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The asymmetric AM =2 paramagnetic resonance line shapes of Fet* in MgO are explained using a model
of stochastic distributions of cartesian strain components as a strain-broadening mechanism. Strains
broaden the AM =2 resonances at lower frequencies by means of a direct zero-field splitting and at higher
frequencies by means of a strain-induced change in g value. It is found that this model of broadening gives
mathematical expressions for the AM =2 line shapes which agree quantitatively with experimental results.

INTRODUCTION

HE paramagnetic resonance spectrum of Fet+

in MgO consists of 3 lines: One transition is very
broad and represents the normal AM =1 transition;
the other two are forbidden AM =2 transitions and
exhibit narrower asymmetric line shapes. Originally,
Low! suggested the possibility of strain broadening as
a line-shape mechanism. Watkins and Feher? have since
measured the effects of applied uniaxial strains of the
paramagnetic resonance spectrum, showing that the
Fet+ ion is sensitive to strains and making the strain-
induced linewidth hypothesis more reasonable. Feher
and Weger?® have applied the concept of random internal
stress components to make a second-moment calculation
of the strain-broadened resonance of Mn*+ and Fet*++
in MgO. One can also apply the concept of stochastic
distributions of strain components to make a calculation
of the line shape itself. This procedure, though less
rigorous than a calculation of moments, can be applied
with benefit to the Fet+ AM =2 resonance lines because
it explains the asymmetric shapes, because it permits a
quantitative comparison of the AM =2 and AM=1
shapes, and because the calculation of moments does

not apply.
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Fic. 1. The paramagnetic resonance spectrum of Fet+ in MgO at
9.5 Gc/sec. The derivative signal is illustrated.
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One finds at low frequencies that the paramagnetic
resonances are strain broadened by means of a direct
zero-field splitting mechanism which can be adequately
explained using the spin-strain Hamiltonian of Watkins.?
However, at higher frequencies, a g distribution
broadening mechanism predominates and it must be
taken into account to explain line shape changes.

The paramagnetic resonance spectrum of Fet* in
MgO is shown in Fig. 1. The broad line at g=3.4 is
the usual AM =1 transition. The width of this transi-
tion, which will be referred to as the “single quantum
line” and abbreviated SQL, is accounted for by the
extreme sensitivity of Fet* to strains.

The narrow line at g=3.4 is, in terms of perturbation
theory, a second-order process in which two microwave
photons are absorbed by the spin in rapid succession.
This transition takes place between the two end levels
of the ground-state triplet. Its width is less because it
is broadened only by second-order strain shifts and
because the energy denominator of second-order rf
perturbation makes the process likely only when the
first-order strain shift is small. This type of transition
is generally called a “double quantum transition” and
will be abbreviated DQL.

The line at g=6.8 is called the “half-field line” and
abbreviated HFL. This transition, which is strictly
forbidden for cubic crystal fields, occurs because strains
produce small admixtures of the pure Zeeman eigen-
functions. Using the admixture of eigenfunctions, the
rf field can induce a transition between the two end
levels of the triplet ground state using only one photon.

The DQL and HFL will be collectively referred to
as AM =2 transitions. Low! has given the above
interpretation for the HFL Orton ef al.* have established
the double quantum nature of a Ni*t transition in
MgO, a case which is similar to Fe** in MgO.

THEORY OF STRAIN-INDUCED LINE SHAPES

Tt will be assumed from the beginning that strains,
caused by nearby crystal imperfections, are the cause of
the observed line shapes and a theory based on this
premise will be developed. The results of experiments
presented later on will justify this assumption.

4J. W. Orton, P, Auzins, and J. E. Wertz, Phys. Rev. Letters
4, 128 (1960).
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PARAMAGNETIC RESONANCE LINE SHAPES OF Fett*

It is likely that the observed strain broadening of the
Fet* resonance lines is due to dislocations. The strain
fields produced by dislocations are in general aniso-
tropic; dislocations are preferentially oriented, and
often form nets of dislocations resembling a super-
lattice structure. Not only is the problem of calculating
line shapes in terms of a dislocation model too difficult
to treat mathematically, even if the dislocation structure
were known, but, in addition, one does not know such
essential details as whether the Fet+ jons are randomly
distributed in the lattice. It is therefore not reasonable
to attempt to explain line shapes from first principles
using a dislocation model.

An alternate, more modest approach, is to explain
the HFL and DQL widths and shapes in terms of
information obtained from the SQL. Assume that there

('—Gll/4) (e:cx-*'eyy_ 2ezz)
(Gas/\/2) (eaytiey.)
(3G11/4) (25— €yy) +1Gasesy

Changing the orientation of the crystal relative to the
static magnetic field will intermix the diagonal and
off-diagonal elements of this array and produce minor
changes in the width of the Fet+ paramagnetic reso-
nance lines. These changes are not of interest here, and
consequently the theoretical analysis and experimental
procedure are carried out only for the case in which the
magnetic field is along a [100] crystal direction.
Watkins? and Shiren,® using different techniques, have
determined the constants of this Hamiltonian. The
average of their results is

G’11(= —2G12) =720 cm™! , G44= 460 cm™,

This interaction is applied as a perturbation assuming
that the three levels of the ground state are already
split by a relatively large Zeeman energy. From this
one can deduce that the resonance condition of the
SQL in the presence of strains is,

E=1wot (3)G1i(es.+e,,—2e..)+2nd-order terms.

Correspondingly, the resonance condition for the

DQL is
E= hw0+ (G442/hw0) (exy2+eyz2+ezx2)
4+ (9G112/16%1w0) (€20— €4y)2.

In these two cases %wo is the Zeeman energy between
two adjacent levels. The resonance condition for the
HFL is

E= hwo-‘l" (2G442/hw0) (3a:y2+eyz2+ez:c2)
+ (9G112/8hw0) (eu— eyy)2 .

Here, as in subsequent applications referring to the

5N. S. Shiren, Bull. Am. Phys. Soc. 7, 29 (1962).

(G44/ )\/2 (e:w"' iew)
(2611/4) (ex:v'*'eyy" 2¢..)
('_ G44/\/2) (ewz‘l"ieW)
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is a stochastic distribution in the values of the strain
components e, €4, etc. at the paramagnetic ions sites.
If the set of 6 independent Cartesian strain components
is known, one may use Watkins’ effective spin-strain
interaction to determine completely the effect of the
strain components of the spin system. Having deter-
mined the resonance energy shifts in terms of the strain
components, the strain induced line shape is calculated
by integrating over the probability distribution of
strain components. The type of probability distribution
is chosen so that the shape of the SQL agrees with the
experimentally observed Lorentzian line shape.

If the static magnetic field is along the [100] axis of
the crystal, the spin-strain interaction can be written
in matrix form, that is, in a representation in which S
is diagonal. The result is

(3G11/4) (€zo—eyy) — 1G 14y
(—Gua/A/2) (esa—1eys)
(—Gu/4)(esstey,—2ez)

HFL, #w is the Zeeman energy between the two end
states of the triplet. This formulation is consistent with
the fact that paramagnetic spectrometers are constant
frequency devices. The difference in the DQL and HFL
resonating conditions occurs because two rf photons are
absorbed in the former and one in the latter.

Since the HFL is forbidden in a perfectly cubic
field, the strength of the rf field interaction is strain
dependent. One must therefore calculate the strength of
the interaction in terms of the strain components. If one
denotes ¢, do, o_ as the Zeeman eigenfunctions in the
absence of strains, the eigenfunctions in the presence of
strains are,

Bt D e
+ -+ VI hwo/z 0 —

G44 (3xx'—“ iew)
—————¢ot( s

b_=¢_+—
N

Since the rf field interaction can be represented as
H,;=gbH.(S;+S_), the magnitude of the interaction
for the HFL is

(3:02_7:331:)
FChe={(D [3Crt| B_Yy=2V2Gae—03Css:
Hieso

Assume that the distribution of Cartesian strain
components is given by the probability P(e)=P (s,
CyysCans€ynCanytny) Of finding a spin subjected to the
strains e,, e,y, etc. To make practical use of the distri-
bution in solving problems, it is assumed to be separable
into products of probability distributions of individual
strain components,

P(e)=P(eaz) P (eyy) P (€:c) P(ey) P (y2) P ().
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Since it is known that the SQL has a Lorentzian shape
within errors of measurement, one must choose the
distributions of strain to be Lorentzian in order that
the SQL be Lorentzian. (Gaussian distributions give a
Gaussian shaped SQL.) The choice of Lorentzian
instead of near-Lorentzian distributions is for mathe-
matical convenience.

Because of symmetry considerations, one can assume
that all of the widths of the distributions of diagonal
strains are the same and that all of the widths of the
distributions of off-diagonal strains are the same. There-
fore one has,

65 1
P(ei)=—

| A 1
P(Cu) = ) . e¢j2+62 )

i#7,
T ei’ A

where A and & are the widths of the diagonal and

off-diagonal distributions of strain, respectively.

CALCULATION OF LINE SHAPES

The procedure for calculating the strain-induced line
shapes will be as follows. First of all, the power absorbed
for one spin as a function of the Cartesian strain
components is found. The power absorbed by one spin
will have a strain-shifted resonance denominator of
width T'57L. This finite width, over which a spin can
absorb power, will be replaced by a Dirac delta function
resonating condition. The delta function resonating
condition, which is a function of the strain components,
is integrated over the probability of finding a given set
of strain components, producing a result which is
equivalent to summing over an ensemble of spins.
Because the delta function and its associated factors
represent power absorbed per spin, the result of integrat-
ing over the strain probabilities gives a line shape that
represents total rf power absorbed as a function of
frequency.

In Appendix 1, formulas for the absorbed power per
spin as a function of frequency and strain are derived
using the density matrix approach. The results of this
Appendix can be summarized as,

4‘hwoST 1
T3 Ty 14T (ete)?

8q

87100S°7
Rag=
Ty

1
X )
(14T (w+witws) [ 14 To? (w—witwy)?]
4 7100S" T 8 (2224 €,.%) 1

T3 T e A4FTR(wtw)?

where w=rf frequency measured with respect to zero-
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strain resonance frequency
w1= %Gll (exx+eyy - Zezz)

=1st-order perturbation strain shift,

wy= 2o (ex*+ ey=2+en2)+~9- (E(em— eyy)?
Wo 8 7uwo
= 2nd-order strain shift for HFL,
wy' = Ef(exzf'{'eyzz"" 9”2) +2 g(em_ 3111/) 2
Fiwo 16 %wo

= 2nd-order strain shift for DQL,
S=g*3*H T T = saturation factor SQL and DQL,
S’ =g*8H*T'T;=saturation factor for HFL.

Note that the g in S’ is the same as the g in .S. This
occurs because the strength of the rf matrix element for
the HFL was calculated in terms of the rf matrix
element of the SQL.

Replacing the finite widths of the resonating denom-
inators by an infinitely sharp § function amounts to
the following replacement in an integrand:

1 T Th
—_—— > —§(w—w)=—0(E—E).
14+ T2 (w—w1)? T, T.

Changing the frequency to energy units will be con-
venient later on.

This substitution is justified if the intensity of the
line does not change significantly in a frequency interval
Aw~T;31 a condition which is always satisfied for the
SQL and which is usually satisfied for the HFL. On
the other hand, it will be found that this replacement is
not a particularly good assumption for the DQL
because in this approximation the DQL shows a dis-
continuous derivative. It does, however, produce a
simplification that allows one to perform the calculation
and one can in fact get good qualitative results for the
DQL by adding T as a broadening mechanism at the
end of the calculation.

The method of distributions of strains consists of
entering the R’s in an integrand which is summed over
the probability distributions of strains. Thus one has,
when substituting in the appropriate § functions,

I<E)sq=

Ao (g8H.0)?
Ao (g8Hx)'r / §(E—Ey)P(E)dE;,

(gBHrf)27/8(3x22+ew2)
% (Prwsp)?
X3 (E—Ex)P(Ex)dEs,

4
I (E)hf = ;ﬁwu
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I(E)aq=8mhwo(g*6*H?)*r T

X / 8(E1) 0(E— Eg)P(E1,Ey)dEdE,,

where

P(E1)=/EEEI_Gll(exz'l"eyy'—Zezz)]P(e)de,

P(E) = / 5[E2—

2G44?
(Czy2+eu=+ €z x2)
fw

0

9 G112( ){IP( Y
—~——(es—e e)de,
8 7uos vy

P(EIEZ)=/EEEI—Gu(em—{-ew—%"):l

Gus?
X 5|iE2~— h_(exy2+eyz2+ 3212)

w0
9 G112( )2]1)( Y
1670 1T
A\3/8\3 1 1 1
ro=(2) ()
T T (e,,2+A2) (eyy2+A2) (ezzz—*_A?)
1 1 1

x b
(exy2+62) (eyz2+52) (sz2+52)
de=de,.dey,de.desyde, de,,.

In Appendix 2, the evaluation of the above integrals
was carried out as far as possible in terms of closed form
expressions. The result is

47I' (gBH,-f)2 3G11A 1

I(E)sq=—wy . , (1

3 % ™ E2+(3611A)2

4 H.)? /16 ball2
HE)im g 1) T<— )

3 3w

y /1 dyH (b/y)
0 y(1—y+a)(1—y)¥2’

with
H(b/y)

1 dx
’"/0 [+ (b/3) T — a4 (8/9) 171 — a2+ (2b/5)]

and
2[(8/3)GuA)?
a:————-——-———

hw oE

28°Gya?
b= ,
‘hon

)
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6 1
I (E)dq = 87l'hwo (gBHrf)2TlT<'—; —2b12d13/2>

T ENn
/1 dyH (by/) 3
o Y (1= (1—y+4a:)(1—y+a1)
with
H(b1/y)

1 dx
=/0 L2+ (by/y) T — a2+ (by/3) V[ 1— a2+ (261/3) ]

and

L(8/3)AG1 ] 8°Gas®
Q=—"———""", = )
' ﬁon ' 'hon
€= (4/3)G11A, ’}’L=G445.

Graphs of the functions 7 (E)n¢ and I (E)qq have been
obtained using a computer program to evaluate the
integrals. The results, plotted in terms of the dimension-
less wvariables (1/a)=9Fhw/128G1,2A? and (1/a1)
= (2/a), are shown in Figs. 2 and 3. Even though the
width depends on the ratio a/b, the shapes are insensi-
tive to the ratio and hence only the case =25 is shown.

The HFL and DQL shapes are broad and have
relatively steep slopes at the high-field or zero-strain
side of the lines. Because of this, the derivatives of the
line shapes are significantly different from zero only for
small strains and the derivatives are asymmetric.
Another characteristic common to these resonances is
that they get narrower as the spectrometer frequency is
increased because they scale according to the factor
1/a or 1/a, as the case may be.

The line shapes are not valid for large 1/a because
the theory does not take into account the fact that
imperfections can not be nearer the paramagnetic ions
than nearest-neighbor sites.

HEIGHT AND WIDTH COMPARISONS
OF SQL AND HFL

It is useful, in terms of comparing theory and
experiment, to make a quantitative comparison of
relative widths and heights using the above theory.
Because the SQL and DQL intensities vary differently
with rf power, a comparison of heights is not convenient
in this case. As a result, height and width comparisons
of the SQL and HFL will be made and the widths of the
HFL and DQL will be compared.

For a paramagnetic spectrometer with linear detec-
tion the output voltage (deflection of recorder pen) is
proportional to the derivative with respect to magnetic
field of absorbed power divided by the rf magnetic
field strength. If the rf power level at the sample cavity
is held constant, the ratio of the absorbed power, that is,
the ratio of the I (E)’s for the SQL and HFL, will yield
a quantity which can be determined experimentally.
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H.F.L,
8L asb -
6 -
|
4 3/2[ _dy Hla/y)

a4 /ey = o[ —m=Ersr—s
I-y +a)(1=y)¥:
dI(l/a) 0 vty ol

d(i/0)

1/a

Fic. 2. The strain induced HFL shape at low frequencies
assuming e¢=>d. For comparison with experiment the derivative
shape is included.

Since spectrometers plot out derivatives of line shapes,
it will be convenient to express parameters in terms of
the derivatives of the SQL and HFL. A computer
program was used to calculate dD(1/a)/d(1/a) versus
1/a, where,

1 d
D(})g - f yH (/)
a o y(1—=y+a)(1—y)'2

for the three cases e=b, a=4b, 4a=>5. The results are
illustrated in Fig. 4. As convenient parameters for
measuring the width and height of the HFL, the width
at half the maximum height of the derivative, and the
maximum height of the derivative will be used. These
will be compared with the peak-to-peak height of the
SQL derivative and the width of the SQL between the
two peaks. From the graphs of the function dD(1/a)/
d(1/a), one gets the relationships (accurate to about

5%),
dD(1/a) a\"'"
e — =0.32(—> ,
d(1/a) | max b
4)
128G112A2 b\ 084
0 a
and
dI(e)hf (47rhong2ﬂ2Hr12>( 16 >
dE | pux= 3 3m3hwo
dD(1/a); d(1/a)
d(1/a) lmex dE

The peak-to-peak width and height of the SQL
derivative are given by

A (E)w (mwongﬂ,ﬁf) (3\/3‘\ 1
dE 3 ar ) (3Gua):
Wm = Z\BGuA .
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In measuring heights, one determines the quantity

dI(E)
Al=—"
d(E)

b
max

where M is the depth of the magnetic field modulation
in energy units. Taking the ratio of the two height
parameters, one gets

Alyps  myg a\0'"
=—0.17<—> ,
Alyqy g b

where m represents the modulation depth in gauss.

Taking the ratio of the two widths, one finds, if s,
and wys represent the widths in gauss and H, is the
magnetic field for g=2, that,

©®)

nghf/wsq2=2.3(b/d)0'84. (6)

Some features brought out by the height and width
comparisons are: The width of the HFL is proportional
to the square of the SQL width and is inversely propor-
tional to the spectrometer frequency (Zeeman splitting) ;
the ratio of the heights of the derivative curvesfor the
SQL and HFL is independent of frequency.

If one uses Figs. 2 and 3 to compare the half-height
widths of the HFL and DQL, one gets the relation
2Waq=Wsq, Where wq, and we, are measured in gauss.

It is evident that the theory does not determine the
value of the ratio a/b.

M=2 LINE SHAPE AT HIGHER FREQUENCIES

When the Fet+ AM =2 resonances are observed using
a high-frequency spectrometer (4-mm wavelength),
a second-order perturbation through the next higher
spin-orbit state, which can be schematically represented
as
(strain) (Zeeman interaction)

(spin-orbit splitting)

is effective in producing another strain-broadening
mechanism. This mechanism, because it depends on

.08 1 -

I(1/a)

06 p.a.L. —
. a=b
04 -1 41(1/a) -
2 d(l/a)
1
o2l 1/a) = o7/2 [—dy Hlasy) N
T/ = 0 W20y +aaliy o)

o

]

o

1/a

2

Fi16. 3. The strain-induced DQL shape at low frequencies

for the case a=0.
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F16. 4. The low-frequency HFL shape for different values
of the ratio a/b.

the Zeeman interaction, represents a strain-induced g
shift. The distribution of strains implies a distribution of
¢’s and hence a linewidth.

Because excited states within a manifold of a spin-
orbit multiplet are involved, the strain interaction must
be expressed in terms of a more general orbital-strain
interaction instead of the “effective spin” strain interac-
tion used above. In order to calculate the size of the
orbital-strain coupling constants, this same interaction
in terms of orbital operators is applied as a perturbation
between the ground-state triplet eigenfunctions. These
eigenfunctions are expressed as products of spin and
orbital operators and result from applymg crystal field,
spin-orbit, and Zeeman perturbations in succession to
the 5D free ion configuration of Fet+. For the case of
the ground state triplet levels, the magnitude of the
orbital-strain coupling constants can then be found in
terms of the equally applicable “effective spin’ strain
interaction, for which the coupling constants are known.

Using this procedure, one has for the relative energy
shift between the M,===1 ground states (caused by
the g distribution perturbation):

2770
Gll (exx+ Cyy—
4N

V= 2612) y

where A(L-S) is the spin-orbit coupling.

The correct way of introducing the new width
mechanism into the HFL is to include it as part of the
energy shift factor in the § function resonating condi-
tion. Thus one has,

4MOTS/) 8(6x,2+ eyzz)
Y / #wq®
XO[E— E;(e)—wv (e)]P(e)de,

where P(e), de, and E, are defined as in the HFL case
above. This formula takes into account the fact that the
new width mechanism enters only in the resonating

I(E)hf=<
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frequency condition, but does not relax further the
forbidden nature of the AM =2 selection rule. Conse-
quently, the transition probability matrix element of
the HFL is still the same.

Unfortunately this formulation leads to mathematical
difficulties which cannot be easily circumvented. An
alternate and sufficiently accurate approach is to find
the width of the distribution of ¥ as a function of energy
position E produced by the low-frequency broadening
mechanism. The unnormalized probability of finding
the energy shift v at E is

P(v,E)= /6[v—E3]6[E—E2]P(e)de,

where
27%0611

E3 = (3:cac+ Cyy— zezz) .
4\

A simple estimate of the effective width of the distribu-
tion is given by

wW(v)=

/ P(v,E)dv.
P(0,E)

Using methods similar to those applied in Appendix
2, one can calculate W (V). The result is,

2Trh%w*E
W(oe
192\G 11

/ dy H(b/3)/[y(1—3) *(1—y+0)]
0

X .
/ dy H/y)/[y(1—3)"*(1—y+a) (1 —y-+4a)]

One finds that the ratio of the two integrals has the
asymptotic values 4a for @,  — « and 6a for a, b — 0.
Since both extremes of energy shift E give nearly the
same value of W (V) and it is reasonable that the case
E~1 will not give a very different result, one is justified

in setting B
oLriy

16A

In addition to having a numerical estimate of the width
of the new strain mechanism, one has the following
results: The width of the broadening mechanism is very
nearly the same for all parts of the HFL (or DQL).
The strain-broadening mechanism produces a linewidth
that increases directly with increasing frequency.

APPLICATION OF g DISTRIBUTION WIDTH
MECHANISM TO HFL

Assume that the broadening caused by the distribu-
tion of g values has a Lorentzian probability distribu-
tion. This is a reasonable approximation because this
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width mechanism is linear in strain and because the
strain distributions are Lorentzian. If one forms the
convolution integral of the two strain width mecha-
nisms, the g distribution broadened HFL shape will be
given by,
I(EndE'
I* ([’)hp— w / —_—
(E—E'+W?

With the available spectrometer frequencies one
finds experimentally that this broadening mechanism,
in terms of half-height widths of resonance lines, never
gives contributions appreciably greater than the low-
frequency strain-broadening mechanism. It is therefore
of value to express the g shift broadening in terms of a
more sensitive parameter for which the mechanism
causes large relative changes at lower frequencies. A
sensitive parameter to use in observing broadening
mechanisms is the width of the sharp or high-field side
of the HFL derivative between the % and £ height
points. Call this quantity W . If the line is broadened
only by the low-frequency strain mechanism, one has
the relationship, W =0.08Wys, which can be obtained
from Fig. 4 graphically. This formula is a good approx-
imation whatever the value of ¢/b because the line shape
is nearly independent of the ratio. Using Eq. (4) for
the half-height width W4, one has,

64G112A2\ 7B\ -8
W= 0,48(——) (—)
9hw0 a.
as the low-frequency asymptotic value. In the high-fre-
quency limit the HFL shape is given by the expression,

27ﬁwoG11Ar 277rhwoG11A 1
I* (B — E2+( >]
16n L 16\

From this one can show that what corresponds to Wy is
WL= 277rh€00611A/16)\ .

If one sets the low-frequency asymptotic expression
for W1, equal to the high-frequency asymptotic expres-
sion, a condition for the minimum value of Wy is
obtained. Thus,

h2w02/)\G11A =0.64 (b/d)0'84. (7)

This equation indicates that the frequency at which
Wy is a minimum is directly proportional to the
magnitude of the strains in a crystal. It is also evident
that the ratio ¢/b must be determined before this
relationship can be utilized.

In using the above method to determine the frequency
of the minimum value of W, it has been tacitly assumed
that the curve of W versus frequency on a log-log
plot is symmetrical about the minimum value. Because
the function 7(E)y¢ is complicated, it is not obvious
that this is the case. However, using Fig. 5 one can
obtain values of W, versus frequency and show, within

D. H. McMAHON
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6/:“.03 T T T [
.30 W=l -
A
W=.3
20} A -
Ww=1.0
3g
=5
=
Jo -
H.F.L.
° 1 T 1 1 1 ] | | L -

17a

Fic. 5. The HFL shape broadened by the g distribution mechan-
ism. Several ratios of the broadening parameter are shown.

graphical errors, that the curve is in fact symmetrical
and that it has to a good approximation the form
Wir=s(t+w?)/w, where the constants s and ¢ can be
determined from the asymptotic limits of W .

COMPUTER PROGRAM FOR g DISTRIBUTION
BROADENED LINE SHAPES

To obtain the “broadened” line shapes, a computer
program has evaluated the function I*(E)n; and I*(E)aq
as a function of E, for various values of the broadening
parameter 7. The results have been plotted in curve
form and are illustrated in Figs. 5 and 6.

The curves plot the derivative functions

dD*(1/a)nt dD*1(1/a1)aq
d(1/a) d(1/a)
where
D*<1> W D(1/a")nd(1/a)
o/ 7o [W/0)— (/)W

Dot i) 124 /w Di(1/a1")aqd(1/ay")
' (dl dg T [(1/a)— (1 /a) I+ W2’

in terms of the dimensionless variables 1/a and 1/a,,
where W and W, represent the broadening parameter
width in units of 1/a and 1/a,, respectively, and where

4 (¢8H)* 16 <1>
hf,

I*(E)we=-—

—

3 3t a

6 1
I* (E)dq_ Sﬁwo(gﬁﬂrf)leT< )Dl*<—> ’
T2en a1/ dq

and

<1> /‘ dy H(b/y)
D(-) =ba ,
a/ nt o y(1—y+a)(1—y)'2
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1 1 dy H(d
DI(_> bt f y H(b1/y) .
a1/ aq 0 y*(1=y)"2(1—y+4a:)(1—y+ay)

EXPERIMENTAL RESULTS
Strain as a Line-Shape Mechanism

A simple check on the assumption of strain broaden-
ing is to compare the strain-broadened SQL width with
the strain-broadened width of another ion species
present as an impurity in the crystal. It has been
shown that the energy shift of the SQL in the presence
of strains is

AESQL = %GllFe (exx+eyy_ zezz)

if the magnetic field is along the [1007] crystal axis.
Correspondingly, by using the same method and the
same crystal orientation relative to the magnetic field,
it can be shown that the energy shift of the Mn*+
(3 to § transition) is given by

AE‘Mn = %Glan (ez:c_*" Cyy— Zezz) .

Mn** has an S=4% effective spin ground state. If one
assumes that the widths of the stochastic distributions
of cartesian strain components are the same at both the
Mnt*+ and the Fett sites, then, using Watkins” or
Shiren’s* G values, one can show that the ratio of the
Mnt+ (5—3%) linewidth to the SQL width is given by

Wwn/WsqL=0.00325.

The Mn*+ (3,3) and the Mntt+ (3,—1) widths were
measured for samples in which the SQL widths were
also known. The Mnt+ (3,—1) line is not broadened
by strains and very likely its width is determined by
dipolar broadening. Therefore the Mnt+ (3,—1)
linewidth was subtracted from the Mn*tt (3,3) width
and the difference, presumably due to strains, was
plotted against the width of the SQL. The results of this
plot are shown in Fig. 7. The agreement between the
theoretical ratio of strain widths and the experimentally
measured ratio is good.

T T

dD,(1/q,)q,
d(iza)

1/

Fic. 6. The DQL shape broadened by the
g distribution mechanism.
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widths of Fet+ SQL and
Mn*t+ (3-3) resonances.
The magnetic field is
along the (100) axis of
the crystal. Each point
corresponds to a dif-
ferent sample.
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The theory of strain-induced line shapes predicts
several relationships between the paramagnetic res-
onances of the Fet* system. Some of these relationships
will now be compared with experimental results.

Because the width of the HFL at low rf frequencies
is a second-order perturbation of strain broadening, the
width of the HFL is proportional to the square of the
SQL width. This feature is verified by a comparison of
the SQL and HFL widths measured at 9.5 Gc/sec and
illustrated in Fig. 8.

Additional evidence is supplied by the detailed shape
of the HFL. In Fig. 9 is shown a picture of the HFL
resonance observed at 9.5 Gc/sec and at 4°K. This
picture illustrates the low-frequency limit of strain-
broadened line shape. If one subtracts off the baseline
variation which is due to the SQL (see Fig. 1), and
compares the resulting picture with the theoretical
HFL shape shown in Fig. 5, the agreement is excellent.

One also finds experimentally that the width of the
HFL varies inversely with the spectrometer frequency
in the low-frequency limit. This feature is not illustrated.

The Ratio a/b

The width and height of the HFL are given in terms
of the variables a¢ and b, where

1/a=9Fhwo/128G12A2, 1/b= Ehse/2G 128"

Taking the average of Watkins’ and Shiren’s values of
Gu and G4 quoted above, the ratio of /b is given by
a/b=16(A/5)2.

Equation (5) gives the ratio of the maximum height
of the derivative of the HFL to the peak-to-peak height
of the SGL. The quantity I(E)nmsq/I(E)sqmns has
been measured at 9 Gc/sec for about a dozen samples
with the result,

I(E)hfmsq/f (E) sqnhi= 2.04-0.3.
From this one has the estimate a/b=13.
Equation (6) gives the relationship between the HFL
and SQL widths. From the graph of Fig. 8, which plots

the HFL width against the SQL width for several
samples at X band, one obtains

nghf/wsq2=0.16.
One therefore has the estimate a/b=15. Using the
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Frc. 8. Width of
the HFL versus
width squared of the
SQL. Measurements
were made at 9.5
Gc/sec. Each point
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ferent sample.
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average value of /b, a/b=14, one has the result,
A/6=0.94~1.

One intuitively expects A/d~1. The fact that this
expectation has been substantiated is further evidence
to support the strain-mechanism hypothesis of line
shapes.

Evidence for the g Distribution
Broadening Mechanism

In the theory of line shapes it was indicated that Wy,
has the form
Wi=s(t+o?)/w.

If the plot of Wy versus frequency w is made on a
log-log scale, the shape of the curve, aside from
translational shifting of position, is given by (14w?)/w.
Experimentally the constants s and ¢ are determined
by moving this trial curve in a horizontal or vertical
direction until it fits over the data points. This exper-
imentally determined fit to the function is shown in
Fig. 10. It is apparent that the width parameter Wy,
has a minimum in the neighborhood of 10 Ge/sec.

The broadening produced by the g distribution
mechanism can be estimated from theory by using the
measured values of the SQL width and the value of the
ratio a/b. Using these values, the theoretical condition
for the minimum of Wy, Eq. (7), becomes

0?=0.28 wyq,

where w is the frequency in Gc/sec and wgq is the peak-
to-peak width of the SQL measured in gauss. This
relationship also predicts, within the accuracy of the
theory, that the minimum occurs near 10 Ge/sec.

HF.L.
RB53 SAMPLE
9.5 GC

334 9B/ INCH

<+—H

Fic. 9. The HFL derivative shape measured at 9.5 Gc/sec
illustrating the low-frequency limit of strain broadening. Magnetic
field increases to the left.
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As additional evidence one has the following experi-
mental information which can also be predicted from
the theory.

The width parameter Wy measured at 72 Gc/sec,
where the low-frequency strain mechanism gives an
insignificant contribution to the width, correlates well
with the SQL width, which is a measure of strain. The
graph of Wy at 72 Gc/sec versus SQL width shown in
Fig. 11 implies that these two widths are directly
proportional to one another.

The width increase of Wy, is directly proportional to
spectrometer frequency. The RB1 sample in Fig. 10
illustrates this behavior.

The minimum of Wy decreases in frequency as the
magnitude of strains in the crystal decreases. Compare
the frequency of the minimum for the RB1 sample
(Fig. 10), which has a SQL width of 400 G, with the
RBS5* samples for which the SQL width is about 1000 G.

Measurements on the width of the high field edge of
the DQL also exhibit broadening as frequency is
increased. Thus the width mechanism is not a pecularity
of either the HFL or the SQL.
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CONCLUSIONS

The theory of strain broadening of the Fett reso-
nances using a model of stochastic distribution of
Cartesian strain components at the paramagnetic ion
sites gives only one adjustable parameter, the ratio
a/b. Even this parameter is not completely arbitrary
because it is proportional to the ratio of diagonal to
off-diagonal strain-distribution widths, which one
intuitively expects to be about unity. Experimental
results quantitatively verify the applicability of this
theory in many essential details. There is little doubt
that strains in the crystal field potential cause the
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F16. 11. The width parameter W, at 72 Ge/sec versus SQL width.
Each point corresponds to a different sample.

observed Fett paramagnetic resonance line shapes both
at low frequencies and at high frequencies, for which
cases two different strain-broadening mechanisms are
operative,
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APPENDIX 1
Density Matrix Approach to the DQL

The treatment of the DQL in terms of second-order
rf field perturbation theory is complicated by the
presence of the SQL transition. Since contribution to
the DQL occurs for the case of little or no first-order
strain shifts, the energy denominator encountered in
second-order perturbation theory becomes vanishingly
small, making the perturbation expression arbitrarily
large. For this reason perturbation theory is not valid
and the density matrix approach is used. ‘

The energy differences of the 3 levels of the ground
state in an applied magnetic field which produces the
Zeeman splitting 7w, subjected to the first-order strain
shift 7w, and the second-order strain shift 7ws, can be
taken to be

wi=wotwitws,

wi13= 2w0+2w2 .

The time variation of the density matrix is given by
hﬁnm_il}cxpnm] ’

where # and m vary over the levels 1, 2, and 3.
The static magnetic field part of the Hamiltonian is

IConm= ngoanm= Ensnm

W= wo— w1t ws

and the rf magnetic field interaction is
Hnm= ngnme—l(nnmﬁ‘d’nm) = Vnm ,

where Q,, and ¢.» are the frequencies and phases of
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the rf fields. The relaxation of the diagonal and off-
diagonal density matrix components are treated in the
usual phenomenological fashion by setting,

(Pnn)relaxz 1/:Z-‘l % (Pnpkk_PkPnn) )

(an)relax: (1/T2)an;

The components of the density matrix with a single
subscript denote thermal equilibrium values in the
absence of the rf field. This formulation includes the
principle of detailed balancing and assumes, for
simplicity, that all of the diagonal relaxation times are
the same, Ty, and that all of the off-diagonal relaxation
times are the same, T'». By assuming only one value of
T, the resulting expression will be altered only in the
limit of saturation. The density-matrix equations can
then be written as

Prn= (1/T1)§ (Pnpkk—PkPnn)
+ (l/ih')§(vnkpkn_,0nkvkn) )

nFEm.

ﬁnm= - (1/T2)an+ (1/1;1') (En""Em)an
+ (1/ih)§(vnkpkm—Pnkam) ) nFEm.

Following Clogston,® one makes in succession the

substitutions,
Prm = U'nme_.iw"mt"l_l)nmo 5

where wpm=%#"1(E,—Epy)

Unk=)\nk6_i(ﬂ”"_“’"k)‘, with A= gidnk

Keeping only the secular terms, the result is
0= Z (ankk—Pk)\nn) +7:T1 Z (A nk)\kn_)\nkAkn)
k k
1+1/T2 (w,,,,,—ﬂnm) = 'I:Tz E (A nk)xk,,.—)\,,kAkm) , nFEm.
k

In the case of the DQL and SQL transitions there is
only one applied rf field so that one can set,

A12=A23= (ngrf/Zh)EA y A13=0, Q1z=92359.

These conditions correspond to the application of an rf
field which is near resonance for the SQL and DQL.

One can further simplify the subsequent expressions
by making the substitutions,

[14+iT3(w12—2) =0,
(14T (w13—2Q) =8,
(14T (wes—Q) ]=7.
The equations of the six independent components of

8 A. M. Clogston, Phys. Chem. Solids 4, 271 (1958).
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the density matrix are then

p1(Aae+A33) — (p2Fp3)A 11 +24 T1 (o1 —A12) (A1)
P2 ()\11'*‘)\33) - (Pl+P3))\2z+iA Tl[ ()\19,— >\21)

+ s tra)], (A2)
0311 Na2) — (p1Fp2)has+34 T1(Aas—Ns2) (A3)

oA 12=24 T (Aaa—M11)—A13],
Br1z=1ATs(Nos—N12) ,
Y23 =14 To(Ngz—Nga+N13). v

The rf power absorbed per spin is equal to the amount

of power dissipated through spin-lattice relaxation.
This is given by,

R= ngo[ ()\33—>\11) - (P3_P1):| .

By solving the 6 simultaneous equations for the
components of the density matrix to get A3 and Ags,
and substituting the expressions for these quantities
into equation, the absorbed power per spin is

ngoTSI‘ (P4Q+4N)+6S(PQ+PN-+QN) }
37y L14+2S(P+0+N)+352(PQ+PN-+QN)

where 7=gbH/kT is the Boltzmann factor, S=A42T1T,
is the saturation factor, and where

afy+a* By +4A4°TS
|ay+ AT )| 2] ’
2|8y |24+ AT (atv)B*r*+ (@*+v*)Bv]
laBy+A42To?(a+7)|?
2| Ba| 4 AT (a+v)o*B*+ (a*+v*)aB]
|y + AT (a+7) |2 '

Redfield” has discussed the effects of saturation on
the Bloch and hence on the density matrix theory.
He indicates that the use of the phenomenological

NEA2T22[

p

li

)

Q

w
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quantities T and 7', is not a good assumption if S2>1,
and for this reason the validity of the above equations
in the limit of saturation is questionable.

If one uses the intensity behavior with rf power to
discriminate between the terms producing the SQL
and DQL, one finds that parts of the terms P and Q
vary as the rf field squared and are responsible for the
SQL. For the unsaturated case one has

gbH ST 2 2
Ry= l:——-{— :| .
37y Llaf* |v[?
If one sums over w;, one need not distinguish between
the resonating denominator factors |a|%? and |v|2
Picking out the terms which vary as the fourth power

of the rf field strength as the source of the DQL, the
result for usual the case of ToKT is

8gbHorST 1
qu=—__[ ] .
T, lay|?

In a similar manner one can apply the density matrix
method to calculate the power absorbed per spin for
the HFL transition. If the HFL is not saturated, the
result is

R 4ngoS'-r)<8 (exf—{—e,,zz))[ 1 ]
" ( 3Ty W A+ (ot T2’

where S'=g%?H2T,'T, and T, is the AM =2 spin-
lattice relaxation time.

APPENDIX 2
Calculation of Strain-Induced Line Shapes

As an example of this calculation, the HFL will be
used. Calculations for the SQL and DQL shapes
proceed in an analogous fashion.

Using the results of Appendix 1 and assumptions
quoted in the text, the intensity of the HFL (aside
from some constant factors) is given by

8G 442 ® 2G4 9 G112
I(E)= / : / (exz2+eyz2) 5|:E_‘ (exu2+3x22+ezxz)_" "'—'(ezx'“eyy)z:l
—_— h 0 8 ﬁwo

2(.002

dezz deyy dea:y deyz dezz

N\%/A\3
) .
(7" 7/ (s’ +A2) (e4y°+A?) (e +6%) (€.+8%) (€224 8%)

E represents the energy shift from the unstrained
Zeeman splitting. Make the following substitutions:

EEﬁwo u v w

= y Cay= 5 €T €= """

2 Y Gu ! Gu ’ Gu
3 x 3y

Crz=" "5 Ey=— ", G44=n’ 3611—5
4 G11 4 Gll

7A. R. Redfield, Phys. Rev. 98, 1787 (1955).

Then, since aside from the factor e,.>+¢,.2, the integral
is symmetric in ey, €y, €.., One gets

8 /m\®/¢€\? (u? 42>+ w?)dudvdw
s
3two\w/ \m (u?+n?) (v24n?) (w2+n?)
dxdy
X.—___—_
(@*+€) (y*+€?)

SLE— (w+v2+w?) — (x—y)*].
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This can be written in the form

I(EB)= f F(E)G(E—E,)dE,,

3flwo 0

where

)
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(2 v*+w?)dudvdwd[Fy— (w412 4-w?) ]
(40 (s ) )
dxdy .
()= ( // (2*+€) (y*+¢) L =)

Changing the first integral to “spherical coordinates,”
the result is,

ridr sinfdfdes (E1—r?)

_~
P )=(—> /[] .
' g (72 cos?+n?) (2 sin?@ cosp+-n2) (2 sin? sinp-+n?)

Eliminating the & function,
 1/m\® ~ EpPsingde
F<E1>=—(—) S
2\r/ Jo (E1cos?+n?)

do

o (B, sin sin?p+n2) (B, sin’ cosp+n?)

Doing the ¢ integral,

F(El) = 2(—) E13/2
.

™ sinfdg

o (E1cos0+n?) (B, sin?0+2n2) (E sing+n2)!/2 )

Let x=cosf. Then,

F(B)= 4E13/2( )

Elx2+n2
1 1

X — — — .
(El—E1x2+n2)”2 (El—E1x2+2n2)

It is not possible to simplify this expression further.

In solving for the integral G, let p=x—y, ¢g=x+y.

Since the Jacobian of the transformation is %, the
result is

G(E“’>=8<7:>2 // [(q+ﬁ>fii§3]?<;ﬁ)2+4‘ﬂ.

Eliminating the § function and contour integrating,

one has,
1 /26\ 1
26\ 1/ Bytte

G(Ey) =

Substituting the expressmns for G and F into I(E)
and letting y= El/ , a= (2¢)*/E, b=n*/E, b/y=n*/E},
the final result is

16 bal> (1 dyH(b/y)
=2 / yH (b/y
3m hwy Jo y(1—y+a)(1—y)"?

H(b/y)
3 dx
Jo D4 (/9) 1=+ (b/3) P2 1— 22+ (2b/5)]

where

128G12A?
a= ,
9% E

28°G
" hwoE




