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Paramagnetic resonance is detected for ' Yb+ ions diluted in crystall of Y(C285SO4)~ ~ 9820
at temperatures 1, 2 T &4. 2'K, and v =23 GHz, for 0= 8=7o', where 8 is the angle between
the crystal e axis and H. We find g„=3.328+0. 005; g& is not directly measured, but estimated
to be g~~ 0. 01 from the resonance intensity at 8 = O'. An observed angular variation of 10 in
linewidth can be explained by a c-axis wander throughout the crystal, of order (68)~= 0. 05'.
A striking angular variation in line intensity, of the form (tan 8)/cos8 over five orders of
magnitude, is used to deduce that the observed line is an electric dipole transition rather than
the usual magnetic dipole transition, observed only at 8= O'. This is further confirmed by
placement of the crystal in the cavity in regions of maximum electric or magnetic field. The
electric dipole transition comes about by the combined action of the Zeeman perturbation and
admixtures of even-parity states into the odd-parity 4f configuration by odd terms in the C3&

crystal field. The direct spin-lattice relaxation rate is measured by a microwave pulse-
recovery method and found to be T & = 134T tan28 sec (T in 'K) at constant frequency v

=23. 11 GHz, which corresponds to T, &&=2.4&10 Hscos38sin 8coth(kv/AT) sec + in oer-
steds), the theoretically expected form. At large angles the data indicate a phonon bottle-
neck. It was found that the EPR signal could be reduced by optical pumping in the 1- to 3-g re-
gion. An optical pulse-recovery method was used to measure the Raman spin-lattice relaxa-
tion rate, T~ = 0. 0135T sec . These data are of central importance in the analysis of nu-
clear spin refrigerators utilizing this unusually anisotropic crystal.

I. INTRODUCTION

In terms of its low-lying energy levels, Yb ' is
one of the few simple rare-earth ions. This is be-
cause the 4f' configuration lacks one electron for
a filled shell and may be simply approximated by
a single "hole. " As in Ce', which has a single
electron in the 4f shell, there are only 14 basis
states, which, in the presence of spin-orbit cou-
pling, are split into two multiplets, Fv)z and F,)g,
the J=I multiplet lying lowest in ytterbium. For
Yb diluted in Y(C~H5804), ~ QHIO, abbreviated as
YES: Yb, the C» crystal field splits this multiplet
into four Kramers doublets, as shown in Fig. 1.
This paper is concerned with paramagnetic reso-
nance and spin relaxation in the J, = + y ground
doublet,

An important and unique feature of the YES:Yb
crystal is that the g factor of the ground doublet is
extremely anisotropic. In fact, from Fig. 1, it
is clear that to first order the Iceman interaction
X~= pg& J H does not split the ground doublet when
the crystal c axis is perpendicular to H, since
g~ gq (- $ IJ,+J I + r ) = 0; gz is the Landb g factor.
This is due to the circumstance that the C» crystal
field operators V~, V4, V~, and Ve do not mix the
+ & doublet to any other state in the J=~ multiplet.
Admixtures from the J=~5 multiplet, which is 10000
cm ' away, do not contribute tog, . Actually X~
itself admixes the ground doublet with the crystal

field excited states in the J=~ multiplet, giving
rise to a third-order Zeeman splitting, but this
effect is small in fields below 20 kOe, with the
result that g, is very small, of order of the proton
nuclear g factor. Consequently, YES:Yb has been
successfully employed in a proton spin refrigerator
scheme which relies both on cross relaxation be-
tween electrons and protons and on an extremely
anisotropic electron relaxation time. A detailed
theoretical analysis of the spin refrigerator re-
quires a knowledge of the g factors and the elec-
tron spin-lattice relaxation rates. In fact, inade-
quate prior experimental knowledge of these es-
sential parameters provided the initial motivation
for our resonance and relaxation study of this im-
portant and peculiar rare-earth ion.

Unfortunately, the small value of g, also creates
experimental difficulties not present for other ions;
namely, the paramagnetic resonance absorption is
quite weak. The reason for this is that the J, and
J operators giving rise to magnetic dipole transi-
tions have zero matrix elements between pure I + &)
and I

—&) states. However, admixing of excited
crystal field states into these zero-order states
by the Zeeman Hamiltonian does yield, as we will
show, a very small transition probability. In fact,
Schmugge first observed a weak microwave para-
magnetic resonance (EPR) in LaES: Yb, a crystal
very similar to YES:Yb, and it was thought that it
was a weak magnetic dipole transition. However,
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A tunable, high-Q microwave cavity with a
rotating crystal mount was employed throughout
this experiment. The cavity mode was TED», and

the samples were usually mounted in the center of
the cylindrical cavity as shown in Fig. 2. The crys-
tal could be rotated about a horizontal axis, and the
magnetic field rotated in a horizontal plane, so that
the crystal c axis could be aligned accurately along
the magnetic field. This arrangement was essen-
tial for measurement of gii In addition, the cavity
was designed so that the sample could be optically
pumped, an experiment which will be described lat-
er. For measurements of the g factor and the
linewidth, a derivative of the absorption line was re-
corded in the usual way, using field modulation and
lock-in detection.

A block diagram of the relaxation time apparatus
is shown in Fig. 3, a,nd is similar to earlier ver-
sions used in this laboratory. ' The microwaves
were repetitively switched from a high level (satu-
rating the EPR) to a low level, where the recovery
of the spins to thermal equilibrium was monitored
on an oscilloscope. The signal klystron was a &-W

OKI-type 55V11 klystron, and a 10-dB directional
coupler to the receiver was used rather than the
usual hybrid- T arra, ngement. 7his had the dis@5-

FIG. 1. Energy levels of Ybs' in yttrium ethyl sulfate.
For the ground multiplet J =+2, the odd-parity wave func-
tions for H))c I)z are written in terms of the basis states

I J I-, Js}. This figure is based on Ref. i, with modifi-
cations by Ballard, Ref. 3, using new data in Ref. 9.
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one of the principal results of this paper will be to
show that the EPR signals observed in YES:Yb
(and presumably also in LaES: Yb) are predomi-
nately electric dipole transitions induced by the mi-
crowave electric field component. This unusual
effect comes about because of admixtures by odd
crystal field terms of even-parity configurations,
e. g. , 4f'e Sd, into the odd-parity 4f'e configuration
of the ground state.

Other new results are the observation and inter-
pretation of a large angular variation in linewidth,
and the observation that the EPR signal may be op-
tically pumped.

II. APPARATUS

A sensitive 1-cm superheterodyne spectrometer
is used for both EPR detection and the relaxation
time experiments. The noise figure of the receiver
was measured to be 12 dB. The cavity and sample
were immersed in liquid He in a standard metal
Dewar, between the poles of a rotatable electro-
magnet producing up to 19 kOe in a horizontal di-
rection.
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FEG. 2. Microwave cavity, with rotatable sample
holder. For clarity, gear mounting is not shown.
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FIG. 3. Block diagram of appa-
ratus for pulse-recovery method of
measuring spin-lattice relaxation
rates.
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vantage of a 10-dB loss of signal, but allowed max-
imum power into the cavity for saturating the spins;
this was necessary in YES:Yb because of the un-
usually small transition probability. The micro-
wave diode switch, a Philco model No. S-6510, had
a 2-dB insertion loss and a 30-dB on-off ratio and
was driven with a Tektronix pulse generator. One
notable complication of this scheme was that high-
power pulses caused heating of the cavity walls and
formation of tiny He bubbles, sometimes shifting
the cavity resonance frequency. This problem was
minimized by using a high on-off ratio of the switch
(i. e. , low monitor levels) and long intervals be
tween pulses, as well as short pulse lengths where
possible. Also, it was found necessary to auto-
matically frequency control the signal klystron di-
rectly to the cavity resonance, using frequency
modulation at 60 kHz and lock-in detection.

Small signal-to-noise ratios made necessary the
use of a signal averaging computer, Nuclear Data
model No. ND800 Enhancetron. The averaged sig-
nal was recorded on an x-y plotter and later plotted
on semilog paper for determination of the recovery
time. In most instances, the recovery signal,
which was stored digitally in the signal averager,
was then punched onto paper tape and later fed into
an IBM 1620 computer for curve fitting to a single
exponential.

Crystals. The results reported here were ob-
tained using YES:Yb crystals grown by McColl
for his spin refrigerator experiments. ~ The crys-
tals were grown with 9'7. 1% isotopically enriched
YB' (I =0). The Y, (SO4), ~ 8HQ used for making the

YES crystal was 99. 999% pure in yttrium. Two of
the crystals used were grown in pure D&O and are
designated as 1% and 2% YES(9D20): Yb, where the
shorthand notation is used for [Y(C2H,SO4$ 9D20].
No attempt was made to deuterate the ethyl radicals.
McColl estimates that 80% of the HRO is replaced
by DQ in these crystals.

III. ELECTRON PARAMAGNETIC RESONANCE OF
YTTERBIUM

A. g Factors

The Yb ' EPR was observed from 8=0' to 8= '74'

at 23 GHz and T = 1. 5 'K, where 8 is the angle be-
tween the external magnetic field and the crystal
c axis. For angles above 8= 10', a single reso-
nance line was observed (since I=0 for all the crys-
tals considered); however, near the c axis the EPR
spectrum exhibited a small amount of structure,
displayed in Fig, 4(a). The structure at 8=0' is
the subject of some conjecture, in particular, the
two resolved satellite lines. The deuterated sam-
ple exhibited a sharper and stronger main line with
relatively less intense satellites, as shown in Fig.
5; the lines are sharper because of the reduced
contribution from the deuteron nuclear moments.
The splitting of about 15 Oe between the main line
and each satellite is not far from the 12. 3 Oe we
calculate for the next-nearest-neighbor pair lines,
due to pure magnetic digolar interaction between
two neighboring Yb ' its. In fact, the intensity
ratio of 2. 4 between the two satellites is exactly
what one expects for 4070 polarized electrons at
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weak resonances, attributable to Yb ions in differ-
ing sites, 6 were also found.

The measured central-line resonant field versus
angle is shown in Fig. 4(b). The resonance condi-
tion is

hv = (gt cos'&+g, sin'&)" ~ psH;

H H ~/coss with HI ehP/gybe

which is represented as the solid curve in Fig. 4(b),
with H„=4950 Oe. The c axis was found by suc-
cessively adjuiting the crystal orientation about a
horizontal axis and the magnetic field in the horizon-
tal plane until the resonant iield was minimized.
Field measurements were made with a rotating-
coil gaussmeter, and the Ybg factor was obtained
by comparison with a standard g marker also in the
cavity. Our results for two crystals are

g„=3.328+0. 005 for YES(9HqO): 1% Yb, (2a)

g„=3.335 e0. 002 for YES(9DIO): 2% Yb . (2b)

Cooke et al. ' measure g„=3. 40 + 0. 07 in YbES by
magnetic susceptibility, and Schmugge found g„
=3.85+0.07 in a dilute LaES: Yb crystal. Our re-
sult is consistent with, but more precise than, these
early results, on similar but not identical crystals.

Our measured values, Eblis. (2), are about 3$
lower than the value predicted for pure tJ=~, Z,
= ~f) states,

g„= 2'(+4IZii+4 ) 3gr. =3.429, (3)

whereg~=$ is the Landeg factor for the J=j'- multi-
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FIG. 4, (a) Derivative of EPR resonance in
YES(9820):1% Yb at 1.5'K, v=23. 09 6Hz. Note struc-
ture at ~ = 0', and increasing width and loss of structure
at larger e. (b) Circles are the measured resonance
field vs 8 for the crystal of (a). The solid curve is Eq.
(1); the good fit shows g& 0, and determines g„,Eq.
(2a).

the measured 1.41'K. The intensity of these pair
lines is most likely enhanced by the reduced site
symmetry for adjacent Yb ions resulting in an in-
creased g, . The C» symmetry is not lowered for
nearest-neighbor ions, however, and the corres-
ponding pair lines were not detected. Additional

FIG. 5, Derivative of EPR resonance in YES(SD20):
1% Yb at 8 = 0, showing structure, possibly due to Yb-Yb
dipolar interaction.
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piet. One possible source for t'ai dkacrepancy is
admixiures of J=) states. The Ci„crystal field
terms available are VI, V4, V~, »6 V&. The Ve
term has no effect on a af doublet, but the V~o, ~,,
terms will connect the ground state with the a f
states in the J=f multiplet. This so-called J mix-
ing is calculated in Appendix A; the necessary
ground states to yield g„=3.33 are

Sooo

IOOO —.

IOO

~+-', )'=P. 9965 ~vv, +-,')~0. 055 ~$, +~&, (4a)

~

——.*)'=0.9965 [~, ——,'&-0.055 [$, ——.'&, (4b)

where the notation I J,J,) is employed.
There is naw the question of whether the spectro-

scopically measured values of Vz, &,z can produce
the needed mixing. Using the appropriate terms in
the crystal field Hamiltonian,

X =A', (r') ~O'+A'(v') pO', +A& (v') yO' (5)

and Wheeler's9 values for the parameters A~I (ra)
= 155.4 cm ', A4 (r ) = - 57. 7 cm', A~ (r ) = —25. 6
cm' from far-infrared Ipectroaeopy, we find

17 cm'
10' cm'

where the matrix elements of Oa, q, z between J multi-
plets are given by Elliot and Ievens, and the split-
ting 5 = 10000 cm ' between the J f and J=) multi-
plets has also been used. Since the magnitude of

Eq. (6) is much less than the required value 0. 055,
Eq. (Al), this indicates that the J mixing is not suf-
ficient to explain the measured g„.

Apart from J mixing, we may also consider the
possibility that there is a departure from reflection
symmetry, lowering the symmetry to Ce„and in-
troducing V4 and V6 terms into the crystal poten-
tial, However, these operators will not connect
the J,=~ 2 states to any other excited states within
the J=g multiplet. Further lawering of the crys-
tal symmetry to C& would result in agll shift but
the needed V~-5 cm ' is inconsistent with the small
measured g~.

A final possibility considered here is that the dy-
namic crystal field terms, arising from lattice vi-
brations, cause the required mixing among the J=y
states. For the case of Ce ' in YES, this has indeed
been shown'o" to be the cause of an 8% lower ex-
perimental value of g„than that calculated from the
static crystal field terms. For YES: Yb our g„
value is 3% lower, and the reduction is quite possibly
due to this same mechanism.

Although we have attempted to determine directly
the important parameter g, for YES:Yb by direct
resonance experiments using an NMR spectrometer
at 20, 80, 160, and 400 MHz, we have been unable
to detect a well-defined resonance. At present we
can only say that from line-intensity measurements

v s2KI I GHZ

T ~ I.S K
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FIG. 6. Peak-to-peak derivative linewidth LRP va 8 for
two YES:Yb crystals. The solid lines are the theoretical
expression, Eq. (8).

(Sec. III C) our best value isg, ~p. pl, which is
considerably larger than the value calculated from
third-order Zeeman splitting, ' (g,)~~3&10 ' 8',
which yields 7. 5x10~ at our field of 5 kG.

B. Linewidth

~ 2g 1/2
4H= 4H„+44 ~~H„ (6)

where 4H„is the contribution to the derivative line-
width due to the local fields of the surrounding nu-
clei, and 8 is the field angle with respect to the
mean c axis.

A two-parameter least-squares fit of this func-
tion to the data for two crystals is shown as the
solid line in Fig. B. Using H„=49500e, this fit
corresponds to

BH„=3.87 Oe and 4,=0.057

for the YES(9HQ): 1% Yb crystal, and

(9a)

It is found experimentally that the linewidth in-
creases rapidly as e is increased, as shawn in Fig.
6. The data are well explained by considering a
Gaussian distribution of c axes throughout the crys-
tal:

F(8)= (2v(4 )„)"exp(-4 /2(4 )„), (7)

where 4 is the angular deviation of a tiny crystal-
lite's c axis from the mean c axis, and (@ )„"

, is the rms angular deviation for the entire
crystal.

It is shown in Appendix B that this leads to a peak-
to-peak derivative EPR linewidth given by
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~H„=2. 84 Oe and 4', = 0. 380' (9b)

for the YES(9DzO): 2% Yb crystal .The deuterated
1% crystal yielded results similar to the deuterated
2% crystal. Thus, for YES: Yb, a very small an-
gular distribution of the c axis explains rather well
the large observed anisotropy in the linewidth.
similar effects have been reported and explained by
Scott, Stapleton, and Wainstein' for three rare-
earth ions in LaMN where g„andg, are quite dis-
similar. In fact, their treatment is similar to that
given in Appendix 8, with the further generaliza-
tion that there is a distribution in the values of g„
and g~, described by the mean-squared deviations
((5g„)')„and((5g,)')~. For YES: Yb, where g, =0,
this adds a term 4Hz((5g„)) /gz cosz8 inside the
square root in Eq. (8). With this additional term
we tried a three-parameter fit to the data for both
crystals, with the result ((5g„)) =0, and the val-
ues AH„and 4, given by Eqs. (Qa) and (9b), as
before. This result is not unreasonable, since hH„
= 3. 87 Oe is close to the value 2. 85 Oe we calculate
due to the dipolar fields at 8 =0' of the 36 nearest
protons around the Yb ' site. Thus the linewidth
at 8=0' is primarily due to the local proton fields.

We note that for the deuterated crystal AH„is
only 27% smaller than for the hydrated crystal,
whereas we would expect AH„at:p„[(I+1)/I]",
resulting in a reduction by a factor 3. 98. We at-
tribute this discrepancy to the fact that the waters
are only about 80% deuterated, and the ethyl groups
not at all deuterated; furthermore, the Yb- Yb di-
polar interaction is not negligible in this 2% crys-
tal, and contributes about (1.6) Oe to the mean-
squared linewidth, We further note that 4, is
6. 5 times larger for the deuterated crystal than
the hydrated crystal, leading to a much larger line-
width at 8 &5'. This is not unreasonable, since the
partially deuterated crystal is not really a periodic
lattice and has considerable local strains and c-
axis wander.

- z'g, V, ,H sin8(Z, + Z ), (10)

where 8 is the angle between the external field and
the crystal c axis, and we take y = 0 without loss

C. Intensity

It can be readily seen that for pure + & states,
there would be no observable EPR line, since the J.
and J operators of the rf interaction do not connect
these states. In a first attempt to explain the finite
EPR intensity and its large angular dependence, we
introduce mixing of excited states within the J=y
manifold into the ground doublet by the static Zee-
man interaction,

Xz gzpzH[ J,cos8+ z sin8 (Z e '+J e")]

of generality because of axial symmetry. The phase
factors must be retained, however, when the sym-
metry is lowered. The J, term is omitted because
it does not couple I + z ) to an excited state.

In the presence of this interaction the ground dou-
blet becomes

with

I+-'. )'= I+ l&+c, I+ l&+c, I+-.'&,

I--. ) = I--.&+c, I-.&+c, I

(1la)

(lib)

~15 g~ peHsin8 ~15 gzV zH„tan8
b2 2 b2

12 gL, p, ~ H„tan8
Cq= (12b)

(14)

Ical zgr, v sHi & z I ~.I- z& I' (15}

g(v) 225 gez Ps'H, zH„4 tan'8
4' 4 (16)

For comparison, we write the transition probabil-
ity for an ordinary system of effective spin S = &

and effective perpendicular g factor g„
w ~(v) = [g(v}/16if ] (g', V s H, ) . (1'f)

By comparison to Eq. (16) we see that this equa-
tion may be applied to YES:Yb if we take an ef-
fective g factor

g,"=-gz'(-.
I ~.+ J-I- z&' =4gi c,'= 10"tan'8, (18)

where we have evaluated C~=0. 45x10 tang from
Eq. (12a) using dz= 108 cm ' and H„=5 kOe. In
other words, this calculation predicts that the tran-
sition probability for YES: Yb will be weaker than
a normal allowed g, = 2 transition by the factor
[(g,)rb/2]'= 0. 25 x10 ' tan48, which would make the

where we have used/, l + z) = ~15 I a z) cT I +z)
= v12 I + z), and to simplify the algebra, we assume
a pure I +z) state at 44 cm and a pure Ivy) state
a,t 265 cm ' (cf. Fig. 1).

1. Magnetic DiPole Transitions

Now consider the effect of an oscillating rf mag-
netic field H, perpendicular to both the c axis and
the external field. The perturbation is

Xj (f) 2gzp zHg(tl++ eT ) cos&lpf Zj cos47f, (13}

The transition rate resulting from this time-depen-
dent perturbation for a spin system with resonance
line-shape function g(v), so normalized that fo"g(v)
xdv=1, is given by the expression
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Yb resonance unobservably weak. Furthermore,
the prediction that the intensity vanish at 8=0 is
true to any order of static perturbation theory,
since the Zeeman perturbation, Eq. (10), vanishes
at 8=0. Contrary to these predictions, the Yb
resonance is quite observable at all angles in our
apparatus, including 8 =0, when the sample is in
the center of the cavity.

To be more quantitative, we have made an ex-
perimental estimate of the effective g, from the
observed YES:Yb intensity relative to that of a
standard g-marker sample. In our apparatus, as
is the usual custom, we observe the derivative of
the absorption line by field modulation and field
sweep; therefore, as shown in Appendix C, for
constant microwave frequency v = g(8)p Hs/h, it is
convenient to define an EPR line "intensity, " Eq.
(C4),

(19)

where b I is the observed peak-to-peak derivative
width at angle 8, S is the peak-to-peak signal height
at 8, N is the number of spins in sample, and K de-
pends on a number of constant parameters. In or-
der to make an experimental estimate of the effec-
tiveg, at 8=0, denoted hygro, we compared (s,H) S
observed for YES:Yb with the same quantity for a
standard "g-marker" sample of phosphorus-doped
silicon, ' for which g„=g,=2 and N8&=-10' effec-
tive spins at the temperature used, T = 1.5 'K, and
v= 23 GHz. Using Eq. (19}and

(+H) ~ St = (g~l)Bi+8k(ZI)rb
S(&H)'I Yb (8 ) NYb(ZI) Sl

we obtained the following results for 8= 0:
g~o = 0. 023 for YES(9DgO}:1% Yb,

g, =0.012 for YES(QHzO): 1% Yb .

(20)

(21a)

(21b)

In obtaining these results, we used for NY& the val-
ue calculated for the 1% Yb crystals reduced by the
rejection ratio 3. 3, measured by McColl and
Jeffries from optical-absorption measurements;
thus, we assumed an actual concentration of 0. 3%
of Yb in YES. We also assumed similar line shapes
for the Yb ' andg-marker resonances; both ap-
peared to be approximately Gaussian. Taking into
account the above uncertainties as well as other
possible errors, we feel the experimental values
of Eqs. (21) are correct within a factor 2.

A likely source of the relatively large value of
gJ at 8= 0' is random crystal strains of low sym-
metry. In particular, the static crystal field terms
V and V present under C2 symmetry would mix
l~, +~ & and l~, +-,'& states into the l~, a ~& ground
doublet, resulting in a finite g, , independent of
field magnitude or direction. We find that a mag-
nitude of only 10 ' cm ' of V and V terms is needed

to explain the above-measured values of gJ.
Therefore, our preliminary conclusion was that

the intensity at 8=0 may be due to a magnetic di-
pole transition (H, Lc) between low-symmetry crys-
tal field mixed states, but that the angular-depen-
dent magnetic dipole transition rate resulting from
Zeeman admixtures into the ground doublet is far
too small to account for the relatively large ob-
served intensities away from 8=0 . Thus we seek
other transition mechanisms.

2. E/ectric DiPole

Transitions

It is well known that the crystal-field-split states
of the 4f" configuration contain admixtures of states
of opposite parity, for example, from the 4f" '5d
configuration. This idea was originally proposed
by Van Vleck' in 1936 to explain the nonzero in-
tensities of f to fop-tica-l transitions, and has been
verified by numerous experimenters' by observa-
tion of electric dipole transitions among states of
the 4f configuration. Theoretical treatments of this
parity mixing problem have been carried out by
Judd' and Freeman and Watson. In the case of
concentrated YbES, Wong" observed only electric
dipole transitions from the J=y ground multiplet
to the J =~~ excited multiplet; and Wheeler et al. 9

observed only electric dipole transitions in the far
infrared among the J=~ Stark levels.

The admixture of opposite-parity states arises
from odd-parity terms in the static crystal field
interaction. In the case of a C» symmetry, the
odd-parity terms present are V~~and V', . ' The
admixture of even-parity states into the odd-parity
4f ' states is a sum over all possible even config-
urations and a sum over all states with the quantum
number M& within a configuration. For example,

(22)

where 0.'is the configuration, andi, M& label a
state within a configuration. The configurations to
be summed over include excited configurations such
as 4f 'I 5d and the so-called broken-shell configura-
tions such as 3d'4f '4. Judd'6 has attempted to eval-
uate similar formidable sums for severalrare-earth
ions, and, using a number of simplifying assump-
tions, he has succeeded in explaining the relative
intensities of many f-to-f transitions. We have not
attempted a theoretical analysis of the states in-
volved or their admixture coefficients, although
this may be a tractable problem for the 4f" ground
configuration; for our purpose we resort to a sim-
pler procedure.
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We can illustrate the process and the selection
rules involved in our EPR transitions, by replacing
the sums of states Wth a single even-parity J=y
state. The coefficient of this state vill be estimated
empirically from the infrare5 abaorytion results.
The simplified states Of the ground multiplet for
8=0 are

these states is given by

g() s a-
16&s (26)

IB&=o Iv'&+b I- —.'&+e, I+ —.'&. ,

IG&= I-'&.bll& "I-l)"
IF &= Il&+~ml- l&.+~4I+v7). ,

IE &= I-!&...I,—:&.",I-,&„
ID) = ll &-bl-x&" I- l &.

IC&=o I-2&-b I+y7&+eel+ l&

I
A &

= I- -', )+~0 l
+ a&, ,

(23}

where a = 0. 95, b = 0. 31, I M ) = 14f",~, M ), and
IM), =

I &, x, M) with o labeling an even-parity ex-
cited configuration.

The interaction of the ion with an external elec-
tric field may be expressed as X =- P E=- I',E,
for a field applied in the crystal x direction, where
P is the electric dipole operator of the ions. Using
the method of operation equivalents, based on the
Wigner-Eckart theorem, we replace the first-rank
tensor P with the angular momentum operator J
times a reduced matrix element y. Consequently,
for the purpose of calculating matrix elements with-
in the J =~ ground multiplet we use the operator
X =yE„J„.Therefore, for an oscillating electric
field E, in the crystal x direction, we have

Xq = g yEg(J, + J )cos~f, (24)

IB&'= IB&+C,IF&+oC, ID&+bC, IG), (25a}

lA)'=
I A&+z CI)Ea+C&lC)+bC&IH) . (25b)

The electric field induced transition rate between

which is understood to connect only states of oppo-
site parity.

This operator will not connect the states IA ) and
IB ), Eqs. (23). Nor will an oscillating electric

field along the crystal axis (E„)connect IA ) and
IB), since (A IyEgcT IB) 3yE (ao- eo)=0. This
important cancellation is a consequence of
Kramers's theorem.

If we now apply a magnetic field at an angle 9 with
respect to the e axis, the ground doublet becomes
in first order

where

g' (y/I. )'«Ia. +~-)IB&' (2'l)

= (2y/ps} [C,(Wise, + v12 a eo)+Cz(v15 &o+ M12 &z)

+Ci(v15, beq+ v12b ao)] . (28)

as can be seen from Eqs. (12) and (2&). Figure 7
shows the observed intensity I~ for a small (15 mg)
YES:Yb crystal located carefully in the cavity in
a position of maximum Ej and minimum H„with
the crystal c axis perpendicular to E,. The solid
line is tanm8/cos8, showing that for nearly five
decades the data are in exceQent agreement with
Eq. (28}. The signal becomes undetectably small
for 8&1'.

We may now estimate empirically a lower limit
for the magnitude of I&, i. e. , of the effective g,
factor. The far-infrared electric dipole transitions
among levels af the J=~ multiplet are known to be
at least an order Of magnitude larger than the al-
lowed magnetic dipole transitions, which have not
been observed;that is, l(A IR, ID) I &10I(A I@
IC) I', etc. , for equal electric and magnetic field
strengths. Taking only the C, term in Eq. (28),
this implies approximately y(vl5 e, + M12aeo}
=2v30g~ pea, from Eqs. (13) and (24}, and thus

(30)

from Eq. (28) and C, = 1.1x 10 ~tan8 from Eq.
(12b). As we will show, this predicted value of

g, is approximately verified.
To summarize, we assume that the total EPR

transition probability is the sum of Eqs. (17) and
(26):

usaf 16fR (gl. i e II/) +1&gm (PLi BE1) y

g(~), g(~) 8 (31)

where we have chosen the incoherent sum of mag-
netic and electric transition rates because of the
random nature of the crystal strains producing the

We notice that for the electric dipole transitions,
the matrix elements are linear in the static Zeeman
mixing parz5trs, Cg) C g, and Cs.

By an argument paralleling that of Appendix C,
we can Nay thai for this electric dipole mechanism
we expect a derivative line intensity

I = K(g, ) N/ g( )8~ tan8/cos8, (28)
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magnetic dipole contribution. The data seem to

favor this choice over a coherent sum of rates,
which would predict a e dependence, N~ cz (A+8
x tane)', and also a considerable y dependence.

For a given sample location in the microwave
cavity, where average 8', over the aamp}e is de-
noted E, and the average H', aver the sample is
denoted H„aadg, =6 tane, the total EPR intensity
is

IO'

I
I

I
I

I
I

1
I

I I I I
I

I
( o)a+ & Gatanoe' g(e) g' ' P, (32)

A series of three experiments +as cosxRcted to
confirm this prediction. A TRI(IDAHO): 2% Y5
sample Wgi Oriented in g ~itiOI Of (+) fne&imnm

H, (b) maximum E„,end (c) ms&&~nm &,.
results of these experiments, shanru in Fig. 8,
were that the transition at 8=0' is completely
magnetic dipole with H', polarization, and the tran-
sition away from 8 = 0' is predomhum6y e?ectric
dipole with E', polarization. The angular variation
of the intensity in all three cases was due to non-
zero Z, over the finite sample volume. The rela-
tive intensity for these three experiments was de-

a 22.75 GHz
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Atstorg'
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IO

Ol

IO
tD

O
4)
K

Z
IO'

C:
Ol

K IO
CL
Lal

IO

I i I i I I I s I
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8

FIG. 8. Angular variation of the EPR intensity Iq for
several positions of the crystal in the cavity, as dis-
cussed in the text. The solid line is the theoretically
expected form, Eq, (32), for both electric and magnetic
dipole contributions.

termined by comparison with a g marker glued to
the bottom of the cavity. In addition, the ratio of
the Yb

' signal at 8 = 0' to the signal of small traces
of Nd

' within the sample was the same for all three
experiments, attesting to the complete cancellation
of large terms in the aforementioned J,E„matrix
element.

We are actually able to estimate g, from these
data, by comparing I&.0 of curve a in Fig. 8 to
Io.4, for curve c, using Eq. (32). We assume a
constant cavity Q, undistorted cavity mode for this
small sample, and (Z, /P, )o=-,' because of the di-
electric constant of the sample. We have

fo' (gi) go cos(45 ) 10-oI„g„x-,' x Go tan'(45') (33)

I I I I I I I I I I I I I

0 IO 20 30 40 50 60 70
9

FIG. 7. Angular variation of the EPR intensity I~,
defined by Eq. (19). The solid line is the theoretical
dependence, Eq. (29), for electric dipole transitions.

which, withg, '=0. 023 from Eq. (21a), yields the
value

6=0.4

to be compared to G ~ 0. 26 from Eq. (30).

(34)
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Finally, it might be useful to compare this elec-
tric dipole transition in Yb' with that observed in
a non-Kramers ion. The ion Pr ' in C» symmetry
has approximately the following ground doublet,
in terms of the basis states I J= 4, M~&:

l»=~14 4&+P14 -2&+~14»o

= ~314 -4&-P14 +2&+'14 -1&o

where the odd-parity mixing is again due to the
Vss and Vsl crystal field terms. For this non-Kramers
ion, a &Mq = 1 electric dipole transition (E,) is
allowed directly, i.e. , without the necessity of
H ~ J admixtures from higher states, and the
transition rate is orders of magnitude stronger
than in Yb" and independent of e. Culvahouse
et al, . s have observed such a transition for Pr '
in the double nitrate crystal. The electric dipole
moment in a Kramers ion is the result of the
combined action of odd crystal field terms and the
static Zeeman interaction.

IV. SPIN-LATTICE RELAXATION

The spin-lattice relaxation rate is calculated
from first-order time-dependent perturbation
theory using the relaxation perturbation

m
V~

with v„the dynamic crystal field terms and & the
average thermal strain due to the phonons of the
lattice. The direct-process relaxation rate turns
out to be

1/T12 = W2/2 -3/2+ +-3/2 3/2

~ v' coth(h v/2k»1'( 2 I~v;1 —
2 &

'1' (»&

1/T, = C To+AT tan28 (36)

A. Microwave Pulse-Recovery Data

In Fig. 9, the direct process is shown explicitly
by the linear temperature dependence of T&y for a
YES(9D2O): 2% Yb crystal at 8=45'. The sample
was placed in a position of maximum E', in the
cavity. For this range of temperature the Raman
contribution to T~ is seen to be negligible. The
data fit the equation

1/T32=120T sec ', (39)

where T is in 'K. Fod reasons we will discuss,
the recoveries were somewhat nonexponential, the
initial rate being perhaps a factor of 2 faster than
the tails. The data points represent the tails of
the recovery, which were reasonably independent
of pulse height and length.

Figure 10 shows the angular dependence at 1.53
'K of Tv', for a YES(QD20):2% Yb crystal located in
the center of the cavity (maximum H3, minimum
E',). The solid curve corresponds to the direct
rate

= 134T tan~a sec ~ (40)

W'e wish to emphasize that the good fit of the data
over two orders of magnitude to Eq. (40) for 0
& 8&40' is the first direct confirmation of the

I 1 I I f I 1 I I
)

I l I I I I I I I

the rate T,o=7x10"exp(T/60'K) measured by
van den Broek and van der Marel~ for concentrated
YbES. Therefore, we have attempted to fit our
data to

The crystal field matrix elements will vanish un-
less we again use the Zeeman-mixed ground states,
as indicated by the primes, Eqs. (11). The lowest-
order matrix elements (e.g. , (—,

' lg v„"C2!——,
'

&) will
contain the factor H sin8, so that for hv/2kT & 1

the rate is proportional to

3oo—

2OO
212

YES(9DRO) 2%Yb
v e 23.75GHz

8a45

Tv (Hsin8) (36a)

The constant A' is then defined (using hv =g„l/.2 H
xcos8) by

1/T23=A'H cos 8sin 8 (RkT/g„//2)

At constant energy (H=H„/cos8), this can be
written

1/Tv/ = A T tan 8

(36b)

(37)

Ioo

0
0

I I I I I I I I I ~ I I ~ ~ I ~ I I )

2

The Raman process is proportional to T and
generally assumed to be angular independent. The
Orbach rate is calculated by Langley and Jeffries
to be negligible below 2. 5 'K, in agreement with

FIG. 9. Observed spin-lattice relaxation rate vs tem-
perature displaying T« ~ T, expected for the direct pro-
cess.
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Io'

10

0

then watching the hole recover with field modulation,

Fig. 11. We see that the spectral diffusion occurs
within 1 to 2 sec, whereas the spin-lattice relaxa-
tion time T~= 5 sec. The small value of the op-
erator g, S,'S gives a much longer spectral dif-
fusion time than that usually observed, e. g. , by
Mims et al. ~ for Ce ' and Er" in CaWO4.

I@I I I I I I I

0 IO 20 50 40 50 60 70
e

FIG. 10 Circles are observed spin-bath relaxation
rate vs angle, clearly showing the expected angular de-
pendence, Eq. (40), for the direct process for angles
less than -45', where a phonon bottleneck begins to set
in. The dotted line, Eq. (43), which includes the phonon
bottleneck, fits the data better at larger angles.

theoretically expected angular anisotropy, Eq. (37),
foe YES:Vb. It is necessary to include the Raman
rate to get a good fit. Equation (40) yields the
value

A' =2. 4x10 ~ sec 'Oe (4&)

This result tnay he compared With A' = 8. IX10-"
dee Oe ~ esti~at0d bg I angle/ and Jeffries fthm%

their proton relaxation data. 1.angley also calou-
1ated the rate by assuming an incoherent sum

r 3 m 3 I 2 I 3 m 3 s 2

B.Optical Pumping

Because of the rather long relaxation time and
hence the possibility that nuclei in this crystal
could be polarized by optical pumping, an experi-
ment was conducted to determine the effect of
light pumping on the electron polarization. This
consisted of monitoring the EPR derivative peak
and switching on and off broad-band light focused
on the sample from a high-intensity mercury arc
lamp. It was found that indeed there is an optical
handle on the electron polarization, as shown in
the insert in Fig. 12. The percent change of the
electron polarization as a function of angle is also
shown in Fig. 12. The effect appears to saturate
for angles less than 5'. With the use of filters
it was determined that this was not simply a bulk
heating effect, but due to optical pumping in the
1- to 3- p range. The exact mechanism of this
optical pumping is not well understood at this time,
although we tentatively ascribe it to excitation of
local phonon modes around the Yb' ion. The
protons are also polarized by optical pumping; this
will be reported in detail later.

In this paper we will repor t only on the use of
this optical pumping to measure the Ybs' spin-

YES (9+0); 2%Yb

tsI.N(
e 0'

t-0.5 sec

and evaluating the dynamic crystal field matrix
elements by the method of Orbach, finding A'
= 1.4X10 '6. Ballard' has recently done a similar,
but more refined, calculation finding A' = 3X 10 "
sec 'Oe '.

The deviation from tan 8 at higher angles is
probably due to the phonon bottleneck which we
estimate in Sec. IV C. Although Scott and Jeffries22
predict an exponential recovery under some bottle-
necked conditions, the rate equations are nonlinear
and may lead to nonexponential recoveries.

Another likely source of nonexponential recovery
is spectral diffusion in an inhomogeneously broad-
ened line. We were able to demonstrate this by
saturating the center of the YES:Yb line, i. e. ,
"burning a hole, " with no field modulation, and

t-I Sec b)

t -2sec c)

t -8sec

FIG. 11. EPB resonance from oscilloscope following
saturation of line center without modulation field. At
time t = 0, a 20-G peak-to-peak modulation field at 160
cps is switched on and photographs taken at successive
times (a), (b), (c), and (d). This shows the recovery of
a saturated "hole" in an inhomogeneously broadened line
by spectral diffusion at first, followed by slower spin-
lattice relaxation.
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sured recovery is independent of the recovery of
the electronics following a large microwave pulse.

C. Phonos Bottleneck

Figure 10 shows that although the direct rate
should increase as ATtan 8=-A" T, the observed
rate above 45' is somewhat less, a behavior char-
acteristic of the onset of a phonon bottleneck pro-
cess T,' =DT~. ~~ The over-all spin-bath rate is
then given by

(43)

The bottleneck constant D for the ethyl sulfates is
given by~~

D=(I/I )g(9)~(8)=(I/l )200bme, (44)

where we have assumed a Yb concentration 1.2
&&10"/cm', a crystal thickness I = 0. 2 cm, a
phonon mean free path l, sound velocity 2X10'
cm/sec, and linewidth rdf from Eqs. (8) and (9b).
With the values I/I = 1, A" = 134 tan~8, we plot
Eq. (43) as the dotted line in Fig. 10. This agrees
somewhat better, but not perfectly, with the data
and indicates the likelihood of a bottleneck at the
larger angles. In fact, an angular-dependent
bottleneck constant Da-g(8)4H(8) has been observed
in other anisotropic crystals, LM¹Ce, LMN:Pr,
and LaCl~ Pr.

V. SUMMARY

By considering small admixtures of excited states
into the ground doublet via the static Zeeman in-
teraction and odd-parity terms in the crystal field
interaction, we have shown that the EPR transition
for a Kramers ion in a crystal may be predomi-
nantly electric dipole in nature when the magnetic
dipole tranlitign rate is predicted to be weak, as
it is for YES:Yb, where g,$0.01. By positioning
a YES:Yb sample successively in the microwave
magnetic and electric fields, we have found that
the EPR transition is almost completely magnetic
dipole when the magnetic field is along the crystal
axis and predominantly electric diyole as the field
is rotated away from tips direction. The predicted
large anisotropy of the EPR intensity due to the
electric dipole contribution, Eq. (29), is in close
agreement with the angular dependence of the ob-
served intensity, which varies over five orders
of magnitude; the magnitude is also in reasonable
agreement with expectations. These results and
the measured value of g({ are consistent with the
usual crystal field model for the ethyl sulfate
crystal, in which the symmetry of the crystal field
is predominantly Cz~ however, small CI departures
from this symmetry are needed to explain the in-
tensity of the observed magnetic dipole transition
at e=o'.

Spin-lattice relaxation theory for YES:Yb pre-
dicts that the direct-process (single-phonon) re-
laxation is also dependent upon Zeeman mixing of
excited J=+~ states into the J,=+-,' ground doublet.
Using the Zeeman-admixed ground doublet, the
predicted angular dependence of the relaxation
rate is tan~~ at constant energy and sin icos~~ at
constant field. This large angular dependence has
indeed been verified here, as well as the linear
temperature dependence. Deviations from the
tan~~ dependence at large angles may be partially
explained by a phonon bottleneck, which is pre-
dicted to have a tan~ dependence. A somewhat
nonexponential character of signal recovery after
saturation is attributed to spectral diffusion among
the components of the EPR line, which is shown
to be inhomogeneously broadened by a "hole burn-
ing" experiment. In addition to these microwave
pulse-recovery data, an optical pumping experi-
ment clearly showed a tan ~ dependence for the
direct process over the range of angles observed
(8 = 7'). Considering all of these experiments on

a number of crystals, we feel the best value for
the direct-process rate constant is A' = 2. 4~10 "
Oe 'sec ', defined by Eq. (36b). A T~ temperature
dependence of the Raman process was observed
at 8= 0' using optical pumping. The Raman rate
constant is measured to be T»'=0. 0135T sec '.

We measured carefullyg„, Eqs. (21), and found
that the observed 3% difference between g„and
3gq (for pure J,= a —,

' states) could not be explained
by C~„orCs„crystal field terms, even when J
mixing is considered; thus, the virtual phonon
mechanism of Inoue and Birgeneau is the probable
explanation of the shifted g„factor. A large
angular variation in the EPR linewidth, similar
to that observed in other anisotropic rare-earth
crystals, is well explained by a small variation
(I, =0.057') in the c-axis direction throughout
the crystal, together with the large anisotropy in
g(&). Despite attempts to measure g, directly by
resonance experiments, we can conclude only that
g, = 0.01 from line-intensity measurements.
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APPENDIX A: J MIXING

We wish to consider mixing of the type
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Since we are dealing with a single "hole, " it is
convenient to expand the I JM~& states in )MB,
MB) representation.

Using the appropriate Clebsch-Gordan coef-
ficients,

1~2 2)=sli +)+bl2 -)

lp, 2) =-b ll, +)+(2l2, —),

1~2, -l&=bli +&+ol2 -)

where a = ~& and b =v 7 . The perturbed energies
of the ground doublet are

EI2/2)~ = '(
lp( iH-)

l
2)'= (VBH)'(ply 2+2~.

l
2&'

/ 2H[2g7/2 + + 2g5/2 p + 2o(p( 7 ~lo)] e

E I-2/2 )5 OBH[ 2'g7/2 o 2g5/2 p + 2+6 (7~io)1

where g, ~ 2=, and g,~, =, are the I andd g factors.
Therefore,

~)s j2)& —&)-sj2)&
gll

= 2. 42(1 —p')+ 2. 56p2- l. 818(1-p2&'/2.

If gi) 3 33, then we have g = + 0. 055 and n = 0.9985.
Thus, to explain the observed value of g„weneed
an admixture of about 5% J= ,' state into -the ground
state. If the perturbation is 3C„ then by perturba-
tion theory we need

E(J= —,) —E(J=~)

APPENDIX B: LINEWIDTH BROADENING DUE TQ
"c-AXIS WANDER"

Consider a magnetic field at some angle eo with
respect to the "mean c axis. " For this orientation
of H, there will be a distribution of EPR resonant
fields. A "crystallite" with a c' axis has a peak
resonant field given by H' = H/ c&o's, whereas
the mean c axis represents a peak resonant field of
HQ H /cos((ep. Therefore, we define 8' —&5 = 4
and D(H' -HB) = nutnber of spine with resonance
peak at H'. This is related to the angular distri-
bution by

D(H' —Hp)dH' =F(4)d4) .
It can be shown that the measured angular devia-

tion (4) )„is small enough such that D(H' -Hp) is
also a Gaussian:

D(H pe)= „uee~ )
N —(H' - Hp)2

with

dH
~ e 3

b=- '- (42& = " -' (42& (Si)
de ~ cos'~

Now consider the power absorbed by a system of

ions with a well-defined c' axis. This power,
divided by the number of ions, can be described
by the Gaussian

p(H —H') = ppexp[- (H — H') /22a]

where ~a represents the rms linewidth due to the

local fields of the surrounding nuclei.
The total microwave power absorbed by the

crystal is just the convolution of these two Gaus-

sians:

P(H)= f D(H' —Hp)P(H H')dH-'

= P, exp[- (H' —H, )'/2b],

where b = a+ h. The observed rms linewidth is
v b = (a+h)', and, using Eq. (B1), the derivative
EPR linewidth is

1/2

)ep 2&5 = ((&p.)' ~=4(ee) +e '", ), (pp)

where ~„is the derivative "nuclear" linewidth,
and eo has been replaced by ~.

APPENDIX C: INTENSITY

Consider, as in Sec. IIIC, a paramagnetic crys-
tal in a cavity with the c axis along the z axis, an
oscillating H, field at frequency v along the x axis,
and a dc field H in the yz plane, with 8= '-c, H.
For an EPR spectrometer it has been shown, e.g. ,

by Feher, 7 that the spectrometer output signal
voltage is &(I/) =KQ7t y" (I/), where K is an apparatus
constant determined by gain, cavity coupling, de-
tector response, and power level; Q is the cavity
quality factor; 7/ is the filling factor; and 1"(v) is
the rf susceptibility of the sample per unit volume.
The susceptibility is directly related to the power
per unit volume absorbed by the sample, P(I/)
= 7/I/)("(I/)H', = hvs/~ N„tanh(guBH/2kT), where w~
is the transition probability, Eq. (1V), and N„is
the number of spins per unit volume; this assumes
no saturation. For a fixed positjon of the sample
in the cavity, N„pc N, the total number of spina in
the sample. For constant values of Q, H, and g
we can combine these equations to obtain

P'(P) ~gif(Ig(5)

for the resonance signal voltage, where g(v) is the
normalized line-shape function. However, it is
more common to display the signal. by holding v

fixed and sweeping the field H, so we introduce a
normalised line-shape function F(H), such that
F(H)dH = g(v) dv. T5Iiung g(5)) = F (H)(dH/dI/) = F (H)
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&& [&/g(8)ee] in Eq. (Cl) yields the resonance ab-
sorption signal as a function of field:

V(H) = Z' [g,'N/g(8)]F(H), (c2)

dV, g~N dE
dH g(8) dH

(cs)

By assuming, say, a normalized Gaussian line-

where K' is a proportionality constant. The inte-
grated area under the absorption signal is thus
proportional to gf N/g(8) Actually, it is customary
to use a small modulation field and to observe the
derivative of the absorption on a chart recorder
whose deflection is

shape function F(H) = (oem) ' exp[- (H —Hp) /o ],
it is straightforward to show that

(nH) S = 4K'(2/ve) [g,N/g(8)] (C4)

where S is the peak-to-peak height of derivative
signal D, and &H is the full width between inflec-
tion points of D. The quantity (r H)eS is defined
as the line intensity I~ in Eq. (19). Most previously
published intensity considerations either assume
isotropy or else treat V(v) rather than V(H), in
which case the factor g(8) in Eqs. (C4) and (19)
drops out; it is quite important in our case. For
a Lorentzian line shape F(H) = (8/v)[82+ (H —Ho) ~] ',
Eq. (C4) becomes (n H)' S = (~3/w )K ' [g,' N/g( 8)].
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