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III. RESULTS

Mass numbers for the fission fragments of
Cf have a value such that 90 & mz 160. The re-

sulting stopping-power plots as obtained by suc-
cessive application of Egs. (2) and (4) and normal-
izing to the velocity of the most probable light
fragment are shown in Figs. 2-4. In some cases
such as on the boundaries and in the mid-region
of the mass range, the resulting energy points
were not available due to poor statistics in the
raw experimental data. The bromine and iodine
ion data, as obtained by Moak et al. , shown on
the same plots are in reasonable agreement for
all materials.

Figures 5-V show the results of the normalized
stopping cross sections as a function of the projec-
tile atomic number Z~. Included on the graphs are
points obtained by Moak et al. ' and the theoretical
prediction by Lindhard et al. ' The solid line is

from the empirical relationship mentioned earlier. '
The errors in the data resulting from a statistical
uncertainity are estimated to be about 25-30% full
width at half-maximum (FWHM) for Au and Ag and

somewhat larger for C. Analysis of the raw data
was rather involved making precise estimates of
the errors difficult. The maximum probable error
in the mass determination was about 4 amu. Thus
the choice of the size of mass bin was 5 amu. An

inspection of the figures will show that the data are
consistant with the estimated errors.

The characteristic behavior of the Au and Ag
data indicates that the theory is incomplete espe-
cially for the high-mass fragments. Statistical
uncertainties in the carbon data prevent the draw-
ing of any definite conclusions. One possible reason
for the discrepancies is that internal excitation is
not accounted for in the theory and may be much
greater in the heavier ions.
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The electron paramagnetic resonance of Mn' in KTa03 was measured over a tem-
perature range 4—110 K. At 77 K, the spin-Hamiltonian constants are g, )

=2. 000+0. 001,
gr=2, 000+0. 001, 8=+0, 147+0.003 cm, A„=- (86.5+0.5) x10 cm, Ar= —(84+1.5)
x10 4 cm ~. The results indicate that the Mn2 is substitutional at a Tai' site with an ad-
jacent oxygen vacancy. The temperature dependence of D is correlated with the soft-mode
frequency of the host. The quadrupole splitting Q'=+(0. 8 +0. 1) x10 cm was determined
from the forbidden hyperfine transitions.

I. INTRODUCTION

This paper presents the electron paramagnetic

resonance (EPR) of Mn2' in the cubic perovskite
KTaO„and is the first of two papers describing
the spectroscopy of manganese in this host. It is
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convenient to separate the EPR from the optical-
spectroscopy results because they arise from dif-
ferent valence states: the EPR from Mn ' and the
optical properties from Mn'. '

The EPR of Mn ' and of isoelectronic Fe'in
perovskite hosts have been extensively studied.
The results of such studies can be divided into two
categories: First, the determination of the impu-
rity site and immediate surroundings; and second,
the effects of phase transitions and soft modes of
the host crystal on the EPR. The most interesting
example of the second category is SrTiO, :Fe
where the rotation of the TiO6 octahedra is observed
in the EPR rotation spectra. '& ' This rotation is
the order parameter of the 110 K phase transition.
Above the phase transition, the effect of the soft
zone-center mode on the cubic-field constant can
be seen. '

Here, we describe the EPR of Mn ' in KTaO, and

conclude that the Mn ' occupies the Ta' site with
an adjacent oxygen vacancy. We suggest that the
temperature variation of the axial constant D
(caused by the oxygen vacancy) reflects an interac-
tion with the host soft mode. However, a discus-
sion of such an interaction must be very qualitative
because neither reliable theoretical calculations' '

of D nor a convenient description of the effect of
the soft mode on the impurity is available.

The hyperfine transitions, allowed and forbidden,
are used to calculate the hyperfine constants and
the nuclear quadrupole splitting.

II. RESULTS

A. Spin Resonance

The method of crystal growth is described else-
where. " No effects of concentration were seen for
impurity concentration variation of about an order
of magnitude. The EPR was recorded at 77 K and
below. Above 77 K, the lines begin to broaden and
are not seen at room temperature, a somewhat sur-
prising result since Mn ' EPR is usually seen at
room temperature and higher.

Figure 1 gives the frequency vs magnetic field
for the field along the [100]direction. Each line,
which represents a sextet of hyperfine lines, has
our assignment indicated. We use the strong field
quantum numbers and use II and J. to mean that the
field is parallel or perpendicular to the axial crys-
tal field. Some of the forbidden transitions, such
as the (--'2-+-2, ), transition, have considerable in-
tensity due to the large crystal field. The (2 - 2) ~
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FIG. 1. Frequency vs magnetic field for H parallel to a (100) axis. The lines connect the data points and are char-
acterized by the strong field quantum numbers of the assigned transition. Broken lines for the (2 5) «and the (2 ~)~
transitions areused to indicate that only one or two data are available for these transitions. The reason for the broken
line for the (- ~ ~)„ transition is discussed in the text.
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sextet is shown with a broken line to indicate that
below about 20 GHz we were unable to resolve a
sextet of lines. We discuss this in the section on
hyperf inc tr ansitions.

Complete field rotation data are not available be-
cause the hyperfine lines tend to broaden and the
splittings between hyperfine lines increase rapidly
as the field is rotated; From et al. discuss this15

behavior which is caused by the mixing of the hyper-
fine levels by the large axial field. The linewidths
vary between 12 and 20 6 except for the (~ - --,')„
sextet which is 6 6 wide. The minimum width is
probably caused by the nuclear moment of the po-
tassium ions which contribute about 60 G to the
width of Fe3' in KTa03.

The data of Fig. 1 are fitted by the usual axial
spin Hamiltonian for' d".

H=g„psH, S,+g~ Ps(H„S„+H,S,)+D(S g
—Pg}

+(quartic terms in a, Ii)

+A S,I,+ B(S„I„+S„I„)—O'P„H 1 + Q'(Ig —m) .

The (- -—,')„sextet determines the g„value and
the parallel manganese hyperfine interaction con-
stant:

gn = 2. 000 + 0.001

A„= —(88.5y0. 5)xl0 4 cm

To find D, and also g, and A„we solved a 36
~36 matrix for H j D with 18 lines as input, these
perpendicular lines being more intense in the spec-
trum. The results are

D =+0.14V +0.003 cm

g~ = 2. 000+0.001,

A~ = —(84 t 1.5) x 10 cm

The calculation for the quartic constants (s, F)
gives a very small negative result but with. a rela-
tively large error. Since D is so much larger than
the quartic constants, we cannot obtain a reliable
value from the computer diagonalization and con-
sequently do not quote a value for a -I". The sign
of D is determined by comparing intensities at dif-
ferent temperatures. The sign of the product AD

is determined from the forbidden hyperfine transi-
tions with the result that A is negative as expected.
With the parameters given, all of the EPR lines
are accounted for. Therefore, the Mn ' has only
one site, or, if you wish, three equivalent sites
with an axial field along each of the (100) direc-
tions. '

B. Site Choice

Although the site determination is not unequivo-
cal, we now argue that the Mn ' ion is substitutional
for the Ta~' with an adjacent oxygen vacancy. Con-
sidering the direction of the axial distortion and the
size of Mn ', the only alternate possibility is the
dodecahedral K' site. KTaO, tends to grow with
oxygen deficiencies, '" ' which favors a reduction
in cation charge, and, therefore, substitution at the
Ta" site is favored over the K' site. Note that a
Mna'+ oxygen vacancy center would have an equiva-
lent 4+ charge when substituted for Ta". It is
known that quadrivalent ions such as Ti ' and Sn '
are readily incorporated into KTa03.

To estimate whether the magnitude of D is rea-
sonable for our assignment, we consider equivalent
systems where D is known for both Mn~' and Fe'.
Table I gives four systems where the axial distor-
tion varies from a stress perturbed cubic system
(MgO) to the strongly distorted PbTiO~ and KTaO~.
Note that the ratio DF,/D„, increases with increas-
ing distortion. Since the D ratios in the two strong-
ly distorted systems, viz. , PbTiO, and KTaO, with
an oxygen vacancy, are the same, we conclude that
the magnitude of D is compatible with the site as-
signment. W'e should also point out that the size
of Mn ' is closer to Ta" than to K', although we
feel that arguments based on relative size of the
ions are not overly convincing.

The magnitude of the hyperfine constant can be
useful in choosing between the Ta ' octahedral site
and the K' dodecahedral site. A~ in our case is
quite close to the A~ reported for Mn ' in BaTiO3
and PbTiO„both of which are assigned to the octa-
hedral Ti ' site. Simanek and Muller have dis-
cussed the hyperfine constant and show that A can
be considered as a function of only the type of ligand
and the coordination. Our hyperfine constant is

Host

MgO
BaTi03

PbTi03

KTa03

TABLE I.

Dp~(cm )

0.039xl0 4

0.093

0.53

1.44

Comment

ss)
0 ctric

distortion
6% ferroelectric

distortion
Oxygen vacancy

100. 05

0. 144 10

Axial constant D for Fe + and Mn ' in various host lattices.

DM, (cm-') Ratio

0.011x10- 3.7 D/(unit stre
0. 021 4;4 l%%u ferroele

Ref.

14
2. 7

12, 8

11, present
paper
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FIG. 2. D vs temperature for Mn ' in KTa03. The
solid line simply connects data points. The error bar is
used to indicate relative error and applies to the full
range of D,

somewhat higher than their prediction for an octa-
hedral site with oxygen ligands, which may be due

to the strong distortion in our case.
The effect of codoping with Ti and Mn is of inter-

est. Crystals with Mn and Ti show no Mn EPR al-
though the optical properties are essentially the
same as those of Mn-doped crystals. In Ref. 13,
we demonstrated that titanium inhibited Fe ' from
occupying the Ta' site in KTaO, and here we give
evidence that titanium has the same effect on Mn '.

C. Temperature Dependence of D

Figure 2 gives the temperature dependence of D

up to 110 K. The line is a smooth curve drawn
through data points. The error bar indicates a
relative error and is less than the absolute error
of D. Above 110 K the hyperfine lines become too
broad to measure. The temperature dependence of
the hyperfine constant has not been measured.
Figure 2 shows the D constant increasing roughly
linearly as the temperature is decreased from 110
to about 50 K, below which D tends to become in-
dependent of temperature.

We suspect that the D variation reflects an inter-
action with the soft mode mainly because of the
large change of D at these low temperatures. D
changes by 7% below 100 K, whereas, D is tem-
perature independent below 100 K for axial Cr ' in

MgO and for Fe ' in A1203. ' However, D does ex-
hibit considerable temperature change at low tem-
perature for Fe ' in ' SrTiQ3 and in PbTiO»
in both cases D is associated with a phase transi-
tion.

To further support the idea of a soft-mode inter-
action, we note that the temperature dependence of

both D and ~ "rounds off" below -50 K. In fact,
a plot of D vs &To is linear, within experimental
accuracy, with a negative slope. A soft-mode in-
teraction has been convincingly demonstrated for
Gd" in' SrTiO, where the Gd" substitutes for the
Sr2' and the cubic symmetry is retained. The tem-
perature dependence of the cubic-field constant b40

is proportional to 1/(T —T,) or to 1/(u2To where &oTo

is the soft-mode frequency. For this case, the
Gd ' is considered an effective + 1 charge which at-
tracts the 12 oxygen neighbors toward the Gd there-
by increasing b40. Each normal mode of the lattice
makes a contribution to the oxygen displacement
proportional to 1/&u . Since only the soft mode is
temperature dependent, the cubic-field constant
has a temperature dependence proportional to 1/

2
~TO ~

Contrary to the case of Gd" in SrTi03, we are
not able to formulate a useful model to explain the
D variation of Fig. 2. To arrive at such a model
would require three steps: (i) determine the posi-
tions of the ions around the Mn ' impurity; (ii) esti-
mate the effect of a soft mode' on the ion positions;
and (iii) calculate D from the ion positions. At
present none of these steps can be accomplished
with any degree of confidence. Attempts at calcu-
lating D from ionic positions have been rather dis-
couraging.

9.I

I

9.5
I

H (&G)

9.9
I

FIG. 3. Hyperfine structure of Mn ' in KTaQ3. Lower
sextet is the (-2 2)~ transition. Upper sextet is the
(- 2

—2)„transition. Forbidden doublets are seen on both
sextets.

D. Hyperfine Structure

Figure 3 shows two hyperfine sextets x ecorded
at 27. 2 GHz. Both are the ——,'- —,

' transition; for
the lower one H is perpendicular to the axial dis-
tortion and for the upper one H is parallel to the

axial distortion. The prominent doublets between

the hyperfine lines on the upper sextet are the so-
called forbidden transitions, that is, transitions
where the nuclear magnetic quantum number changes

by + 1. Forbidden doublets can also be seen on the

lower sextet.
The intensity of the forbidden lines is given by
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, 4A'D&—(8 cos'e —1) Q'-,
i

(2m —1)
H0 ]

+ 3 4+m —vE
16DA

0
(2)

where we have omitted terms obviously too small to
contribute. m ranges from ——,

' to + —,
' in this formu-

lation of the doublet splitting.
The forbidden lines in Fig. 3 are 6 G wide and

tend to overlap as the splitting decreases. For
this reason we fit Eq. (2) using the largest and most
accurate splitting, rather than the difference be-
tween b,H( ——',) and LH(+ 2).~' Since A is negative,
the largest splitting occurs for m= ——,'. Solving
Eq. (2) with 4H( ——,') = l 7. 0 + 0. 8 G, we find

Q =+ 0. 9 + 0. 1 G =+ (0. 8 + 0. 1) x 10 4 cm ' .

Iy SDsin28 ) S(S+1)
~ ( )

p

Io 4g @~H ~ SM (M —1)
(1)

where I& is the forbidden intensity and Io is the al-
lowed intensity. Of course, Eq. (1) is limited by
the condition I&/Io & 1. Equation (1) yields a rough
estimate of D in agreement with the value listed
above. The angle 8 for Fig. 3 is about 2'. At 6'
the 4'= 2 transitions are evident as splittings of
the km= 0 lines. Note that the last factor of Eq. (1)
gives the 5: 8:9:8: 5 intensity variation across the

forbidden doublets in agreement with Fig. 3.
We have mentioned that the (- —,

' --,')„spectrum at
X band is not a sextet of lines but rather a group of
lines centered at g= 2 without an obvious pattern.
Apparently, the hyperfine levels are strongly per-
turbed in this region. The source of the perturba-
tion is probably the off-diagonal hyperfine term
,' I3(S,I + S—I,) which mixes states with spin quantum

. numbers differing by 1. Since the I,= ——,
' level

crosses the M, = ——,
' level at g p.~II = 2D, the M, = —

2

hyperfine states will be strongly mixed in the X-
band region.

The separation between forbidden doublets, for
8 —0, is given by

162 DhH= + " [2HO-A(2m —1)j+

charge model of the distorted lattice. They found

surprisingly good agreement for such a simple
model. On the other hand, Bhide and Multani~o used
a point-charge and point-dipole model and also as-
sumed 60%%uo ionicity to get agreement between mea-
surement and calculation for Fe ' in BaTi03. Bhide
and Multani also studied the EFG for Fe '-0 va-
cancy in BaTiO„but did not get agreement between
the experimental and computed values. In general,
the calculation of quadrupole splittings in systems
where ionic positions are well known has not been
successful" and we feel that such calculations for
strongly distorted systems such as Mn-0 vacancy
in KTa03 are quixotic.

To complete the remarks on hyperfine structure,
we note that the forbidden lines of the (- —,'- 2)~

sextet of Fig. 3 are in agreement with theory. These
doublet splittings range from about 18 to 22 G and

increase as the magnetic field increases. The co-
efficient (8cos 8 —1) of the fourth term of Eq. (2)
explains the range and direction of the doublet split-
tings, i.e. , the range is about 8 G for 8=0' and

decreases with increasing field and is 4 G for 8
= 90' and increases for increasing field. To ex-
plain the "center-of-gravity" shift from -14 to -20
G we must use the third-order terms of Lyons and
Kedzie. ~' The last term of Eq. (A12) of Ref. 27,
for 8 = 90', yields —12AD'/H = 5 G. Note that the
product AD must be negative to get the correct sign
of shift. Therefore, A is negative as expected.

III. CONCLUSION

Our main result is that the EPR of Mn in KTa03
arises from divalent manganese at a single site,
almost certainly the Ta site with an adjacent oxygen
vacancy. We have also shown that the temperature
dependence of the axial constant D correlates with
the host falling mode frequency and have measured
the nuclear quadrupole splitting. However, at
present the calculations of D and the EFG are not
reliable so that these experimental results cannot
be used to learn such important lattice parameters
as ion position and induced polarization.
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A perturbation formulation is developed for the calculation of spin densities in liquid metals
using nonlocal pseudopotentials. Specific application is made to liquid cadmium using experi-
mental interf erence function data. The results explain the observed temperature independence
of the Knight shift and nuclear-spin lattice relaxation time and provide empirical exchange-
enhancement factors for these properties. A comparison is made with prediction of current
exchange-enhancement theories and suggestions are made for improvement of the agreement
between theoretical and experimental Knight shifts and relaxation times.

I. INTRODUCTION

A variety of experimental resonance data such
as Knight shift K, and nuclear-spin lattice relaxa-
tion time T, are becoming increasingly available
for a number of liquid metals. ' There appear to
be three specific hyperfine effects associated with

the data. Two of these, related to each other, are
K, and the relaxation rate 1/T, due to the Korringa
type of process, which is the only important one for
spin- —,

' nuclei. The third property, namely, the
nuclear quadrupole contribution to the relaxation
rate, 3' requires a.knowledge of the dynamics of
the ionic motion in addition to the average ionic


