods with kv of the order of 70%
of 12D|, finding again negligible errors caused

by perturbation calculation. Therefore, it is cor-
rect to proceed by perturbation theory in our case,
too, where hv/|2D| is smaller than 50%.

The first two terms in (2) are taken as zero-or-
der Hamiltonian 3C, and the other crystal-field
terms and the Zeeman splittings are treated as per-
turbation 3¢;. In terms of the magnetic eigenstates
Se=1£3), 1£3), and |+ 3) the matrix of JC, is then
diagonal with the eigenvalues 6D -3F, 2D - 3F,
and 0, respectively. The matrix of the perturba-
tion Hamiltonian on the same basis is given by

I-3)  1-%) I-2)
0 v&la 0
J(18)E 0 V&§)a
B* V(18)E 0 )
-A  J@)B* J10E
V3B -34-3a (§)B*
VA10E J(3)B -5A-3a

r
B=3uyH sind(g, cosd +4g, sind) ,
B* =} Hsiné(g, cosd —ig, sind) ,
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and
1 g = Bohr magneton. 3)

Since the eigenvalues of ¥, are doubly degenerate
and 3¢, couples via B and B* between eigenstates
within the same eigenspace with energy zero, the
basis of this eigenspace has first to be adapted to
the perturbation such that the submatrix of 3¢,
within this eigenspace |+3) becomes diagonal.
This diagonalization, carried out by KMR for real
B’s only, in our case of complex B terms leads to
the following complex eigenfunctions |y ) and 15):

lv)=alt)+8| -3,

|

3, 13) 13) ly)

(gl 5A - 3a V(3)B* a/(10)E

€1 J(#)B 3A-%a ay(£)B* + BJ(18)E
(vl a*J(10)E o*/(2)B+B/(18)E (A%+|BI?¥'/2
(61 =-BJ1OE ay(18)E -p/(2)B 0
(-3l V@a 0 a(18)E + B/($)B
(=3I 0 V&)a BV(10) E

If E differs from zero, second-order perturbation
terms split the |y) and |6) levels further, where-
as in the work by KMR, E=0. The additional split
is only caused by the admixture of | +3) levels
into the ground states |y) and |6) and is given by

AWSD - AW = - D—s, BE(aB*+ a*B)

_ 4E BB+B*B*
ST D (AT B*B)?
36E

== U.BHSII\

g2cos® —gZsin% 5)
*TgZcos9+9 sin®6(g:cos®6 + gZsin®6)] /% ’

with 2D = 2D — $F. In third-order perturbation
AW and AWL® have been fully evaluated®:

2
INGRESDY —LzE }L,) (3 =

m#y,6

> Honp Wy
m#y,6 ptm,v,6 (E'/ _E})(Er _Em)
Considering only terms which contribute to the
splitting of the |y ) and [6) levels the first term
yields numerators proportional to A| B|2, |B| 2
X(A%+|BI 2)1’2, aEB, aEB*, and EA%+ | B| )1/2
divided by (2D')% and (6D — 3F)2, respectively. The
second term in (6) not considered by KMR gives
numerators proportional to BE B*EZ?, and aBE,
aB*E divided by terms of the order of 12D%

+

(6)
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|6)==B|%)+a*|-3),

a=(§_*>“2((Az+ 1312)“2+A>”2 ,

B 242+ B D172 @)

4o ( (A% |Blz)”2-A>”2
"\ 2% 1BIH? ’
and the eigenvalues
W, s=+(A%+ |B|®Y2,
Note that due to the complex quantity B, « differs
by a phase factor (B*/B)! 2 from that in Eq. (2)

of KMR. The above matrix transforms within the
new basis:

16) =2 -3

- B/(10)E V@la 0

a*((18)E - B/(§)B* 0 V$la
0 a*/(18)E + By(§)B* BJ(10)E
-(A%+1BI®Y2 @ )(R)B* -B/(18)E ay(10)E
a*($)B - B/(18)E -34-%a V($)B*
a* /(10)E V3B -5A4 -3

From these third-order splittings we retain only
those which are cubic in the Zeeman terms A, B,
and B*, since the Zeeman energy is of the order
of 1 ecm™! at K band, whereas a and E are of the
order of 10~%and 10~° cm~!, respectively. Within
this approximation the terms which couple between
the |+3) levels and the ground states do not con-
tribute. Therefore, the same result is obtained by
perturbation calculation starting from the |+3),
|+%) submatrix only, as in KMR. In this case we
may incorporate the cubic a-field term, which
within these substates is diagonal, into the unper-
turbed Hamiltonian 3C,. The eigenstates of H, are
then (2D —3a — ¥F) and zero for the [+3), 1+3)
doublets, respectively, and for the axial case
treated by KMR we obtain the result quoted by
Baer et al., ? Pontin et al.,® and Henderson et al.'®

The general expression for the experimental g
value g# ! in the orthorhombic case is now given by

g°=(g%cos®0+9g2sin%) 2 (1 - -2(1—%‘,1)-1;)—2 F(0)>

36E
-

2, 25 _ 2oi2
sin% —&xC08 0 — g2 sin®d )

(gicos® +9g7sin29)T72 ’
where

gf =gZcos® +gf sin? ,

2D"=2D -3a - $F ,

. 922+ 222 sin?6 -
F = 2 (( gy
(6) = sin’0 (057 25 sin% 7

#).
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The reference axes of the polar angles 6 and &
of the magnetic field coincide with the local main
center axis which has C,, symmetry, and with the
local domain axis, respectively (see Fig. 5). As
shown in Sec. II, below the phase transition the
different Fe¥ -V, centers in the crystal are tilted
in a different manner with respect to the magnetic
field according to the direction of their axes in the
high-temperature phase and to the local domain
axis, yielding the lines O, @,, @_, m, 715, and
7010 Thus, 6 and 6 have to be evaluated for each
of the lines. For the magnetic field in the pseudo-
cubic (001) plane they are given in Table I.
Equation (7) was numerically evaluated for the
five spectra at 78 °K on an IBM 1130 computer
using a 2250 display unit with $=0.95°.* g =g,
was found to be 2.0037+0.0015, which is a little
smaller than the high-temperature value found by
KMR, but is equal to the value of the non-charge-
compensated Fe¥. This quantity is very sensitive
to misalignment of the sample, being easily shifted
to higher values. The difference between our g,
and the one found by KMR would imply a misalign-
ment there of less than 0.8°. Assuming the g ten-
sor to remain axial (see Sec. IV) and using g, =g,
=g, =2.010 obtained by KMR in the high-tempera-
ture phase by measuring at two different frequen-
cies, the best fit to the experimental points was
achieved using the following values for | 2D"| and
|E|:

|2D"| =2.70£0.03 cm™
|E|=(1.295%0.015)x10" cm™

(for the orthorhombic centers).
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The value of |2D"| is in good agreement with the
high-temperature values reported by KMR, Baer
et al.,?and Pontin et al.,? indicating that |2D"|

is little temperature dependent. The calculated
curves are depicted in Figs. 2, 3, and 6. The
theory fits the experimental curves everywhere
within approximately 0.3%. For the evaluation of
the orthorhombicity E/D" it is preferable to check
the theory for the differences between the ortho-
rhombic and the corresponding axial spectra O, as
done in Fig. 7, since then errors in the angular
dependence of g° due to neglection of higher-order
Zeeman-perturbation terms tend to cancel. In
Fig. 7(b), for @ between 5° and 25° the two reso-
nance lines are so close together that they are not
resolved.

The good agreement between theory and experi-
ment demonstrated by Figs. 2,6, and 7 shows that
the splittings of the Fe® -V, resonances below the
phase-transition temperature are well understood,
and indicates that the approximations made in the
third-order perturbation calculation are justified.

IV. DISCUSSION

A. Rotational Parameter o (T)

The rotation angle ¢(T) of the oxygen complex
around a charge-compensated Fe®* ion is some-
what smaller than the intrinsic rotation angle ¢(7)
due to the distortion of the lattice by the missing
oxygen ion (Fig. 5). Both quantities were measured
directly. They were found to be proportional to
each other between 30 and 85 °K. In this range the
proportionality is given by!*

TABLE I. Direction of tilt of Fe’*-V, center. « is the angle of the magnetic field with respect to the pseudocubic
[100] direction.

Center axis in high-
temperature phase

Domain axis [100] [010] [001]
cosf = cosg sina cosf =sing sina
[100] cosf =cosa cos
5= _cosa
cos siné cosd siné
(o] m 7100
cosé = cosg cosa cosf = sing cosa
[010] cosf =sina
sino sino
b=~ =
cos siné cosé sinf
m o 7010
cosf=cos(a+®) cosf =sin(a +@)
[001] cosf =0
cosé=0 cosé=0
@y @y o
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@(T)=(1.59+0.05)@(T) .

Small deviations from proportionality occur at
lower temperatures. Due to the narrow width of
the Fe®* -V, lines of 1.3 G for H parallel [100 ] at
g~6and 2.7 G for the high-field line at 78 °K and
the large splitting caused by @(7) (the difference
between spectra @, and @_ is 81 G at 78 °K) the cen-
ter may therefore be used as a sensitive monitor

of the order-parameter ¢(7) near the phase-transi-
tion T,.

B. Orthorhombic E(T) Term

As seen from Sec. III, the present analysis
was done assuming an orthorhombic crystal-field
term together with the axial g tensor measured
above the phase transition. Essentially, the same
results, however, could be obtained using both an
orthorhombic g factor and an orthorhombic crys-
tal-field term or even an orthorhombic g tensor
alone. In principle, experiments at two different
microwave frequencies are required to distinguish
properly between these two cases, as done for the
high-temperature phase by KMR.' Differences be-
tween both cases manifest themselves by mixed
terms between Zeeman and crystal-field energy in
third-order perturbation. In our case, however,
these third-order terms are too small to be mea-
sured by experiments at two frequencies.

Our assumption of an orthorhombic crystal-field
term E(T)(SZ-S?) without change in the axial g ten-
sor is based on the following arguments:

(i) In the high-temperature phase where the Fe3*-
Vo center is strongly axial, KMR found the g tensor
to be nearly isotropic with an axiality of less than
0.5% despite the very high local axial crystal field
D=1.4 cm™'. A significant change in the g tensor
would therefore not be readily explainable by the
very small structural change caused by the phase
transition, which yields for the non-charge-com-
pensated Fe* center a maximum axial D.term of
only 1.1x107% cm~! at 4. 2°K. ™

(ii) The temperature dependence of the rhombic
splitting of the Fe® -V, resonances (see Fig. 2 of
Ref. 10) is proportional to the square of the rota-
tional parameter $%F) (Fig. 3 of Ref. 12). If we
assume 2D"=2D - 3a —}F to be constant with tem-
perature compared to the orthorhombic E(7T) term,
then the temperature dependence of the rhombic
splitting is directly proportional to that of E(T)
[Eq. (7)]. Due to the C,y symmetry of the center
Ex(c/a-1)=<¢? we then have

E(T)=P¢2(T) ’
with
p=1.82+0.08 cm™! rad-2.

Therefore E(T) follows the same temperature de-
pendence as the axial crystal-field term D(T) of
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the non-charge -compensated Fe® ion.!°™'? Fur-
thermore, the size of E(T)gs+.y, is also of the
same order of magnitude as D(7T)g.3+, €.8., at

78 °K, E(T)=13x10"* cm~! and D(T)=6.3x10"*
cm™. ' If the deformation of the oxygen complexes
around the Fe* ions resulting from the phase tran-
sition were equal for both cases, these two quan-
tities should be related by 2Egs:_y, = Dye3+. The
observed value of 2Egg3+.y,/Dre» =4.1 therefore
indicates that the vacancy complex gets some-
what more distorted than the regular octahedron.
As pointed out by Alefeld'” the ¢/a ratio of the ro-
tated oxygen octahedra is given by the difference.
of a axis elongation due to the oxygen ions moving
along ‘a pseudocubic (100 ) direction and intrinsic
c-axis elongation. Thus, assuming the same in-
trinsic ¢ -axis elongation for both centers, the dif-
ference in rotational parameter would yield a
1.59%= 2,5 times larger net elongation of the va-
cancy complex. The remaining difference to ob-
tain 4.1 probably results from lattice or oxygen-
electron-cloud distortion by the missing oxygen
ion.

C. Application of the Center for Structural Studies

As pointed out, the Fe* -V, center provides a
sensitive tool for studying small structural rota-
tional changes in the crystal. The highest sensi-
tivity of the resonance fields with respect to angular
changes and therefore best accuracy for experi-
mental g factors is achieved in the range of 6 be-
tween 10° and 30°, where 6 is the angle of the mag-
netic field with respect to the center axis. This
may easily be visualized by transforming the g°(6)
curve of Fig. 6 to the analogous magnetic field
curve. For many applications, however, the re-
gion near [110] is preferable, since here all differ-
ent domain resonances are resolved, besides a
practically optimal angular dependence, and the
linewidth is somewhat narrower. Furthermore,
exact alignment is here easily reproducible since
at [110] the resonances of two mutually perpendicu-
lar centers coincide (Figs. 3 and 6). Near [100]
and g~ 2, on the other hand, overlap with the strong
+3 Fe® line is often disturbing.

The splittings of the Fe* -V, pair lines have been
used recently in an investigation of SrTiO; under
uniaxial [111] stress. !* Above a critical stress
pe, SrTiO; undergoes a phase transition to a trig-
onal (R3c) phase in which the octahedra rotate
alternately around a pseudocubic body diagonal.

For T < T, the transition is first order in charac-
ter, whereas for T >T, it is second order. The
variable temperature cryostat allowed the applica-
tion of stress only perpendicular to the external
magnetic field H. Under this geometry the EPR
spectrum of Fe®* substitutional for Ti** is insen-
sitive to the octahedral rotation 5 in the trigonal
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FIG. 9. Experimental and theoretical line shift of the

Fe?*-V, resonances for stress p parallel to a pseudocubic
[111] direction and HI [1T0] at 78°K (taken from Ref. 14).
The shifts and splittings result from the change in direc-
tion of the rotational axis (see text).

phase. From the present analysis we see that for
1 [110] the splitting of the @, and @_ lines resulting
from a {001} domain is given according to Eq. (7),

AH,=H(@,,) -H(@.)=42.5(,. - 9_)=85|@,| ,

where ¢, is the component of rotation parallel to
the [001] pseudocubic direction (¢ axis of the do-
main) measured in angular degrees. Figure 9
shows the variation of the EPR lines with [111]
stress for H parallel to a [1—10] pseudocubic direc-
tion at 78 °K. It is seen that AH_, i.e., the @,
component decreases because ¢ is tilted away from
the ¢ axis towards [111]. Similar behavior occurs
for the {100} and {010 } domains, where @ is also
tilted towards [111]. Therefore, the pair centers
within these domains become inequivalent due to
the loss of mirror symmetry caused by rotation

ANALYSIS OF THE Fe®' -V, CENTER...

4333

towards and away from H by proportionate amounts.
This effect splits the O and m lines by an amount
AH, indicated in Fig. 9. AH, here is proportional
to the @gy; components of ¢ in the {100} and {010}
domains.

Above p, the spectrum collapses into a pair of
slowly varying degenerate lines resulting from
£¢ rotations around the [111] direction parallel to
stress. The crystal now consists of a trigonal
monodomain. We note that just above p,, AH (p.)
=(1/V3) AH,(0) (see Fig. 9). This means that with-
in the experimental accuracy ¢l (i.e., the mag-
nitude of the rotation) is constant but the direction
has rotated from the equivalent (100) directions in-
to [111]up,. For T<T, this change occurs discon-
tinuously (Fig. 9) and for T > T, continuously, as
discussed and analyzed in detail in Ref. 14, where
the phase boundaries have been determined over an
extended temperature range.

The Fe¥ -V, pair center lines have more recent-
ly also been employed to study the critical behavior
of the cubic-to-tetragonal phase transition at
105 °K.'® As mentioned in Sec. I, the large splitting
for small rotation angle allowed the determination
of the temperature dependence for the rotational
parameter ¢(7T) close to T,, hence of the static
critical exponent B of the transition. A recent
analysis yielded 8=0.333+0.010.!® Near T,,

@ fluctuates: ¢ =(@(T))+06¢. This causes a
broadening of the ¢, and ¢_ lines for T approaching
T, from above (¥,=9_) and below. This broad-
ening, due to the local fluctuations, has been re-
ported recently? and considered theoretically by
Schwabl. 2 More accurate very recent experi-
mental results and a theoretical analysis including
the effects of the E term (proportional to ¢2) have
been made and the critical exponent v describing
the divergence of the correlation length £ near 7,
has been determined. This investigation will be
reported separately as it is not the subject of the
present paper but it employs the results obtained
here. ®
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Determination of the Sternheimer Antishielding Factor of Li’ in Lithium Fluoride
by Acoustic Nuclear Magnetic Resonance™
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An experimental determination of the magnitude of the Sternheimer antishielding factor 1 -,
for the Li* ion by means of acoustic nuclear magnetic resonance (acoustic NMR) of Li’ in single-
crystal LiF is presented. It was found that |1~vy,|=3.4+ 13%, corresponding to an antishield-
ing effect. This may be compared with theoretical calculations by other investigators which
give 1—-v,=0.75, a small shielding effect. The shape of the acoustic NMR line for H parallel
to the [001] direction was found to be approximately Gaussian with a second moment AH2=(5.1
+0.8)2 G%. A theoretical calculation of that second moment was carried out, assuming only
magnetic dipole-dipole interactions between nuclei, and yielding AH?=5, 9 G? in good agree-
ment with this experiment. Experimentally, the LiF crystal was cooled in liquid helium to
4.2°K and placed in a steady magnetic field H. Acoustic waves at twice the Li’ Lamor fre-
quency were introduced into the crystal by means of a plezoelectrlc transducer. The resulting
periodic distortions of the crystal modulated the mteractmn Q VE between the nuclear electric
quadrupole moment Q and the electric-field gradient vE generated transitions among the Zee-
man energy levels. These transition rates were measured by observing the rate of change of
the amplitude of an ordinary (nonacoustic) NMR signal. The transition . rate expected for a
point-charge model of the crystal was calculated to be proportional to (Q VE)Z, and, using the
known value @ =0.043 barn, was smaller than the experimental transition rate by a factor of
11.8. Additional calculations were made which showed that covalency and overlap should have
a negligible effect on VE, making it possible to ascribe this factor of 11.8 solely to antishield-
ing. The ratio of the actual transition rate to that calculated is equal to the square of the anti-
shielding factor: (1 —7.)%=11.8 so that [1— Y | =3.4, with an estimated probable error of 13%.

L. INTRODUCTION perimental forms. One, the dissipation method,
which was developed by Bolef and Menes, "® makes

In this paper we report an experimental deter- use of the marginal oscillator as in ordinary NMR.
mination of the Sternheimer antishielding factor The other is the saturation method, used in this
for the Li” ion in lithium fluoride. The experi- present experiment, which depends on the satura-
ment makes use of the method of ultrasonic satu- tion of NMR lines as a consequence of the transi-
ration of the lithium NMR line. tions induced by the acoustic effect.

This method was first conceived by Kastler!® and In the saturation method, one observes the time
entails the modulation of the quadrupole coupling rate of decrease dS/dt of the NMR signal S. Then
energy by means of acoustic waves at the proper if M is the magnetization of the sample,
frequency to generate transitions among the nu- 1 ds 1 dum
clear Zeeman states. This effect, first demon- Sat M- KP | 1)

strated by Proctor and Tantilla? and later by other
investigators®~!2 is observed in two different ex- where the latter equality depends on the existence



