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SPIN- TEMPERATURE MODEL OF NUCLEAR DYNAMIC POLARIZATION USING FREE RADICALS

M. Borghini
CERN, Geneva, Switzerland
(Received 22 January 1968)

We present a spin-temperature model, valid at low temperature, of nuclear dynamic
polarization using electronic spin systems withg-factor anisotropy and hyperfine struc-
ture. Predictions for the maximum polarization corresponding to some free radicals
are compared with experiment.

Sizable dynamic polarizations of protons have
recently been obtained in solid samples con-
taining free radicals as paramagnetic centers. ' 3

Although the g tensors of these radicals have
small anisotropies by current standards, for
example, '

gmax-gmin =10 -10 ', the corre-
sponding frequency spread in the high fields
used for such dynamic polarizations, for ex-
ample 25 kG, is not at all negligible compared
with the other sources of broadening of their
resonance line. Furthermore, these radicals
exhibit often quite important hyperfine struc-
tures, ' and the over-all linewidth is not small-
er than the resonance frequency of the nuclei
which are polarized. In order to predict the
maximum polarizations that can be expected
from a given radical species, as defined by
the parameters of its spin Hamiltonian, some
previous considerations, ' which assumed a
narrow line, are thus no longer applicable.

We present here a model of saturation and
dynamic polarization which takes into account
anisotropy and hyperfine structure, and which
is valid at low temperatures.

We consider a dielectric solid, at a temper-
ature T„containing diluted unpaired electron-
ic spins Si, with S = 2, located in a. strong mag-
netic field Ho and in a, high-frequency field H,
of frequency w, with H, «Ho. We assume first
that there are no nuclei other than those which
interact by hyperfine coupling with the spins
S. The spin Hamiltonian of the system reads,
by neglecting the small Zeeman and quadrupo-
lar contributions from the "hyperfine nuclei"
Ej)

@X=Q .5. g.P ~ H +g . .Kg. ~ A . .i i i 0 ij i ij j
++.5. g.P ~ H cos&ut+X

2 2 2

where g; and Aij are, respectively, the g ten-
sor and the hyperfine tensors relative to spin
S;; XSS are the spin-spin interactions among
splns &S.

We shall consider cases where the broaden-

ing of the electronic resonance line due to ASS
is much smaller than its broadening coming
from anisotropy and hyperfine interactions.
This allows one to avoid using the "high-tem-
perature approximation", ' and thus to evalu-
ate realistic upper limits for the nuclear po-
larization in strong fields at low temperatures;
besides this, such a condition is satisfied in
many experimental situations. We shall be
concerned here only with the limiting case of
saturating hf fields. It can be shown by extend-
ing Provotorov's quantum-mechanical deriva-
tion of cross relaxation' that, in the high-tern-
perature approximation and in the limit of strong
hf field, the spin system can be described a,s
having a single temperature in a suitable ref-
erence frame, when cross relaxation is fast.
Here we want to draw some conclusions from
the assumption that this remains valid even
at low temperatures. In other words, we ap-
ply Hedfield's spin-temperature hypothesis'
to the case of spin systems with spectral dis-
tributions, by assuming that the cross relax-
ation' between the various spin packets is fast-
er than spin-lattice relaxation, which is a rea-
sonable assumption at low temperatures. Per-
forming the transformation U=exp(-i&utgz5; ~;)
on the system, where coi is the unit vector in
the direction g~P ~ Ho, in order to make the
main part of K time independent, and keeping
the main secular terms alone, the transformed
Hamiltonian reads

+P . .S((0. ~ A. . K.)5.'ij i ij j i i'

with h&u~ = [gzp ~ Ho [. The density matrix describ-
ing the system is po =exp(-noK)/Tr exp( —n K),
with no=A/kT„bef reothe application of the
hf field, and becomes p*= exp( —nX*)/Tr exp( —nK*).
Assuming that the various parts of the Ham-
iltonian have the same relaxation towards the
lattice, "the stationary value of n is given by
Trp "K*=Trp„K*. By using the fact that S= &,
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and by neglecting ao with respect to +, since
we are interested here in situations where high
"cooling" is possible, and writing A. =u -w,
2 =P;&;, and 6 = 2-~, this equation becomes

2Q. b, . tanh2n&. + 2+. , A, , 'K.
i i i ij ij j

xg(K. ; 2aA. , 'K.) = 2htanh2o. 2, (1)
U

with A. ' =
~ ~g '

Ag~ ~
and hg, Agj' && aq $(Kqx)

being the Brillouin function

~(K;x) = (2K+ 1)(2K) coth[(2K+ 1)x/2Kj

—(2K) ' coth(x/2K).

Equation (1) defines the value of o. , i.e. , of
the common spin temperature.

In order to go further into practical appli-
cations, one has to relate &; and A;&' to the
angles defining the orientation of the free rad-
ical molecules with respect to Ho'. lf we con-
sider completely disoriented solids, as in the
experiments quoted above, these angles take
random values, and Q~Xf becomes

(2m) f f X(8, y)dy sin8d8;
-2 2' 2r

one has

h~(8, y) =g(8, y) pH, ~, g(8, q) = (g,
' cos'8+g, ' sin'8 cos'p+g, ' sin'8 sin'p)' '

and a, similar formula for A(8, y).
We turn now to nuclear dynamic polarization:

We consider that the solid contains nuclear
spins I, with resonant frequency v„, coupled
with the spins S through dipole-dipole interac-
tions. We suppose that ~„is not much larger
than the electronic linewidth, and we keep on
considering the limiting case of saturating hf
fields. As we have shown previously, ' the nu-
clei may acquire the same temperature as the
electronic spins, in which case the nuclear

Table I. Calculated polarizations for two free radi-
cals at 1.2'K.

Radical

&p P „(protons) P (deuter ons)
opt opt

(kG) (calc) (cale)

DDPH' ("N) 25

50

DPPH (~5N) 25

50

PHb ($4N)

PR ("N)

25
50
25
50

+0.72
-0.76
+0.93
-0.97
+0.74
-0.79
+0.95
-0.98
+0.62
+0.91
+0.64
+0.92

+0.18
-0.20
+0.32
-0.40
+0.19
-0.21
+0.35
-0.43
+0.14
+0.29
+0.15
+0.31

DPPH = 1, 1-diphenyl-2-picrylhydrazyl. g& = 2.005,
g2 g3 2.010 at 1.6'K [L. S. Singer and C . Kikuchi, J.
Chem. Phys. 24, 170 (1955)]. A&("N) =20 6, A2=A3(' N)
= 2 G; A~'(~4N) = 21 G, A2' =A3'(~4N) = 4 G (see Ref. 4}.

PR = porphyrexide. g&
= 1.9997, g2 = 2.0047, g3

=2.0097 [M. Borghini, S, Mango, and O. Runolfsson,
to be publishedj. A~( N) =27 G, A2+A3 small (ne-
glected).

polarization is given by Pz-—$,(I; nru&I), where
o. is defined by Eq. (1)."

Examples of the polarization obtained by us-
ing the present model, optimized with respect
to the hf frequency, are shown in Table I for
two free radicals, diphenylpicrylhydrazyl and
porphyrexide. " The theoretical values are
higher than the experimental ones, which are
of the order of 35'%%uo at most. '&3 There are many
reasons why these calculated optimum polar-
izations cannot be achieved in a given sample,
coming either from the electron spin temper-
ature not being as low as calculated by Eq. (1),
because of relaxation mechanisms, or from
this temperature not being completely trans-
mitted to the nuclei, because of the regime
of spin diffusion and heat-transfer properties
of the samples.

The preceding considerations should be tak-
en as giving the maximum polarizations that
can be expected in a sample by using a given
paramagnetic species. "

~R. J. Wagner and R. P. Haddock, Phys. Rev. Let-
ters 16, 1116 (1966).

2A. Moretti, A. Yokosawa, F. W. Markley, and R. C.
Miller, to be published.

3M. Borghini, S. Mango, O. Runolfsson, and J. Ver-
meulen, in Proceedings of the International Conference
on Polarized Targets and Ion Sources, Saclay, France,
1966 (La Documentation Franglais, Paris, France,
1967), p. 387.

4See, for instance, H. Fisher, in Landolt-Bornstein
Data and Functional Relationships in Science and Tech-
nology. New Series, edited by K.-H. Hellwege and
A. M. Hellwege (Springer-Verlag, Berlin, Germany,
1965), Group II: Atomic and Molecular Physics, Vol.
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I, Magnetic Properties of the Free Radicals.
5M. Borghini, Phys. Rev. Letters 16, 318 (1966).
See A. Abragam and M. Borghini, Progress in Low-

Temperature Physics, edited by C. J. Gorter (North-
Holland Publishing Company, Amsterdam, The Nether-
lands, 1964), Vol. IV. To deal with spin-spin interac-
tions X~~ would require the introduction of the relaxa-
tion equation for (RSS*)which is still unknown at low

temperatures.
YB.

¹ Provotorov, Zh. Eksperim. i Teor. Fiz. 42,
882 (1962) [translation: Soviet Phys. —JETP 15, 611
(1962)].

A. Qedfield, Phys. Rev. 98, 1787 (1955); A. Abra-
gam, The Principles of Nuclear Magnetism (Oxford-
Clarendon Press, Oxford, England, 1961).

N. Bloembergen, S. Shapiro, P. I . Pershau, and
J.O. Artman, Phys. Rev. 114, 445 (1959).

In fact, the hfs contribution to (M) should be multi-
plied by [1+(Ts/T&)], where Ts and T& are the spin-
lattice relaxation times of spins S and spins gj, re-
spectively. In order to simplify the exposition and to
avoid the introduction of adjustable parameters, we as-
sume here that Te «T&.

~~This supposes that the relaxation of spins I is not

too fast with respect to the electronic relaxation; in
fact, a term proportional to the thermal capacity of
spins I should be added to (W). In the case of strong
"leakage" and fast spin diffusion, ~ it takes the form
I(N„/Ns)(T~/T„)cu„(S(I;n~„I), where N„aud Ne are
the number of spins I and S, respectively, T~ being
the relaxation time of spins I.

~2For radicals with axial symmetry, it can be shown
that Poptpos is slightly larger or smaller than (Poptueg~
according to g~~-gz being positive or negative. The dif-
ference goes to zero when the left-hand side of Eq. (1}
can be developed to the first order in n. For porphy-
rexide, although the hyperfine interactions produce a
very asymmetric electron resonance line, the optimum
positive and negative polarizations have equal absolute
values because the three principal g values are almost
equally spaced.

~30ne can see from Table I that the isotopic replace-
ment of ~ N atoms by N atoms does not increase ap-
preciably the maximum values of the polarizations;
however, if practical polarizations are limited by a
fast relaxation of the N atoms coming from their
quadrupole interactions, ~ their replacement by ~ N

should increase these polarizations by greater factors.
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We wish to report the first observations of
second-harmonic generation at microwave fre-
quencies by a resonant two-level spin system.
In particular, second harmonics were gener-
ated in ruby in a strong electromagnetic field
at 2 kMc/sec when two spin states of the ground
state of Cr'+ were split by 2 or 4 kMc/sec,
independently from the location of the other
spin states. As we shall see, harmonic waves
are probably generated by a two-quantum ab-
sorption and single-quantum emission by the
spin system, energy being conserved between
the initial and final states.

This effect is quite different from the one
reported by different authors' ~ on the gener-
ation of a second harmonic by a resonant three-
level spin system. In this case three equally
separated spin states operate a frequency mix-
ing (doubling) for a frequency which couples
two successive states, provided that all the
transitions are quantum-mechanicaQy allowed.
Except for some very special cases (e.g. , 8=1
in cubic symmetry), these three equally spaced
levels may be obtained at very special field
and angle values, so that the very presence

of the harmonic signal is strongly dependent
upon the angle. Often, no more than one line
is detected in this case,

%e have used a system of two re-entrant cav-
ities resonating at 2 and 4 kMc/sec, respec-
tively. The cavities were coupled in points
of maximum rf magnetic field by a ruby sin-
gle crystal. The size of the crystal was approx-
imately 4 mm&4 mm~10 mm and the Cr'+ con-
centration about 0.1 '//z for one specimen and
about 0.02% for another specimen. Either no
or a very weak 4-kMc/sec signal was obtained
when the coupling was through the rf electric
field of the cavities. The 2-kMc/sec cavity
(pump cavity) was fed by up to I-kW peak pow-
er (—,'-psec pulse width and repetition rate from
200 to 1000 pps), well filtered from its harmon-
ics by a low-pass filter at 2 kMc/sec. The
signal from the second cavity (signal cavity),
filtered by a 60-dB bandpass filter, was detect-
ed by a superheterodyne receiver. Upon sub-
stitution of the 4-kMc/sec bandpass filter be-
tween the signal cavity and the receiver with
a low-pass filter at 2 kMc/sec, a very strong
signal at 2 kMc/sec was detected. The new


