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We have measured the temperature dependence of the hyperfine constant of (Mn®)2tin CaO and SrO be-
tween 1.4 and 300°K. Our experimental data are in good agreement with the Debye model due to Simanek
and Orbach; we give the parameters obtained from the best fit of experiments with theory. Also, by using
a semiempirical model to evaluate the amplitude of the lattice vibrations, we have been able to evaluate
directly the constants of the orbit-lattice interaction. With both the Debye model and the semiempirical
model, we have evaluated the decrease of the hyperfine constant by the zero-point vibrations. We find
that the zero-point phonon contribution is larger in CaO than in SrO.

I. INTRODUCTION

HE temperature dependence of the hyperfine

coupling of Mn?" in various crystalline lattices
(MgO, ZnO, ZnS, CdTe, and KMgF;) has been meas-
ured by Walsh, Jeener, and Bloembergen.! These
authors found that the hyperfine constant varied with
temperature in the opposite direction from that ex-
pected from thermal expansion. To explain this behavior
Simanek and Orbach? proposed a mechanism in which
s-like configurations are admixed into the 3d° con-
figuration by the orbit-lattice interaction. Using a
Debye model for the thermal vibrations of the crystal,
these authors obtained for MgO a temperature depend-
ence of the hyperfine constant in good agreement with
the experimental values of Walsh et al.!

Continuing this study of the hyperfine-constant
temperature dependence, Rosenthal, Yarmus, and
Bartram investigated its behavior in NaCL? Ca0, and
SrO.4 Their experimental results for NaCl and CaO
are in agreement with the theory.? However, for SrO
they found a linear dependence of 4 with temperature;
this is in disagreement with the theory which predicts
that 4 must be nearly constant at low temperatures.

The data of Rosenthal ef al.* were taken between
300 and 1000°K. Below 300°K, they completed their
temperature-dependence curve with a few points
obtained from the work of other experimentalists.
This low-temperature region is precisely where their
curve for SrO shows lack of agreement with the theory.
We therefore undertook to extend the measurements
to the range of temperature between 1.4 and 300°K,
taking all the data with the same sample and the same
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experimental setup. Thus, with good curves in this
temperature region, which is the most sensitive to the
model used, we can check the limits of validity of the
Debye model.

Using the Deby model of the lattice, there are three
adjustable parameters with which to fit the experimen-
tal data. In order to improve on this model and in an
effort to obtain a more physical picture of the mech-
anisms involved, we propose (following Orbach and
Simanek®) a linear diatomic chain model of the lattice.
This “semiempirical” model allows us to obtain the
constants that give a direct measure of the orbit-lattice
interaction of Mn?** in the isomorphous lattices MgO
CaO, and SrO.

II. EXPERIMENT

The crystals we used were obtained from Semi-
Elements, Inc. They were quoted as undoped and
thus the manganese was an unintended impurity in
the lattice.

The measurements were performed in a super-
heterodyne spectrometer working at 9200 MHz.® In
order to cover the range of temperature between 77
and 300°K, we used a copper cavity heated by a
noninductive resistance.

We obtained the values of the hyperfine constant
4 from the spin Hamiltonian given by Low’ consider-
ing the contributions up to third order in a perturba-
tion calculation.®

In Figs. 1 and 2, we have plotted the experimental
values of the hyperfine constant of Mn?t in CaO and
SrO, respectively.

The accuracy of our measurements of the hyperfine
constant 4 is 0.029, or better. The uncertainty in the
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temperature is big only between 77 and 300°K where
we estimate it to be 2°K.

In the course of these experiments we studied the
linewidth temperature dependence of the fine-structure
transition M,= —31. We found for Mn?t in CaO a
linewidth of 30 mG at 1.4°K and 500 mG at 300°K.
Between 77 and 300°K, we observed a Raman-like
temperature dependence of the linewidth. We attri-
bute the linewidth in this temperature range to a
spin-lattice relaxation. This behavior contrasts with
that of Mn?* in MgO where the linewidth is nearly
independent of temperature. For Mn?* in SrO, the
observed linewidth was of the order of 1 G at helium
temperatures and only slightly broader at room tem-
peratures. We believe it is due to the unresolved fine
structure.

In the temperature range between 1.4 and 300°K,
the value of the gyromagnetic factor was constant and
the same for both lattices, CaO and SrQ, within the
experimental error. We obtain

g="2.00145--0.00015.

III. THEORY

The mechanism proposed by Simanek and Orbach?
to explain the experimental data,! is one that admixes
s-like configurations into the 3d® configuration by the
thermal vibrations through the orbit-lattice interaction.
This mechanism gives a change of the hyperfine con-
stant that is proportional to the mean value of the
square of the amplitudes of vibrations (Q?) (an average
over the different normal modes). Then the hyperfine
constant at temperature 7" is given by

A(T) = Arp+c(Q*)(T), (1)
where Agy, is the hyperfine constant for a rigid lattice,

and ¢ is the constant of the interaction.
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F16. 1. Temperature dependence of the hyperfine constant of

(Mn%®)2*+ in CaO. The solid line gives the best fit with a Debye
model for the crystal.

Mn2+ IN THE OXIDES

285

A0 em')
8l ;\\
eor
79}~ \

TBL N

/

PRI BTSSR S
0 100 200
©OTK)

L
300
F16. 2. Temperature dependence of the hyperfine constant of

(Mn®)?+ in SrO. The solid line gives the best fit with a Deybe
model for the crystal.

A, The Debye Model

Using a Debye model for the lattice vibrations, the
following expression is obtained?:

2

A(T)=A(0)[1—CT4 fo o xsdx].

e—1

In this expression, © is the Debye temperature of the
crystal;

A(0) = Arr4-¢{(0?)(0)

is the hyperfine constant at 0°K; and C is a constant
that depends on the orbit-lattice interaction and also
on the vibrational properties of the crystal. Using (2),
we can find for each crystal the values of 4(0), ©
and C which fit the experimental data.

It is possible with the Debye model to find values
for the zero-point phonon decrease of the hyperfine
constant A4. We find

Ad=c(Q*)(0) =—54(0)Cer. (3)

Then ArrL=A4(0)—AA gives the hyperfine constant
for a rigid lattice as a function of 4(0), 6, and C.

b

B. The Semiempirical Model

Rather than the constant C obtained with the Debye
model, it would be physically more meaningful to obtain
the constant ¢ defined by (1). The latter is related
directly to the orbit-lattice interaction and is independ-
ent of the vibrational properties of the lattice.

However, in order to evaluate it, we need a more
specific model of the lattice than the Debye model.
Following Orbach and Simanek? in their calculations of
the zero-point phonon decrease of the hyperfine con-
stant, we use a linear diatomic chain model of the
lattice extended to three dimensions.

This semiempirical model of the crystal allows us
to compute the amplitude of the normal vibrations
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which can interact with the impurity and change the
hyperfine constant. With these values and the experi-
mental data of Figs. 1 and 2, we are then able to eval-
uate the interaction constant c.

In this model, the phonon dispersion relations are
given by

w?(k) = u/mM {m-+ME[ M+ m?+2mM cos(ka) ]2},

where m and M are the mass of the anion and cation,
respectively, £ is the moment of the phonon, « is the
lattice parameter, and u is the force constant. The ==
sign refers to acoustical and optical phonons.

We find the values of {Q?), the mean value of the
square of the amplitude of the lattice normal vibration
responsible for the interaction, and also of {¢?); ¢ is
the displacement of the ion from its equilibrium posi-
tion and Q is defined by Q=3%(gnr1— gon-1), Wwhere
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2n-+1 and 2n—1 give the position of the ions on the
linear chain.

The mean values of ¢* and Q% in units of the lattice
parameter, are found to be

1h V 4 -
@r= i 2 [ O T 0) (o) 1+ D32y
4
and
2 _1_§_ V " —1.,2
@)= = [ [ Tet)
X (lo() 11y sintydy,  (5)
where

y=ka, nlw(y)]= [ exp(ﬁ—w}a—(;—‘))— 1]—1

is the Bose factor,

4M? cos?(ka/2)

o?(y) =

and Y, means summation over the different branches
of phonons. In (4) and (5), we have made a spherical
approximation like that used by Orbach and Simanek.®
The elastic constants of the crystal and the optical
frequencies of phonons with zero moment are given
in this model by
Co=pu/2(m+M), (6)

W?(k=0) =2(m™'+M")p, (7

where Cp is the elastic constant, p is the density of the
crystal, and w(2=0) is the frequency of phonons with
zero moment.

However, in order to fit this simple model to the
experimental data, we find that one force constant is
not sufficient. We therefore introduce different force
constants for the longitudinal and transverse branches
of phonons and different force constants for the acous-
tical and optical branches. The first consideration
allows us to take into account the different phonon
polarization branches. The second consideration has
been introduced because when we compare (6) and
(7) with the experimental data for MgO,*™ we see
that it is impossible to explain both the acoustical and
optical branches, with the same force constant.

It is necessary then to evaluate the four force con-
stants for each crystal from the elastic constant and
optical data. Unfortunately, we have all the informa-
tion we need® 2 only for MgO. For the other two hosts
there are no data on the elastic constants and the lattice

9 B. D. Saksena and S. Viswanatham, Proc. Phys. Soc. (London)
B69, 129 (1956). . )

10 H. B. Huntington, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1958), Vol. 7.

1 G, Peckham, in Proceedings of the International Conference on
Lattice Dynamics, Copenhagen, 1963, edited by R. F. Wallis
(Pergamon Press, Inc., New York, 1965), p. 49.

12T, Q. Baldwin and C. W. Thompson, J. Chem. Phys. 41,
1420 (1964),

4M cos?(ka/2) +[ (M —m) &= (ME+m2+2Mm coska) 2’

vibrational frequencies are not known. Thus we must
rely on data for the optical frequencies®® which are not
trustworthy, since they were published simultaneously
with information for MgO which has been shown to be
incorrect.?

For MgO, where we have experimental data of
elastic constants and optical frequencies, we obtain
good agreement between our calculated values and
those obtained from x-ray measurements. For CaO,
the absence of reliable phonon dispersion frequencies
resulted in force constants for our model which yield
vibrational amplitudes some 209 less than those
observed with x rays. For SrO there are no x-ray data
to compare with our calculations.

We try to remedy this abscence of information for
CaO by correcting the calculated values of {Q?) com-
paring the measured values by x-ray techniques,* and
our calculated (¢?). With the corrected values of (Q?)
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TasLE I. Hyperfine-coupling data fitted with a Debye model. Values for the Debye temperature 8p, the zero-phonon contribution to
the hyperfine constant A4, and the rigid lattice value of the hyperfine constant Agy..

Crystal 0p (°K) C(°K™) A0) (104 cm™) A4 (10*cm™) Agp (10~ cm™)
MgO= 750 2.58X1071 —81.55 0.83 —82.38
CaOp 450 2.30X10712 —81.707 0.964 —82.67
SrOp 70¢ 1.274X107° —80.948 0.31 —81.26
504 2.996X107*° —80.946
2 From Ref. 1. b Our data. ¢ Low-temperature fitting. d Entire range fitting.

and our experimental data, we find the constants Agy,
and ¢ from the relation (1). We list the constants
obtained in Table IT.

IV. RESULTS AND DISCUSSION

Figures 1 and 2 display our data for the temperature
dependence of the hyperfine constant of Mn?* in CaO
and SrO. Since there are no hydrostatic-pressure experi-
mental data for Mn?*t in these lattices, we cannot
correct for the thermal expansion of the crystal. Our
estimate, based on data for MgO, shows that this cor-
rection is of the order of our experimental error in
the temperature range we have covered.

The solid lines in Figs. 1 and 2 give the fitting (small-
est mean-square deviation) with the Debye relation
(1), and Table I summarizes the values of the param-
eters used. For CaO between 1.4 and 300°K, we obtain
a Debye temperature, ©=450°K, in reasonable agree-
ment with tabulated data. For SrO, we obtain 6= 50°K
if we consider the whole range of temperature. (For
the low-temperature range, between 1.4 and 77°K,
better agreement is obtained with ©=70°K.) Thus,
we find that the Debye dependence is obeyed and 4 (T)
is essentially constant below 20°K for SrO. This behav-
ior could not be detected in the curve of Rosenthal
et alt

Although there are not available data in the lit-
erature with which to compare them, our values of
the Debye temperature for SrO seem to be anoma-
lously low. An explanation for this may lie in the
difference in size between the Mn?* and the Sr?* ions:
Since the Mn*t are much smaller than the Sr** ions
which they replace, this would tend to make the crys-
tal softer in the region of the impurity. It may also be
important to consider the changes of the O~ wave
functions in different potential environments as was
pointed out by Orbach and Simanek.’

We also list in Table I the contribution A4 of the
zero-point vibration to the hyperfine constant change.

TastrE II. Coupling constant ¢, zero-phonon contribution A4,
and rigid-lattice value Agy of the hyperfine constant. Values
obtained from our semiempirical model.

Crystal AA (104 cm™)  Agp (10t cm™) ¢ (cm™)
MgO 0.6 —82.15 0.88
Ca0O 1.04 —82.75 1.8
SrO 0.5 —81.45 1

The values given were obtained from (3), using the
parameters given in Table L.

Figure 3 gives the experimental values of the hyper-
fine constant 4 as a function of (Q?) obtained from
our semiempirical model, where each point corresponds
to one temperature. It can be seen that the dependence
is approximately linear [as expected from Eq. (1)]
for the three crystals. We found from this figure the
values for the interaction constant ¢, the zero-point
phonon contribution to the hyperfine constant A4,
and the hyperfine constant corresponding to a rigid
lattice, which are given in Table II.

For the interaction constant ¢, we find a higher value
for CaO than for MgO and SrO. It would be interesting
to compare these values with values of ¢ obtained
experimentally. This could in principle be done by a
uniaxial stress experiment. Assuming an applied defor-
mation' of the order of 10~* we find, using the values
of Table II, that the changes of the hyperfine constant
would be A4/A~10-5. We believe that this order of
magnitude would be difficult if not impossible to meas-
ure even in an ENDOR uniaxial stress experiment.

For A4 and Agy, we find (Tables I and II) that
both models give consistently higher values for CaO
than for SrO and MgO (even if both models give
different absolute values).

We find a large difference between our value of A4
for SrO (Table II) and the results of Orbach and
Simanek.® We believe that this discrepancy is due to
our respective choice of force constants and that the
model is very sensitive to this choice. The force con-
stants are determined from the phonon-dispersion
curves, or elastic constant and optical frequencies,
which are data that are not available for SrO. More
experimental information is needed, therefore, before
this discrepancy can be removed.
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