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which indicates that the parameter associated with
(r%) has much less effect on the level splittings than the
one with (r%). It is interesting to see if the relation R<K®
is borne out by the point-charge picture. Using Eq. (7)
of Rel. 5, we write

®/®=—11.7Ra,(r)/a.(r) @)

where R is the distance between Yb** and its nearest
neighbors, @, and o, are two screening factors as
defined by Egs. (2)-(6) of Ref.-5. An estimate of Eq.
(4) can be made if we use the values of (%) and (%)
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calculated by Freeman and Watson? and set a,=a,’.
This gives ®/®= —74. The ratio of ® to ® as calcu-
lated from the point-charge picture is, therefore, in
qualitative agreement with the experimental results.
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A new dynamic nuclear polarization method is described, producing polarizations larger than the maxi-
mum polarization arising from a “solid effect.” The main effect is a cooling of a spin system 7 in zero applied
or effective field, where its Hamiltonian consists of its dipolar spin-spin interactions only; this cooling is
followed by an adiabatic magnetization which produces the polarization. The cooling of the spin system 7
results from its thermal mixing with a second spin system S, having a large quadrupole interaction. Two
types of experiments are considered: In zero applied field the thermal mixing is achieved in a frame rotating
with respect to spins S and fixed with respect to spins 7, by irradiating the sample with an rf field of fre-
quency close to the quadrupole frequency of the spins S. When a dc field is applied, the mixing takes place
in a frame rotating at different frequencies with respect to spins 7 and .S, by using two rf fields of frequencies
close, respectively, to the resonance frequency of each spin system. The theory is based entirely upon the
concept of spin temperature, both in laboratory and rotating frames. Experiments performed on paradi-
chlorobenzene confirm the main features of the theory and provide a further verification of the spin-tempera-
ture hypothesis. A maximum proton polarization eight times larger than the polarization arising from a full
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solid effect has been obtained.

I. INTRODUCTION

ONTACT between two spin systems in solids has
been achieved in the past in various magnetic
resonance experiments, where the magnetization of one
spin system was influenced by the magnetization of the
second one.

Among these are the nuclear calorimetry experiments
in lithium fluoride,? the crossover of two resonance
frequencies,®* and the “solid effect,” either in the labo-
ratory frame® or in the rotating frame.® We shall see
that all these experiments can be interpreted as thermal
mixings, i.e., as the equalization of the temperatures of
two systems.

In this description, the dynamic polarization by

1 A. Abragam and W. G. Proctor, Phys. Rev. 109, 1441 (1958).
2P, S. Pershan, Phys. Rev. 117, 109 (1960).
3 M. Goldman, Compt. Rend. 246, 1038 (1958).
( 4 D.) E. Woessner and H. S. Gutowsky, J. Chem. Phys. 29, 804
1958).
5A.) Abragam and W. G. Proctor, Compt. Rend. 246, 2253
(1958).
6 N. Bloembergen and P. P. Sorokin, Phys. Rev. 110, 865 (1958).

“solid effect” then appears as the cooling of a spin
system. As this spin system experiences a magnetic
field, such a cooling results in an enhancement of its
polarization.

In the present work, we describe experiments of
cooling of a spin system in low or even zero field through
thermal mixing with a second spin system.” When per-
formed in zero field, this cooling does not produce any
polarization. However, the resulting increase of order
is conserved if an adiabatic magnetization is performed
afterwards, giving rise to a polarization. In contrast
with the solid effect, cooling and production of polari-
zation thus take place in two consecutive steps.

These experiments are performed under ‘“low-field”
conditions, i.e., when the effective energies of individual
spins are comparable with the spin-spin interactions.
In contradistinction, ‘“high-field”” conditions are realized

"M. Goldman and A. Landesman, Compt. Rend. 252, 263
(1961) ; and M. Goldman, in Magnetic and Electric Resonance and
Relaxation (North-Holland Publishing Company, Amsterdam,
1963), p. 688.
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when the spin-spin interactions are small compared
with the effective energies of individual spins arising
from either Zeeman or quadrupole interactions. Low-
field conditions can be analyzed only through the use of
the concept of spin temperature. The fruitfulness of
this concept when used in the laboratory frame has
been emphasized by Abragam and Proctor,! and in the
rotating frame by Redfield.?

Before describing our experiments, we discuss the
conditions for thermal mixing between two spin
systems.

II. ANALYSIS OF THERMAL MIXING

Thermal mixing between two spin systems occurs
when mutual flip processes, induced by spin-spin inter-
actions between these systems, can take place without
change of the total energy. The two systems can then
be brought to a common temperature in a time much
shorter than their spin-lattice relaxation times.

The conditions for such energy conserving mutual
flip processes are realized in the crossover between two
resonance frequencies. Experiments of this type have
been performed on paradichlorobenzene,®* and resulted
in a shortening of the proton spin-lattice relaxation
time. These same conditions are realized when both
spin systems are in low field, as shown by the nuclear
calorimetry experiments on lithium fluoride.!* These
low-field experiments differ from the high-field cross-
over experiment previously mentioned insofar that the
spin-spin energy and the Zeeman energy of the inter-
acting spins are now comparable. Whereas the crossover
experiment, in which the energy spectra of the inter-
acting spin systems were quasidiscrete, could be de-
scribed if desired without making explicit use of the
concept of spin temperature, this cannot be avoided
when the two spin systems have continuous spectra.

The “solid effect,”® which produces an equalization
of the polarizations of two spin systems I and .S in a
dc magnetic field Ho, by use of an rf field of frequency
w=wg+twr can be described in the spin-temperature
language.® The “‘solid effect” is then interpreted as a
crossover in a frame fixed with respect to spins I and
rotating at the frequency w with respect to the spins .S.
In this frame, the effective resonance frequency of the
spins S is indeed |wr|, and their equilibrium polarization
corresponds to a spin temperature

Ts=FTo(wr/ws),

where T is the lattice temperature.

The spins 7, having a longer spin-lattice relaxation
time than the spins S, reach by thermal mixing this
same spin temperature 7's. The solid effect then appears
as a cooling of the spins 7, resulting in an enhancement
of their polarization. The solid effect in the rotating

8 A. G. Redfield, Phys. Rev. 98, 1787 (1955).
9 I. Solomon, in Magnetic and Electric Resonance and Relaxation
(North-Holland Publishing Company, Amsterdam, 1963), p. 25.
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TaBLE I. Thermal mixing experiments between two spin
systems 7 and S.

Equalization of spin
temperature in
following frames

For For ‘‘High-field"” “Low-field"
spins I spins S situation situation
Fixed Fixed (A) Crossovers (B) Nuclear calorimetry
in low fieldd
Fixed Rotating (C) Solid effect in the Present work Sec. IIIA

laboratory frameb
(D) Solid effect in the
rotating framec

Rotating Rotating Present work Sec. IIIB

a See Ref. 3.
b See Ref, 5.
¢ See Ref. 6.
d See Ref. 1.

frame® is similarly described as a crossover in a frame
rotating at different frequencies with respect to spins /
and S. In these solid-effect experiments, all the effective
Larmor frequencies are large compared with the line-
widths, and this is a high-field situation.

The mixing method of Hartmann and Hahn! also
consists in mixing two spin species in high effective
fields in a frame rotating at different frequencies with
respect to each spin species.

All these mixing experiments can be summarized in
tabular form (Table I). Experiments (A), (C), and (D)
are all concerned with high-field situations. Experi-
ment (B) is the analog of experiment (A) in a low-field
situation. The experiments to be described in this work
are similarly the “low-field”” analogs of experiments (C)
and (D). They realize thermal mixings in a “low-field”
situation either in a frame rotating with respect to one
spin only as in (C) or in a frame rotating differently
with respect to each spin as in (D).

III. LOW-FIELD MIXING IN ROTATING FRAMES

A. Thermal Mixing in a Frame Rotating with
Respect to One Spin System and Fixed
with Respect to the Other

We consider a crystal with two nuclear species I and
S': The nuclei I have a spin 3, a gyromagnetic ratio vr,
and a long spin-lattice relaxation time 7:!. The nuclei
S have a spin £, a pure quadrupole frequency o, and
a gyromagnetic ratio ys<ys. Their spin-lattice relaxa-
tion time 7% is short compared with T',%.

The experiment essentially consists in a cooling of the
spins I in zero field, through their thermal coupling
with the spins S. Polarization of the spins I is produced
in a second step, by an adiabatic magnetization.

We begin by outlining briefly the principle of this
cooling. Then we analyze in more detail the existence
of a spin temperature in the rotating frame and its
steady-state value, calculate the polarization arising
from the adiabatic magnetization, and compare this
polarization method with the solid effect.

10 S, R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2042 (1962).
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Principle of the Cooling Process

The crystal being in zero dc magnetic field, we apply
a strong rf field 2H; cosQ, Q being close to the quad-
rupole resonance frequency Qo of the spins S. Following
Redfield we are led to use an interaction representation
in which the effective Hamiltonian is time-independent.
This representation defines a frame which is fixed with
respect to the spins I and rotating with respect to the
spins S. In this frame, all splittings are comparable
with the spin-spin interactions, thus ensuring the fast
establishment of a spin temperature common both to
spins 7 and spins .S. As in the Zeeman case, the steady-
state spin temperature T's is much lower than the lattice
temperature 7. An adiabatic magnetization following
this cooling decouples the two spin systems / and .S,
and brings out a polarization of the spins I proportional
to 1 / Ts.

Euxistence of a Spin Temperature in the
Rotating Frame

For the sake of simplicity, we make the following
assumptions which do not affect the general conclu-
sions: The only spin-spin interactions are the dipolar
interactions. Since v s<<yr we neglect the dipolar inter-
actions JCss between pairs of spins S with respect to the
dipolar interactions 3C;r and JCgr.

The field gradient experienced by the spins .S is
axially symmetric along a direction OZ.

The rf field is applied along a direction OX perpen-
dicular to OZ.

Neglecting the spin-lattice interactions for the
moment, the Hamiltonian for the system is #3C:

3C=3Co— 2y sH 1 cosQtY_; S, 1)
Fo=13Q02: [S:2—3S(S+1) J+3Csr+3Crr.  (2)

The density matrix ¢ describing this system obeys

the equation
i(do/dt)=[3C,0]. 3)

We transform this time-dependent Hamiltonian
problem into a stationary Hamiltonian problem by use
of an interaction representation defined by a unitary
operator U= ¢4t where

A=30%: [S.2—3S(S+1)]. ®)

Any operator Q in the Schrdinger representation is
replaced in thisrepresentation by anoperator Q= UQUT.
Equation (3) is replaced by

i(d/d)g=[(%—4), 5]. ©)

The time-dependent part of & contains terms oscillating
at frequencies @ and 2Q which are far from any reso-
nance frequency in the interaction representation, and
they are discarded as usual.®!! The evolution of & is

1t A, Abragam, The Principles of Nuclear Magnetism (Clarendon
Press, Oxford, England, 1961), Chap. XII.
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governed by the effective Hamiltonian:

3* =3 {3 (Qo—LS,2—3S(S+1) ]—vsH:8."}
+3Cs’+3C;.  (6)

8,* is obtained by removing from S,¢ the matrix
elements (4=1/2|S,{|1/2) which lead to oscillating
terms. 3Cs;’ is the part of 3Cs; which commutes with
S22

The use of this interaction representation is the
complete analog of the use of a rotating frame in a
pure Zeeman case, the rotation operator being here re-
placed by the operator U, which provides no simple
geometric picture. Nevertheless, we speak of a rotating
frame when using this interaction representation. The
effective quadrupole splitting (20—) being comparable
with the dipolar interactions, we are in a situation com-
parable with the low-field situation in the pure Zeeman
case.

In the Hamiltonian 3C¥*, the term —vygH:8,¢ com-
mutes neither with (S.%)? nor with 3Cs;/, thus coupling
them with a mixing time 6, depending on H;.** Simi-
larly, these terms are coupled with 3Cr; through 3Cs//,
the mixing time 8, being roughly the I-S mutual flip
time. Following Redfield, we assume the system to be
described by a single spin temperature 7's after atime
longer than both of these mixing times.

The density matrix at equilibrium is, in the high-
temperature approximation,

&= ([11—Bs3*)/Tr[1], (7
where Bs= (1/kTs).

Steady-State Spin Temperature

If the spin-lattice interaction were absent, the
system would reach a spin temperature in a time of the
order of 6, or .. We suppose that the spin-lattice inter-
action is weak enough for its influence on & to be
negligible during this time, i.e.,

11504, 0. (8)

We then assume that the system is at any time nearly
described by a spin temperature, the effect of spin-
lattice relaxation resulting only in a slow variation of
this temperature.

The condition 7'153>0; means that H; must be well
above the saturation level. The condition 715>>6, is an
absolute limitation for 7%, since the mutual flip time
0, depends only on dipolar interactions.

We outline the principle of calculation of the spin
temperature, following the treatment given by
Abragam.!

Let 3C;(¢) be the randomly varying spin Hamiltonian
responsible for spin-lattice relaxation. We suppose that
its correlation time 7. is short, which is inessential for
the conclusion.

2 B. N. Provotorov, Zh. Eksperim. i Teor. Fiz. 41, 1582 (1961)
[translation: Soviet Phys.—JETP 14, 1126 (1962)].
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The equation of motion for the density matrix in the
interaction representation is

d
;Z;ﬁ=—i[ﬁc*,6]-Tc(lﬁcl(t),fﬁ’cx(t),(5—00)]]>av, ©)
where ( ).v means an ensemble average. The density
matrix oo is
gox [1]—Be3Co,
with Bo=1/kT,, Ty being the lattice temperature.
The assumption that a spin temperature exists at any
moment, i.e., that
G [1]—553(:* s
leads to the following equation for the evolution of Bs:
(dB5s/dt) Trie*?= —Bgr, Tr([3C*30; [F1,5* ) av
+Bore Tr([5C*,3: J[31,3C0])av.  (10)

The straightforward calculation of these traces,
using a definite spin-lattice Hamiltonian 3C;(¢), yields
the rate of variation of Bs and its equilibrium value.

As shown by Solomon and Ezratty,” a physical
picture of this evolution can be obtained by analyzing
Eq. (9). We separate the effective Hamiltonian 3C* in
a sum of four operators, the cross products of which are
traceless,

Je*=Q+2Z43Crs'+3Cr1. (11)
Q is the effective quadrupole interaction
Q=3Q—)LLS.2—3S(S+1)]. (12)
Z is the effective Zeeman interaction
Z=—vysH) 8. (13)

3rs’ and 3C;r have been defined earlier. As 7! is
assumed to be infinite, the Hamiltonian 3¢, (¢) depends
on spin operators of nuclei .S only. The heat capacities
of these four parts are, respectively, Tr(Q? TrZ2
Tr3Crs'?, and TriC 2.

Under very general assumptions, it can be shown that
relaxation acts independently on the parts Q, Z, 3Crg/,
with relaxation times 715, Tz, and Tp which are of the
same order of magnitude. The part Q relaxes toward the

value
Qo

0
Qo—Q
which is the equilibrium value corresponding to the low
temperature 7'o(Qo—)/Qo, whereas the parts Z and
3Crs’ relax toward values corresponding to lattice tem-
perature 7.

Since we assume the entire system to be described by

a single spin temperature Ts=1/85s, the steady-state
value of this temperature is a weighed average,

Qo \TrQ? TrZ? TriCrs"
Bs= [ﬁo( ) +Bo +Bo :l
Qo—Q/ T8 Tz Tp

TrQ? TrZ? TriCrs™
/ ( it ) (3)
T8 Tz To
3], Solomon and J. Ezratty, Phys. Rev. 127, 78_(1962).

Qo=—8 TrQ?, (14)
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F1c. 1. Theoretical variation of the equilibrium ratio of lattice
to spin temperatures with the frequency Q of the rf field producing
the mixing.

Since the term Bo[Qo/ (20—R) ](Tr(Q?)/T5 is the domi-
nant term in the numerator because of the large factor
Qo/ (Q—1), this expression can be written

B Q0(Q0—Q)
~= > , (16)
: Bo  (Qo—Q)*+NystH 2+
with s 5 Trs,2
4 i rS;"
N 4 . oan
Tz S TS, 2—1S(S+1)T
4TIS ',[‘1‘3(3[5',2
wt= . (18)

T Ty X THS.P— 1SS

The relaxation of Z and 3C;s" toward the lattice tem-
perature thus appears as the factor limiting the maxi-
mum value 8s can reach. The basic point is that the
large term 3C;7, because of its infinitely long relaxation
time 71, does not contribute to this limitation.

The orders of magnitude of \? and w;? are

N~
wp i~y Sy sTe,

as shown in the Appendix by explicit calculations per-
formed with a definite model for the spin-lattice
interaction.

Equation (16), which describes the variation of the
equilibrium value of 8g with the irradiation frequency
Q, is of the usual type encountered in pure Zeeman case
experiments. This variation is represented in Fig. 1.
|Bs| reaches its maximum value when

(90" 9)2 = )\2762H12+OJL2 .
If
wp DNy H 2,
then

|6S|max=60<90/2wL)- (19)

Taking into account the direct relaxation of spins /
leads to terms in 3C; depending on spin operators of
nuclei 7. Following the picture, we can say that the part
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3Crr relaxes toward the lattice temperature with a
partial relaxation time 7,7, This results in an increase
of the local frequency wz, and thus in a decrease of
[Bs|max. The condition for the increase of wy to be
small is roughly

Tll/ T15>>T1‘3(’,112/Tr3(’,[sl2 .
It is assumed to be fulfilled.

(20)

Polarization Arising from the Adiabatic M agnetization.
Comparison with the “Solid Effect”

The result of an irradiation at a frequency close to
the spin S quadrupole resonance frequency has been a
cooling of the system to a temperature Ts<T). The
introduction of a magnetic field H decouples the spins /
from the spins S. The spins 7 are still described by a
spin temperature

Bs e [wp+YrPHY] 2, (21)

where wp is the local frequency corresponding to the
heat capacity of the system at zero field. This second
local frequency wp is thus completely different from
wr, which depends on the spin-lattice relaxation
mechanism.

Aslong as (20—Q) is of the order of wyz, the dominant
contribution to the heat capacity is given by the term
3Crr. We then have

TI‘GCU‘Z
wp?= (22)
> Trl?
and
<wp>2 TriCr 2 Z Tr[SZ—%S(S+ 1)]2
—_— ~ >< .
WL TriCrg"? > Trl?

If the distances /-7 and I-S between pairs of like
spins and unlike spins are of the same order, we have
further

wD/wL’V’YI/’Ys .

In a field Ho>wp/Y1, the spin temperature of the
spins 7 is, from formula (21)

B)y= (Bs)own/V1Ho. (23)
The corresponding polarization is
P=5Bs)uYrHo=3%(Bs)diwp. (24)

The only effect of the external magnetic field is to
make the fields seen by individual spins almost parallel,
thus bringing out a bulk polarization.!* The polarization
of spins I in field H, is proportional to the spin tem-
perature (Bg)o realized in zero field; its measurement
then allows a determination of (8g)o.

The maximum polarization, corresponding to

Bs)o=|Bs]| max=PLo(Q0o/2w1)

‘Pmax' =% lﬁSl maxthzlﬁOhQO(wD/zwL) . (25)
1 C. P. Slichter and W. C. Holton, Phys. Rev. 122, 1701 (1961).
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Since

(wp/wr)~ (Y1/7s),
then

l Pmax[ N%ﬁoﬁﬂo('YI/Z'Ys).

Since the magnetic field decouples the spins I from
the spins .S, this polarization then decays to the equi-
librium value at the lattice temperature Ty with the
relaxation time 7.

By comparison, a “solid effect”” performed in a field
H, where the resonance frequency Q¢ of the spins S is
nearly equal to ©Q yields, for the spins 7, a maximum
polarization

P= %ﬂohgo, = %ﬂoﬁﬂo

The Zeeman splitting YrHo of the spins I being large
compared with the local fields, thermal mixing will
occur with the spins .S only if the effective splitting of
the latter is equal to YH,

|Qo’*9] ='YIHO. (26)
This condition limits the temperature the spins S
are allowed to reach, to the value

Bs=B0Q'/ (Q'—Q) =Bo(Q0'/Y1H).

In the present experiment, the quasicontinuous char-
acter of the spectra in low fields allows a mixing to
occur without condition (26) being fulfilled. Thus, we
can choose the value @=Q¢+wz, for which the spin
temperature is minimum. The maximum polarization is
here larger than that for a solid effect, the enhancement
factor being

G=%(wp/wr)~3(V1/1s)>1
since
YrI>vs.

The new feature of this polarization process, with
respect to known polarization methods is that the re-
sulting ratio of populations between the levels of the
spins I is larger, by a factor % (wp/wr), than the ratio of
populations between the levels of the spins S which are
used to polarize the spins 7.

Summary of Experimental Conditions

Cooling is achieved and gives rise to a polarization of
the spins I larger than the solid effect if the following
conditions are fulfilled: (1) ¥s<X¥r: The spins S must
be a nuclear species. (2) The spins S must have a zero-
field splitting, which can only result from a quadrupole
interaction. (3) The spin-lattice relaxation time T8 of
the spins .S must be longer than the mutual flip time 8,
between a spin I and a spin S. This condition can always
be satisfied by lowering the lattice temperature, which
increases T:5. (4) The spin-lattice relaxation time 7,7
of spins 7 must be very much longer than the relaxation
time T;® of spins S.
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More precisely [Eq. (20)], one has
Tll Tr3Cr? NIZk ’1"1'56["["2
—>3 = s
T8 TriCrg N,gzk TriCgir+'?

where N1 and N g are the numbers of spins I and spins
S in the sample.

The relaxation of the spins .S occurs through their
quadrupole interaction with the lattice vibrations,
whereas the relaxation of the spins I is due to the
paramagnetic impurities of the sample. 775 is then
expected to increase faster than 7', when the lattice
temperature is lowered, thus decreasing the ratio
(T11/T1%). For a given sample, conditions (3) and (4)
are then simultaneously fulfilled only in a limited range
of lattice temperatures.

Extensions of the Theory

We examine briefly how the theory has to be modified
in several experimental conditions slightly different
from that already analyzed. These modified cases are
(i) Mixing performed when the saturation by the rf
field is incomplete. (ii) Mixing performed in a low-
external magnetic field. (iii) Mixing performed with an
inhomogeneously broadened quadrupole line.

(1) Mixing performed when saturation is incomplete. If
the rf field H, is small, the mixing time 6; between the
effective quadrupole term and the dipolar term is not
infinitely short compared with the spin-lattice relaxas
tion time 715. On the other hand, the heat capacity of
the term Z in Eq. (11) is now small with respect to the
heat capacities of the other terms. Extending to the
quadrupole case the analysis made by Provotorov? in
the Zeeman case, we assume the density matrix to be
of the form

& o [1]—aQ—B(3Crs’+3C11).

A perturbation treatment of Eq. (9) yields coupled
equations for the evolution of  and 8. In the steady
state one finds the following value for the inverse spin
temperature of the dipolar part

B 20(20—9)
Bo (Q—Q)2+w2(146:/T,5)

where 1/0,=3vs*H2g(Qo—Q), g(Q—Q) being the nor-
malized line shape of the quadrupole resonance absorp-
tion line. As expected, for any value of Q—, this
equilibrium inverse spin temperature is smaller than in
the strong saturation case previously developed
(00/T151). We also show that the maximum of
occurs for a value of |Qy—@| smaller than wy.

The dipolar broadening of the quadrupole line of the
spins S is due to the truncated I-S dipolar interaction
3Crs’. Its second moment, Mao= —Tr[8,3Crs’ */TrS.2
is close to wr?. However, since Yr>>7s, the fourth
moment M of the line is much larger than (33)2. The
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quadrupole line is then quasi-Lorentzian, with a half-
width ¢ smaller than the rms half-width (M2)2. The
value of ¢ is given by's

b

M, r
The normalized line shape is then
( ) a 1
g Q—)=————
7 (Qo—Q)*+0?
and
1 3 T
—=—YgH—.
6, = (Qo—Q)*+0?

When this value of 1/6; is inserted in Eq. (27), it is
readily seen that the maximum of 8 occurs for a value
of |Q—Q| which decreases from wz, when 8;/T,5K1,
to ¢ when H; is so small that 6;/T,5>>1.

(i1) Mixing performed in a low external magnetic field.
In a magnetic field H, the quadrupole levels of the spins
S are split by the Zeeman interaction, giving rise to
four resonance lines. If the field is low, the frequency
separation between these lines is not very much larger
than the dipolar width of each line. All lines then con-
tribute to the cooling when an rf field is applied. Follow-
ing the lines of Provotorov’s theory the contribution to
the cooling is more important from the lines the reso-
nance frequency of which is closer to the rf field fre-
quency. Cooling will occur in a broader frequency range
than in zero field, covering all resonance frequencies of
spins S. On the other hand, the heat capacity of the
spins I system is now larger than in zero field, being
proportional to (Y/?H?4wp?).

The polarization of the spins I, after an adiabatic
magnetization performed up to a high field Ho is now

P=3Bs)uh[VPH oo,

This polarization may be larger than that achieved
by mixing in zero field, depending upon the value of
(Bs) m resulting from the mixing in field H. The field H
at which the mixing is performed cannot be raised in-
definitely; the mixing gives rise to a cooling of the
dipolar interactions of the spins 7, which must get mixed
with their Zeeman interaction in order to produce a
polarization of the spins I. The mixing rate between
dipolar and Zeeman interactions decreases very quickly
when the field H is raised, being approximately a
Gaussian function of the field. A maximum polarization
is expected to occur for a value of H of the order, or a
few times larger, than (wp/7r1).

(1) Mixing performed with an inhomogeneously
broadened quadrupole line. When imperfections are
present in the crystal, the quadrupole line of the spins S
is inhomogeneously broadened. Its width may be far

15 See Ref. 11, p. 124.
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larger than the dipolar linewidth. Since the mixing rate
between quadrupolar and dipolar terms decreases very
quickly when the effective quadrupole splitting is in-
creased, only those spin packets, the resonance fre-
quency of which is close to the frequency of the rf field,
get mixed to the dipolar part and contribute to its
cooling. They give rise to a differential effect. These
“efficient’” packets correspond to a small fraction of the
total number of spins S. The heat capacity of the part
Q of these packets is then small compared to the heat
capacity of the dipolar part, which corresponds to all
spins.S. The combination of differential effect and small
heat capacity leads to a drastic decrease of the polari-
zation of the spins I produced by the mixing, as soon
as the inhomogeneous linewidth is several times larger
than the dipolar linewidth.

B. Thermal Mixing in a Frame Rotating at
Frequencies Different for Each Spin System

We have seen in the preceding experiment how it was
possible to realize a thermal mixing between a spin
system [/ in a zero field situation and a spin system .S in
a high-field situation by bringing the latter into a low
effective field. This was done by applying an rf field at a
frequency @ close to the resonance frequency of the
spins .S and using a frame rotating at the frequency Q
with respect to the spins S.

If the crystal is in a dc magnetic field H, high enough
for the Zeeman interactionsw;= —vYHoand ws= —YsH,
to be large compared with the dipolar interactions, both
spin systems are in high-field situations. In order to
realize a low-field thermal mixing between the spins 7
and the spins S, it is then necessary to bring both spin
systems to low-effective-field situations. This is per-
formed for the spins 7 by applying an rf field of fre-
quency w close to the resonance frequency w; of the
spins I, and by using a frame rotating at the frequency
w with respect to the spins /.

The spins .S being subjected to quadrupole as well as
Zeeman interactions, their levels are unequally spaced.
We apply a second rf field of frequency € close to one
resonance frequency Qg and we use a frame rotating at
the frequency Q with respect to the spins.S. The effective
Hamiltonian in this rotating frame corresponds to a
small splitting only between the levels |a) and |b)
separated by Qg; the other levels remain separated from
these by frequency intervals much larger than the
dipolar interactions.

We are then led to ascribe a spin temperature only
to the “low-field” part of the effective Hamiltonian.
This low-field part consists of (1) the effective Zeeman
interaction of the spins 7 in their rotating frame; (2) the
part of the dipolar interactions which is secular with
respect to both rotations; (3) the effective quadrupole
and Zeeman interactions of the spins S, restricted to
the matrix elements within the subspace of states |a)
and |b).
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In complete analogy with the situation dealt with in
Sec. ITIA, the effect of spin-lattice relaxation is a slow
variation of this temperature toward a steady-state
value depending on @, according to an equation of the
same type as Eq. (16)

Bs Qs(Qs—Q)
Bo  (Rs—QPAN2Y PH 4w,

(28)

N2 and w2 are expected to be of the same order of mag-
nitude as A\ and w2

If & is the effective field seen by the spins 7 in their
rotating frame, the heat capacity of the system is ap-
proximately [wp/?47v2#2 2. The polarization of the
spins I, following a rapid passage up to a high effective
field H, is

P=3Bsh[wp*+vPH]. (29)
Tts maximum value,
{P[ max = %ﬂOhQSEwD/2+71'2h2]1/2/2w14, ) (30)

corresponds to an enhancement factor with respect to
the polarization arising from a solid effect

Lwp+7YPR ] Y1 [wp*+7Y PR ]
G= .

2wy’ 275 wp’

Equation (29) is valid if % is not too large compared
with (wp’/Yr). In this range the polarization increases
with 4. If & becomes too large, the Zeeman interaction
of the spins I gets decoupled from their dipolar inter-
actions and relaxes toward the lattice temperature. A
maximum of polarization is expected to occur for a
value of / a few times larger than wp’/vYr. The variation
of | P| max with % can be calculated by using Provotorov’s
theory for the mixing rate between Zeeman and dipolar
interactions.?

IV. EXPERIMENTAL PROCEDURE

Experiments of thermal mixing between chlorine
nuclei and protons have been performed on paradi-
chlorobenzene, at liquid-nitrogen temperature. Single
crystals have been mostly used, but powder samples
were also used in mixing experiments performed in low-
external fields. The single crystals were obtained from
slow crystallization of the melt in a temperature-
gradient oven. The spin-lattice relaxation time of the
protons, 7!, was about 5 h in 60 G at 77°K. The spin-
lattice relaxation time of the chlorine nuclei, 75, is
about 0.56 sec at the same temperature.!® The chlorine
isotope used for the mixing was CI*, the pure quad-
rupole resonance frequency of which is 34.779 Mc/sec
at 77°K. The samples were cylinders having 2-cm
length and 1-cm diam. The magnetic field was provided
by a pair of Helmholtz coils. The proton signals were

observed by fast passage in a crossed-coils spectrometer

16 A. Hirai, J. Phys. Soc. Japan, 15, 201 (1960).
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at a frequency of 400 kc/sec, which corresponds to a
resonance field of 94 G. The rotating field was typically
0.2 G.

The accuracy of signal amplitude measurements was
about 109,. Calibration was provided by observing the
fast passage signal of a crystal polarized overnight in a
field of 1800 G at room temperature; the accuracy of
this calibration was about 209,. A hf coil parallel to the
transmitting rf coil of the head allowed irradiation of
the sample at the chlorine quadrupole frequency with
rotating fields up to a few tenths of a gauss. The head
was situated in a stainless steel box filled with a mixture
of liquid nitrogen and oxygen, which was immersed in a
pure liquid-nitrogen bath, in a Dewar vessel. This
arrangement prevented boiling liquid being around the
sample and the rf coils and thus reduced the noise.

V. EXPERIMENTAL RESULTS
A. Thermal Mixing in Low Fields
(2) Spin Temperature “Line Shape”

We investigated the variation of the spin temperature
with the irradiation frequency in a series of experiments.

A

F16. 2. Proton fast
passage signal am-
plitudes in paradi-
chlorobenzene after
20-sec mixings in
zero field at various
rf field frequencies.
rf field amplitude
=H,"~0.1 G.

SIGNAL (Arbitrary Units)

.770 34.780 .790
IRRADIATION  FREQUENCY 11 (Mc/sec

Fig.2

The experimental sequence was the following: The
crystal in zero magnetic field was irradiated by the rf
field during a given time (10 to 60 sec) ; a magnetic field
was then applied adiabatically, reaching about 70 G
in a fraction of a second ; the proton signal was then ob-
served by fast passage at 400 kc/sec.

After saturation of the proton signal, the crystal was
brought back to zero field and another sequence was
started with a slightly different frequency of the rf
field. The rf amplitude H; and the mixing time were
kept constant within each set of sequences. Figure 2
shows the observed proton fast-passage signal ampli-
tudes in a set of 20-sec mixings in zero field for various
frequencies of the rf field. The rotating field amplitude
was of the order of 0.1 G. We call it H for later refer-
ence. Figure 3 shows the observed proton signals in a
set of 10-sec mixings in zero field with an rf amplitude
4H. These proton signals are proportional to the in-
verse spin temperature achieved in zero field at the end
of the cooling process. The spin temperature ‘line
shape” displayed on both figures is in correct agreement

617

F16. 3. Proton fast-
passage signal am-
plitudes in paradi-
chlorobenzene, after
10-sec mixings in
zero field at various
rf field frequencies.
rf field amplitude
=4H 10.

SIGNAL (Arbitrary Units)

170 34.780 790
RRADIATION FREQUENCY 1 (Mc/sec

with the theoretical shape (Fig. 1). The linewidth is
smaller in Fig. 2 than in Fig. 3 in qualitative agreement
with the narrowing effect of a decrease of the rf field
amplitude. The center of the line of Fig. 3 is slightly
shifted toward lower frequencies with respect to the
line of Fig. 2. This is attributed to a heating of the
sample and the surrounding (Ny+O,) bath by the rf
field, which decreases the chlorine quadrupole resonance
frequency. This frequency shift has been observed to
increase steadily, when the rf amplitude is increased.

Figure 4 shows the observed proton signals in a set of
10-sec mixings performed in a dc magnetic field of 10
G. The orientation of the crystal in the field was arbi-
trary. The linewidth is larger, and its wings fall off more
abruptly than in a zero field mixing, in accordance with
the qualitative theoretical discussion. This experiment
clearly establishes the difference between this mixing
effect and the solid effect. Indeed, the solid effect has
also been observed on paradichlorobenzene at low-
magnetic fields.'” In a field of 10 G, solid effect occurs at
rf frequencies 42 kc/sec away from the chlorine quad-
rupole frequency, and is completely distinct from the
present polarization effect. Figure 5 shows the entire
variation of the proton polarization with the frequency
of the rf field.

We have been able to observe proton polarizations
produced by such mixings in dc fields up to 17 G. At
17 G, the line begins to display a structure, due to the
separation of the chlorine resonance lines.

(12) Steady-State Proton Polarizations

After having determined the spin-temperature line
shape in various experimental conditions, we have

¥16. 4. Proton fast-
passage signal am-
plitudes in paradi-
chlorobenzene, after
10-sec mixings in a
field of 10 G, at
various rf field fre-
quencies. rf field am-
plitude=2H,°.

SIGNAL (Arbitrary Units) -

.770 34,780 -790
IRRADIATION ~ FREQUENCY f1{Mc/sec)

17 A, Landesman, J. Phys. Chem. Solids 18, 210 (1961).
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Solid Effect Thermal | Mixing Solid Effect

VS RN

;

v

POLARIZATION

0 2300 20 10 o 1 20 331 W
1 1 1 1 1 1

DISTANCE FROM RESONANCE -0 (kc/sec)

F1c. 5. Proton polarization in paradichlorobenzene resulting
from rf irradiation at various frequencies, in a dc field of 10 G.
A full solid effect yields a polarization 5 times smaller than the
thermal mixing, in this field (see Table IT).

measured the equilibrium proton polarizations arising
from mixings performed at the maximum of each line
during times longer than the polarization times. These
polarization times ranged from about 20 sec at zero
field and rf amplitude 4H® to about 2 min at 10 G and
rf amplitude 4H,°. We express these polarizations in
two ways: first as the enhancement factor G with respect
to the polarization which would result from a full solid
effect,
P= (37Q0/kT0)G;

secondly as an equivalent field H,, that is, the field in
which the protons would have the same polarization at
thermal equilibrium at the lattice temperature,

P=3%v;Ho/kT,.

A full solid effect corresponds to an equivalent field of
8150 G.

Figure 6 shows the variation of the equilibrium proton
polarization with the amplitude of the rf field H, for
mixings performed in zero field. This rf field is expressed
in units of H,°, which is roughly equal to 0.1 G. The
polarization first increases with H, showing that satura-
tion is incomplete, in accordance with the fact that the
line broadens in the same range of values of Hi. The
decrease of polarization at higher values of H; cannot
be accounted for by the heat capacity of the term Z
in Eq. (15) which is too small by an order of magnitude,
This decrease is attributed to an inhomogeneous heating
of the crystal by the rf field, which broadens the quad-
rupole line.

The maximum polarization, occurring at H,=3H°,
corresponds to an enhancement factor G=3, i.e., an
equivalent field Hy =25000 G. We are led to think
that this polarization corresponds to the full theoretical
effect G=%(wp/wz). Indeed the ratio (wp/wyz) can be
determined independently by using the value of the
proton spin-lattice relaxation time in zero field. Meas-
urements performed on a variety of samples always
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yielded the same result
T17=5045 sec.

This relaxation time is then ascribed only to the
coupling of the protons with the chlorine nuclei. It is
related to the quadrupole relaxation time T'p of the
part 3¢rs’ by the formula

Tr(3Cr243Crs™%)
TVv=Tp =
TriCrs"?

TI‘JCIIZ
D .
r.[‘I‘C‘C[s’2

We express the traces as functions of quantities
already introduced in the theory of mixing [Eqgs. (18)

and (22)]
TI‘JC112= N[O)D2X%fﬂ, y

1
— Tr3Crs?=%N s 2(T15)1X N,
D

where N; is the number of protons in the sample and
N 5 the number of CI%® nuclei. 9T is the number of levels
of the whole system.

We then have

T =T1"(Nwp?/(Nswi?),
which yields
wp/wn=(T11/T1S)2(N s/ N ),

In paradichlorobenzene, there are twice as many
protons as chlorine nuclei, three quarters of which are
CI%, Thus, N;/N s=8/3.

Using the experimental values 7:/=50 sec, and
T15=10.56 sec,'s we get finally

wp/wr,=(270/8)12=5.8,

which corresponds to a theoretical enhancement factor
Gth=%(wp/wr)=2.9, to be compared with the experi-
mental value G=3. Such a close agreement is probably
accidental, but shows that the theory is essentially
correct.

ENHANCEMENT FACTOR G

1 z 3 i s 8 7
RF FIELD AMPLTUDE Hy (Umt=Hs)

Fie. 6. Steady-state proton polarization resulting from mixing
in zero field, with various rf field amplitudes. The unit H,° is ap-
proximately 0.1 G.
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TasLE II. Maximum proton polarizations produced by mixing
at various low dc magnetic fields. The mixing takes place in a
frame rotating with respect to the chlorine nuclei and fixed with
respect to the protons.

Enhancement factor Equivalent field

Mixing performed  with respect to for observed

in magnetic field solid effect polarization
H (G) G H, (kG)
0 3 25
5 8 65
10 6 50

We have also measured the equilibrium polarization
following mixings performed in low-magnetic fields,
without attempting any quantitative justification.
Table II displays the experimental results of mixings
performed in fields of 5 and 10 G, together with the
result of mixing in zero field. The enhancement factor
G=38 obtained in the field of 5 G is the largest we were
able to observe.

B. Thermal Mixings in High Fields
(1) Spin-Temperature Line Shape

Mixing experiments have been performed in dc mag-
netic fields close to 94 G.

The experimental sequence was the following: The
crystal, experiencing an rf field of typically 0.2 G at
the frequency of 400 kc/sec, was irradiated during a fixed
time by a second rf field, of frequency close to 34.8
Mc/sec; the dc magnetic field was then varied adia-
batically to values far from resonance, the high-fre-
quency rf field turned off and the proton signal observed
by fast passage at 400 kc/sec. Figure 7 shows the ob-
served amplitudes of proton signals in a set of 2-min
mixings performed at various frequencies of the second
rf field on a crystal of unknown orientation. It displays
the expected polarization effect corresponding to two
of the chlorine resonance lines.

Units)

o A

e

SIGNAL (Arbit

.690 .700 34.710 720 730
IRRADIATION FREQUENCY 0)(Mc/sec)

Fic. 7. Proton fast-passage signal amplitudes after 2-min
mixings in 94 G at various frequencies @ of high-frequency rf
field. Low-irradiation frequency =400 kc/sec.
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Fic. 8. Reduced
enhancement factor
[GR—G& T2 result-
ing from mixings
performed at differ-
ent field distances %
from 94 G, the reso-
nance field of pro-
tons at 400 kc/sec.

| 2 3
DISTANCE FROM RESONANCE h (Gauss)

(43) Steady-State Proton Polarizations

We have measured the steady-state proton polariza-
tions arising from mixings performed at the maximum
of a given line in magnetic fields at various distances
from the proton resonance fields at 400 kc/sec. Table IIT

TasLE III. Maximum proton polarizations produced by mixing
in high field, at various distances /% from proton resonance field.
The mixing takes place in a frame rotating at different frequencies
with respect to the chlorine nuclei and the protons.

Enhancement factor = Equivalent field

Distance from proton with respect to for observed
resonance field solid effect polarization
r (G) G H, (kG)
0 1.1 9
1 2.2 18
2 4.2 34
2.5 5 42
3 6 50

reports the observed polarization for mixings performed
at distances % from resonance varying from 0 to 3 G.
According to Eq. (30), these polarizations must have
the proportionality

(P)n < [wp>+yr2he e,

Then the experimental quantities [ (P)i2— (P) "2
must be proportional to /. Figure 8 is a plot of
LG)— (G)¥]* as a function of %, the distance
between the mixing field and the proton resonance field
using the experimental enhancement factors G of
Table III. It agrees with the theoretical proportionality.

VI. CONCLUSION

A new dynamic polarization method has been de-
scribed, which results from a thermal mixing between
two spin systems in frames rotating differently with
respect to each spin system. Extensive use of the spin-
temperature concept has been made in the theoretical
derivation of this method; it has been shown, in par-
ticular, that this concept can be used in rotating-like
reference frames when quadrupole interactions are
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present, as illustrated in different experiments by
Redfield.’®

Although other contact experiments have been shown
to be describable as thermal mixings, most of them can
be and actually are described without any reference to
spin temperature. On the contrary, the present method
can hardly be understood without using it. This polari-
zation method then appears as an illustration of the
validity and usefulness of the spin-temperature concept.
The experimental results display a qualitative verifica-
tion of the main features of the theory.

Interest in this method, as a polarization method,
may arise from the fact that it produces polarizations
larger than polarizations produced by a solid effect.
Thus, proton polarizations of a few percent are expected
from mixings performed at 1.5°K with iodine-containing
crystals, requiring only low dc magnetic fields and ir-
radiation frequencies of a few hundred Mc/sec. Such
relatively low irradiation frequencies allow the polari-
zation of large crystals. Still higher polarizations might
be expected when using, as the .S spin species Au®” or
U#5 which have gyromagnetic ratios 50 to 60 times
smaller than the proton gyromagnetic ratio, and large
quadrupole moments. However, it is to be feared that
evenslight imperfections in the crystal give rise, because
of the large quadrupole moments, to inhomogeneous
broadenings of the lines exceeding the dipolar line
widths, and thus reduce the expected polarizations.
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APPENDIX

The equilibrium value of the inverse spin temperature
Bs is given, from formula (10), by

Bs  Tr([3C*,3C1J[F1,3C0])av

8o Tr([3eRI[RLIC D or

We adopt the relaxation model proposed by Bayer.?
We neglect the spectral densities J; corresponding to

transitions | Am| = 1. The relaxation Hamiltonian 3¢, (£)
can be written as?

3C1(8)=2_: 31 (1) =2 s i (2)

X682+ (Sy245-2)}
where «;(f) are randomly varying parameters, of equal
rms {02) .

Using this expression for 3C;, we calculate the follow-
ing traces:

Zi Tr<[Szﬂ;@li][@liyszm])av= 9N X 48 <‘x>2av ’
> Tr((8.4,50: (3014857 ) av= 9T X 90{(0?) 4y ,
2 Tr(C 30 s Ru I8, 203051 T o
1-+cos?0;
= fJ'LX 27 <O[2>avh27[27,gzzj —6 5

£

(A1)

(A2)

where 9 is the number of levels of the complete system,
7; is the distance between the spins .S; and I, and 6; is
the angle between the vector r; and the field gradient
principal axis at the site of the spin S;.

This yields as a final result

N=15/2,
14-cos%;
wLZ——— 9/4 h27127522j e —
7 j6
These values are of the order of magnitude expected
from qualitative arguments.

1 H. Bayer, Z. Physik, 130, 227 (1951).
0 See Ref. 11, p. 468.



