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Saturation of the Paramagnetic Resonance of a V Center*
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The saturation of the paramagnetic resonance of the (halogen) ~ complex (Vrc center) in the alkali halides
has been studied. The saturation of the absorption signal (x"H&) sersus H& is obtained over a 60-db power
range for KCl, KBr, and LiF at 78'K. Portis' theory of inhomogeneous saturation has been generalized by
omitting the assumption that the individual spin packet width is very much smaller than the envelope width.
Methods are developed to determine independently from a given experimental saturation curve the spin-
packet width 1/T2, the spin-lattice relaxation time TI, and the product TITS. For KCl and LiF values of T2,
T& and T&T~ are determined for the different hyper6ne lines of the Vz center spectrum, For KBr only the
product TjT2 could be obtained. From the results it is concluded that the spin-packet width is not limited
by Ty. For KCl at 78'K, TI 7T2, for LiF, T2 is two orders of magnitude or more less than TI and depends
in a complicated manner on the external magnetic held and the angle between the V& center axis and the
external 6eld.

paramagnetic defects involving vacancies or inter-
stitials. (3) The Vic center has an axis of symmetry and
strongly anisotropic spin-orbit and hyperhne inter-
actions. This makes it possible to check the orientation
dependence of the spin-lattice relaxation times, another
useful method for sorting out mechanisms. In addition,
because of the well resolved hyperfine spectrum,
relaxation times can be determined for diGerent hyper-
fine lines. (4) Since the V& centers can be formed by
x-irradiation at 78'K, their concentration can be
changed in a controlled manner. This fact allows one
to investigate possible concentration-dependent spin-
lattice relaxation effects in the same sample. (5) It is a
one-electron-type defect.

The Ii center, on the other hand, is the best known
paramagnetic color center and has also received the
most attention. However, there are several reasons
why the Vz centr is more attractive for paramagnetic
relaxation studies. The much greater localization of the
wave function for the V~ center allows a simpler
theoretical model for spin-lattice relaxation calculations.
The lattice accommodating the trapped hole contains
no vacancies. The narrow resonance line widths for the
V~ center insure better signal to noise than for the
F-center resonance and greatly reduce the problem of
modulation fast passage effects. The details of the
resonance spectrum of the V& center may allow more
information to be measured about relaxation processes,
although double-resonance techniques for the Ii center4
might offset this advantage. Nevertheless, it will be
interesting to compare the V~-center saturation be-
havior with the known results for the F center.

The F-center resonance static line width has been
successfully attributed to the hyperfine interaction of
the electron spin with nuclei surrounding the J -center
halogen ion vacancy. ' This broadening is of the in-
homogeneous type due to the interaction of the electron
spin with something outside the J -center electron spin
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XPERIMENTALLV measured electron spin-
~ lattice relaxation times have not generally been

in quantitative agreement with calculated spin-lattice
relaxation times for electron spins in metals, semi-
conductors, and insulators. In some cases the agreement
is su%ciently poor that it is uncertain what is the
dominant mechanism responsible for the coupling
between the spins and the phonons. A particularly
interesting system for spin-lattice relaxation studies is
the V~ center, ' the erst hole-type color center in alkali
halides discovered by paramagnetic resonance tech-
niques. There are several reasons why this center is
more attractive for the study of paramagnetic relaxation
than many other paramagnetic systems: (i) The
electronic structure of the V~ center is known quite
accurately. ' The wave function (mostly P orbital), the
principal g values, the hyper6ne coupling constants,
and the electronic excited states are well known for
this center in LiF, Kcl, KBr, and NaC1. These parame-
ters are better known than for iron group paramagnetic
ions (d orbitals) or rare earth paramagnetic ions (f
orbitals). In addition, by forming the Vz centers in
diGerent alkali halides, these parameters can be varied
which is a helpful method for sorting out relaxation
mechanisms. (2) These centers are located in a simple
cubic lattice. Moreover, extensive work has been done
on the lattice dynamics of the alkali halides' —much
more than on the often studied salts containing water
of hydration. Furthermore, the V& center (trapped
hole) is a smaller perturbation on the lattice than other
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system. Portis' investigated the saturation behavior
of the F center at room temperature showing that the
dispersion component, x, of the susceptibility did not
saturate at all. The absorption component, x", of the
susceptibility saturated, but in a diGerent manner than
a homogeneously broadened line, the susceptibility
falling off only as 1/H& rather than as 1/HP for the
homogeneous case.

The problem of inhomogeneous saturation was first
treated by Bloembergen, Purcell, and Pound' for an
inhomogeneous external magnetic Geld. Portis' de-

veloped the theory of saturation due to inhomogeneous
broadening for both the dispersion and the absorption
and successfully explained the experimental saturation
behavior of the F center including the breakdown of
the Kramers-Kronig relations connecting x" and y'.
Portis, from his F-center absorption saturation curve,
determined the product of the longitudinal spin-lattice
relaxation time, T~, and the transverse or spin-
dephasing time, T~. However, he could not independ-
ently determine T& or T2 without a further assumption
about the spin-packet width. A spin packet is composed
of all spins having the same static field to within a field

interval determined by the dephasing time T2. In any
case, for the F center the inhomogeneity broadening
producing the static width is several orders of magni-
tude larger than the individual spin-packet width.

The Uz center differs markedly from the single
broad unresolved F-center resonance. The trapped
hole resonance consists of a well-resolved hyperfine
spectrum containing a large number of quite narrow
lines. Analysis reveals the spectrum can be accounted
for by assuming that it arises from a halogen molecule
ion (e.g. , Cls in KCl, Fs in LiF). A complete dis-

cussion of the electronic structure of the V~ center has
been made by Kanzig and the author, ' hereafter referred
to as "C and K." Their discussion reported that even
the narrow Vx center lines (1.35 gauss in KCI) were

Gaussian and likely inhomogeneously broadened by
the hyperfine interaction of the hole with nuclei neigh-

boring the molecule ion. The work below reports
absorption saturation measurements on the U~ center
electron-spin resonance (ESR) transitions and the
determination of the individual spin-packet width

(1/yTs) and the longitudinal spin. -lattice relaxation
times at 78'K. Because of the narrow lines and the use
of a high-power klystron, saturation curves could be
obtained over a 60-db range in power. These curves
for large power bent down like a homogeneously
saturated resonance. Portis' saturation theory for
inhomogeneously broadened lines has been extended
to find a general expression for y" without making the
assumption that the individual spin-packet width is

very much less than the envelope width due to the
inhomogeneous broadening. Making use of the general
expression for p" and curve fitting techniques, values

A. M. Portis, Phys. Rev. 91, 1071 (1953).' Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948).

of the spin-packet width and T~ were determined. It
had been the bias of the author and others' to assume
that the spin packet-width must be limited by T&.
However, the experimental saturation curves could
only be explained by making T& longer than T2. This
work concludes that the spin-packet width is not
determined by spin-lattice relaxation at 78'K. In
addition, the results show that steady-state saturation
methods may be used to extract the spin-packet width
and spin-lattice relaxation of inhomogeneously broad-
ened KSR transitions if the lines are narrow enough
and sufficient microwave power is available. It is noted
that the inhomogeneous saturation is a quite common
and general phenomenon, and there are a large number
of examples of inhomogeneously broadened ESR lines. '

(de/dt) sz, = —(rt —+p)/Tr, (2)

where p is the gyromagnetic ratio, LI'& is the rotating
component of the microwave magnetic field inducing
transitions (AM, =+1), g(cu —

happ) is the normalized
shape function for the transition, and T~ is the spin-
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(1959).
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Saturation of Homogeneously Broadened Lines

Saturation of homogeneously broadened lines is
characterized by a uniform decrease of the suscepti-
bility of the entire line independent of where the power
is applied in the line. The line-broadening mechanism
ensures that the microwave energy is absorbed by all
the spins. Bloembergen" treats this case, and Portis
reviews it in his F-center saturation work. Following
Bloembergen, we consider the case with the spin 5=-,',
and let e be the surplus number of spins, e=X —X+,
where S is the number of spins with M, = —

2 and Ã+
is the number with M, =+—',. Then e has a thermal
equilibrium value np= (X++iV )gttH/2kTt„where g is
the spectroscopic splitting factor, P is the Bohr mag-
neton, H is the applied magnetic field, and TI. is the
lattice temperature. The magnitude of e is determined
by the competition between the applied power tending
to saturate the ESR (making n=0) and the spin-lattice
relaxation tending to restore the excess spin population
to the thermal equilibrium value eo. Thus

(dn/dt) „g —7ry'H pg (——pp —ppp) e, (1)
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lattice relaxation time. For the stationary condition
these two rates are equal, and the surplus number of
spins e is given by

a=co
1+erg Hi g(or oro)—Ti

The rate at which power is absorbed from the micro-
wave field is P=-', kor(dn/dt), r, the rs appearing because
one spin Rip changes e by 2. Combining this with the
relationship between the power absorbed by the sample
and the absorption susceptibility (i.e., P= ,'orx"His-),
the absorption susceptibility resulting is

only a narrow portion of the line, namely the width
determined by H~ or T2.

In treating inhomogeneous saturation we must now
distinguish between two frequency distributions; one
g(or —or' ), the line-shape function of the individual spin
packet which is homogeneously broadened and very
narrow, and two, the distribution of static fields
h(or —oro) (centered about &oo) providing the shape
function or envelope of the distribution of spin packets.
These are both normalized so that

p00

g(or —or')dor'=1, h(oo' —rdo)dor'=1. (7)
Jo Jo

rrg (or —oro)

X (ro)=sxooro
1+oral Hi g(or oro) Ti— (4)

Following Portis' and implicitly assuming that the
spin packets behave independently of each other and
making use of (4), the absorption susceptibility becomes

where the static susceptibility yo is equal to
g'P'(&V++X )/4kTr, If Ts fo. r the homogeneous line is
defined as in Portis' work; i.e., g(0) = Ts/m. , this
expression assumes the familiar Bloch form for the line
center,

The X-band spectrometer described below measures
a signal V& ~ z"B&.Below saturation the signal is just
proportional to the microwave held H~, while for strong
saturation of the homogeneously broadened line the
signal Urr. ~ 1/Hi. In this case the power absorbed from
the rf 6eld by the KSR transition becomes independent
of H&. The relative signal measured by the spectrometer
has the form

Urr =X/(1+X') (6)

where X=yH, (T,Ts) '. From a homogeneous saturation
curve the value T&T2 may be experimentally deter-
mined, and knowledge of the homogeneous width
(1/yTs) allows one to find the spin-lattice relaxation
time T~. We now will compare this homogeneous
saturation with inhomogeneous saturation.

Inhomogeneous Saturation

Inhomogeneous broadening of the KSR transition
comes from those interactions outside the electron spin
system which vary slowly over the time required for
spin transitions. Only those spins with Larmor fre-
quencies within 1/T, or &Hi, whichever is larger, of
the Larmor frequency co=&H satisfying the resonance
condition will be saturated with sufhcient microwave
power. The spin packets precessing at different Larmor
frequencies interact very weakly with each other, and
spin diffusion" is extremely slow. Thus it is possible to
"dig a hole" in the inhomogeneous line; that is, saturate

"P.W. Anderson, Phys, Rev. 109, 1492 (1958). Calculation of
the spacial spin diGusion for the V~ center in concentrations of
10"/cc using Anderson's result give a spin diBusion of order 0.1
second.

r
"rror'g (or —or') k (or —oro) dor'

x"(~) = sxo
~ o 1+very'HrsTrg(or —or' )

Portis has shown the dispersion susceptibility to be

or k (Go Gro) Jor
x'(~) = sxo

~I o 1+or'r Hr Trg(or or )

t 2or k (oo or o)dor
X'(~) = sXoJ, CO CO

Several important features should be noted. The
expression for the dispersion is independent of the
microwave Geld, B~, and does not saturate. The ab-
sorption line shape is that of the envelope and is
independent of the degree of saturation. The way in
which x" saturates will depend on the line shape
function of the individual spin packets. In particular,
if the line shape is Lorentzian, the shape function will be

(12)

Performing the integration the absorption suscepti-
bility will be given by

x"= sxoorok (oo —ooo)
(1*V'Hr'Tr Ts) *'

t' 2or g(or or )dcir
X

~

G) 6)

Portis then shows, for the case in which the over-all
broadening is very large in comparison with the width
of the spin packets, that these expressions become

rrg (or —ro') do&'
x"(or) = sxoor&(or —oro) ' —,(10)

& o 1+'rr Hr Trg(od or )
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and the spectrometer absorption signal becomes

Vg x"H, X/(1+X')'*, (14)

where X=yHr(TrTo)'*. In this case the absorption
signal increases linearly below saturation and then just
Rattens out for X&1.

In the saturation of the F-center resonance, Portis
found that the dispersion signal did not saturate at
all over a range of 50 or more in power. The absorption
signal increased linearly and then Qattened out in
agreement with (14). In addition, Portis determined
the value of T~T2 at room temperature. His results
confirm that the individual spin-packet width is
extremely narrow in comparison with the inhomo-
geneous broadening. In addition, the individual spin-
packet line shape is closely Lorentzian. Portis empha-
sizes that if the spin-packet line shape fell o6 any more
rapidly in the wings than a Lorentzian line, the absorp-
tion signal for Hr)1/y(TrTo)& (X)1) would decrease
instead of fiattening out. That the individual spin-
packet line shape is Lorentzian will be the major
assumption in extending Portis' theory.

The V~ center resonance lines are Gaussian and are
inhomogeneously broadened, but the spin-packet width
may be only an order of magnitude or so less than the
inhomogeneous width, and it is no longer a good
approximation to assume that h(co —coo) is slowly
varying over a spin packet. From the results on the F
center and the nature of the individual spin packet,
one can conclude that the Lorentzian assumption seems
a good one for the line shape of the individual spin
packet. Hence, the normalized distributions are

T2 1
a(~ —~') =-

or 1+Too(co—co')o

1 1 (co —coop
&(co'-coo) =— exp —

(

or' incog . E Dcog 1

where Acing is the Gaussian width of the inhomogeneous
broadening. (The width between points of maximum
slope of the absorption, x", is AH,„,~,o,——v26cog/y. )
The T2 of the homogeneous Lorentzian line is defined

by the condition Acyl. T2= 1, where Aorl. is the frequency
width for half maximum of g(co) for the individual spin
packet. The absorption susceptibility becomes, from
(g),

g+0x"(~)=,
7l sAML, ACOg

co' expI —(co' —coo) o/(incog) ojctco'
X (17)

"o 1+D~ ~')'/~cor j+ (&'Hr'Tr/~"r-)

In general, this integra, l is difficult to evaluate, but it
can be solved for co=coo,. that is, the susceptibility may
be calculated at the line center, This has been done in

Fio. 1. Inhomo-
geneous saturation
curves showing the
spectrometer absorp-
tion signal Vg versz~s
the reduced micro-
wave Geld H~/Hy,
where H; = 1/y
(TqTo)& for various
values of e. The
quantity a is the
ratio of the spin-
packet width to in-
homogeneous enve-
lope width. These
curves are a plot of
(&9).
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where C (at) is the error function, a is a parameter which
measures the degree of inhomogeneous broadening,
namely the ratio Acor/incog of the Lorentzian spin-packet
width to the inhomogeneous Gaussian width, and
t= (1+y'HPTqTo)& is a saturation factor. The relative
spectrometer absorption signal is proportional to y"B~
and can be written

X f1—C(a(1+X')'*)}
Vg —— exp (a'X') (19)

(1+X): L1—~( )3

As the parameter e approaches zero, the expression for
Vz approaches Eq. (14) corresponding to the J -center
case where the individual spin-packet width is negligible
compared to the inhomogeneous broadening. Figure 1
shows the spectrometer signal V~ plotted eersls X or
Hr/H; (H~= 1/y(T~To)* where H, is the value of the
microwave 6eld B~ which makes the ordinary saturation
parameter —,'. V~ is plotted for various values of a. For
the F center an estimate of a places it in the range
1.6)&10 ' to 10 ', indicating why the saturation curve
of the Ii center is quite Rat for X))1.Having an experi-
mental saturation curve intermediate between the
homogeneous and complete inhomogeneous case, it is
now possible to relate the shape of the saturation curve
to the individual spin-packet width AHL, .

Determination of T» (T,T,)-:, and Tr

Combining curve-fitting techniques with the results
above, one can determine the spin-packet width and
the spin-lattice relaxation time. Figure 2 shows a
typical absorption signal saturation curve. We introduce
now the quantities Vg; i, „and Vp & pp where Vg~
is —', the maximum V~ for a given saturation curve. If
we consider the separation between V&; pp and
Vg.;. i. „as a measure of the width of the saturation
curve it is evident from Fig. 1 that the width increases
a,s the parameter a decreases. By taking the va, rious

Appendix A. The result is

( coo ) exp(a'to)
g" (coo) =-',xos'i

i L1—e(at) j, (18)
E hcog)
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FxG. 2. Typical inhomogeneous saturation curve. The experi-
mental ratio of H&(Vz g nappe ) to III(Vg y ~,wer) determines a or
rsHr/rsHo and hence Ts H,* is H~ .at the onset of saturation and
determines ITIT2)&. The ratio of y„,"H1 to X,"H1 for HI&)FIy
(H&)H;Ts/Ts*) determines T& when T2* is known.

values of a in Fig. 1 and computing the ratio of B~
(Vz; »„) to Ht (V~ i ~, „), the curve shown in Fig.
3 is determined. From the value B] (Vn s pp )/
Bt (Vn; t,~„) for a given experimental curve, it is
possible with the help of Fig. 3 to obtain a and the
individual spin-packet width. An appealing feature of
this T2 determination is that it does not require an
absolute determination of BI,

The evaluation of B; and consequently (TtTs)' can
now be done once a has been found. The intersection
of the linear signal below saturation with the horizontal
line drawn tangent to the maximum of the saturation
curve locates what we shall call H; „„„„~.g. The
multiplicative correction factor which relates it to the
true B; is a known function of a (see Fig. 1) and ranges
from 1 for a equal zero to 2 for the completely homo-
geneous case (for the homogeneous saturation case B;
corresponds to Vz, ). We have now determined nearly
independently Ts and (TrT&) l.

For B~&)B; and a((1 it is possible to determine T~
independently by a method herewith called the T2*
method. Here Ts*(h&og/v2) =1 if we note that D&eg/V2

is just the rms static width of the inhomogeneous line.
It can be shown (see Appendix 3) that the ratio of the
saturated absorption susceptibility to the unsaturated
susceptibility is given by

X."(~e)

x„,"(cop) &sr ) p'Hrs Tr Ts*

(1+correction terms), (20)

identity. However, for (20) to be valid it is necessary
that Ht) Br(Ts/Ts*), which is a more restrictive con-
dition than for a homogeneously broadened line of width
T2* since we also require a((1 for the correction terms
to be small.

The picture of inhomogeneous saturation of g" is as
follows. The onset of saturation of the individual spin
packet occurs when B~ approaches H;. As H~ increases
above H;, the absorption susceptibility of the spin
packet falls off as 1/Hr'. However, as Ht increases it is
also covering more and more spin packets; in fact, the
number of spin packets covered is closely proportional
to Bt. Hence the susceptibility falls o8 as 1/Ht instead
of as 1/Hts. This 1//Bt falloff is not quite correct
because, instead of having a constant distribution of
spin packets, we have a Gaussian distribution of spin
packets. The number of distinct spin packets is approxi-
mately hH~/QHI, or 1/a. A word of caution should be
injected about the spin-packet concept. If the spin-
packet width arises from time-varying magnetic fields
due to the reorientation of nuclear magnetic moments
in the immediate vicinity of a center, two or more
centers may belong to the same spin packet but still
be essentially noninteracting. Finally, when H& ap-
proaches (AHG//). Br,)H„enough power is available to
saturate all the spin packets in the distribution, and
the entire line then saturates homogeneously like a line
of the static width.

Thus we can independently determine T., (TrTs)l,
and T~ for an inhomogeneously broadened saturation
curve, provided the saturation curve extends over a
suKciently large range of microwave power. The T2
or spin-packet width is determined by the parameter a
which is a function of the width of the absorption signal
saturation curve. The value of (TtTs)'* results from
JI; which measures the onset of saturation of the
individual spin packet. It should be emphasized that
each individual spin packet saturates homogeneously.
Finally, by the "T2*method" where all the spin packets
are saturated together much like a line of width
Aa&g=v2/Ts*, we can determine Tt. These three ap-
proaches will be applied to the saturation of V~ center
ESR transitions. For the J"-center case only the value

[000—

HltkuZURPCR~ IO
HIOI'R Inuma I

where 1/y'HrsTrTs* looks like an ordinary saturation
parameter (y'B ' tTTt)s1))in which Ts has been re-
placed by T2* representing the static line width. YVe

can say that Eq. (20) represents physically the satu-
ration of the entire Gaussian distribution of spin
packets, and the individual spin packet has lost its

1O I I I IIIIII
O.OI O. l

I I I lllll
1.0

QHL

QHG

I I I llll
I0.0

1'"ro. 3. The ratio of Hi(Vz,* „»„)to Hi(Va t q „„)versus g
or DHI./DHg, based on curves shown in Fig. 1.
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(TiT2) & or H~ could be determined, because not enough
of the saturation curve could be obtained,

VARIABLE ATTENUATOR

II rf/ /j
/

GALVANOMETER

SHIFTERQi1
PHASE
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MATCHED

LOAD TUNER
00( &ooi ' a SAMPLE CAVITY

DETECTOR g CAVITY

MAGIC TEE ISO[ ATOR MAGIC

TEE
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KLYSTRON

WHEATSTONE NARROW BAND

BRIDGE AMPLIFIER 8 LOCKIN

Frc. 4. The balanced-mixer spectrometer featuring a closed
loop. Matched bolometers are used as detectors. Isolation between
the detector bridge and the sample cavity bridge is important for
low-power operation.

'~ G. Feher, Bell System Tech. J. 32, 449 (1957)."R. H. Dicke and R. H. Romer, Rev. Sci. Instr. 26, 915 (1955).

The Experimental Apparatus and Techniques

The experiments reported here were done with an
X-band spectrometer of the balanced-mixer type
featuring a closed loop and separate sample cavity and
detector magic-tee bridges. A block diagram of the
spectrometer is shown in Fig. 4. An excellent analysis
of various types of spectrometers is given by Feher."
This type of balanced-mixer closed-loop spectrometer
has two significant advantages. First, klystron ampli-
tude noise can be balanced out to 6rst order by the
use of matched detectors. Second, and of importance
for saturation work, one can keep a constant microwave
bia, s power on the detectors while the power incident
on the sample cavity can be varied from maximum

power to 100 db below maximum power. The conversion

gain of the detectors remains constant while the power
incident on the sample cavity is varied over many
orders of magnitude. The klystron employed was a
V58 with a maximum power output of 600—700 milli-

watts for the high-power mode. The klystron was
frequency-stabilized with a modified Pound I. F.
Stabilizer. "For detectors selected Sperry 821 Bolome-
ters were used. For independent Inicrowave phase
adjustment and microwave power attenuation a
Hewlett Packard X885A Phase Shifter and a Hewlett
Packard X382A Precision Variable attenuator were

employed. The narrow-band amplifier was a Liston
Seeker 8-cycle breaker amplifier modified as follows.

The input breaker was disconnected converting the
amplifier into an 8-cycle ac amplifier. The input breaker
served as the reference for the 8-cycle modulation of
the magnetic field. The output breaker acted as a
synchronous detector.

The sample cavity was operated as close to match
as possible ( ~

P
~

(0.01 was readily obtainable) meaning

that the cavity bridge was nearly balanced. The bridge
unbalance was monitored with a crystal connected to
a sensitive galvanometer which could detect an un-

HpV, ~C q
'-

QOP,
1+I —

I
=

8' E A ) 2m. po

(21)

where I', is the power incident on the matched cavity
and vo is the microwave frequency. The maximum
error in the Hi determination is about 15%%u~ coming
primarily for the Q measurement. With the V 58
Klystron the maximum H& obtainable at full power
was 0.7 gauss.

The samples were 0.060 in. thick and covered the
end wall of the aluminum cavity. The samples were
irradiated while at 78'K through the cavity end wall

0.020 in. thick with a 50-kv x-ray tube with tungsten
target. The irradiation times varied from 8 to 20 hours
producing 10" to 2 or 3)(10"V& centers. Preliminary
experiments with crystals of various thicknesses
showed that the filtering of the x-rays by the cavity
end wall was sufficient to assure a homogeneous
concentration of V~ centers.

Because of the field modulation combined with
synchronous detection the spectrometer measured
dx"/dH, i.e., the derivative of y" as the dc field was

swept slowly. If transitions within the individual spin
packet are adiabatic and if no fast passage effects
occur, then the derivative at its maximum will be pro-
portional to y" (~0). The condition most dificult to
meet is the achievement of slow passage due to the
modulation of the magnetic field. The slow-passage

balance of 0.01 microwatt. Because the power incident
on the sample was varied over a 70-db range from 275
milliwatts down to 0.027 microwatt, it was necessary
to have about 50 db isolation between the sample cavity
and the microwave bias power (20 milliwatts) incident
on the bolometers. The phase shifter was used to select
g" or g'. For strong saturation of y" the ratio of y' to
p" may be greater than 20 db, requiring accurate phase
settings to better than 1'. This was achieved by modu-
lating (temporarily) the klystron frequency at 8
cycles/sec after carefully tuning the klystron to the
frequency of the sample cavity. Looking at the 8-cycle
signal output of the Liston Becker Amplifier on a scope
and tuning the phase shifter for a null of the 8-cycle
signal, the phase can be accurately set for y", making
use of the full sensitivity of the narrow-band detection
scheme.

To determine the microwave field H~ required the
measurement of the microwave power and the Q of the
cavity. The power incident on the sample cavity was
measured with a hp 430C Power Meter. The Q of the
matched cavity was measured by placing the cavity
reAection curve on the scope and measuring the
frequency difference of the half-power points
(QJ, —po/Ai). For the matched cavity 2QI, ——Qo, where

Qo is the unloaded Q. The experimental Qo's varied
from 4000 to 4500. The relationship yielding B& for
the TEoj mode and a rectangular cavity of length C,
height A, and volume V, is
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Fjo. 5. Absorption
saturation curves of the
V~ center at 78'K in
KCl, KBr, and LiF.
(V& &"II,.) a» s
give by 1/p(T&T&)* and
measures the onset of
saturation. 8 is the angle
between the external
field and the V~ center
axis, and nfl is the mag-
netic quantum number
of the two nuclei making
up the center.

condition is expressed by

cu H &Hg/Tg, (22)

x"=x"(~o,(HP)A.)

X' ($~(H,2)]')„
+

(I+X')' ((H ') )'
(23)

where X'= (HP)~, /H, ' and HP= (HP)„,+AH~'. The
angular brackets indicate the average over the volume
of the sample. Qualitatively one notices that the effect
of a nonuniform Hi is to flatten the saturation curve
slightly at the peak. The effect then falls off for X((1
and for X))1. In these experiments a —,'-in. diameter
shield was used during irradiation, restricting V~
center formation to the center two-thirds of the cavity.
In this case the second term in the bracket for X=1 is
about 4%.

where co is the angular modulation frequency, and
H is the modulation amplitude. However, fast-passage
eGects can only occur when the spin packet is saturated
$H&) 1/p(T&T2)'*$. Consequently, fast-passage effects
will not occur if co~ &1/yT~(T~T~)**. For the V»
center in KCl typical values of T2 and Ti at 78'K are
1 psec and 7 @sec. With ~ =50, slow passage requires
H (50 gauss, which is easily satisfied. It was possible
in all the experiments at 78'K to avoid fast-passage
conditions.

For a rectangular cavity and the TI'0& mode, B&
varies sinusoidally over the end wall. As a result,
diferent centers "see" different B~'s and different
parts of the crystal will begin to saturate at diferent
powers. One should then integrate the signa1 V~ over
the values of IIi to which the V~ centers are exposed.
Watkins" has shown that

a large enough power range to obtain good saturation
curves. The NaCI data will not be presented.

Figure 5 shows the absorption signal saturation
curves for KCI, KBr, and LiF at 78'K. The (8=45',
cVr ——1, LF) lines are shown for KCI and KBr while
the (8=45', Mr ——0) line is shown for LiF. 8 is the angle
between the V~ center axis and the external magnetic
field, 3fl is the nuclear magnetic quantum number of
the two nuclei making up the V~ center, and LF means
lower external field than for the center (3fr ——0) line
in contrast to HF for higher external fields than for
the center line. The curves indicate that in KBr the
absorption susceptibility starts to saturate with an II&
an order of magnitude larger than required for satu-
ration in KC1 or LiF. The value of H~ is slightly smaller
for KCl than for LiF, indicating a slightly larger value
of (T~T2)'*for KCI than for LiF. However, the LiF
absorption signal decreases only a small amount for
Hi &II; while for KCl the absorption signal bends down
approa, ching a slope of —1 where x"~ 1/HP and
Vz o- 1/H&. Qualitatively this implies that the Vz
center in LiF has a smaller value of a or a smaller ratio
of spin packet to static Gaussian width than in KC1.
The LiF saturation curve does not remain as Rat for
II~&B; as it does for the P center because the V~
center resonance is less inhomogeneously broadened
than the F-center resonance. Unfortunately, not enough
microwave power was available to measure the satu-
ration curve for KBr over a range that was su%cient
to obtain T2 and T& separately. Only the product T&T2
could be obtained for KBr.

Saturation curves were obtained for different hyper-
fine lines and for diferent values of 8. The detailed
results will be presented first for KC1 and KBr because
of similar behavior and then for LiF because of its more
complex behavior.

Figure 6 shows the absorption saturation curves of
the V~ center in KCl in which both nuclei were CP'
and a CP'-CP~ center. In addition, the J -center ab-
sorption saturation curve is shown for comparison. The
graph shows that the saturation curves for the 35-35
center and the 35-37 center are identical if we disregard
the absolute intensity of the signal. In fact, data taken
for all the lines in the hyperfine pattern for one 0 have
the same values of u and II'~ to within experimental
errors (15'%%uo). Thus, within experimental error the

Experimental Results and Discussion

Steady-state ESR Vz center absorption saturation
curves were obtained at 78'K in KCl, KBr, XaCl, and
LiF with concentrations close to 10" centers/cc.
Because of the larger static line width and slower
coloring rate not enough V~ centers could be obtained
in XaCl to get a satisfactory signal-to-noise ratio over

"G.Watkins, Ph. D. thesis, Harvard University (unpublished).
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Fio. 6. U~ center
absorption saturation
curves for a Cl' -Cl'~
center and a CPS-CP7
center at 78 K. An P-
center absorption satu-
ration curve at 78'K is
also shown.
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TABLE I. U~ center saturation parameters at 78'K.

From a
AHI.
gauss

From Hg
(T1T2)&

@sec

From T2+
Tl

psec
T2

psec
H)

gauss
Tl

@sec

KC1
e=45'
0=90'
KBr
0=45'
e=90'

0.052 1.00.049 2,60.019
0.035

6.26.8

0.28
&0.39

0.18
&0.14

high-field line begins to saturate first; nevertheless,
above saturation it does not bend down as quickly as
the low-field line. Figure 2 also shows the saturation
curve shapes, given II; and assuming T»=T2. The
dashed extensions of the curves show what the assump-
tion T»=T2 would do to the saturation curves. Here,
even more dramatically than in KC1, the assumption
T»= T2 is at variance with the experimental results.

Figure 8 shows more saturation curves for diferent
8 and diferent hyperfine lines. The 0=90' doublet in
LiF refers to the two small lines on the low-field side
of the center line. There are two separate features of
the saturation curves for LiF. First, for a given 0 the
LF lines always saturate less readily than the HF lines.
In addition, the di6erence in saturation behavior of the
LF and HF lines is large when these lines are far apart
in field (8=0') and small when these lines are close
(8=90' doublet). Secondly, there is also a complicated
variation of the saturation behavior with 0. The onset
of saturation occurs at lowest power for 0=0', and at
highest power for O=Q)'. For 0=90 the saturation
starts at a lower power than other angles except 8=0'.
Table II shows all the results and the saturation
parameters.

Table II indicates spin-packet widths varying from
5 gauss down to 4 of a gauss corresponding to T2's
varying from 0.01 @sec to 0.32 @sec, while the T»'s vary
from about 15 to 45 psec. For the LiF V~ center at
78'K the T»'s are much longer than the spin packet
T2's, the ratios varying from sixty to several thousand.
The significant feature of the results is that T2 depends
in a complicated way on the dc magnetic field and on
the angle 0 between the 6eld and the Vz center sym-
metry axis. T& values vary over a range of 30 while T»
only varies over a factor of about 3. The difference in
the magnitude of inhomogeneous broadening for the
LF lines (a)0.1) and the HF lines (a(0.1) is apparent
from the Table. The interpretation of these results for
the individual spin-packet width (1/yT2) and for the
spin-relaxation time T» using atomic processes will be
undertaken in a future paper.

We can say the energy level pattern is different for
high and low fields or for various 8. It is possible that
nuclear spin mixing may be faster for one field or
orientation than another. Abragam and Proctor have
found that spin mixing depends on field." The large

lines, arising from different isotope combinations but
corresponding to the same 8, have the same spin-packet
width, and the same spin-lattice relaxation time, In
KBr only II~ could be determined from the saturation
curves, but (as in. KC1) it was the same to within the
experimental error for all the hyperfine lines of a given
8 for Br"-Br",Br"-Br",and Br"-Br"centers. Table I
shows the results for KCl and KBr.

The Table indicates that T» is a factor of about six
larger than T2 for KCl at 78'K. The Table also indicates
that the three determinations T2, Ti, and (TiT2)l are
consistent with one another to within the experimental
error. It should be re-emphasized that the author was
biased by previous work which suggested that the
spin-packet width was T»-limited. The data were first
analyzed assuming T» ——T2. This led to an inconsistency
between the a method and B;method. It will be shown
below that in LiF the inconsistency is an order of
magnitude greater. In addition, when the data were
first analyzed, the T2* method for directly determining
T» had not been considered. It was only after assuming
T»WT2 that all the data could be satisfactorily ex-
plained. One also observes that the value (TiT2)*' has
a 8 orientation dependence. For KC1 at 8= 90', (TiT~)'
is about half the value measured at 0=45'. Before
attempting a complete understanding of the atomic
processes contributing to T» and T2, more data should
be obtained for other values of 0 and over a large
temperature range. In LiF more extensive data were
taken for different values of 8.

For the LiF V& center, each different hyperfine line

for a given 0 behaves differently and we must explicitly
specify the lines we are talking about. Figure 7 shows-

saturation curves for the 8=45', Ml ——1 low-field (LF)
line and the 8=45', Mr= —1 high-field (HF) line. The

Hl/2

HI/2 ',
F»G. 7. V~ center

absorption satura-
tion curves in LiF at
78'K. Shown are
high-field 3EI= —1
and low-field HEI
= +1 lines for
e =45'.
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TcaLE II. LiF V~-center relaxation parameters at 78'K.

Run and line

e=0',
e=0',
e=45',
e=45',
e=45,
e=60',
e=60',
e=60',
e=90,
e=90',
e =90',

351=—1 HF
3' I=1 LF
Ml= —1 HF
gal=1 LF
~l =0
351=—1 HF
Mr=i LF
nfl =0
3III=0 HF
35(=1 LF
All=0 HF

0.021
0.16
0.018
0.14
0.030
0.085
0.56
0.063
0.041
0.058

AHI,
gauss

0.18
1.4
0.16
1,3
0.28
0.74
4.9
0.55
0.36
0.51

T2
psec

0.28
0.036
0.32
0.038
0.18
0.068
0.010
0.091
0.14
0.10

Method

IIi
gauss

0.014
0.048
0.020
0.038
0.027
0.048
0.076
0.046
0.028
0.031
0.020

H2r

(T1T2)&

psec

3.6
1.0
2.5
1.3
1.9
1.0
.66

1.1
1.8
1.6
2,5

tg 1

psec

48
30
20

20
16
43
14
22
26

T2*
T1

p,sec

~ ~ ~

41

26

Tg/T2

170
830

65
1200
iio
240

4200
160
160
260

hyperfine interaction for the LiF Vz center and its
large static-line width indicate that the nuclei neigh-
boring the V~ center "see" quite diferent local fields,
depending upon which hyperfine line, HF or LF, is
being observed. It is further noted a spin-spin inter-
action between V~ centers cannot account for a T~
which depends on field and angle 0.

Since completion of this paper, measurements have
been made at the General Electric Research Laboratory
with W. Kanzig extending the data to 48'K, 20'K, and
11.5'K for KCl and LiF."Experiments by pulse tech-
niques have also been carried out in the liquid He range.
In this forthcoming paper a development of the calcu-
lation of spin-lattice relaxation for the V~ center due
to spin-orbit coupling, hyperfine coupling, etc., will be
considered. Because the electronic structural properties
and parameters of the center are well known (see C
and K), it is felt that a reasonable comparison between
the experimental relaxation times and calculated
relaxation times can be attempted.

CONCLUSIONS

It is possible to treat the saturation of inhomo-
geneously broadened lines for the case in which the
variation of the envelope distribution of spin packets
over a single spin packet cannot be neglected. When
the saturation curve can be measured over a sufficiently
large power range, it is possible to determine separately
the individual spin-packet width or Ts, (TiTs)&, and
the spin-lattice relaxation time, T~. Saturation curves
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APPENDIX A. EVALUATION OF THE
INHOMOGENEOUS ABSORPTION

SUSCEPTIBILITY INTEGRAL

The integral (17) is evaluated in the following way.
One first introduces a set of reduced frequency variables
xs ——~es/Doir„and x'=oi'/Doir, and, in addition, defines
a saturation parameter s such that s'= y'Hi'TiTs. (17)
becomes

-,'xoa
t
"x' expL —a'(x' —xs)'jdx'

X (ops) =
g~ ~o

(24)

for the V~ center at 78'K indicate in KCl and LiF that
the spin-packet width is not determined by T&. Tj may
be much longer than T2. For KCI all the hyperfine lines
for a given 6I have the same values of T2 and Tj to
within experimental error. For KBr the product T~T~
is the same for all hyperfine lines of the same 0. In
LiF T2 is diferent for diGerent hyperfine lines de-
pending on both 0 and H. In LiF Ti depends on 0 and
may have a small Ho dependence.
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Fxc. 8. V~ center
absorption saturation
curves in LiF at 78'K.
The high-field and low-
field lines for e =60',
e=0', and e=90' are
shown.
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Making the substitution y=x' —xo and (since xs) 10')
replacing the lower limit —xp by —~, one obtains

sx« t' (y+x&) exp( a y )dy
X"(~.) = — (2~)

1+y'+s'

t

"exp( —a'y')dy
I(a, t) =2

& s t'+y'
(26)

The 6rst term in the integral vanishes because it is odd,
leaving an integral, which will be designated I(a,t),
of the form
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where P= 1+s'. This can now be written as

i."expL —a'(t'+y') ldy
I(a,t) =2 exp(a' t') i . (27)

t2+y2

Defining the integral in (27) as J(a, t) and differenti-
ating J(a,t) with respect to a and evaluating the
integral, one has

dJ(a, t)/da= —m
'*exp(—a'P).

Next, integrating with respect to a, one obtains

J(a,t) =J(0,t)+ L
—or' exp( —a't')ada. (29)

p

cop 1 1 3
x."(~o)= oxo —1— +

ha)g at' 2a't' 4a4t'
(35)

It is now convenient to evaluate x"(o&o) when there
is no saturation at all (Ti——0, yielding P=1). We start
Wl tll

COp

X~ (ohio) =xo
AMg

This can be written as

Integrating term by term, the saturated susceptibility
becomes for a' t'& 1

This integral has the form x-"(~o)=—Xo
2 AGOg

r 6

exp(a') 1—— exp( —x')dx .
~' "p

J(a,t) =—L1—C (at)),
2t

(30)
Expanding this for a&1 one obtains

(37)

where C'(at) = 2/or& Jo" exp( —y')dy, the usual error
function. Combining (30) and (27) with (25), we

obtain

(~o ) 2 4a'
x ."(ohio) =—xoI I

1——a+a' — + . (38)
2 k Doing) or* 37r

( ohio y exp(a'P)
x«(~o) —&xo~!

I I
L1 @(at)) (31) One now takes the ratio of the unsaturated suscepti-

(Aoig) bility x (oio) found just above to the saturated
susceptibility x,"(ooo), getting

APPENDIX B. SATURATION OF THE ENTIRE
ENVELOPE OF SPIN PACKETS '1 —2a/m. '*+x ."(~o)

=x'at'
x."(~o)The absorption susceptibility may be written in the

form

f ohio ~ exp(a'P)
exp( —x')dx. (32)

(a~g)

2a't'

x.."(~o)
=~'HPTiTo* (1+correction terms). (40)

x."(~o)
oio r" y exp( —y')dy

X"(ohio) =Xo t
aoig "o $y'+a't'],(33)

But P))1 and hence P y'HioTiTo and a=Aoir/Doing

If the substitution y'=x' —a'P is made, (32) will take T'~/&2T&, consequently (39) becomes

the form

5 t'yl'—
I

—I+" dy
16 (at)

(34)

If a't'&1 the denominator may be expanded in a
Taylor's series, and the integral becomes

1 I" 1(y~' 3 t'y p'
y exp( —y') 1—-I —I+-I —

I

at~, 2 tati 8 Eat)

If the correction terms are small, this expression is

nearly independent of the spin-packet width 1/T&.
Consequently, if the experimental conditions a&1 and
at)1 can be satisfied, expression (40) may be used
with an experimental saturation curve to determine
T& directly. For KCl at 78'K the parameters for the
U~ center of a 0.05 and a2t',„6 correspond to
H~ 0.7 gauss and the correction term will be about
3'Fg.


