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theoretical expectations.
Solid s-tate effect. ' —There is little doubt that

the solid-state effect is responsible for dynamic
polarization of nuclear spins I in samples which
contain electron spins S having a resonance line
(ESR line) with a width much smaller than the
nuclear Larmor frequency ~„ i.e. , when the
frequencies ~, +~, and ~~-~, are well resolved
from the ESR line centered at ~,. As is well

known, the solid-state effect tends to change
the ratio of the populations of adjacent nuclear
spin levels from its thermaI equilibrium value
exp(h~, /kT), where T is the lattice temperature,
to the "enhanced" value exp(+5~~/kT) through
the application of an rf field of frequency ~=~~

The nuclear polarization thus becomes,
in an ideal case,

P, =+(8, (h(u~/kT)

(ideal solid-state effect). (1)

$1 is the corresponding Brillouin function. In
particular, proton and deuteron poIarizations
can be written as a function of the thermal-equi-
librium electron-spin polarization, P, = tanh(h&u~/

2kT), as

P H
=Pi(2 = P, , P D

= Pi = 4P, /(3 +P, ).

The ideal solid-state effect thus predicts a unique
curve on the (Pn, P~) plot; it is shown on Fig. l.

When the ESR line is broad compared with the
nuclear Larmor frequency, because of a disP:"ibu-
tion of individual electron-spin resonance fre-
quencies, for example, as in amorphous samples
doped with free radicals, the situation is more
complex. Butanol doped with porphyrexide is a
particularly important example of this case in
view of its use in polarized™proton" and -deu-
teron targets. ' The solid-state effect then takes
the form of the "differential solid-state effect'"':
The nuclei located around the electron spins
8' having a resonance frequency ~,' such that
~~=s'+~, —where (e is still the rf field fre-
quency —tend to acquire a polarization equal to
-~, (h~, '/kT), and the nuclei around the spins
8, with resonance frequencies ~~ such that

fg g (P P) g'(P P')]d-x--
Jg[P,(l-P~)+g (1-PP )+g'(1-PP")]ax '

~ = ~~ -a~„ tend to acquire the oPPosite polari-
zation through the solid-state effect. These two
kinds of electrons thus oppose their contributions
to the nuclear polarization. The average polari-
zation of the sample is obtained by averaging
over these two contributions, taking into account
nuclear-spin diffusion. A precise treatment of
the differential solid-state effect involves many
unknowns such as dipolar coupling parameters
and electron-spin-packet line shapes, and ac-
curate predictions of the polarizations are dif-
ficult. We have not shown any corresponding
curve on Fig. 1, because, by varying the param-
eters of various descriptions of the model9""
we have obtained families of curves, none of
which resembles the experimental trend.

Cross effect. ' —This effect can only exist with
systems of electron spins having a distribution
of resonance frequencies. Nuclear polarization
comes from cross-relaxation transitions between
electron spins having resonance frequencies

s and (es ' such that +s +&&s +I and from
the applied rf field with frequency co supposedly
saturating the polarization of the electrons hav-
ing resonance frequencies around co, thus "burn-
ing a hole" in the ESR line. This model has been
applied with a reasonable degree of success to
describe early results on dynamic polarization
of protons in 1-butanol (C,H, OH) samples doped
with porphyrexide. ' It involves a few arbitrary
parameters; one is the ratio of the contributions
to the nuclear spin-lattice relaxation rate of
processes induced by the electron spin-lattice
relaxation and by the electron spin-spin relaxa-
tion, respectively. The shape of the "hole" is
taken to be a Gaussian with an arbitrary width
Q. %e have extended this model to our deuter-
ated samples, with the following changes: Nu-
clear-spin diffusion has been introduced, as
without it, it seems unlikely that one would get
any sizable magnetization in macroscopic sam-
ples; this changes Hwang and Hill's expression'
for the final nuclear polarization by replacing
the average of the ratio of two expressions by
the ratio of their averages. Assuming fast spin
diffusion, for example, one gets, for nuclear
splns

where g=-g(x) is the ESR line shape with g' =g(x+ &, ) and g = g (x-&u, );
P:—P(x) =Po 1- tan

-A(x —(u)
(A.) + tan~

represents the electron-spin packet polarization under the action of the rf field, the intensity of
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which is described by t; P' =P(x+~, ), P =P{x
-o&,). A is a Gaussian satisfying the conditions
A(0) = 1, fA(x)dx =G. We have taken Q equal to
75 Qe lnsteRd of 100 Qe ln ol del" to fit oui mea-
sured value of the proton polarization equal to
79% at 0.51'K. The extension of Eq. (3) to the
spin-1 deuterons has been done by multiplying
the terms P(x)-P(x+~, ) by —,(4-A), where A
= (3I,'-2). A is related to P, by A' —4A+3P,'
= 0 when the deuteron spin system may be de-
scribed by a spin temperature. The resulting
curve is shown on Fig. 1. Such a (PD, PH) plot
is much less sensitive to the variation of the
parameters than are the absolute values: The
cul ves col 1 espondlng to values of 0 VRrylng be-
tween 75 and 100 Qe, for example, coincide
within 1 /o with the curve shown, whereas the
computed proton polarization at 0.5'K is 79'%%uo

for 0=75 Oe and 63 /o for 0=100 Oe.
Dynamic orientation of nuclei by cooling of

elect~on imtemctions. —Here, the various elec-
tron spins are supposed to make a collective
response to the action of the applied rf field
which is characterized by a common spin tem-
perature T„defined in a suitable reference
frame. '" T, can be smaller than the lattice
temperature T by a few orders of magnitude.
Several types of spin transitions then tend to
give a spin temperature equal to T, to the nuclei
present in the sample. The nuclear polarization
corresponding to these effects ls given by

P,=s, (II~,/uT, ),
«.e. ,

P H = tanh(5+ s/2k T,),

P D 4 tanh(ha& n /2——k T,)
&& [3+tanh'(a~, /2)' T,) ] '.

(4)

The dynamic orientation of nuclei. by cooling of
electron interactions thus predicts that the nu-
clei of different nuclear species contained in a
given sample all acquire the same spin tempera-
'ture. This 18 to be contrRsted with the solld-
state effect which predicts through Eq. (1) that
they acquire different temperatures T, = ~ ~~,/o~ „
depending on their respective Larmor frequen-
cies: Proton and deuteron spin temperatures as
predicted by the solid-state effect thus differ by
a factor of the order of 6. The common spin
temperature T, corresponding to dynamic orien-
tation of nuclei by cooling of electron interac-
tions may be computed very generally from the
properties of the electron-spin system, ' but the

experimental complications mentioned above
have prevented accurate absaIute polarization
calculations from being made until now. How-
ever, the theory predicts R unique curve on the
(PD, P H) plot through Eq. (5); it is shown in Fig.
] 14

We insist on the fact that this curve depends
on no other parameter than the ratio of the deu-
teron to the proton magnetic moment. It con-
stitutes a unique prediction for samples in which
this process is expected to be prominent. "

From the agreement between this last curve
and the experimental points, we would tend to
conclude that the state of the two nuclear species
under dynamic polarization, in the samples con-
sidered, is describable by a single spin temper-
ature, in agreement with the predicti. ons of the
dynamic orientation of nuclei by cooling of elec-
tron interactions and in disagreement with those
of the solid-state effect.
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tating fx'arne of reference, the cross-effect terms in
the rate equation for the polarization g (z') of spin-~ nu-
clei, cf the fc~ p( )[1-J'( )~( +~,)]+ f~(n)-&( +~,)).
both became proportional to p (t,")-tanh(k&u& /2kT~ ). This
means that spin-2 nuclei tend to acquire a polarization
just equal to that predicted by dynamic orientation of
nuclei by cooling of electron interactions. This con-
clusion may be shown to be true for spin-1 nuclei as

well; the cross effect thus reduces to an electron-in-
teraction cooling effect. This explains why the corre-
sponding curve on Fig. 1 is not very different from the
unique spill temperature pred1ctlon

"Apply1ng this model to other nucle1, one wou].d pre-
dict, for example, a polarization of 26% for 3C nuclei
in perdeuterated 1-butanol doped with porphyrexide,
at 0.5'K and 25 kG.
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Low-energy electron-diffraction spectra for three beams of Al {001)have been calcu-
lated from a complex static potential by a method of an accuracy comparable to modern
band calculations. Despite the presence of strong attenuation, the spectra stQ1 show
considerable structure which arises from the potential and which corresponds closely to
experiment .

Several recent calculations' 4 of low-energy
electron-diffraction (LEED) spectra (i.e. , the in-
tensity of coherent elastica1ly reflected electron
flux from a crystal surface versus incident ener-
gy) for Al have given results which show encour-
aging agreement with the measured spectra. We
find that a more precise calculation with a given
potential provides a closer correspondence with
expeximent. Thus a, more quantitative theory of
I EED seems possible which links the scattering
potential of the crystal to details of the spectrum.
The present work. will show the suxprising extent
to which this linking can be accomplished in Al
with a static, complex, truncated bulk periodic
scattexing potential in the energy range 25 to 150
eV, despite the neglect of various surface and
many-body effects.

In the work of Hoffstein and Boudreaux' (HB)
who used the Fourier expansion (Bethe) method
and a pseudopotential, the calculated spectra con-
sist of groups of narrow lines which correspond
suggestively to the broad measured lines out to
140 eV. However, detailed comparison of the
HB theory with experiment is prevented by the
restriction of the calculation to Eexo absorption
and nox mal incidence of the electrons. In the
work of Duke and Tucker, ' by the inelastic-multi-
ple-scattering method, it is shown that the main

features of the spectrum can be obtained by sim-
ple selection of an s-wave-scattering phase shift
and electron absorption. ' However, the corre-
spondence of theory and experiment is rough:
The calculated secondary peaks are too small,
and the calculated lines show little structure. 4

In the present work, the spectra of a, given
complex static potential are calculated by a
method of high accuracy (comparable to the ac-
curacy achieved in band calculations). By means
of a potential for Al whose real part is a self-
consistent potential due to Snow' and whose imag-
inary paxt is taken from uniform-electron-gas
theory, ' this method is able to calculate the de-
tailed stxucture of LEED peaks which show note-
worthy correspondence with experiment. Not'

only do the spacings and widths of the peaks on
three beams correspond closely, but structural
details such as splittings, shoulders, and shapes
appear to be significant. We note further the
useful conclusion from comparison of the absorp-
tion-free (zero imaginary part) and full-absorp-
tion curves that the substantial experimental
linewidths arise from the merging of whole
clumps of elastic lines when absorption is intro-
duced, and that the widths are rather greater
than the broadening given by a simple (two-beam)
theory of the effect of absorption. ' The present


