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likely comes from the center with the largest magnetic
concentration.

Our experience indicates that the rapid-passage signal
level is proportional to F-center concentration. No
anisotropy has been found. The shape of the resonance
is as expected when the principal broadening arises from
interactions of an F-center electron with six nearest-
neighbor nuclei. It seems likely that only a center with
the symmetry of the F center could have a spin-lattice
relaxation time long enough at room temperature to put
it into the rapid-passage region. We concluded that the
F center gives rise to the rapid-passage response.

ACKNOWLEDGMENT

The author is very greatly indebted to Professor
P. A. Miles, with whom all phases of this work have
been discussed in detail.

APPENDIX. OPTICAL ABSORPTION OF
IRRADIATED LiF
It seems desirable to summarize our experience in
coloring of LiF crystals with Co®. The number of F
centers was determined using the Smakula!® formula as
quoted in Landolt-Bornstein!® and assuming an oscil-
lator strength of unity. The numbers of F centers we

1 Landolt-Bérnstein, Zahlenwerte und Funkiionen (Springer-
Verlag, Berlin, 1955), Vol. 1, Part 4, p. 981.
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have found produced in Harshaw LiF for various irra-
diation doses are:

dose (rep) Np/cm?
1.1X10% 6.7X10'¢
1.6X10% 1.5X10v7
4.4X10° 2.1X10v
9.6X10° 5.2X107
5.3X10¢ 1.0X1018
4.0X107 3.4X10'8

The data show that coloration is more efficiently ac-
complished at low levels than at high levels, as is well
known.

Typical absorption spectra for four levels of colora-
tion, obtained using a Cary Recording Spectrophotom-
eter, are shown in Fig. 11. Several interesting observa-
tions can be made. The broad band on the long-wave-
length side is very pronounced relative to the F band
at low coloration; at intermediate levels this band can
barely be detected; at highest levels other bands begin
to appear in this region.

The absorption curve for heaviest irradiation is of
interest. To our knowledge, absorption peaks have not
previously been reported at 4050 and at 3700 A. Delbecq
and Pringsheim® do list bands at 3400 and 3800 A, -
which can be seen in the figure (Fig. 11).

20 C. J. Delbecq and P. Pringsheim, J. Chem. Phys. 21, 794
(1953).
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The existing theory due to Portis for the saturation of inhomogeneously broadened resonances is discussed
and a new theoretical formulation of the problem is developed using an expression for the transition
probability first given by Rabi. For vH; greater than both 717! and Ty}, the rf field interacts with spins
precessing in the frequency interval vH;; this expression permits explicit calculation of the resulting
magnetic loss. No assumption is made of the shape of the individual (homogeneously broadened) spin
packets in weak exciting fields. For F centers in alkali halides, the results are identical with those of Portis,

but the underlying physical reasons differ.

PIN systems that give rise to magnetic resonance
absorption may be classified as homogeneous or
inhomogeneous. A homogeneous resonance arises from
unpaired spins placed in identical local magnetic*fields
and precessing at the same characteristic frequency
except for a bandwidth due to mutual coupling. An
inhomogeneous resonance is caused by spins spread
over a continuous distribution of local fields and pre-
* Sponsored by the Office of Naval Research, the Army Signal
Corps, and the Air Force; based on a thesis submitted in partial
fulfillment of the requirements for the degree of Doctor of Philos-

ophy in Physics at the Massachusetts Institute of Technology.
T Present address: Varian Associates, Palo Alto, California.

cessing at a variety of Larmor frequencies. The re-
sponses of these two types of systems to a large rf
field (H,) are quite different. The loss part of the rf
susceptibility, X"/, for a homogeneous line saturates as
1/H with an accompanying change of line shape, but
for a dilute, inhomogeneous line, as 1/H; with no
change in line shape.!

Bloch? and Bloembergen, Purcell, and Pound?® have

1 A. M. Portis, Phys. Rev. 91, 1071 (1953).

2 F. Bloch, Phys. Rev. 70, 460 (1946).

3 N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.
73, 679 (1948).
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given expressions for the saturation behavior of a
homogeneous resonance,*

Wg(w—wo)

1 my?Heg(o—wo)Ti

X (@)=

)

Xo is the usual temperature-dependent dc susceptibility,
T: the spin-lattice relaxation time, and g(w—we) the
normalized shape factor’ for the transition. Usually
g(w—wo) is determined by spin-spin interaction and is de-
scribed by the Lorentzian function: g(w—wo)= (Ts/7)/
[14T?(w—we)*], where T is the spin-spin relaxation
time,

Portis! has developed a theory which accounts for
the observed saturation behavior of dilute inhomogene-
ously broadened resonances. Let the distribution in
resonant frequencies be given by A(w—wo), which is
normalized so that J;®h(w—wo)dw= 1. Portis visualizes
the rf susceptibility at a point w as being determined
by an integration of the contribution from overlapping
spin packets. Each spin packet arises from a group of
spins in nearly the same local field which therefore
obeys the equation describing homogeneous resonance
absorption. He then writes:

® w'rg(w—w)h(w —wo)dw’
=0 [ )
0

147y H2T1g(w—w)’ ’

If the system is dilute, which implies that A(w—ay) is
much broader than g(w—w¢’), and if g(w—w’) is Lor-
entzian, this expression may be evaluated

™

X () = $Xowh(w—wp)————.
(1+~y2H 2T To)}

©)

Thus as Hy becomes large, X''(w) varies as 1/H, and
the line shape %(w—wo) is preserved.

It is essential, in this treatment, that the spin-packet
line shape, g(w—w"), be Lorentzian. If one studies the
integral, it becomes apparent that any shape other than
Lorentzian will give the wrong dependence of X' (w)
at large values of H,.

Although Portis initially assumed that spin-spin
processes determined g(w—w’), giving rise to the ap-
pearance of 7' in Eq. (3), he subsequently pointed out
that this was in error.® In dilute inhomogeneous sys-
tems spin-spin interaction is very weak and the char-
acteristic width and shape of g(w—«’) is determined
by spin-lattice relaxation. 7% is then replaced by 7 in
Eq. (3).

The approach used by Portis has caused us concern
for the following qualitative reason: It is well known
that in a dilute inhomogeneous system a strong rf
field H: will interact with spins in the frequency in-

4 Throughout, the rf field is assumed to be linearly polarized of
amplitude 2H; and resolved into two oppositely rotating circularly
polarized fields of amplitude H;.

5 A. M. Portis, Phys. Rev. 104, 584 (1956).

terval vH; and will in fact “eat a hole” of width vH,
in the distribution. It was difficult to understand how
the Portis treatment took this into account, and why
in such a process it should be essential that g(w—ow’)
(as determined by either spin-lattice or spin-spin proc-
esses) be precisely Lorentzian.

We have developed another approach to the problem
of magnetic resonance absorption in magnetically dilute
inhomogeneous systems. In this calculation it is as-
sumed that the natural line width, 1/y7T,, arising from
direct spin-spin interaction, is negligible, and that the
spin-packet width for weak excitation is determined by
spin-lattice interaction. In large rf fields the effective
width is determined by the rf field strength itself.

Analysis of the situation is made, using the time-
dependent Schridinger equation. Rabi® solved a similar
problem; the expression for the transition probability
derived by him can be taken over with only slight
modification. Johnson and Strandberg’ have also ap-
plied the technique to collision broadening in gases.
We assume that the intial probability of a particle
being in (+) state is |a4°|? and in (—) state |a 0|2
Then the probability |a_|? that the particle is in (—)
state at time ¢ is given by

(YH)*(|a,]*— Ia—°l2)J
(YH1)*+ (0—o')?
XsinZ/2[ (w—w')?+ (yH) . (4)

Ja_fi= o=

An equivalent expression for |a, |2 is obtained by inter-
changing the (—) and (4) signs in this equation. It is
assumed that the radiation is in a narrow frequency
band centered about w. This expression tells us there is
a probability that a spin rotating at a Larmor fre-
quency o', where «'#w, will undergo a transition. The
half-width of the time-independent term in the above
expression occurs when (w'—w)=vH:.

We proceed to find the resonance-signal levels. There
are two methods of dealing with the problem, giving
identical results, each however providing new physical
insight into the matter.

Method 1

From Eq. (4) we can derive an expression for the
number of transitions that have occurred at a given
value of time and frequency n(w’,t) if the rf field is
turned on at time (=0 and the system is initially in
thermal equilibrium:

1(e ) = Nh(e' —wo) A’ (| a2[*— [a,°[?)
(vH,)? sin?(t/2)[ (0 —o')*+ (vH1)* ]

(YH1)* - (0—o')?

6 1. I. Rabi, Phys. Rev. 51, 652 (1937).
7R. H. Johnson and M. W. P. Strandberg, Phys. Rev. 86, 811
(1952).

()
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Fic. 1. Number of transitions as a function of the spin-packet
resonance frequency «’ near the excitation frequency w: (a)
'yHIt% 1, (b) 71’11t§97r.

Nh(w' —wo)Aw’ is the number of spins in the interval
Aw’.

If we are at a particular point %(w'—wo) and the
radiation frequency w is held constant, (w—w’) is con-
stant, and the time-dependent term oscillates between
zero and unity. If on the other hand we consider the
behavior at a specified time ¢, but change w progres-
sively, we again find oscillatory behavior under a
Lorentzian envelope of width 2yH. Figure 1 shows the
behavior of the transition probability for yHit=~1 (a)
and also for yHi#>1 (b). As ¢ continues to increase,
the oscillations as a function of w become increasingly
rapid.

Begin by writing the integral of (w't) over ’;

® (o' —wo) (YH1)?
(yH)*+ (0—o')?
Xsin?(4/2)[ (w—o')*+ (yH1)%do"].
We differentiate to obtain

0 (atl=lacl
dt 2

<[
@

which gives the instantaneous rate at which the popula-
tion changes if the rf field is suddenly turned on at
time {=0. Let the average lifetime of a spin state due
to lattice interaction be given by

n<t>=zv<1a_°|2—1a+012>f
(6)

(vHy)?
L(vH) - (0—o')? ]
X sint[ (w—a’)? (yH1) o,

T: f wtf(t)dt, (8)

where f(f)=1/T %™, This is consistent with the as-
sumption of exponential relaxation in formulations of

S.

HYDE

Bloch? and Bloembergen e/ al.® Then the number of
transitions per unit time which occur is

h(w—wy) ° (vHy)?
ole__ 0]2)
N(la2*—la[?) 27T, j.; ([(7H1)2+(w—w')2]%

Xf e~ tT sint[(w—-w’)2+('yHl)zj%dt)dw’
0

h(w—wo)
=N(arl— ooy
(yHy)%dow'

X .
]; (1/T1)*+ (o —w)* 4 (YH1)?

This agrees exactly with the integral calculated by
Portis if in his calculation g(w—w’) is assumed to be
given by (T1/m)/[1+ T3 (w—w')?]. Thus

0

9)

X" (w) = $Xowh (w—wy) (10)

(14y2H2T2)F
Method 2

In the above derivation, the shape of individual spin
packets was assumed Lorentzian in weaker excitation
by introducing a specific relaxation formula. The high
field dependence of the loss X"'(w) is in fact insensitive
to this assumption. To see this more clearly we return
to Eq. (6). In the absence of any spin-spin or spin-
lattice relaxation, we can immediately integrate over
w’ and show that as ¢ — o, 5(¢) becomes independent
of ¢. Assume that 4(w’—wo) is slowly varying and use
the identity sin®v=1%(1—cos2x). Then

1()=N(la-[*—|a,*[)h(w—w)
1 (vH,)d’
X-= S
Z(J; (YH\)*+ (0—o')?
_fw (yHy)? cost] (w—a)*+ (7H1)2:|*d"’,) (1)
0 (YH1)H (0—w')? )

As t— o, the second integral approaches zero since
the numerator oscillates rapidly as a function of «,
and the denominator increases slowly compared with
the oscillation frequency but fast enough for conver-
gence of the integral. If the average lifetime of a spin
state is T, and if Ty>>1/yH,, ¢ may be regarded as
infinite. The first integral equals yHir. Thus for
’)/II 1T1>>1,

1(0)=N(la-[*— e [)rsh(w—wo)vHr  (12)

The average lifetime 7' is defined from Eq. (8), except
that the only restriction placed on f(f) is that it does
not differ greatly from 1/7' for values of ¢ of the order
of 1/vH;. Then the average power absorbed by the

0
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crystal is by definition
PALG(2H X", (13)
P=N(]a 02— |a*|)ryH h(w—wo)hiw/2T:.  (14)
From the Boltzmann distribution
(la-0]2— | a4°|%) =i/ 24T, (15)
yvhile the low-field susceptibility for a two-level system

is
(16)

(17

Xo=Ngup?/4kT.
Thus
X" (w) = 3Xowh(w—wo)w/yT1H\,

in agreement with the high field limit of Eq. (10).

We pointed out, in reviewing Portis’ calculations,
that the assumption of a Lorentzian line shape is very
critical if the integral is to be proportional to 1/H, at
high rf fields. Portis remarks that the observed inde-
pendence of X"’ H; on the rf field is proof of a Lorentzian
line shape. In this section, on the other hand, the as-
sumptions concerning T, at least for yHT:>>1, are
very weak. It would seem that for yH:T:1<1 the
Portis approach is correct, while for yH,T1>1, our
approach is correct; in other words, the rf field inter-
acts with a portion of the spectrum either 1/y7; or
H, wide, whichever is greater.

One wonders if a case could be found where the two
formulations predict different results. If T2<T; but
the interaction of the spins is still weak, so that com-
plications of spin diffusion® need not concern us, our
formulation predicts that for yH;T2>>1 the suscepti-
bility will be proportional to 1/7, whereas the Portis
formulation predicts it to be proportional to 1/(7T17%)%.
In this limit we can find no reason to believe that the
signal level is related to T.. Only the rapidity with
which the excited spins in the interval H; can return
to the ground state by excitation of phonons should
determine the power absorption. (This inconsistency
is essentially that pointed out by Bloembergen and
treated by Redfield® in a modified Bloch description
of nuclear resonance saturation.) We interpret the line
width H, as arising from the uncertainty principle
because the lifetime of a spin state is limited by the

8 B. Redfield, Phys. Rev. 98, 1787 (1955).
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rf field. In other words, the change in populations of
the levels occurs in a time ¢~1/yH;, accompanied by
an uncertainty in energy vHi%. As H; becomes small,
the lifetime will be limited by T, or 7'y processes.

SUMMARY

This study considered the resonance absorption of a
magnetically dilute, inhomogeneously broadened spin
system. It was assumed that interaction between spins
is very weak, that diffusion of spin excitation or cross
relaxation may be ignored, and that instrumental
broadening, such as caused by magnetic-field inhomo-
geneity or nonmonochromatic rf radiation, is negligible.
We have not considered the complications which arise
if the radio-frequency or dc magnetic field is modulated,
whether deliberately or because of noise, at a frequency
of the order of a reciprocal characteristic relaxation
time.

Nevertheless, the calculation is believed to be suffi-
cient to describe the saturation behavior of electron-
surplus centers in many ionic crystals. For alkali
halides, the over-all line width ranges between 50 and
400 gauss and concentrations are normally between
10'6 and 10'® per cm?®. For these materials, 79> T; at
room temperature, and the calculations presented here
and those of Portis predict the same result. At lower
temperatures or somewhat narrower lines and higher
concentrations, T is expected to be <7i. Then we
expect that the signal level for To<T1<1/yH; will be

(18)

i.e., only the density of spins per unit frequency in-
terval is important. For 1/yH:<T.<T;, the signal
level becomes

X" (w) =X wh (w— wo)w/yH1T1. (19)

The unambiguous dependence of the signal level on
T in this expression suggests that the temperature de-
pendence of T, might be found by a single measurement
at each temperature.

X" (w) = $X owh (w— wo),
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