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The electron paramagnetic resonance of Fe?* and Ni** in KTaO; is reported. Both impurity ions are
substitutional at the two cation sites of the host. For Fe3* the room-temperature ¢ values are 288+5X10™*
cm™! for Fe?t on the Tab" site, and 30411074 cm™ for Fe*® on the K+ site. The temperature variation of
these parameters is discussed. Ni** at the Ta’" is in a low-spin configuration and undergoes a Jahn-Teller
axial distortion. Estimates of 10Dq from g-shift formulas and axial ground-state splitting from line broaden-
ing are given. The resonance of Ni** at the K*! site indicates a negative crystal field with a 10Dg value of

7400 cm™! derived from a g-shift formula.

I. INTRODUCTION

HIS paper reports the electron paramagnetic

resonance (EPR) of Fe’t and Ni** in the perovskite
crystal KTaO;. Although KTaO; was chosen because
of its close relation to ferroelectric materials, the re-
sults discussed here are of interest more for their
contribution to EPR and related crystal field studies
than for their ability to illuminate the dielectric
properties of the host. A future paper will discuss the
EPR spectra of Mn*" in KTaO; where anomalous
temperature effects are manifested which may be
related to the “soft” ferroelectric mode of the host.

KTaO; has a perovskite structure isomorphic with
the cubic phase of the familiar BaTiO;. Early reports
listed KTaO; as a ferroelectric with a Curie temperature
near 13°K.12 However, an investigation by Wemple?
showed that KTaO; remains in a cubic, nonpolar state
down to 4.2°K and does not undergo a phase transition
to a ferroelectric state. The variations of Curie tem-
perature in earlier measurements have been attributed
to impurities of sodium or fluorine in the KTaOj;
crystal.®

The most interesting result reported is that both
magnetic impurities, Fe* and Ni**, are substitutional
at both cation sites. In most of the samples measured
the trivalent ion group impurities dutifully follow
ionic size considerations and occupy the Ta’* site, but
occasionally these ions show up at or near the much
larger K+ site. The crystal field at this site is quite
different from the field at the Ta* site and this differ-
ence is clearly indicated by the qualitatively different
EPR results.

The resonances were observed over a temperature
range of 4.2°K to room temperature and above.
Wemple? has previously reported the EPR of Ie®t
in KTaQ; at helium temperature, and our results agree,
with some minor exceptions, with his work.
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II. CRYSTAL GROWING TECHNIQUE

The complete phase diagram for the system KyCOs—
TayOs is given by Reisman et al.* The desired phase is
K70-Ta,0; which occurs, of course, for 1:1 mole ratio
of K,CO; and Ta,0; with CO, being given off during
heating. Since K,CO; is more volatile than Ta,0O5; we
begin with an excess of K,COs. Our simple recipe is the
following: a platinum crucible charged with 20 g of
Tay05 and 9.2 g of K,CO; is held at 1450°C for 1-2h.
The temperature is then lowered at 20°C per hour.
These directions are not critical and substantial devi-
ations from them may still produce crystals. The
crystals average about ¥ cm on a side; occasionally
much larger crystals appear.

Crystals grown in the above manner are deep blue and
have high conductivity, both effects being caused by
free carriers which absorb in the red. These carriers
are present because oxygen vacancies reduce the
tantalum to Ta*t or Ta®t, which in turn act to provide
donor levels lying near the conduction band.? To
eliminate these free carriers, we add a moderate amount
of TiO,, ~% g, to the recipe. The titanium, Ti*+, substi-
tutes for Ta’ and recovers the charge balance in the
presence of oxygen vacancies thus eliminating most of
the reduced tantalum. Wemple?® and Bonner et a5 add
SnO, to provide this type of compensation.

The single crystal K; ,Na,TaOs; with x approxi-
mately 0.3, was also studied. Figure 1 shows the di-
electric constant versus temperature for the crystals
KTa0; and Ko 7Nag 3Ta0;. It should be mentioned that
both samples also contained magnetic impurity ions.
The KTaO; dielectric constant follows a Curie-Weiss
law down to approximately 60°K; below this tem-
perature the dielectric constant falls below the pre-
dicted Curie-Weiss law and remains in the nonpolar
state at all temperatures. The crystal KosNaosTaO;
has a dielectric constant which follows a Curie-Weiss
law quite closely and goes through a second order
ferroelectric phase transition at 48°K. Davis® has
studied the system XK; ,Na,TaO; for 0<x<1 and

4 A. Reisman, F. Holtzberg, M. Berkenblit, and M. Berry, J.
Am. Chem. Soc. 78, 4514 (1956).

5 W. A. Bonner, E. F. Dearborn, and L. G. Van Uitert, Am.
Ceram. Soc. Bull. 44, 9 (1965).

8 T, G. Davis, thesis, Massachusetts Institute of Technology,
Cambridge, Massachusetts, 1965 (unpublished).

366



164

reports that the ferroelectric transition temperature
increases with increasing x to a maximum of 65°K for
#=0.5. A further increase of x causes the transition
temperature to decrease to ~0°K at x=0.7.

The failure of KTaOs; to become ferroelectric is
characteristic of crystals with low Curie temperatures.
Such crystals, which might be termed incipient ferro-
electrics, have their predicted transition temperatures
too low for the usual high-temperature approximations,
which lead to a Curie-Weiss law, to hold.” For example,
Cochran® invokes anharmonicity of the lattice to arrive
at the Curie-Weiss relation, an obvious high-tempera-
ture approximation. Other crystals showing this di-
electric behavior are SrTiO;? Pb-doped CdoNb;Oy2
LiTl tartrate,* and SnTe.12

III. EXPERIMENTAL RESULTS
A. Impurity Sites

Before describing the EPR results, we first consider
the possible sites for impurity ions in the KTaOs;
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Fi1c. 1. Dielectric constant of KTaO; and K.7Na.sTa0; versus
temperature. Open circles are points for KTaO; and fit a relation
e=00-4(3.3X10%)/(T—27°K) above 60°K. The dashes indicate a
continuation of this curve below 60°K. The closed circles are points
for Ko.7Na.3Ta0; and fit the relation

=49+ (4.3X10%) /(T—48°K)
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affect the dielectric constant.
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perovskite structure. Fortunately, this impurity site
determination is relatively easy. The close packing of
the large K*! and O~2 ions precludes interstices large
enough to accommodate an impurity ion and the
impurity must be substitutional at or quite close to
one of the cation sites. For these cubic sites, and con-
sidering d electrons, only the fourth order term in a
crystal-field expansion is operative in the spin reso-
nance.

It is instructive to write this fourth order term V,
for a point charge model for these two sites. At the Ta5*+
site only the nearest neighbor oxygen ions need to be
considered and we have

3(VT)
(d/2)¢
However, at the K*! site both nearest-neighbor oxygen

and next-nearest-neighbor tantalum ions must be con-
sidered and we have

Vi(Tas*) = P[(VT) Zo+(V5)Zu?]. (1)

n_ Wi, .
V4(K+ ) - (d/\/2)5 4 [(\/7)Z4O+(‘\/S)Z44 :]
(40/27) (\/Tr) .
+ W’AE(\/DZ@'{‘(\/S)ZM 1, (2)

where d is the unit cell dimension and 7 the distance
from the site. The spherical harmonics are defined by
Griffith.® Equations (1) and (2) indicate the sharp
difference in V, at the two sites. At the tantalum site
Vs is large and positive due to the close octahedrally
coordinated oxygens. In contrast, V, at the potassium
site is small and of uncertain sign. The first term in
V4(K+) is the contribution of the dodecahedrally
arranged oxygens which is negative. The second term
is the contribution of the eight Ta’* ions which is
close in magnitude and of opposite sign to the oxygen
contribution. In fact, for a point-charge model the
second term coming from the next nearest neighbors
is larger than the first term from the oxygens. This weak
crystal field at the dodecahedral A4 site in the ABO;
perovskite structure has been discussed by various
authors 1415

B. Ferric Ion, Fe®t
1. Fétin (K, Na) Ta0s

In all cases investigated Fe* in a mixed crystal
(K, Na) TaO; showed only the £-——1 transition!® to-
gether with lines reflecting strong axial fields. The fine
structure lines are apparently inhomogeneously broad-
ened by crystal-field variations due to random occupa-

B Y. S. Griffith, The Theory of Transition Metal Ions (Cam-
bridge University Press, New York, 1961), p. 204.

¥ L. Rimai and G. Demars, in Paramagnetic Resonance, edited
by W. Low (Academic Press Inc., New York, 1963), p. 51.

18 R. S. Rubins and W. Low, in Ref. 14, p. 59.

8 W. Low, Paramagnetic Resonance in Solids (Academic Press
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Fi1c. 2. The hyper-
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431 transition of
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caused by the nu-

clear spins of the
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tion of the A4 site by K*! or Nat! ions. Thus, we were
unable to monitor the ferroelectric phase transition of
(K, Na) TaO; crystals using EPR techniques as done in
the system Fe3t:BaTiOs."

2. Fe*t on the Ta"t Site in KTaO,

Wemple® measured the EPR of Fe** substituted on
the Ta®t site in KTaO; at helium temperature and
reported a cubic field constant of a=345X10~* cm™!
and a linewidth of 60 G. This compares to a~200X10~*
cm™! and a linewidth of 8 G for Fe?t in SrTi0;.18 As
explained by Wemple,? the interesting cause of the
linewidth of Fe?* is superhyperfine interaction between
the ferric ion on the tantalum site and the nuclei
(I=4%) of the next-nearest-neighbor potassium ions.
For lightly doped Fe¥*:KTaO; crystals this hyperfine
splitting can be resolved as shown in Fig. 2. The hyper-
fine structure of Fig. 2 is seen only for Hy, along a [100]
axis and a rotation of ~10° from this direction will
wash out the structure. In a [100] direction the eight
neighboring K+! nuclei are equivalent yielding a total
nuclear moment of 7,=12 and 27,41=25 hyperfine
lines. Figure 2 shows a spectrum approaching that
number. The resolved linewidth is 3 G and the hyper-
fine splitting is 6 G. Varying the temperature from 135
to 4.2°K produced no change in these parameters. The
splitting is not resolved at room temperature. As might
be expected from inhomogeneous broadening con-
siderations, the hyperfine interaction is unresolved on
the fine structure components.

It is important to note that the hyperfine structure
shown in Fig. 2 occurs for the central +——12 transition,
i.e.,, the g=2 line. This is in contrast to Wemple’s
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F1c. 3. The temperature dependence of the cubic field splitting
constant @ of Fe** on the Ta’* site in KTaO;.
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similar hyperfine structure which, surprisingly, occurs
on a line with gs=4.24. A line at g~4.28 indicates
strong axial plus rhombic crystal fields, % a situation
in which it is most unlikely for this hyperfine to be
resolved. Wemple concluded that this line was due to
Fe** (3d®) in an axial field but such an assignment
requires gos<4. Thus, neither of these assignments is
satisfactory for Wemple’s hyperfine data.

The temperature dependence of the @ constant for
Fe*t on the Ta’* site is given in Fig. 3. We have not
attempted to fit this temperature dependence to a
phenomenological expression as done for Fe* and
Gd* in SrTiO;* However, we can note that the
temperature dependence of ¢ for Fe¥ in KTaO; is
greater than in SrTiO; between room temperature and
about 100°K and that ¢ for Fe* in KTaO; remains
constant between 77 and 4.2°K, within experimental
error.
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Fic. 4. The temperature dependence of the cubic field splitting
constant ¢ of Fe?* on the K*! site in KTaOs;.

3. Fe*t on the Kt Site

In certain KTaOj; samples, we have measured a cubic
Fe* spectrum with different parameters from those
given above. These parameters, a=30X10~* cm~ and
linewidth AH=135 G, indicate a quite different environ-
ment and this spectrum is assigned to Fe?t on the other
cubic site, the K*! site. The very small a constant
reflects the weak crystal field of this site.

The three samples which show this small o Fe?t
resonance all had titanium added to trap out free
carriers as described in II. The surprising dividend of
adding titanium is that we measure Fe* on the K*
site rather than the Ta’t site. In general, it appears
that Fe’t prefers the Ta’ site in KTaO;, but some
percentage does occupy the K+ site. The data suggest
that the titanium occupies the tantalum site and
biases the Fe* site preference toward the K+ site.

The temperature dependence of the a constant for
Fe** on the K+t site is given in Fig. 4. Here again, as in

¥T. Castner, Jr., G. S. Newell, W. C. Holton, and C. P.
Slicther, J. Chem. Phys. 32, 668 (1960).

2 H. H. Wickman, M. P. Klein, and D. A. Shirley, J. Chem.
Phys. 41, 2113 (1963).

2 L. Rimai, T. Deutsch, and B. D. Silverman, Phys. Rev. 1334,
1123 (1964).
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the case for Fe*t on the Ta’* site, the uncertainty in the
a value precludes curve fitting. We do note, however,
that the 4.2°K value is greater than the 77°K value in
contrast to the case for Fe** on the Ta®* site.

4. Other Fe*+ Lines

Fe®t lines characteristic of a strong axial field in the
three [100] directions (Set=3%, g';j1=2, g'+=06) are
also seen in KTaQ; for both sites. For Fe** at the Tab+
site an adjacent oxygen vacancy is most likely re-
sponsible for the strong axial field but the source of a
strong axial field for Fe*t at the K+ site is not evident.

MAGNETIC FIELD (kilogauss)

"o 20 40 60 80
€ in degrees

F16. 5. Rotation spectrum for Ni** in KTaQs. The open circles
are points for Ni*+ on the Ta’* site called low-spin 1. Closed circles
are points for Ni** on the K*! site called high spin.

The site assignments for these axial lines is determined
by the linewidths. We have not attempted to estimate
D from the g shift as done for Fe3* in SrTi0;.22 We also
see a gest=4.27 line characteristic of Fe¥t in a rhombic
field.1o0

C. Nickel Ion in KTaO;

Nickel-doped KTaOjs crystals show narrow (~10 G)
EPR lines which have been assigned as arising from
Ni®* ions. At helium temperatures some broad EPR
resonances were noted and assumed to be from di-
valent nickel. These broad lines were not investigated.

2 E. S. Kirkpatrick, K. A. Miiller, and R. S. Rubins, Phys. Rev.
135, A86 (1964).
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Fi6. 6. Rotation spectrum for Ni**+ in K;_,Na,TaO; where
x#~0.3. Open circles are points for Ni** on the Ta’* site called low
spin 1. Closed circles are points for Ni3* on the Ta’* site called
low-spin 2.

Figure 5 gives the rotation spectrum for Ni:KTaO;
and Fig. 6 gives the spectrum for Ni: (K, Na)TaO;
both taken at 77°K. These spectra show sets of three
lines labeled high-spin and low-spin 1 and low-spin 2,
each line reflecting axial symmetry along one of the
[100] crystal axes. The effective g values for these
lines are given in Table I.

1. Low-Spin N#+

The low-spin lines are attributed to Ni*t at the
octahedral Ta’* site. The strong crystal field at this
site stabilizes the low spin 2E state as the ground state
with the T} state, the Hund’s rule ground state, as the
first excited state. See Fig. 7.

An axial field splits the 2E state into two Kramers
doublets as in the familiar Cu?t case. However, the g
value formulas of the Cu?t case, 1 hole, cannot be
applied to low-spin Ni%*, 3 holes, because the excited
states of these two ions are quite different.

Lacroix ef al.? have calculated the g value correction
formulas for low-spin Ni** starting with triple products
of single electron functions. Equations (3) are derived

TasrE I. Effective g values for Ni** in KTaOs;.

Low-spin 1 Low-spin 2 High spin

g11=2.234::0.002
gr=2.111=£0.002

€1=2.169:£0.002 g, =2.216:£0.002
g1=2.0860.002  gi=4.423::0.008

2 R. Lacroix, U. Hochli, and K. A. Miiller, Helv. Phys. Acta
37, 627 (1964).
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from their results and explicitly show how to take
account of the near lying 47 state.

gn(V)=2+4(4¢/e) +2[£/E(*Th) P,
g1(V)=2+(¢/e) +2[¢/ E(*T) T,
gn(U)=2+2[¢/ E(*T) T,

g+(U) =2+ (3¢/e) +2[¢/ E(*Ty) P (3)

In Egs. (3), U and V are the wave functions of the
ground state 2E doublet, E(*Ty) is the crystal-field
splitting between the ground state 2E and the 4T}
excited state, £ is the spin-orbit coupling constant and e
is a function of the energy of the excited spin doublets
as defined by Lacroix ef al.2

Since our low-spin g values have g;> g, we solve the
£(V) equations eliminating ¢ and find an estimate of
the splitting to the 47y state. Table II gives E(4T4)
arrived at in this manner and also an estimate of 10 Dg
from the d' Tanabe and Sugano diagram. Values of
B=660 cm™ and £=520 cm™ were used in the calcu-
lation.?:24

g>ge indicates that the axial distortion is com-
pressional for d’ (opposite to d° case); therefore, we
argue that the source of the distortion is a Jahn-Teller
effect rather than an adjacent oxygen vacancy which
would appear as an elongation of the octahedron. The
assignment of a Jahn-Teller effect as the cause of the
distortion is somewhat unsettling because we do not

TasyrE II. Splitting of 2Z—*T" and estimate of 10 Dgq for low-spin
Ni#+ in KTaO;.

Low-spin 1 Low-spin 2

E(*Ty) =2.8X10°cm™
10Dg~18X10% cm™!

E(*T)) =3.1X10*cm™!
10Dg=~18.5X 10 cm™?

24U. Hochli and K. A. Miiller, Phys. Rev. Letters 12, 730
(1964)
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see a static to dynamic transition up to 330°K in con-
trast to other Ni** cases where this transition occurs at
low temperatures.15:2—27

In a number of crystals, the relaxation mechanism
for Jow-spin Ni** has been assigned to an Orbach proc-
ess® with the excited state of the split 2E cubic ground
state, Fig. 7, as the Orbach process intermediate state.
The increase in linewidth is written as AH ol/T)=
Ae AT where A is the E-2A splitting and 74 is the
spin-lattice relaxation time. Figure 8 is a plot of AH,
the increase in linewidth, versus 1/ 7 for low-spin 1 Ni3*
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Fic. 8. Increase in line width versus 1/7 for low-spin Ni** in
KTaOs.

in KTaO;. If we assume that the relaxation is via an
Orbach process, Fig. 8 yields a splitting A of 14004-150
cm™. This compares to 15304150 and 665450 for
Ni*t in Al,O; and SrTiO;, respectively.?

Extracting 10 Dg from the g formulas of Eqs. (3)
and A from the line broadening should be viewed as
conjectural because of broad assumptions contained in
the calculations. In the 10 Dg calculation we have used
the octahedral calculations of Lacroix ef al.®® thus

% S, Geschwind and J. P. Remeika, J. Appl. Phys. Suppl. 33,
3705 (1962).

2 J, Hochli, K. A. Miiller, and P. Wysling, Phys. Letters 15,
5 (1965).
2'W. Low and J. T. Suss, Phys. Letters 7, 310 (1963),
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ignoring axial splitting of the 4T excited state. In the
A calculation we have ignored other broadening
mechanisms which might be present such as the onset
of the static to dynamic Jahn-Teller behavior.

The second low-spin Ni** line occurs in crystals doped
with Na. It is puzzling why placing Na*! on the K+
site leads to this new line rather than simple inhomo-
geneous broadening of the resonance. As shown in
Fig. 1, these (K, Na) TaO; crystals undergo a ferro-
electric phase transition. However, the Ni*+ resonance
showed no change in the ferroelectric region pre-
sumably because the strong axial field already present
above the Curie temperature masks the small lattice
distortion occurring at the phase transition. In a some-
what similar case, Rubins and Low® were able to
measure the slight 110°K axial distortion of SrTiO;
on Ni®*+ jons which were already in a strong axial field
caused by oxygen vacancies.

2. High-Spin N+

The three-line spectrum labeled high spin in Fig. S
was recorded at 77°K. These lines broaden just above
this temperature and are not seen above 150°K. The
important aspect of this high spin line is that gi°ff=
2g°f within the experimental accuracy. Such a re-
lation is familiar for d® configuration, e.g., Cr’t, in
an octahedral plus strong axial field. For &7, Ni*t, to
“look like” d3, we require a change of sign for the cubic
field and, therefore, we assign the high-spin Ni** ion
as substitutional near the K+*! site. Using the g shift
formula g=2—8\/10Dq and assuming a value of \>200
cm™! we get an estimate of 10Dg of 7400 cm™!. Notice
the considerable change in crystal field between the K+
site and the Ta’* site, Table II, as seen by Ni*t ion.
Also, it is worth pointing out that Ni*f on the K
site yields the sign of the crystal field whereas the Fe*t
on the K+ site does not. Thus, for Ni** on the K+! site
the contribution of the 12 coordinated oxygen neighbors
is greater than that of the eight coordinated tantalum
ions, not a surprising result.

The source of the axial distortion for Ni*+ at the K+
site is not evident. The ground state ‘A, is not sus-
ceptible to a Jahn-Teller distortion and the type of
charge compensation in this situation is unclear.

IV. DISCUSSION

As mentioned in the introduction, this work was
undertaken in the hope of observing some effect upon
the EPR parameters attributable to the ferroelectric
nature of the host lattice. The two prototype experi-
ments are the axial splitting of Fe** in BaTiO; at the
ferroelectric transition'” and the (7'— 7T';) ! contribution
to the cubic field splitting for Gd** in SrTiO;2! The
first experiment cannot be performed using KTaQO;
because it does not undergo a phase transition. Our
attempts to see the effect of the (K, Na)TaOj; phase
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transition were unsuccessful but could probably be
done with a rare-earth ion, e.g., Gd*, on the K+ site.
In this case the random site, the K+ site itself, would
be a third-neighbor site to the magnetic impurity and,
hopefully, the Gd** fine structure would be resolved.

The second experiment was interpreted as an inter-
action between the effective +1 charge of Gd** on the
Srt? site and Cochran’s ferroelectric falling mode.®? It
appears that the impurity must take advantage of the
near cancellation of the cubic field at the Sr** or, in our
case the K+ site, Eq. 2, to demonstrate this behavior.
Unoki and Sakudo? looked for the interaction with Gd*+
on the K* site in KTaO; and concluded that the inter-
action is absent and, furthermore, suggest it to be an
anomaly of SrTiO; rather that to be expected in other
perovskite ferroelectrics above the Curie temperature.
They arrived at this conclusion because the cubic
field splitting of Gd*, although increasing more than
expected from thermal expansion between 77 and 4.2°K,
does not have a term proportional to (7'— T,)~. Also,
Fe3t in BaTiO; does not show a (T—T,)™! above the
120°C Curie temperature.

We reach a different conclusion on this point for two
reasons. First, below about 60°K the dielectric constant
and the falling mode frequency no longer follow the high
temperature dependence so that a (I'—T)~! depend-
ence should not be expected. For example, no change is
expected between 4.2 and 1.5°K because the falling
mode has stopped falling. For Fe®+ in BaTiOs, the Fe3*
occupies the Ti*t site and, therefore, does not utilize
the near cancellation of Eq. 2. In this connection we
note that Rimai ef al2! do indicate a (T—7,)™! term
for Fe** on the Tisite in SrTiO; but it is extremely small
[total (T— T,)~* change about 1 G].

The second reason has to do with our temperature
results of Figs. 3 and 4. The cubic field splitting constant
for Fe3* on the Ta’t site does not change, within
experimental accuracy, between 77 and 4.2°K, whereas
the constant for Fe*t on the K*! site does increase
between 77 and 4.2°K. The inference we draw is that
below 77°K the variation of the cubic field splitting due
to thermal expansion has just about stopped,® thus the
a constant for Fe** on the Ta’* site is unchanged from
77 to 4.2°K. However, the Cochran falling mode
changes frequency considerably between 77 and 4°K,
although not proportional to 7'— T, and causes the
increase of @ for Fe’* on the K+ site.
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