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Electron-Paramagnetic-Resonance and, Optical Spectra of Cr'+
in SnO, Single Crystals

S. L. HoU, R. W. SU~MTTT, * AND R. F. TUcKER

Corning Glass 8'orks Research Laboratory, Corning, Eem Fork
(Received 15 August 1966)

FPR and optical spectra have been obtained for Cr'+-doped Sn02 crystals both as grown and after sub-
sequent heat treatment. Two distinct EPR and optical spectra have been observed. (EPR)z and (Opt)z are
characteristic of the as-grown crystal. The (EPR)z is shown to be due to Cr' in substitutional sites with
spin Hamiltonian parameters D= —0.6840&0.0002 cm ', E=0.1852~0.0002 cm ', and g, =1.975. The
lines are superhyperfine-broadened with superhyperfine structure (shfs) of two- and four-tin nuclei ap-
proximately equal to 35 and 7 G, respectively. EPR spectra of Fe'+ and V'+ show some similarities in shfs.
The (Opt)z spectrum consists of intense bands centered at 18 250 cm ' and 19 400 cm ' (u~100 cm ',
Az ~3000 cm ') with light polarized perpendicular and parallel to the c axis, respectively. After heating zn
a reducing atmosphere, (Opt)z disappears completely. New weak bands (Opt)zz appear at slightly ditferent
energies of 21 400 cm ' and 19 700 cm ' (0. 0.6 cm ', &v 800 cm ') with light polarized perpendicular and
parallel to the c axis, respectively. The EPR measurements of the reduced crystal shows that: (1) 75or& of
the Crz+ ions are still in the substitutional site; (2) a new spectrum (EPR) zz with four nonequivalent sites is
observed with spin Hamiltonian parameters D= —0.7033+0.0002 cm ', L=0.1448~0.0002 cm I, and
g, =1.975. The shfs for two and four tin nuclei are approximately 38 and 9 G, respectively. (EPR)zz may be
due to Cra+ ions in interstitial positions. Reheating in 02 atmosphere restores the original spectra. Results
correlate (EPR)z with (Opt)zz Hence 10Dg=20 000 cm ' and the tetragonal distortion is about 2000 cm '.

I. INTRODUCTION

sINGLE crystals of SnOs doped with (3d) transition
metal ions have been grown from the vapor phase. '

The Cr'+ concentration is about 250 ppm, while the
concentrations of other impurities are down to a few

parts per million. The electron-paramagnetic-resonance
EPR and optical spectra have been measured both at
room temperature and low temperatures. Heat treat-
ments produced gross changes in both spectra, including
an EPR spectrum possibly due to interstitial Cr'+.

Section II indicates the symmetry of the angular
dependence of EPR spectra in various sites. Section III
describes the experimental setup. Section IV discusses

the EPR spectrum of Cr'+ of an as-grown crystal and
the relation between SHF interaction and the line

shape. The optical spectrum and the EPR spectrum
of Cr'+ resulting from various heat treatments are
described in Sec. V and Sec. VI, respectively, and the
final discussions and conclusions are given in Sec. VII.

II. THE SYMMETRY AND CRYSTAL
STRUCTURE OF Sn02

Sn02 crystalizes in the rutile structure' —' which is
illustrated in Fig. 1. The unit cell, which has D41,

symmetry, contains two sites which have D2& symmetry.
Each tin ion is octahedrally surrounded by six oxygen
ions at equal distances. However, if a 3d-impurity ion
substitutes for the tin ion, an axial distortion is intro-
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duced because of a different ionic radius and a different
charge (if any) .Furthermore, the four oxygen ions in the
(110) plane are located in the corners not forming right
angles with the tin ion (78.1'); hence a rhombic
distortion exists. The symmetry axes of each site,
namely the L1107, L1107, and c axes, are chosen as the
principal axes. In particular, the t 1107 axis, which has
two oxygen ions in the same c coordination as the tin
ion, is chosen as the z axis, and the c axis is chosen as
the x axis. The measured angular dependence veri6es
the choice of the principal axes.

Impurities are usually located substitutionally in a
tin ion site. For substitutionally located impurities,
there are two nonequivalent sites in a unit cell as shown
in Fig. 2 where each arrow represents the tetragonal
axis of the site. These two sites are magnetically
equivalent when Hz, ][t 1007 (or $0107). A similar
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FIG. 1. Crystal structure of Sn02. Filled in circles Sn atom;
open circles 0 atom.
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situation occurs when Hq. ttc axis. Resonance lines are
therefore expected to cross at the 100 axis and c axis.

There are two possible interstitial locations. The 6rst
possible locations are [&(a/2), O,N (C/2)) and [0,
& (0/2), ii(C/2)), where e is an integer. A paramagnetic
ion in this location is octahedrally surrounded bp six
oxygen ions with their tetragonal axis tilted +13'
from the [110)axis and is also octahedrally surrounded
by six tin ions with their tetragonal axis tilted —45
from the [110) axis. The resultant magnetic s axis of
the paramagnetic ion would be expected to tilt an angle
e with respect to the [110)axis, where 13')0) —45'.
The site symmetry is C2I, (one twofold axis along the
c axis). There are 8 such sites in the unit cell equivalent
in pairs giving 4 eoeeglivuteet sites per unit cell. Two
of them will be magnetically equivalent when Hd. tt[110)
axis and H«tt[100) axis. All sites are magnetically
equivalent if Hd, ttc axis. This is illustrated in Fig. 3.
The second possible interstitial locations are [&(a/2),
0, & (c/4)) and [0, & (u/2), & (c/4)), where each ion is
in a tetrahedral environment. There are only two

noeeqlirialerit sites per Nrut cell They. are magnetically
equivalent if E4,tt[110) axis and Hq, ttc axis.

III. THE EXPERIMENTAL SETUP

The EPR spectrum was measured using a Varian
X-band spectrometer at 9.5 kMc. A crystal video
detection at 100-kc modulation frequency was used at
room temperature. A superheterodyne system was used
at low temperatures (1.5 to 4.2'K). To avoid satura-
tion due to a long spin-lattice relaxation time at low

temperatures, the incident power was reduced to
10 ' %. An external ac modulation field of 0.5 G

(peak to peak) at 9.5 cps was also used. The dc magnetic
6eld was provided by a Varian 12-in. magnet, swept at
1.0 G/min, and was measured by a proton gauss-meter
with an accuracy of ~0.2 G.

The optical spectra were recorded using Perkin-Elmer
model 350 and Cary Model 14 spectrometers with light
polarized by Polaroid type HNP'8 sheet polarizers.
I ow-temperature (down to 20'K) data were obtained
using a cryotip refrigerator and Dewar fitted with fused
silica windows.

IV. EPR OF Cr'+ IN Sn02 IN AN
AS-GROWN CRYSTAL

1. The Spin Hamiltonia. n

FIG. 2. The schematic dia-
gram of tetragonal axes + of
substitutional sites.
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the hyperfine interaction for the Cr" ion; Ps~ S As
Is„ is the superhyperf'ine interaction between': (3d)'

electrons and the nearest-neighbor Sn'" and Sn"
nuclei. The symmetry axes of the site are chosen as the
principal axes as mentioned in Sec. II. The orbital
angular momentum operator L of the spin-orbit
interaction, which transforms like Tj in the O~ group,
connects the ground orbital state 'A2 to the excited
orbital states 4T2 only. The isotropic part of the g
tensor is obtained as 2.0023 —(8X/10Dq) = 1.975.

If we ignore the last two terms in Eq. (1), (or we set
~r =0=Ps~ ~r), the energy eigenvalues can be solved
exactly. The zero field splitting can be obtained as,
2(D'+3E')"', and the ratio of the

t
%32) state mixing

into the predominant t&-,') state, or vice versa, is
R= 3E/[D& (D' j3E')"'].

If a dc magnetic field is applied along any one of the
principal axes, the four energy levels can be obtained
exactly. If Hz, tts axis, we have

Wi, ~
——+ r2gpH, &[(D+gpH, )'+3E')ii2,

W, = 'gpH, &[—(D-gpH, )'+3—E')'I'.

If Ha. ttx axis, we have

W, = ', gPH, &[(D 'gPH-, )'+3 (E+—', g—PH, )'g'i', -
Wm 4—— 2gpH, &[(D—+-r2gpH, )'+3(E ,'gpH )')iI2. —-
If Ha tty axis, we have

Wi, a ', gpH„~[(D 2gpH——„)-'+3(E ', gpH—„)')'')——
W2, 4= 2g@4~I (D—+kgpH. )'+3(E+2gpH. )')"
The angular dependence for the EPR spectrum of Cr'+
in the as-grown crystal is shown in Fig. 4. Lines from
inequivalent sites cross when He is parallel to the [100)
axis, and the c axis. According to the discussion given
in Sec. II, all Cr'+ ions are in substitutional sites. There
are transitions within predominantly &-,' and pre-
dominantly ~ ~ doublets and transitions such as
t+2)+-~ t-', ) at fields H.q.)9600 G. The transition

The spin Hamiltonian of a Cr'+ ion in a D2y, site
symmetry with 5= ~ is usually written as

~.=D[5*'—35(5+1))+E[5,' Sw2)+pH g S
+S Ac, Ic,+Ps S.As Is, (1)

where the spin-Hamiltonian parameters D, E, and g
are related by the A-tensor elements, ' ' S Ac, Ic, is

4 M. H. L. Pryce, Proc. Roy. Soc. (London} A214, 237 (1952).' S.L. Hou and N. Bloembergen, Phys. Rev. 138, A1218 {1965).

FxG. 3. The sche-
matic diagram of
tetragonal axes of
interstitial sites.

00
allo

A SITE

— B SITE

—100

&ito



260 HOU, SU M M I TT, AND TUCKER

th

X
Q

O
6

5 e

Vl

U
C84
0

(100)axi s

5 of that of the ~~I doublet transition. The major axes
of the ellipses and the hyperbola in Fig. 4 verify the
choice of principal axes described in Sec. II. Using Eqs.
2, 3, and 4, we get the parameters of the spin Hamil-
tonian as g, =1.975, D= —0.6840~0.0002 cm ' E
=0.1851~0.0002 cm ', and a zero-field splitting of
1..5108 cm '. From' measured the KPR spectrum of
Cr'+ in Sn02, his sign of D differs from that which we
obtain after a proper transformation of principal axes.
The temperature dependence of the intensity ratio of
&-,' and &-,' transitions indicates that D(0 as shown
in Fig. 5. The energy levels versus the dc magnetic
field are shown in I'"ig. 6.

2. Suyerhyyer5ne Interaction and Line Shayes
C3

7
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O

6

2 3 4
H in kilo g a uss

(a)
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The hyperfine (hf) and the superhyperfine (shf)
interactions are obtained from the interaction of the
electron spin with the nuclear spin. ~ The dominant
contribution to the hf (or shf) tensor arises from the
exchange polarization of the core electrons by the spin
density of the unpaired (3d) electrons. s

By comparing the hf (or shf) interaction AQj,
with AS,H„ the hf (or shf) interaction is equivalent to
an effective magnetic field H, II=A,mr/gP in the spin
Hamiltonian. If ~AH~)&~A, ~, the additional energy
splittings due to hf (or shf) interaction can be expressed
as (BW;/BH)

~
Ir, (A,mr/gp) =nor&W; to first order. The

selection rule of allowed transitions is Dm, =~1 and
Aml=0, since the transition matrix is of the form
(S+h +S h+) (where "h" is the rf magnetic field). I.et
W;(Hp) and W;(Hp) be two levels of an allowed transi-
tion with mr=0, i.e., hv=W;(Hp) —W;(Hp). Since the
microwave frequency v is fixed, an extra magnetic field
(AHp) is required to observe the additional energy
splittings due to hf (or shf) interaction at diferent mr,
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FIG. 4. The angular dependence of the KPR spectrum of an
as-grown Crz+-doped SnOz (a) on the c plane; and (b) on a plane
containing the (110$ axis and the c axis.
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FIG. 5. The tem-
perature dependence
of intensity ratio of
predominantly
and ~ ~3 transitions.

within the &-,' doublet is allowed because of the
state mixing in the presence of rhombic distortion
E(S '—S '). The intensity, however, is down to about

' W H. From, Phys. Rev. 131,961 (1963).
& A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London)

205A, 135 (1951).
z R. E.Watson and A. J.Freeman, Phys. Rev. 123, 2027 (1961).
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where

-(9$'; 8$;
QH Jlp BB IIp-

(BH)o=m AW; mr&~—

aH lr, BH sr, - gP

IIence A,mr=gal(AH)p, provided igPHpi»I~ I
»d

(tier,./ciH) i~,—(cigar', /clH) i',~o. In other words, the
additional magnetic Geld (AH)p between successive
peairs due to hf (or shf) interaction is the same no
matter whether the transition is within a predominantly
&2 doublet or a predominantly ~~ doublet.

NV, BW';
()

gP
0 ~+ IID'. Low, in Solid State I'hysics, Suppl. 2, edited by F. Seitz

and D. Turnbull (Academic Press Inc., New York, 1960).' J. E. Drumheller and R. S. Rubins, Phys. Rev. 133, A1099
(1964).

The "forbidden transitions, "'"i.e., Am, =~1, Am~
=~1, ~2, may be allowed, if there exists a quadrupole
interaction, a second order hfs (or shfs), or if there
exists a component of rf magnetic Geld liHq, . The
forbidden transitions ~my =&1 give peaks at

88;. BW;
A,mr Az(~—r~1)

BH ~p M ~p
(AH) i —— 6



262 HOU SUM MITT, AND TUCKER7

~~~ ~
& TRANSITION

4c t tz-AXIS 10 GAUSS

ml

Tax,E I. Theoretical intensity ratios.

2

6
8

10

0.192
0.3606
0.488
0.599
0.674

0.0094
0.0517
0.113
0.186
0.256

0.033 0.0041

0.00335 0.00008

the (EPR)r spectrum: (a) Ass transition
itio ithH. ii i, d ()'

h 8 "~~ [s axis, (b) +2 transition witWlt tie

ii 8 axis.~-' transition w1th JJdo2

(DH) s

A,mg—
BII ~o

88';
A.(mr+2)

8H ~o

,AII, ~ required forThe additional magnetic fields
o

' =~2 forbidden transitions areobserving hmq =

'+ and Fe'+ in Sn02 areThe KPR spectra of V'+, Cr, and
shown in Fig. 8. They have some similarities which
m

' '
f the shf interaction due to tinmay be characteristic o t e s in

'. v4+ '
SnO was erst measured by Tuc er, annuclei. in n

] bhas been discussed quite extensivey y
i

' .," d Ch n et a/. ' The following discus-
ill follow Refs. 13 and 14 closely.

fl t l f
studying t e or sy' h hf hf interaction and the number o

th surrounding. Since Sn ande uivalent nucei in e surq
~I=-' and almost equal nuclearSn"' have equa spin

ri.e ma be considered as a single isotope.
isoto es havingLet a be the natural abundance of the iso ope

1

a= u(Sn"')+a(Sn"') = 16.35%,
d be the number of positionally equivalent nuclei.an e e e

The total probability for which P mr =

n

g krak(1 rr)n
—kc„ii

a=l2~I 2

where l = (kj2)+m = the number of nuclei having
—' only those values of k for which l= kj2+m=a

d in the summation. Thep ositive integer are use in e

o ~+ IIo-

&H)s, (AH)i, and (DH)s are not equal

&ramers doublet (g= s), Eqs. (6)—(7) reduce to

1
(AH), =—A, (mr+ s)

(a)V '

TOTAL LY
8 EQUALLY

iNTENSE
Li NE S FIG. 8. KPR lines

of V4+, Cr'+, and
Fe'+ in Sn02 .. (a)
V4+, (b) Cr'+ (msgr
transition with IId,

c axis), and (c)
Fe'+ (&—,' transition
with Hs, [[ s axis).

and
*2

(aH) s
———A, (mr~1) .

gP

(c)Fe '

I

5 GAUSS

y. et s 7 5 1963).
"Although the orb1tal sphtt1ngs of p

b
'

h
anisotropies using crysta

p ents failed to fin any a so
-1p"C. Kikuchi, I. Chen, W. From, an

~ JC. .h 42'4I. Chen, C. Kikuchi, and H. a ana e,
196 (1965).

eaks due to (AH)i andThe positions of successive pea
m =-'coincide with those due to (AH)s, if mr= ,n-

d rovided ~A i
)line wip

s of the predominant y
wer f h dominantly ~—transition.

o ~—' an && transitions at different
wer than thato t epre omin

' ""
7 h-. ".,-d, ore ta tions are shown in ig. . e

han ed even at 1. , w ic
l' d to hf' tshf broadened. Since ines ue othey are sh

5 K nothing can be saidtions do overlap even a . , no
l line is a Gaussian or aabout whether each in ivi ua ine

Lorentzian.



F Cr'AL S PECTRA 0EPR AND Op TI

1.8tensity ratios. 'I Measured inten

14

Cr'+

Fe'+

a Frror ~0.0

+Mre~
«~~' tins
& &b& tins
&&g~~ tins
«b" tins
«z~' tins

b @ «" tins

1
1

1
1

p.205
p.396
p.14
p.50

unresolved
0.62

p.p53

p p9

p.204

l.2

uj l.O—

Pe .8

.6

I I

l.8
0

14 l.6
I

2.0 .1

I

24

Substitutional
site

—0.6840&0.0002
0.1852~0.0002

1.975
1.5108~0.0002
unresolved

37.4, 34.3, 35.1
7.0, 7.3, 7.0

D (cm ')
E (cm ')

D'+38')'~'(cm ')Dp=2
Ac, (gauss)
('A s,); (gauss)
(4As ); (gauss)

z and error = &0.0.2 G.~ ~here i =x, y, z an

ted
ENER&~

I
)

es of e are calcula e

s r'+-doped Sn02 under

1' d

l s ectra of Cr'+-dope

't ratios for i
ratios are norm

FiG. 9. Optica sp r d

y

various ea

wnin Ta e
=0 line is a way

PT OF Cr'+ IN' Sn02PTICAL SPECTRA OF rtd Vo
t tin surroun ing,

S
as a configura

'
. stion. Hun s
h b

and (3) the A C sp,
d

gro

s located in
t

4+ h

1

I the case of V
hf it to

xs lane. n
because t eyn est s i

of 3d wave

h lltting bet

and have lobes

sphtting, w

1t

towar
wave unc

'

0

raction, ecau
— in atterns are

1 H

2
' d4

e energy leve s
bserved

5
nd;gt te

Hweer Fe isin the V + case. o, is

nsition,

"b" tin to s an1 contribution from '

d. The measured inten
II The V~ spect

ransforms i e
ince E connec

Table I .
rum fits e

dEint e 4~

ni '

Whil th C 3+r 10-) tin pattern. s ec r

ms is comparable
t thhe shf constants due

The easure Th p
h f V'+ I'atoms diminis ~ I'e

1' ted in Table

—' and
arallel an p

shf cons

hf't
1.The an

100 cm . e

Cr as

%%u ' '
~ ' % respective y.

'
n coefFicien s

or tion an s

ected However, the i
»e (~r=0), hde the m

f themainline m =
h b 1

ese a so
'

nds Ldesignate

hf interaction maThus the h in e
shf interaaction.

tical data in
e o tical

eters of Cr+ in SnO .''lto i pa am

, C K. Asawa,

. S in Hami o
'

TABLE III. p

123 115 (]96 )nd V. Evtuhov, Ph
.0002 x6 D . M. Dodd, D. L.

11g3 (1964

'
s 25 1465 (1964).8.9,

'P S. F. Re aw
195 (1965).



HOU, SUM MITT, AND TUCKER

IIO- AXIS

100-AXIS

disappears, which indicates that hydrogen leaves the
crystal lattice in the reoxidation process.

The optical spectra of V'+ and Fe'+ show no signif-
icant changes under either of these heat treatments.
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G
0
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2 3 4 5 6 7 8 9
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FIG. 10. The angular dependence of EPR spectra of a reduced
Cr'+-doped SnOz. (a) on the c plane, and (b) on a plane containing
the c axis and the I 110$axis.

spectrum of the host Sn02 crystal. When the crystal is
heat treated under a reducing atmosphere (Hs 8%%u&,

Ns 92%) at 550'C for 88 h, the strong (Opt) z absorption
bands disappear completely. New weak bands appear
at slightly different frequencies of 21400 cm ' and
19700 cm ' with light polarized perpendicular and
parallel to the c axis, respectively. The absorption
coefizcients of these new bands Ldesignated (Opt)zz]
are approximately 0.7 cm ' (Table IV). Simultaneous
with the change of (Opt)z to (Opt)zz the characteristic
absorption bands of the OH stretching vibration appear
at 3.07 p, '0 which indicates that hydrogen has disused
into the crystal.

When the crystal is heated in an oxygen atmosphere
at 800'C for 72 h, the optical spectra revert to that
observed in the as-grown crystal. As indicated in Fig.
9, as (Opt)z reappears it gradually obscures the (Opt)zz
spectrum while the absorption at 3.07 p, simultaneously

VI. THE EPR SPECTRUM OF Cr'+ IN Sn02
UNDER HEAT TREATMENTS

When Sn02 single crystals doped with V~, Cr'+, or
Fe'+ are heat treated under a reducing atmosphere, a
slight decrease in resistivity has been observed. The
Cr'+ in SnO2, which shows the dramatic change in
optical spectrum mentioned above, has the following
changes in EPR spectra. (1) The intensity of the EPR
spectrum discussed in Sec. IV [designated (EPR)z]
for a reduced crystal decreases to only ~ of what it was
originally in an as-grown crystal. (2) A new EPR
spectrum [designated (EPR)zz] indicating four non-
equivalent sites has been observed in the angular
dependence as shown in Fig. 10. These spectra cross
over at the L100] axis, the c axis, and the L110] axis
with the s axes tilted. &0.5' from the L110] axis. The
line shapes of (EPR)zz are shown in Fig. 11.The spin
Hamiltonian of (EPR)zz has the same expression as
Ecl. (1).The parameters of the spin Hamiltonian have
been analyzed and are listed in Table III. From the
argument given in Sec. II, there is a possibility that
(EPR)zz is due to Cr'+ ions in interstitial positions I,
i.e., (&zz/2, 0, rzc/2) and (0, &zz/2, nc/2).

When the crystal is reoxidized, the intensity of
(EPR)zz gradually vanishes, while the intensity of
(EPR)z is regained gradually, and recovers completely
after a thorough reoxidation.

VII. DISCUSSIONS AND CONCLUSION

(1) The symmetry of the angular dependence of
EPR spectra easily veri6es that the V'+, Cr'+, or Fe'+

TABLE IV. Optical Spectra of Cr + in Sn02.

hg (cm ')
ha (cm ')

~ (cm ')

As-grown crystal
J c axis ii c axis

18 250 19 400
3000 2700

~100 ~80

Reduced
J c axis

21 400
700

0.5

crystal
c ax1s

19 700
800

0.7

4000 9

(b)

z' E. E. Kohnke, J. Phys. Chem. Solids 23, 1557 (1962).
Fzo. 11.Line shapes of the (EPR)zz spectrum. (a) &xs transition

with E4, ii y axis, (b) +s transition with Hs, i s axis.
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ion is usually located in a substitutional site in an
as-grown SnOs single crystal. The new (EPR)zz spec-
trum in a reduced Cr'+-doped Sn02 single crystal has a
great similarity with the (KPR)z spectrum. The half-
integer spin character indicates that (EPR)zz must be
due to Cr'+ ions, but in a different environment. One
may suggest that the OH—ion, formed after H atoms
diffused into the crystal, replaces one of the oxygen
ions on the tetragonal axis and causes the z axis to tilt
slightly. "However, it is unlikely that such a relatively
small change in the surroundings could explain a drastic
decrease of the spin-Hamiltonian parameter E and an
increase of the shf interaction constants.

The (EPR)zz spectrum may be due to Cr'+ ions in
the interstitial position I, which has four magnetically
nonequivalent sites. The changes in the spin Hamil-
tonian parameters may then be explained as follows:
The interstital position I {i.e., L&a/2, 0, (c/2)ej and
L0, &a/2, (c/2)ej, where e is an integer} has a strong
tetragonal distortion since the two oxygen ions along
the tetragonal axis are very close (only 3.44 A apart).
When the Cr'+ ion moves into the interstitial position I,
the distance between the two oxygen ions must be
increased to about 4.1 A apart which reduces the
tetragonal distortion to about the same magnitude as
the tetragonal distortion in the substitutional site.
The rhombic distortion is caused mostly by the four
oxygen ions in the xy plane. From Fig. 12 the four
oxygen ions in interstitial position I are 2.343 A apart
from the central ion and make an angle of 94.4' instead
of 2.051 A and 78.1' as in the substitutional site; the
rhombic distortion must be considerably reduced. The
measured spin Hamiltonian parameters of the (EPR)zz
spectrum indeed indicate a slight increase in D and
strong decrease in E. Furthermore, because the tin ions
are relatively closer and have their tetragonal axis
tilted, a stronger shf interaction with slightly higher
anisotropy is expected.

The analyzed spin-Hamiltonian parameters as shown
in Table III do reQect the phenomenological description.
Hence we conclude that the (EPR)zz spectrum is
probably due to Cr'+ ions in the interstitial position I,
in contrast with rutile in which interstitial impurities are
usually in position II.s' ss Why 25% of the Cr + ions can

"G. D. Watkins, Phys. Rev. 113, 79 (1959).
"R.D. Shannon, J. Appl. Phys. M, 5414 (1964).
» H. B.Huntington and Q. A. Sullivan, Phys. Rev. Letters 14,

177 (1965).
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FIG. 12. Compari-
son of the geometry
of the nearest oxygen
atoms in substitu-
tional sites and in
interstitial sites. (a)
the diagonal plane of
a substitutional site
(after Kilruchi), and
(b) the oxygen basal
plane of an inter-
stitial site.
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leap out of the substitutional site into the interstitial
site in the presence of hydrogen atoms, and leap back
in the reoxidation process, is still a question. Perhaps
it is related to the thermal energy and the change of the
energy barrier caused by the OH ion.

(2) There may be some correlation between the KPR
spectra and the optical spectra. Both (Opt)z and
(Opt)zz spectra occur where the Cr'+ spectrum is
supposed to be, and these spectra only exist in a Cr'+-
doped Sn02. Thus the two optical spectra are likely due
to CP+ ions in different environments. Because a
reduced crystal still has 'I5% of Cr'+ in the substitu-
tional sites (EPR data), while the optical spectrum has
only the weak (Opt)zz spectrum left, the (Opt)zz
spectrum must be due to Cr'+ ions in substitutional
sites. Hence, the cubic-crystal Geld splitting j.ODq is
about 20000 cm ', and the tetragonal distortion is
about 2000 cm—'.

The intensity of the (Opt)z spectrum implies the
existence of an appreciable opposite parity perturbation
of the (3d)' state of the Cr'+ ion. The nature of this
perturbation is not yet known.
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