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Effect of Temperature and Pressure on the Electron Paramagnetic Resonance
Spectra of Substitutional Impurities in Cubic SrTiOs
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(Received 6 August 1963; revised manuscript received 21 October 1963)

The electron paramagnetic resonance spectra of Fe'+, Gd'+, Ku~+, and Cr'+ in cubic SrTi03 have been
studied as a function of hydrostatic pressure to 10 000 bars and as a function of temperature between 300
and 110'K.The optical spectrum Cr'+: SrTi03 has been examined at 4.2, 77, and 300'K. From a comparison
of the pressure data for Fe'+ and Cr'+ with those for these ions in other hosts, we deduce that the local com-
pressibility at the site occupied by these impurities is enhanced by a factor of two over the bulk compressi-
bility. The isoelectronic ions Gd'+ and Ku'+ show a striking difference in the temperature dependence of the
ground-state cubic Geld parameter, b40. This difterence is due to the polarization of the lattice by the un-
compensated charge of Gdl+ and manifests itself as a Curie-Weiss term in the temperature dependence of
b40. This polarization effect is also seen in the temperature dependence of b40 for Fe'+. Theoretical justiGca-
tion for the temperature dependence of this term is given.

I. INTRODUCTION

A T room temperature, SrTi03 has the cubic pe-
rovskite structure' with 5 atoms per unit cell. In

each unit cell there are two metal ions, Sr'+ and Ti'+.
Small concentrations of certain ions of the two lower
transition series may be incorporated into single
crystals, and a number of papers dealing with the
electron paramagnetic resonance (EPR) spectra of such
impurities has been published in recent years. '—' In
most cases the valence of the impurity ion differs from
that of either metal ion of the host. Nevertheless, a
few of these transition ions do enter into the lattice as
substitutional impurities. This is the case of the three
S-state ions with which we are here concerned, namely,
Fe'+, Gd'+, and Eu'+. Cr'+ also dissolves substitu-
tionally. Mn~, for which both valence and size match
Ti'+, is not substitutional and therefore was not
investigated.

Previous resonance studies disclosed some interesting
facts about SrTiO3. In the first place they revealed the
presence of a phase transition in the host crystal, in
the neighborhood of 110'K, which had not been de-
tected in any other properties. '4 ' This transition was
later conhrmed by birefringence studies and elastic
constant measurements in undoped crystals. ' 7 It was
also found that the spin-Hamiltonian parameters for
the isoelectronic di- and trivalent rare earths Eu'+ and
Gd3+ differed considerably both in the cubic phase and
in the low-temperature phase. For the S-state iron
group ions Fe'+ and Mn'+, such a comparison was
impossible, since Mn does not enter as an 5-state ion

W. Kanzig, in Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc. , New York, 1957), Vol. 4, p. 5.

2 K. A. Muller, Phys. Rev. Letters 2, 341 (1959).' K. A. Muller, 'Qme Colloque Ampere, Arch. Sci. (Geneva) 11,
150 (1958).

4 K. A. Muller, Helv. Phys. Acta 31, 173 (1958).' L. Rimai and G. A. deMars, Phys. Rev. 127, 702 (1962).
~ L. Ramai and G. A. deMars, in Proceedings of the First Inter-

national Conference on Electron Paramagnetic Resonance, Jerusalem,
1962 (Academic Press Inc. , New York, 1963), Vol. I, p. 51.

7 R. O. Bell and G. Rupprecht, Phys. Rev. 129, 90 (1963).
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but as Mn'+. ' However, the spin Hamiltonian for Fe'+
does not differ considerably from that in other cubic
ionic crystals, in particular MgO. ' ~

The difference between the spin-Hamiltonian pa-
rameters for isoelectronic Eu'+ and Gd'+ led us to
study these impurities more carefully, by varying the
two parameters at our disposal, temperature, and
pressure. The temperature data show that the extra
charge on Gd'+ as well as on Fe'+ polarizes the lattice
and manifests itself directly as a Curie-gneiss term in
the temperature dependence of the spin-Hamiltonian
parameter. The pressure data reveal no significant
difference between the behavior of Eu'+ and Gds+,

suggesting that the perturbation mechanism involved
is the same for each ion and allowing some cautious
deductions concerning the dependence of the spin-
Hamiltonian parameter on crystal held potential to be
made.

The study of the optical spectrum Cr'+ ion, which is
similar in size to Fe'+, was undertaken in order to
detect any mechanism for binding the iron group ions
into the host which is peculiar to SrTi03. The results
indicated, however, that the effect of the ligands is
not greater than in other ionic crystal hosts. The use
of optical measurements to obtain the crystal field
splitting of Cr'+ as a function of temperature and
pressure, was precluded for practical reasons. The
absorption bands were sufFiciently broad and weak
that we could detect no temperature shift and the
pressure apparatus available was not suitable for
optical measurements.

Both the pressure dependence of the Cr'+ g shift and
Fe'+ cubic field parameter were measured. The former
is much more simply related to the crystalline potential
and serves as a check on the interpretation of the Fe'+
data. '~" The effect of pressure on these two ions is

8 W. Low, Proc. Phys, Soc. (London) $69, 1169 (1956).
9W. Low, in Paramagnetic Resonance in Solids (Academic

Press Inc. , New York, 1960).
"W. M. Walsh, Phys. Rev. 122, 762 (1961).
"W. M. Walsh, Phys. Rev. 107, 905 (1957).
"W. M. Walsh, Phys. Rev. 114, 1473 (1959).
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much stronger in SrTi03 than in an MgO host."From
a consideration of all the data on the iron group we are
led to conclude that the compressibility at the Cr or
Fe sites is about twice the bulk value.

In Sec. II we present a short account of the experi-
mental techniques. The data are presented in Sec. III.
In Sec. IV these data are discussed in view of the
questions just mentioned. In the discussion of the
polarization e6ect we use a phenomenological expres-
sion for vrhich the theoretical justi6cation is outlined
in the Appendix.

II. COMMENTS ON THE EXPERIMENTAL
TECHNIQUES

Microwave measurements were made at 16 and 35
kMc/sec; the latter frequency was used in the pressure
measurements. At 35 kMc/sec a simple reflection
spectrometer was employed and the microwave struc-
ture, consisting of a plug and shorted waveguide
containing the sample, was generally used in a non-
resonant fashion. Although matching was by no means
perfect, measurements with good signal-to-noise ratio
were possible using a 25-cps field modulated lock-in
detection system. The klystron frequency was stabilized
on an external cavity. The 6eld was measured with a
proton resonance gaussmeter. Attempts to employ the
resonances of the microwave structure provided a
better signal-to-noise ratio but were very inconvenient
because the extreme pressure and temperature sensi-

tivity of the sample dielectric constant caused appre-
ciable shifts in the resonance frequency of the structure.
The 16-kMc/sec spectrometer was a balanced bolometer

type, of standard design. Its signal-to-noise ratio was
good enough to permit observation of the absorption
lines directly on a scope when the 6eld was swept at a
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FIG. 2. Normalized b40 versus pressure for Eu~+ in SrTiO&.

"D. Langer and D. M. Warschauer, Rev. Sci. Instr. 32, 32
(&96&).' A. %'. Lawson and G. E. Smith, Rev. Sci. Instr. 30, 989
(&959).

low audio frequency. The temperatures of measure-
ments between 300 and 110'K were obtained by
establishing heat contact between the hquid-nitrogen
chamber and the sample chamber of a He cryostat with
a lovr pressure of He gas and introducing small amounts
of liquid N2 in the N2 reservoir which vras subsequently
pumped out. By adjusting the He pressure and the
amount of liquid N2, the desired temperatures could
be reached and kept constant to within +2'K for
sufficient time to allovr measurement of the linepositions.
The temperature was measured with a calibrated
platinum thermometer.

The pressure apparatus was a modihcation of a
system described in the literature"; pentane was used
as the pressure transmitting Quid. The pressure was
determined by measuring with a bridge the change in
resistance of a manganin coil, which was calibrated using
the freezing point of mercury at O'C as 7640 kg/cm'.
The pressure vessel used was made of W545 non-
magnetic stainless steel (available from Westinghouse
Electric Company, Materials Manufacturing Depart-
ment, Blairsville, Pennsylvania); it was approximately
11& in. long, with an i.d. of ~ in. , an o.d. of 2&~ in. near
the ends, and a 2 in. o.d. in the central portion. This
design allowed the bomb to fit into the 2-in. gap
between the tapered pole pieces of a 12-in. magnet
vrhile reinforcing the bomb at the ends vrhere there are
regions of high stress near the sealing holes.

Microwave radiation vras introduced via a plug with
a tapered sapphire window; this plug was essentially a
scaled down version of a 24-kMc/sec unit described by
I.awson and Smith. " However, a conical sapphire
impedance matching piece vras used instead of the
wedge described by Lawson. The sample was placed
at the end of the piece of rectangular 35-kMc/sec
vraveguide 4~ in. long and tuned by a copper shorting
stub. The bomb and plug were tested to about 12 kbars
and used regularly to 10 kbars.

The optical measurements on chrominum-doped
SrTi03 were made using a Perkin-Elmer grating
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monochromator and a liquid-helium Dewar; meas-
urements were made at 4.2, 77, and 300'K. The
transmission of the sample was compared with that of
undoped or "pure" material.

-7.5

-7 0—

III. EKPERIMENTAL RESULTS

The spin Hamiltonian for S-state ions in crystal
fields of cubic symmetry has the general form

(70)1/2

X(S)=gPH S+bsp Fsp(S)+ (F4,4+Fs, 4)
14

E

-6.5
X0

Xl

-60—

(14)1/2
+boo Fso(S)— (Fs,s+ Fs,—4) +&I' S, (1)

2

where H is the magnetic field, P the Bohr magneton,
S the spin of the ion, g the spectroscopic splitting
factor, I the nuclear spin, and the F's are spherical
harmonics. b60 is zero for Fee+ with 3d electrons and
S= sp; for both Gd'+ and Eu'+ S=~. The term AI S
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FIG. 4. Temperature dependence of b40 for Gd'+ in SrTi03, the
experimental data are fitted with the phenomenological expression
shown. The rms error at each point is comparable to the size of
the circles.

In the discussion, the pressure dependences have
been converted to volume dependences using the
compressibility via the relation

B lnb B lnb BP ) B lnb 2cis+cii
X . (2)

BlnV r BI' r BlnV~r BI' r 3
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FIG. 3. Normalized b40 versus pressure for Gd'+ in SrTiO~.

The values of the elastic constants are c~~= 3.21' 10"
dyn/cm' and cis ——1.12X 10"dyn/cm'. "

The EPR spectrum of Cr in SrTi03 has been studied
previously. ' We measured the pressure dependence of
the g value in the hope of extracting from it the pressure
dependence of the cubic crystal 6eld parameter 10 Dq;

Io the assumptions that must be made to do this are
considered in the discussion. Figure 6 shows the data.
The accuracy of the measurements is relatively low

is appreciable only for the two Eu'+ isotopes, but even
in this case the corresponding hyper6ne structure was
resolved only below 110'K.' For S= ~~ beo(&b40, ' ' and
the increments in 6eld separation due to increments
in b60 were actually always negligible. From now on
we shall therefore restrict the paper to results and
discussion on the fourth-order cubic 6eld parameter.

In Figs. 1—3 we show the room-temperature pressure
dependence of b40 for the three ions, normalized to the
value of b40 at one atmosphere. The straight lines
represent the least-squares 6t to the data.

In Fig. 4 we show the temperature dependence of
b40 for Gd'+ in the cubic phase of the crystal. Each
point is the statistical average of a number of meas-
urements. Figure 5 shows a similar graph for iron. The
solid lines are theoretical fits to the experimental points,
obtained in a fashion discussed in the next section. The
temperature dependence of bsp for Eu++, 1/b4p(Bb4p/BT)
is 8.6X10 "E ', a very small quantity when compared
to the temperature dependence of Gd'+.
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FIG. 5. Temperature dependence of b40 for Fe'+ in SrTiO3. The
points below 110'K are taken with the crystal in the tetragonal
phase.

"Data supplied by National Lead Company from whom the
samples were purchased. See also Ref. 7.
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TmLE I. The optical absorptions and some spectroscopic parameters for Cr'+ in three host crystals.

Transitions

Cr'+: SrTi03 Cr'+: MgO
Measured Predicted Measured' Predicted

Cr'+: A1203
Measured' Predicted

2E—4A, (t3)
2T,—4A, (t3)
T2 (t e) A 2 (» )
Tg(t e) —4A2(t3)

'1'& (te') —'A 2(t')
Parameter

Dq
B
go—g
»Dg(go —g)

16200 cm '
22 700 cm '

40700 cm ' 29700 cm ' 36000 cm '

2.339X10~

55cm '

1879 cm '
750 cm '

2.29X10~b

45cm '

1620 cm '
650 cm '

16000 cm ' 15500 cm ' 14400 cm ' 14000 cm '
16 800 cm ' 16 100 cm '
18 700 cm '

14400 cm '

17900 cm '
25730 cm '
39100 cm '

~(gi)+2gx) =1.5X10

40cm '

15300 cm '

39600 cm '
Free Ion

1790 cm '
630 cm ' 918 cm '

X=87 cm "
a See Ref. 18. bSee Ref 10 oSee Ref. 9.

for two reasons. DifIiculties with the pressure meas-
uring gauge caused a large error, estimated to be about
+20%, in the pressure values. Second, the resonance
line was not a pure absorption line, but a mixed one
including some dispersion and the amount of mixing
was pressure dependent. Hence there was some ambi-
guity in the location of the line center and consequently
in the g value. The "mixed" resonance line is due to
both spurious reflections from the pressure plug and
variations in reRection coefFicient due to the extreme
pressure and temperature sensitivity of the dielectric
constant of SrTi03. Nevertheless the data are suK-
ciently good to allow some useful deductions, primarily
because the pressure shift is large, twice that for Cr'+
in MgO, '" and the linewidth is extremely small ( 1 Oe).

A preliminary report on the optical spectrum of Cr'+
in SrTi03 was given by Muller. "The results reported
here were obtained independently and are essentially
in agreement with Muller's results. We find that at
4.2'K there are two relatively intense bands about
800cm ' wide centered at 18700 and 26800cm ',
there are also two absorptions, about 15 to 30 cm '
wide, centered at 16000 and 16800 cm '. As the
temperature is increased the strong bands broaden and
become somewhat weaker. The line at 16 000 cm ' does
not change while the line at 16 800 cm ' seems to be
somewhat stronger at the higher temperatures. At
4.2'K the 18700 cm ' band shows structure which
disappears at higher temperatures. The data are listed
in Table I which appears in the discussion.

IV. DISCUSSION

A. Trivalent Chromium and Covalency Effects

There is no detailed theory relating the microwave
splittings to the e6ects of the crystal field on the
electronic states of the three S-state ions. It is also

l.9800
/ / l /

(
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Fn. 6. Pressure de-
pendence of g for Cr'+
in SrTio3. The data
with errors correspond
to statistical averages of
a number of measure-
ments at a given pres-
sure. The other points
correspond to isolated
measurements.

difIicult to study the optical spectra directly. There
does exist, however, a considerable amount of theo-
retical and experimental work concerning trivalent
chromium in a number of host crystals. Data for
chromium in SrTi03 may be compared with that of
several other host crystals to isolate any peculiarities
arising from the SrTi03 host.

The optical data for Cr'+ in SrTi03 are tabulated in
Table I along with experimental data for MgO and
A1~03 hosts; the transitions responsible for the ab-
sorptions are also tabulated. If the theory of Tanabe
and Sugano"" is considered applicable, the fourth
order cubic field parameter 10Dq, the Racah parameter
8, and the location of the two sharp lines corresponding
to the 'T&—'A2 and 'E—'A2 transitions may be calcu-
lated from the observed locations of the two intense
absorption bands. The results of such a calculation for
SrTi03 and for Cr'+:MgO and Cr'+:A1203 are also
tabulated in Table I.The assignments for the two sharp
lines in SrTi03 are doubtful for two reasons. First, the
'T~—432 transition has not been observed in other
crystals; the increase in the strength of this transition
with increasing temperature suggests it is normally

' K. A. Muller, in Proceedings of the First International Confer-
ence on Electron Paramagnetic Resonance, Jerusalem, 1968 (Aca-
demic Press Inc. , New' York, 1963), Vol. I, p. 17.

'r Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 755 (1954).
' D. S. McClure, in Solid State Physics, edited by F. Seitz and

D. Turnbull (Academic Press Inc. , New York, 1959), Vol. 9.
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forbidden and is allowed in SrTi03 because of phonon
participation that does not usually occur. Second, the
'E—'A2 line has been seen in emission in" Cr'+: MgO
and" Cr'+:A1203, but we were unable to observe Quo-

rescence in Cr'+: SrTi03. This may be due to the strong
background absorption in SrTi03 which makes pumping
ineffective, or to a short lifetime for the 'E level due to
phonon assistance in an otherwise purely radiative
decay.

The Tanabe and Sugano theory does not predict the
optical absorptions from first principles, but rather
assumes that the only eGect of the host crystal is to
alter the radial dependence of the 3d electron wave
functions. The radial functions appear in the inde-
pendent parameters of the theory. These parameters,
Dq and 8, may be obtained from any two of the bands
observed. The inadequacy of theory is shown by the
fact that diGerent values of the parameters are obtained
when diferent pairs of observed bands are used in the
computation. This indicates that the angular portion
of the wave function is changed due to the presence of
the ligands.

Recently, detailed calculations have been performed
using the molecular orbital approach for the cubic field
splitting of particular transition ions in crystals. ""In
particular, Lohr and Lipscomb" have calculated 10Dq
for Cr'+ in various octahedral arrangements of 0'
neighbors. Their agreement with the experimental
values in A1203, MgO, and beryl hosts is reasonable.
Among the cases they considered is the one corre-
sponding to an 0' arrangement with no axial dis-
tortion, with the Cr-0 distance of 1.94 A, resulting in
a value 10Dq=18 400 cm '. If we note that the Ti-0
separation in SrTi03 and the Cr-0 separation in
LaCr03, which has the same structure as SrTi03, are
both 1.95 A, we expect that theory to apply to Cr
substituted at a Ti site in SrTi03, and indeed it predicts
the observed 10Dq, 18 700 cm ' quite well.

The shift of g from its spin only value yields infor-
mation about the change in the electron wave functions
from those in the free ion, and a comparison of this
shift for chromium in various host crystals should
indicate if there are any peculiarities in SrTi03. The
free-ion ground term is a F which, in a cubic 6eld,
splits into an orbital singlet 4A ~ and two-orbital triplets
'T2 and 4T~. The singlet is the ground state in octa-
hedrally coordinated sites. If it is assumed that the
spin-orbit coupling energy may be written in terms of
total spin and total angular momentum operators, L
and S, as in the Russell-Saunders (R.S.) coupling
scheme for free ions, the g shift of the ground state

'9 S. Sugano, A. L. Schawlow, and F. Varsanyi, Phys. Rev. 120,
2045 (1960).

'OL. L. Lohr and W. N. Lipscomb, J. Chem. Phys. 38, 1607
(1963).

2' S. Sugano and R. G. Schulmann, Phys. Rev. 130, 517 (1963).

may be written as" ":
2&c~se 3

~g=g —go= — Z Z ('~pl~'li)(ilL'I'~p), (3)
10Dq '-»-~

where the perturbation theory takes into account only
the eGect of the first excited triplet. j=1, 2, or 3 are
the three substates of the triplet and X„~,~ is a radial
integral analogous to the free ion spin-orbit coupling
constant X of the R.S. coupling, except that crystal
wave functions have to be used. The ligands affect this
radial integral and also the angular momentum matrix
elements. The radial integral, which involves 1/r',
where r is the 3d electron radius vector, will decrease
due to the expansion of the d electron wave functions
in the crystal. The matrix elements of I.; will in general
also decrease due to the admixture of wave functions
not centered at the nucleus of the magnetic ions."
Deviation of 10Dq(gp —g)/8 from the free-ion spin-
orbit constant will be a measure of the degree of
covalency and we have included its value in Table I.
For Alpop. Cr, the average —',(2g~+g„) was used.

Since the wave functions enter the expressions for 8
and for the g shift in diferent ways, we do not expect
the deviations of these quantities from their free-ion
values to be in the same proportion and the table shows
this. The variations in these two quantities from host
to host are less than those in going from the free ion
to any host. If there is any trend at all, the values in
SrTi03 are somewhat closer to the free-ion ones. Hence
one cannot invoke unusually strong covalent binding
to explain the pressure eGects on Cr'+ and Fe'+ in
SrTi03.

Let us now consider the pressure dependence of the
various parameters. For the case of hydrostatic pres-
sure as applied to a cubic crystal where the ion positions
in the unit cell are determined by symmetry consid-
erations alone (substitutional impurities), the pressure
effects on the spectroscopic parameters may be inter-
preted as eGects due to a change in lattice constant.
The bulk compressibility does not necessarily relate the
change in pressure to the change in lattice constant in
the vicinity of the impurity. This "local compressi-
bility" is an extra variable that we have to contend with
in the study of the data.

The spectroscopic parameters will depend on the
lattice constant either through the various terms in the
crystalline potential, or through the perturbation of
the 3d (or 4f) wave functions by the presence of the
ligands. Some parameters depend only on the latter
(X,B), others, like 10Dq, hg, b4p, on both. In the sim-
plest model 10Dq is proportional to V40, the cubic
crystal Geld potential, and to (r4), where r is the 3d
electrori radius vector and the average is over the
radial functions in the crystal. More realistically, as
the calculations mentioned above show, ""10Dq js a
sum of contributions, of which only one, and not
necessarily the largest one, is proportional to (r4)Vpp.
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TmLE II. A comparison of the volume dependences of Ag and Dg
for chromium and nickel in MgO.

Cr'+: MgO
NP+: MgO

V BDg~
Dg BV

1.84
2.0

2.0
1.9

a See Ref. 22.
b See Ref. 11.

~ H. G. Drickamer, in Solids Umber Eresslre, edited by Paul
and %'arschauer (McGraw-Hill Book Company, Inc., ¹wVork,
1963).

~' R. W. Parsons and H. G. Drickamer, J. Chem. Phys. 29, 930
(1958).

~ S. Minomura and H. G. Drickamer, J. Chem. Phys. SS, 903
(1961).

The other terms represent admixtures of ligand orbitals
not simply expressible as changes of the radial functions
of the magnetic electrons. The presence of (r') and of
the latter contributions may entail deviations from the
Jf. ' dependence (R is the lattice constant) for 10Dq,
predicted on the basis of only the V4p term.

In light of these two remarks let us examine
Drickhamer's pressure data for the j.ODq of various
transition ions in MgO and Al 0 .""In A120, when
the bulk compressibility is used to obtain the de-
pendence of Dq on lattice constant, it is found quite
accurately to follow the Z ' law (d lnDg/d ln U= —5/3).
In MgO, on the other hand, there are deviations which
vary from ion to ion. —as(d 1nDq/d lnU) varies from
about 1.1 for Co'+ and Cr'+ to as much as 1.6 for T1'+.
This couM be ascribed to an enhanced local com-
pressibility or to the covalency effects discussed above.
Fortunately, for the one ion with which this work is
mostly concerned, Cr'+, this CGect is relatively small.
Even in MgO the deviation of the logarithmic derivative
from 5/3 is only 10% which is negligible when com-
pared with the large efEect to be dealt with for the
SrTi03 host. The very small pressure dependence of
the Racah parameter 8 for Cr+1n ' MgO (R change
of —20 parts in 650 in j.50 kbars while Dq changes by
+20 parts in 160) also indicates that the covalency
CGects are not too sensitive to small changes in lattice
COQstant.

There is evidence from previous work showing that
in general the change in Ag with pressure is mainly due
to changes in (Dg) ' rather than the other factors in
Eq. (3)." Changes in the X„r,~ and in the matrix
elements of I.; would be due to the volume dependence
of covalency CGects and are thus, by previous argu-
ments, expected to be small. In addition, the volume
dcpcndcncc of Ag fol Cr + and Nl + 1Q MgO docs 1Qdecd
come out quite close to the volume dependence of Dq

—'
for the same ions, as shown on TaMe II.""

In this light we may consider the pressure dependence
of Dq for Cr'+ in MgO as derived from the pressure
dependence of hg. This pressure dependence, combined

3. The Cubic Fie16 Syhtting of Fe'+

Next the results on b40 of Fe'+ are considered. As a
basis for discussion, one again resorts to the comparison
of data between SrTi03 and MgO, as displayed in
Table IB.

Tmr, E III. Comparison of the properties of iron and chromium
in SrTiQI and MgO. The volume derivatives have been obtained
from the pressure derivatives using the bulk compressibility.

MgO SrTiOI
1 Bd,g

dg BE

V Bhg
(Bulk comp. ) 2.0'

g BV

10'

1.1&10 6 (bars) " —2.6&10 s (bars) 'b

16200 cm "
1 Bb40

b40 BE

MgO

4.0X10 ' (bars) " 8.5X10 ' (bars) 's

V Bb40
(Bulk comp. ) —7.1a

b40 BV

40

B lnb40 '

B lnDq

+102.5)&10 4 cm " +96.14X10 4 cm '~

a See Ref. 10.
b Present work.
e See Ref. 9,
d See Ref. 4.The sign comes from later measurements privately communi-

cated to the authors by Dr. K. A. Miiller.
N See Eqs. (7) and (8).

with the bulk compressibility, yields a volume de-
pendence about twice as large as for the crystals
studied previously. From the data discussed above,
we have about the same covalency c6'ects for CP+ in
this crystal as in MgO and A1203. VVC therefore are left
with only two possible explanations for this strong
volume dependence: either the bulk compressibility
used in computing the volume dependence from the
measured pressure data does not describe the behavior
near the magnetic ion and a larger, local compressibility
must be used, or large polarization effects are operative.
There are theoretical grounds to expect the latter to be
present in SrTi03, since the impurity represents an
extra charge which has no closeby compensation. These
same grounds predict a strong temperature dependence
for the polarization effects. Due to technical difhculties
in performing a good temperature-dependent g-shift
measurement in this crystal, the results on Fe'+, as
dlscusscd later, are invoked to show that such polari-
zation effects should in general be too small to account
for these results. It is, therefore, concluded that in
S1T103 thc compressibility 1n thc Qclghbolhood of thc
Cr'+ is larger by about a factor of 2 from its value in
MgO.
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T~xz IV. Measured values of the parameters b40 and b60 for Ku~+ and Gds+ in several hosts and ionic contributions to the
fourth- and sixth-order terms of the crystal potential in each host.

Host

CaF,
SrF2
BaF2
CaF2
CdF2
SrF2
BaF2
Th02
SrTi03

SrTiOI

Ion

Eu'+
Eu'+
Eu'+
Gd'+
Gd'+
Gd'+
Gda+
Gd'+
Fu2+

Gd'+

b40

57.9X10 cm ''
44.9X10-4s
36.0X10-«
46 X10 4 cm '"
47.4X10 cm '
41.0X10 ' cm "
36.2X10 4 cm "
54.7X10 4'

106 X10-4'

5 7X10-4e

0.5
bsp

X10—4a

—1.0 X10-4b

0.5 X10-4

0 26X 10-4e
1.0 X10 4~

—in cm-I (A}-4~40 ~

(r')
—5.8X102
—4.3X10—3.1X10'—5.8X 102
—6.4X10'—4.3X10'—3.1X1P—9.7X10'
—2.8X10

(from 12 n. n. 02 )
and

+3.7X10'
(from 8 n. n. n. Ti4+)

—incm'(A) 6~6O .
(r')

0.50X10'
0.42X10'
0.26X10
0.50X102
0.55X 102
0.42X10'
0.26X10'
0.78X10'

—0.58X 102

a Ryter, Helv. Phys. Acta 30, 353 (1957).
& W. Low, Phys. Rev. 109, 265 (1958).
o W. Low and D. Shaltiel, Phys. Chem. Solids 6, 315 (1958).
d See Ref. 6.

'See Ref. 5.
f See Ref. 32.
a See Ref. 29.

In the parameterization of Tanabe and Sugano, ' b40

depends on many variables, 8, C, Dg, X, and the spin-
spin interaction constants 3f~, M2."Direct measure-
ment of the optical spectrum of Fe'+ is hampered by the
presence of strong charge transfer bands. This precludes
the use of experimentally measured values for even the
largest of these parameters. For this reason no detailed
calculation of the b40 of Fe'+ exists. We have to use as
a guide the calculations by Powell, Gabriel, and
Johnston"" on isoelectronic Mn'+ from which it is
concluded that if the parameters are varied in a
reasonable range to cover practical cases, b40 is pro-
portional to )4Dq" with 3.4&n&6 and is quite in-
sensitive to changes in the other parameters. With the
assumptions that the volume dependence of Dq does
not vary appreciably between Cr'+, Ni'+ on one hand
and. Fe'+, Mn'+ on the other, and that the volume
dependence of X may be neglected, Walsh" obtained
g =3.6 for both S-state ions. In passing we should note
the following: Since a decrease in lattice spacing tends
to spread the wave functions, therefore decreasing X,
(r))/r)V))0 and thus the r) 1nb4s/r) lnDq so derived is
rigorously only a lower bound for e. The dependence
of X on volume should, however, be similar to that of
8, which for Cr'+ in MgO, implied —(cj in)/8lnV)

4 (r) lnDq/r) lnV). Roughly speaking this means that
due to the volume dependence of X, n is at most 25%
larger than 81nb4s/cj inDg. Under similar assumptions
we 6nd, for Fe'+ in SrTi03 a value for this derivative
which essentially agrees with that in MgO, as Table II
shows. The values of b40 in the two different hosts are
also essentially in agreement. Nevertheless, and again
as for hg in Cr'+, if the bulk compressibility of SrTi03
is used we 6nd that the volume derivative of b40,

it 1nb4e/r) lnV is twice as large as in MgO. This result
2' M. J. D. Powell, J. R. Gabriel, and D. F. Johnston, Phys.

Rev. Letters 5, 145 (1960)."J.R. Gabriel, D. F. Johnston, and M. J. D. PovreH, Proc.
Roy. Soc. (London) A264, 503 (1961).

together with the corresponding one for Ag leads us to
take the local compressibility for both Cr'+ and Fe'+
in SrTi03 about twice the corresponding local com-
pressibility in MgO. This, it should be stressed, is
coherent with all experimental results, independent of
the detailed dependence of b40 on the optical parameters,
and of the dependence of the optical parameters on
covalency effects. Since it is inferred from the pressure
dependence of Dq'4 that the Cr'+ in MgO local com-
pressibility differs from the bulk value by no more than
10%, it is concluded using values on Table III that for
Cr'+ and Fe'+ substitutions in SrTi03, the ratio of local
compressibility to bulk compressibility is 2.1&0.15.

This result implies that the spring constants con-
necting the Cr'+ or Fe'+ impurity to its neighbors have
values appreciably smaller from those pertaining to
Ti4+. This indicates that with suBRciently high doping
these impurities may appreciably perturb the acoustic
branch of the phonon spectrum in the range of fre-
quencies

-bulk. compressibility- '12 co~

local compressibility

where M~ is the frequency of the mode with wave
vector at the zone boundary. '~ This effect may also
lead to phonon scattering by such impurities appre-
ciably stronger then expected from the small atomic
mass difference.

C. b40 for the Rare-Earth Tons

The theoretical problem of calculating the ground-
state splittings of the S-state 4f' shell is much more
complicated, and at a much less developed stage than
for the iron group S-state ions. The necessary spectro-
scopic data are scarcer, with practically none for
divalent europium. " The following discussion is,

z' B.Mozer, Bull. Am. Phys. Soc. 8, 193 (1963).
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TAsI.E V. The measured pressure dependences of b4p for Ku'+
and Gda+ in SrTioq and the volume dependences calculated from
them.

Gd Eu

1 Bb4p

T =295 K

V Bb4p

b4p ~~ T=29S'K

4.3X10 4 (bars) ' 5.0X10 ' (bars) '

+Vso &so—
(&4)'

(Vs,4+ &4,-4) (4)
2

The geometry was assumed to be that of the undistorted
host. For the fluorite structure of CaF2 and Th02 only
the nearest neighbor anions need be considered. This
situation does not prevail, however, for the perovskite
crystal, as the table shows. Actually the nearest-
neighbor approximation would give the wrong sign for
V40.

In the Quoride crystals there is certainly a good
qualitative correlation between the values of b40 and
V40 for both ions. For Eu'+ this correlation is very
close to a linear law, " and it may be taken as proof
that the perturbation mechanism which generates the
fourth-order spin splitting represented by 640 is linear
in the crystal potential V40. The fact that for Gd'+ in
these Quorides b40 is less sensitive to variations in V4O

may be explained by distortions in the local crystal
structure. "Since it has been shown that the smallest
order of perturbation that produces a nonzero b40 is
six'o —32 the fluoride data imply that if b40 depends
linearly on V40 the other interaction constants occurring

"J.C. Slater, Quarterly Report in 46—Solid State and Mo-
lecular Theory Group, MIT, Report No. 1962 (unpublished).

'9 R. S. Title, Phys. Letters 6, 13 (1.963).
3P R. Lacroix, Helv. Phys. Acta 30, 374 (1957).
» R. Lacroix, Proc. Phys. Soc. (London) 77, 550 (1961)."J.Sierro, Phys. Letters 4, 178 (1963).

therefore, restricted to the qualitative level and makes
use of the ionic point-charge model for the crystal field.
This has a somewhat better foundation for the 4f shell
than for the 3d shell, due to the better shielding of the
magnetic electrons.

It will be assumed that the substitution takes place
at the alkaline earth site. Ionic radii and bond length
considerations lend support to this premise. "Table IV
presents data on Gd'+ and Eu'+ in SrTiO3 and some
other cubic hosts where they substitute with preser-
vation of local symmetry. The last two columns contain
the calculated point charge potentials as they appear
in the following expression:

(7())~
V(cubic) = Vso Yso+ (V4,4+ V4.—4)

14

in the expression for it are insensitive to variations of
interatomic spacing.

The extrapolation of the linear relationship to the
case of Eu'+ in SrTi03 does not work at all and seems
to indicate that a radically different perturbation
mechanism is operative. Although for Gd'+ the extra-
polation to SrTi03 is qualitatively correct, this seems
to be only a coincidence in view of the situation for
Eu'+. The dominance of a diferent mechanism in
SrTi03 may be due to the anomalously small value of
V40, which is opposite in sign to that in the other hosts,
and the relatively large value of Veo.

The pressure results as shown on Table V corroborate
this idea of a different mechanism, since if one accepts a
linearly dependence of 540 on V40, the pressure data can
only be explained by a local compressibility 6ve times
the bulk value. If it is still assumed that the only volume
sensitive parameters on which b40 depends come from
the ionic crystal field potential, if we disregard a possible
contribution of V60 to b4(), and if bulk compressibility
is used, we obtain for the exponent e in b40~ F40"4.7
for Gd'+ and 5.4 for Eu'+.

D. Polarization Effects and Temperature
Dependence of b40

In the case of the trivalent ions we have to consider
the perturbing eGect on the lattice of the uncompen-
sated charge which arises from the difference in valence.
This uncompensated charge will cause a polarization
in its neighborhood, i.e., the neighboring charges will
be slightly displaced due to the electrostatic interaction
between the uncompensated charge and the rest of the
lattice. Such an effect is in principle present in any
insulating host lattice. There is evidence, however, that
lt. Is smail lll crystals with normal (telllpel'Rtllle inde-
pendent) dielectric behavior. This evidence is partly
in the previously cited pressure dependence of- the
optical spectra, and partly in the comparison between
Mn'+ and Fee+ in MgO. As is well known, SrTi03 has a
very large dielectric constant which follows a Curie-
%eiss law. ' The large dielectric constant indicates that
the material is strongly polarized by an applied electric
6eld. One might then expect that temperature eGects
similar to those seen in the behavior of the dielectric
constant of SrTi03 would appear in b40 due to the
polarization of the lattice by the central field of a
localized change. The theory of this effect may be
developed along lines similar to the dynamic theory of
the dielectric constant for crystal lattices"*'4 and is
outlined in the Appendix: here we present the physical
aspects of the phenomenon. For this purpose let us use
the ionic model and neglect the electronic polariza-

~%'. Cochran, in Advances in Physics, edited by N. F. Mott
(Taylor and Francis, Ltd. , London, 1960), Vol. 9, p. 387; 3. D.
Silverman and R. I. Joseph, Phys. Rev. 129, 2062 (1963).

'4 It must be realized, however, that the spatial variation of the
6eld of a point charge will couple to modes other than those of
long wavelength.
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bilities, which may be easily accounted for. The locally
uncompensated charge causes small displacements of
the neighboring ions. These may be calculated by
adding to the lattice Hamiltonian the interaction energy
of the ions with the extra charge. The ionic displace-
ments will depend on the harmonic coupling constants.
These displacements are assumed small and expanded
in terms of linear combinations corresponding to the
normal modes of the lattice. The energy including the
new Coulomb term is rewritten in this way and mini-
mized. Thus the displacements are found in terms of the
frequencies and polarization vector of the normal
modes. Each normal mode y, j, contributes propor-
tionally to co» ' where co» is its frequency. The ex-
pressions for the displacements may be inserted in the
formulas for the various spherical harmonic components
of the crystal potential at the site of substitution. At a
cubic site of a cubic crystal this symmetry will be
preserved as long as there is no nearby localized charge
compensation, and therefore the same terms will appear
as in the undistorted situation. In general, for the
coefficient UL,~ of a given spherical harmonic I'I, ~ in
the potential, we may write to lowest order in (cur P) '

UI.~' '
VIM VLM +2

.2Pii My g

where UL,~~ & involves a sum over lattice sites and over
the polarization vectors of the vibration y, j. It also
depends on various powers of R;, the distance from each
lattice site to the impurity site. Since UL,~" varies as
R; &~'& the Vi.~r ' contains R; ', with s) (I.+1) as
expected for polarization effects. For normal crystals
the co~; have a small linear temperature dependence.
For SrTi03, however, one mode jo has a strong tem-
perature dependence. In particular for y=0, (op Jp'

~ (T T,) where T, is th—e Curie temperature; this is
the so-called soft mode corresponding to a transverse
optical vibration. Neutron diffraction experiments
show that this temperature dependence is approxi-
mately verified even for y/0. 35 Although the very long
wavelength modes contribute negligibly to the ionic
shifts of interest, other modes belonging to the same
branch of the spectrum with y=0 and wavelength
approaching that of the lattice parameter do contribute
and introduce a term (T Tc) ' in Vi.~. —The pre-
dominant temperature contribution to the crystal field
from just these modes of the temperature-dependent
branch is due to their relatively high density of states,
large oscillator strengths and low frequencies.

We are therefore justified in writing the following
phenomenological expression for the cubic potential
at the impurity site,

(6)

small, we may also write, for an S-state ion:

r 40= bo+ br T+Lb,/(T —T,)].
Equation (6) will correctly describe the temperature
dependence of b40 even if other parameters such as X

are allowed to vary with lattice spacing. The reason is
that the temperature dependence comes into the ex-
pressions for any parameter through the temperature
dependence of the ionic displacements, in which these
parameters are expanded.

In the case of Eu++ the temperature dependence of
b40 is absent to within experimental error. This is to be
contrasted with the very strong dependence found for
Gd'+ as seen in Fig. 4. The equality in volume de-
pendences and the lack of temperature dependence for
the divalent ion leads us to attempt to ht the Gd'+ data
with a relation of the form (7) with b~= 0.The apparent
success of this 6t, as indicated by Fig. 4, does lend
support to the idea of ascribing the enhanced tempera-
ture dependence of the trivalent ion to the polarization
effect through the soft mode. We obtain"

b2 —2.3——X10 ' cm ' ('K) T =49'K (8)

Let us now consider the temperature dependence of
b40 for Fe'+ in Fig. 5. We see that below about 190'K
there is a small but measurable deviation from linearity.
This deviation is rather small for an accurate curve
6tting, such as was done for Gd'+. By assuming that
this nonlinearity is entirely due to a polarization e6ect,
we obtain the following values for the parameters in
Eq. (7):
b0=11SX10 'cm '; bg —6.2X10 '——cm—'/'K;

b2=100X10 'cm "K.
'

(9)

Again we have assumed T,=49'K.
Since the polarization vectors of the optical vibrations

(in particular of the soft branch) are not known, it is
impossible to calculate the temperature-dependent ionic
displacements that could account for the portion of the
b40 which follows the Curie-Weiss law. We can never-
theless make some comments on its sign and order of
magnitude using point charge potentials. For either
ion the absolute value of b40 is increased by the presence
of this term. For the Ti4+ site the contributions to the
fourth-order point charge potential, from both the
nearest 0' neighbors and the Sr'+ next nearest neigh-
bors have the same sign. If one adopts the intuitive
picture that the extra negative charge causes a repulsion
of the 0' and an attraction of the Sr'+, one concludes
that an increase in the absolute value of the fourth-
order potential and therefore of b40 can only come from
the attraction of the Sr'+ ions. From the dependence of
small changes of b40 on small changes of 10Dq and
therefore of the fourth-order potential as discussed

Assuming that the second and third terms in (6) are

"R.A. Cowley, Phys. Rev. Letters 9, 159 (1962).

"Report No. 6, U. S. Army Signal Corps, Fort Monmouth,
New Jersey, Contract No. DA 36-039-sc-89126, 1963 (unpub-
lished).
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earlier, and from the fact that the next nearest neighbor
contribution to 10 Dq is only a few percent, one may
estimate that at 150'K the polarization eGeet of the
extra charge displaees the Sr'+ about 10 'a vrhere c,
the SrTiO~ lattice constant, is 3.95 A.

For trivalent gadolinium vre do not have an experi-
mental measure of the dependence of b4p on the crystal
6eld. The best that ean be done is to estimate an
equivalent change of lattice constant in the vicinity of
the extra charge introduced by Gd'+ using the de-
pendence of b4p on volume. This yields at 150'K a
change of about 2&10 'a. In this case, this crude
calculation is most certainly not applicable, as the
following argument will shovr: The sign and absolute
value of V4p as shovrn on Table IV is a result of the
contribution from the next nearest neighbor Ti'+ being
larger and opposite in sign to that from the nearest
neighbor O' .The extra +1 charge from the Gd'+ will,
in the simple picture attract the 0' and repel the
Ti'+, causing by either eeet a decrease in the mag-
nitude of V4p. Hovrever, the experimental results imply
an increase in the magnitude of V4p from the polari-
zation effect. To explain this one would have to invoke
a strong O' —Ti'+ coupling in such a way that both
ions move tovrards the GcP+. One has to realize that
the ionic displacements involved in the "soft mode"
are probably much more complicated than independent
ionic motions, and therefore predictions from such
simple a model have to be taken with reservations even
when they work. These complicating factors will not,
hovrever, aGect the temperature dependence, as ob-
tained by the calculations in the Appendix.

V. CONCLUDING REMARKS

This study of doped SrTiO3 has revealed a number of
interesting features which are summarized below.

(1) The pressure dependences of the Cr'+ g shift and
of the Fe'+ b4p are found to be tvrice as large as in MgO.
These results, coupled vrith the analysis of the Cr'+

optical data, led us to assign a local compressibility
about twice the bulk value.

(2) The pressure dependence of the b40 for iso-
electronic Gd'+ and Eu'+ has been measured, and
similar values obtained for both ions. The pressure
data cannot be reconciled with a linear dependence of
b4p on V4p, such as seems to apply to the Quorides,
indicating that a diferent mechanism operates in
SrTiQS.

(3) The temperature dependence of the b40 for ions
substituting with a locally uncompensated charge
shows the presence of a polarization term due to inter-
action with the "ferroelectric" optical phonon branch.
This eftect was most strikingly exhibited. by the
difference betvreen the temperature dependences of
b4p for Gd'+ and Eu'+. A formal theory for this effect,
enabling one to calculate the corresponding ionic
displacements and their temperature dependence is
presented and used to 6t the experimental data.
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APPENDIX A

In this section the calculation relating the change in
crystal field potential (due to the presence of an un-
compensated trivalent impurity) to the lattice fre-
quencies will be outlined. Let Z be the charge of the
impurity ion which is at a site originally occupied by a
host ion of charge s. The origin of the coordinate system
is chosen at the impurity site. The Hamiltonian of the
system is the perfect crystal Hamiltonian plus the
following perturbation term.

(Z—z)zI.
gP —Q (A1)

l, Ee

r()) =r'(l)+S (&)=a(f)+r~+t (l) (A2)

The notation that will be used is similar to that found.
in the book by Born and Huang. "r(g) is the instan-
taneous position of the kth type ion in the lth cell.
This is composed of a vector a(l) to the unit cell, a
vector rq to the kth ion of the basis, and a vector p(~)
designating the displacement of the ion from its
equilibrium position. Since the impurity ion substitutes
at a center of symmetry in the crystal, its equilibrium
position is the same as the position of the original host
ion it replaces. The sum in Eq. (A1) is therefore over
all the ions in the crystal except the impurity ion. The
pcrturbatlon t Eq. (A1)3 Is tllcII expanded III powcl 8 of
the displacements y(~) with the use of Eq. (A2). The
zeroth-order term, independent of the displacernents
y(~), represents the interaction of the excess impurity
charge (Z—z) with all other charges fixed at their
initial equilibrium positions. This term has no eGeet
upon the equations of motion for the ions and vrill be
zero if there is charge compensation in some other
region of the crystal.

The term linear in the displacements y(,') can be
written

The nonvanishing of this term indicates that the ions
are not stable at the equilibrium positions of the perfect
lattice. The equilibrium positions are shifted due to the
presence of the impurity charge. This is just the eGect
of Interest.

» M. 3orn and K. Huang, Dywumk e/ Theory OJ CrysAz/ Lggkgg
(Oxford University Press, New Pork, 1954).
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The equation of motion for the system is

d'/-(l)
~a = —Z 4 p(ll')/ p(l:)—0-()).

dp l'k'p
(A4)

Performing the usual Fourier analysis of the motion
and standard manipulations, one obtains the equation
of motion for a mode of wave vector y belonging to the
jth branch.

1 1
0(/)+~'(l)Q(l)+ 2 p-'(klan)(Z expL —2~6'x(l)]4.9))-.

jp/2 I ~ ~ I/2 l

1 ~k

+ g l ~(k~P/)(P expL —2iriy x(l)]P ())) „g—P s~*(kjq~)E exp(2xiy xi)=0 (.AS)
E'/2 I, mjb'/' m '/2

The last term in this equation arises from the nonregular part of the Coulomb interaction between the ions that
is incorporated into the equations of motion by introducing the macroscopic Geld. The regular part of this inter-
action gives rise to the so-called 'inner Geld" which is incorporated into the frequencies aF(q). Similarly, the
impurity-lattice interaction consists of a regular and nonregular part. This separation has been performed by the
subscript labeling of the curly brackets in Kq. (AS). The regular part of the point-charge interaction can be used
to explicitly deGne new equilibrium positions for the ions. Next, the following transformation is performed:

Q(l) =c(l)+d(l). (A6)

The Il(z) are chosen as the displacements about the new equilibrium positions. Since the macroscopic field is a
function of the ionic displacements, there will be a contribution from the last term in Eq. (AS) which arises from
the ionic shifts described by the d(";). This contribution will combine with the nonregular part of the impurity-
lattice interaction )fourth term in Eq. (AS)] to yield the macroscopic Geld of a point charge in a dielectric medium
which will be denoted by E '.

The shift of the coordinate of the mode of wave vector y belonging to the jth branch is

d(/) =—1 1 1 Zfg

p~*(kg){P expL —2iriy x(l)]$„(]))„,+ g e *(kIq)E 'exp(2iriy x/), (A7)
Nl/2 (g2 (") y. ~ )goal/2 i ~2 (t/) y i iri 1/2

which leads to the following 0.th component of displacement of the kth type ion in the tth cell:

1 & 1 1
& (')= — Z Z Z (Z4p(&:) e~L—2~6'x(l:)])-.expP~~y «(l)]~p*(k'I/)~-(kl/)

Nm/, i/' p i /'pi0'(";) mi'"

1 N 1 Sly~

+ g g g &p'exp(2siy x(i)]~p'(k'Iy)6, (k)g) (Ag).
(Nyg )I/O p / pi p ~2(/'/) m, l/2

Note: e (k~~/)=e (k~q) exp(2siy x/, ). The displacements of the ions due to the presence of anuncompensatednet
charge are written as the sum of two terms. The second term arises from the treatment of the continuum problem,
i.e., a point charge in a dielectric medium. This is the predominant term at distances far from the impurity, i.e.,
distances very large compared with the lattice parameter. The Grst term gives the deviations from the dielectric for-
mulation of the problem. This term is predominant at small distances, i.e., distances comparable with the lattice pa-
rameter. Since the relevant crystalline field term discussed in this paper transforms as F40+ (~70/14) (I', ,+P', ,),
only ions in the vicinity of the impurity contribute signiGcantly to this crystalline Geld term, and hence the major
contributions to the pertinent displacements arise from the Grst term in Kq. (AS).

The paramagnetic electrons are subject to the following crystalline Geld potential at the position r (in the point-
charge approximation):

l,k g ~~
—g

(A9)

The position of the kth type ion in the lth cell can be written as the position of this ion in the perfect crystal r'(i, )
plus the shift d(&). The first term in such expansion, independent of d(&), is just the usual crystalline potential
term arising from the undistorted lattice. The next term in the expansion, the term linear in the J(q), can be
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~(l) ~(i) „, J, f, J'~ ~r f, J" ~

vI= —48r Q g s» (—l)"(2&+&) l l
y'I„e(gsys)811+I8+18yI„((4P,)

l~(i)l' o o oP (,o o o
8

l ~(i) l lrl
+ + + s" ~I~ (81ItI)y P'm" (88@8)( l) (21+i)L(21 +l)(2I +1))11881+18+Is

31I8 Is»1~1*
l
rs(1)

l

8
k't "l"' tgtn "M"'

The crystajhne potcntIal has been expanded in spherical harmonics. gI, 88, and 88 are the angles between d(I
r'(8), and thc s direction, respectively. The bracketed terms are 3j symbols.

ff E l (Ag) (thc Ion1c shIfts) Is subst1tutcd into Eq. (A&O) (crystal field potential), one obtsjns the frequency
dependence as cxlllbltcd 1I1 flic sccoIld 'tcllll 011 'tllc r1ght, side of Eq. (5) and an expljcjt expression for the V I,I
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Negative Resistance and Impact Ioni2ation Impurities in n-Type
Indium Antimonide*

R,. J. PHELAM, JR.,t AND . F. Love
University oj Colorado, Boglder, Colorado

(Received 2 May 1963)

n-type indium antimonide crystals at liquid-helium temperatures placed in magnetic 6elds of a fe~ kilo-
gauss have yieMed negative resistance characteristics. The negative resistance is attributed to impact
ionization of impurities. In addition, delay and rise times for the current have been studied, and an explana-
tion in terms of the rate equation for ionization and recombination is given.

L. INTRODUCTION

~

'HK initial impetu. s for studying this negative
resistance characteristic came from the observa-

tion of oscillations of current and voltage generated by
single crystals of e-type indium antimonide. These
oscillations were previously observed. by Haslett and
Love' while studying the magnetoresistance of e-InSb
in pulsed magnetic fields at liquid-helium temperatures.
Studies of Sladek' and others have indicated that
freezeout of the carriers occurs in InSb with the applica-
tion of a magnetic 6eld at liquid-helium temperatures
and vrith subsequent application of sufIlcient electric
Gelds impact ionization of the impurities may be
obtained. Mc%horter and Rediker' have demonstrated
that 1IDpact lonlzatlon of lmpurltles 1n gerQlanlUJ11 can
lead to a negative resistance characteristic. Here we add
the observation of negative resistances in n-InSb
involving freezeout and impact ionization.

~ %ork supported by the U. S. Army.
f Present address: MIT Lincoln Laboratory.
' J. C. Haslett and %. F. Love, Phys. Chem. Solids 8, 518

(1959).' R. J. Sladek, Phys. Chem. Solids 5, 15'7 (1958).
3 A. L. McWhorter and R. H. Rediker, I'roceedings of the Inter-

nutionul Conference on Semiconductor I'hysics, 1W0 (Czechoslo-
vakian Academy of Sciences, Prague, 1961, Academic Press Inc.,
Neer Vork, 3.961), p. 134.

H. SAMPIE3

The I-InSb that was used for this study was from
three single crystals. The original sample which demon-
strated the negative resistance contained few excess
donors. A second. sample contained 4.6&10" cm '
excess donors and a Hall mobility of 9.ig 10' cm' V—'
sec ' at 77'K. The third source was from Cominco and.
contained relatively few excess donors, 9.5)&10"cm ',
and a Hall mobility of 2.7X j.0' cm' V—' sec ' at 77'K.

The original sample, shaped into a rectangular bar
using a diamond saw, had potential and current leads
soldered with indium solder. For the rest of the studies
tellurium-doped gold wires were bonded to crystals cut
with air-abrasive techniques and the contacts reliably
showed linear current-voltage characteristics at liquid-
nitrogen temperatures. Contacts were placed at various
positions along the bars to check for inhomogeneities.
All samples were etched in an attempt to eliminate
surface eBects.

A. Cur'rent-Voltage Characteristics

A typical set of current-voltage curves is given in
Pig. 1.This is a Polaroid photograph of two traces of a
Tektronix dual beam oscilloscope. Voltages are plotted


