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Thermal mixing between spin systems in Alz03 by a resonant rf electric field
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Spin thermal mixing due to the irradiation of an rf electric field has been observed, for the first
time, between a two-level system with hm =+2 and a dipolar system of Al nuclei in A1203. The
thermal m.ixing is accomplished in a time much shorter than the spin-lattice relaxation time by ap-
plying strong rf electric field with amplitude of about 22 kV/cm at room temperature. Experimen-
tal results are suKciently interpreted by the theory developed by assuming a concept of spin temper-
ature in the rotating frame. A technique of double-quantum adiabatic demagnetization in the rotat-
ing frame is used in the experiments.

I. INTRODUCTION

It has been shown in solid-state nuclear magnetic reso-
nance (NMR) that behaviors of spin systems. under irradi-
ations of a strong rf magnetic field can be described in
terms of spin temperature in the rotating frame. The be-
haviors involve adiabatic demagnetization, double reso-
nance, and several types of thermal mixing in the rotat-
ing frame. Provotorov proposed a saturation theory,
where the saturation of nuclear magnetic resonance is un-
derstood as a result of thermal mixing between Zeeman
and dipolar systems in the rotating frame. It is pointed
out that even though the intensity of an applied rf mag-
netic field H, is smaller than the local field the concept of
spin temperature is valid in the rotating frame, as long as
H

&
satisfies a condition y H, T

& Tz » 1, where y, T&, and
T2 are a gyromagnetic ratio of spins, spin-lattice relaxa-
tion time, and decay time of transverse magnetization, re-
spectively.

The concept of spin temperature has been applied to
double-quantum (DQ) NMR (b,m =+2). The DQ
coherence is usually excited with an rf magnetic field via
an intermediate state or by two-step excitations.

The DQ transition can also be excited by an rf electric
field' '" or an ultrasonic wave' through a dynamic elec-
tric quadrupole (EQ) interaction. In contrast to the exci-
tation by the rf magnetic field, it is usually difficult to
strongly excite the transition by this type of method (re-
ferred to as EQ excitation) because the excitation
efficiency is very low. Most experimental studies Inade so
far by using EQ excitation were confined to steady-state
saturations under the influence of spin-lattice relaxation.

The present paper reports on the first observation of
the thermal mixing produced by the EQ excitation using
an rf electric field. We have realized the strong EQ exci-
tation for the DQ transition, and observed the thermal
mixing between the two-level system with b, m =+2 (the
DQ Zeeman system) and the dipolar system. This type of
thermal mixing occurs at slightly off resonance but not at
exact resonance. By strong excitation we mean that it
satisfies the condition.

co T&T2»1,

where co shows a strength of the EQ excitation corre-
sponding to yH„and Ti is the decay time of the DQ
coherence or the decay time of the DQ free decay. '

The experiment was performed on Al nuclei in A1203
at room temperature. In order to overcome effects of in-
direct EQ saturation' and satisfy the strong excitation
condition (1), the rf electric field with intensity of about
22 kV/cm was used. By this strong rf electric field, the
thermal mixing was completely accomplished in a time
much shorter than T, =0.5 s. Therefore, inAuences of
the spin-lattice relaxation on the thermal mixing can be
neglected. Two types of the experiments were performed.
In one of them the system is prepared to have a low dipo-
lar temperature by using DQ adiabatic demagnetization
in the rotating frame (ADRF). '

We develop a theory describing the phenomena of the
thermal mixing caused by the rf electric field, which is
analogous to the Provotorov's saturation theory. Though
the rf electric field may also have oscillatory effects on the
dipolar interaction via the induced lattice vibrations, the
effects on the dipolar interaction are neglected and a di-
polar Hamiltonian which has been used in NMR studies
on the same spin system' is used in the development of
the theory. The excellent agreement between the experi-
ments and the theory shows that the concept of spin tem-
perature in the rotating frame is valid when the strong rf
electric field is used for the saturation of the DQ transi-
tion.

II. EXPERIMENTAL PROCEDURE

A single crystal of AliOs (15X10X2 mm ) whose
15X10 mm crystal faces are parallel to the c axis has
been used. Silver electrodes with thickness of about 15
pm are deposited on these faces to apply the strong rf
electric field perpendicular to the c axis. The rf electric
field with an amplitude of 10—30 kV/cm (at about 25.6
MHz) is applied for the experiments of the thermal mix-
ing and other relevant experiments. To avoid electric
discharge along the crystal faces due to the strong rf elec-
tric field, the sample is covered with epoxy (supplied by
Murata Mfg. Co., Ltd. ). It was confirmed that a DC
voltage of 6 kV could be applied for a long time. In order
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to apply such a strong rf electric field, no condenser (oth-
er than the sample whose capacitance is about 8 pF) was
used in the LC resonance circuit which is tuned to the
frequency (-25.6 MHz) of the rf power. The tuning was
adjusted by changing the length of the coil of the reso-
nance circuit.

The sample is subjected to a static magnetic field Ho
along the c axis. The Al nuclei are also subjected to a
weak and static electric-quadrupole interaction which is
axially symmetric around the c axis. Therefore, the
energy-level spacing is unequal and no level mixing exists.
The energy levels are schematically shown in Fig. 1, and
denoted by numbers from 0 to 5 for convenience. The rf
electric field excites the transition between levels 1 and 3.
The rf electric field may produce a displacement current
in the sample. But its effect for the excitation of reso-
nances can be neglected because the level mixing due to
the misalignment of the crystal with respect to Ho is very
small. Notations co& and co2 are transition frequencies be-
tween levels 1 and 2, and 2 and 3, respectively. The mag-
netic field Ho is such that co, =2~ X 13 MHz and
coq=2m X 12.64 MHz.

Two types of experiments have been carried out. In
the first one (I) the rf electric field is applied to the spin
system which is in thermal equilibrium at lattice tempera-
ture. In the frame rotating around the z axis ( ~~Ho ) at the
frequency of the rf electric field, the initial spin ternpera-
ture (absolute value) of the DQ Zeeman system (1~3) is
very small compared with that of the dipolar system. In
the second one (II), the DQ ADRF is performed before
the application of the rf electric field. Therefore, the spin
temperature of the dipolar system is very low and that of
the DQ Zeeman system is very high. Trace A in Fig. 2
indicates the procedure of the DQ ADRF, which consists
of a DQ 90 pulse followed by DQ spin locking' ' and
complete demagnetization. The frequency of the DQ
pulses is —,'(co, +co2), and the phase of the second pulse is
shifted by 45' from the first one. Trace B in Fig. 2 shows
the rf electric-field pulse with duration t and frequency
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FIG. 1. Energy-level diagram of Al nuclei in A12O3 No
level mixing exists since Ho is applied along the principal axis of
the static and axially symmetric efg tensor. co& and co& are the
transition frequencies between levels 1 and 2 (2~X13 MHz),
and 2 and 3 {2m X 12.64 MHz), respectively.
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FIG. 2. Operations for two types of experiments of the
thermal mixing. In experiment I, the rf electric-field pulse at
frequency co-~l+co2 shown by trace B is applied to the spin
system in thermal equilibrium at lattice temperature, where the
initial absolute value of temperature of the DQ Zeeman system
is small in the rotating frame. In experiment, II, the operation
of DQ ADRF shown by trace A is applied before the applica-
tion of the rf electric field in order to initially have the dipolar
system at low temperature and the DQ Zeeman system at high
temperature. Traces C and D show the pulses for observing the
behaviors of w» and the dipolar order, respectively. The latter
is the AMRF pulse.

co=co&+co2. For the present experiment of thermal mix-
ing the rf electric field whose amplitude Eo is 22.3 kV/cm
is used, for which co Ti T2-80. The spin-lattice relaxa-
tion time T& is about 0.5 s for the sample containing
about 0.01% Cr + ions at room temperature, and T2 for
the transition 1~3 is 38 ps. '

The thermal mixing is detected with an aid of the pulse
shown by trace C or D in Fig. 2. A 90' pulse in trace C
(denoted by the pulse C) is used to observe the free-
induction decay (FID) at ro, . Since ro&

—co2((co„ the
population difference w&z of the levels 1 and 2 is almost
one-half the population difference m» of the levels 1 and
3, where w, is defined by p . . —p, , Therefore, the change
of m» or that of the Zeeman temperature of the system
1~3, which is due to the thermal mixing, can be detected
from the amplitude of the FID signal.

Trace D illustrates an operation of the adiabatic mag-
netization in the rotating frame (AMRF), ' by which the
dipolar order is measured. An rf magnetic field resonant
to the transition 1~2 is applied and its amplitude is slow-
ly increased. The final amplitude is much larger than the
local field, and then, suddenly turned off. From the ini-
tial amplitude of the FID signal at co& after the pulse
(denoted by the pulse D ), we can measure the degree of
the dipolar order or the dipolar temperature, and there-
fore the effect of thermal mixing.

The initial amplitudes of the FID signals measured by
the pulses C and D are denoted by S, and S2, respective-
ly. S& and S2 are measured in units of So, which is the
initial amplitude of the FID signal observed for the tran-
sition 1+ 2 by applying a 90 pulse to the spin system in
thermal equilibrium at lattice temperature.
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III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Preliminary experiments were carried out at exact res-
onance (co=co, +co'). The rf electric field with amplitude
Eo (10—30 kV/cm) was applied to the sample at lattice
temperature. It was observed that the time evolution of
population difference w

& 3 can be expressed by an ex-
ponential function with a saturation rate Eo, which is
proportional to Eo as

Ko =CEo, (2)

where C=0.40+0.03 cm /(kV s). This shows the satu-
ration of the transition 1~3. The thermal mixing did not
take place as described later. The value of C can be cal-
culated from Eqs. (Al 1) and (A15) in the Appendix by us-
ing elements of a tensor R determined from the Stark
effect of NMR signals in A1203. ' The calculated value
0.397 cm /(kV s) is in good agreement with the experi-
mental value. Kushida and Silver' observed a depen-
dence of Eo similar to Eq. (2) with a weak rf electric field
at 4.2 K. The value of C estimated from their experiment
is about seven times as large as the theoretical value. The
discrepancy was considered ' to be due to the indirect ex-
citation via lattice defects. The good agreement of the
observed and theoretical values of C in the present study
indicates that the rf electric field directly excites the Al
spins over the sample.

The dipolar signal was too small to be detected. The
fact that the temperature of the dipolar system does not
change at exact resonance was confirmed from experi-
ment II.

The thermal mixing was observed when the slightly off
resonant rf electric field was applied. Figure 3 shows the
time evolutions of 2S, or those of w

& 3 observed in experi-
inent I for positive frequency o6'sets 25=co —(co&+co2).
Solid lines in the figure, and those in Figs. 4—7, are
theoretical. Similar experimental results were obtained
for 5 (0. In both cases, w, 3 decreases exponentially with
time t, and reaches a steady-state value. The decay rate

of w
& 3 decreases and the steady-state value increases as

~25~ increases. It is noted that the steady-state values are
achieved in a time much shorter than the spin-lattice re-
laxation time T& .

Figure 4 shows the time evolutions of the dipolar order
(S2 ) which were observed for 5 & 0 by using the pulse D.
We can see that the dipolar order grows exponentially
and finally reaches a steady-state value. In the case of
5 )0, similar curves were observed with negative values
of Sz, which show the time evolutions of the dipolar or-
der at negative temperatures.

These behaviors of w, 3 and the dipolar order indicate
the thermal mixings due to the rf electric field. The qual-
itative illustration of the phenomena in terms of the spin
temperature is as follows. In the case of 5 &0, the spac-
ing between the energy levels 1 and 3 is —25 in the rotat-
ing frame. Therefore, the initial spin temperature of the
DQ Zeeman system is much lower than the lattice tem-
perature since —25 «co&+co2. The dipolar system is ini-
tially at lattice temperature. If —25 is comparable to
yHz, where H~ is the local field, the irradiation of the rf
electric field causes the thermal contact between the DQ
Zeeman system and the dipolar system through the in-
duced dynamic electric quadrupole interaction. The heat
flows from the dipolar system to the DQ Zeeman system
until common temperature is established in the systems.
As a result, w, 3 decreases and the dipolar order increases.

When 5 & 0, the DQ Zeeman system is initially at nega-
tive temperature in the rotating frame, that is, the spin
population of the upper level is larger than that of the
lower one. (The energy of level 3 is higher than that of
level 1 in this rotating frame. ) The absolute value of the
temperature is very small. Therefore, similar thermal
mixings occur at negative temperatures.

Open circles in Fig. 5 show a dependence of the dipolar
temperature on the frequency ~ which was observed at
t =20 ms. The behavior is just expected from the above
argument. A frequency dependence of w

& 3 was also ob-
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FIG. 3. Time evolutions of the thermal mixing observed on
w $3 by experiment I. w» decreases exponentially and reaches a
steady-state value in a time much shorter than T& -0.5 s. Solid
lines are the theoretical curves describing Eq. (3a) with
w I 3 (0 ) =2 and 6(0 )=0 for the corresponding values of 5.

FIG. 4. Time evolutions of the thermal mixing observed on
the dipolar order by experiment I. The dipolar order grows ex-
ponentially. The observed dipolar signals S& were smaller than
the theoretical values of G ( t ) calculated from Eq. (3b) by put-
ting w» (0 ) =2 and 6(0 ) =0. The solid lines are the theoretical
curves of A G ( t ) plotted with A =0.44, where it is assumed that
the operation of AMRF wis incomplete.
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FIG. 5. Dependence of the dipolar order on the frequency co

observed at t =20 ms (open circles). The experimental condi-
tion is the same as that in Fig. 4. When co) 2~X25.64 MHz
(5)0) negative temperature is established in the dipolar system

by the thermal contact with the DQ Zeeman system at negative
temperature in the rotating frame. Solid line is theoretical.

served, which presented a conventional saturation curve
(not shown in the figure). The linewidth of the transition
1+ 3 estimated from the curve in Fig. 5 or the saturation
curve of w&3 is smaller than those obtained by using a
weak electric field' and an ultrasonic wave. ' The
discrepancy is also considered to be due to the e6'ect of
the lattice defects mentioned earlier, namely, the Al nu-
clei near the lattice defects which contribute to the in-
direct saturations are subjected to large inhomogeneities
of the internal electric-field gradients, and therefore, have
the large linewidth.

In experiment II, the DQ Zeeman system is prepared
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at infinite temperature and the dipolar system at very low
temperature. Therefore, the heat fiows from the DQ Zee-
man system to the dipolar system, and, as a result, the
population diC'erence increases as the dipolar order de-
creases in the rotating frame. Open circles in Figs. 6 and
7 show frequency dependences of m &3 and the dipolar or-
der observed at t =20 ms by experiment II, respectively.
These curves indicate that w&3 is created by decreasing
the dipolar order. When 5&0, that is, co) 2n. X25.64
MHz, w, 3 becomes negative. The negative population
diC'erence is also due to the fact that the energy of level 3
becomes higher than that of level 1 in the rotating frame.
At 5=0, w&3 and the dipolar order are unchanged. This
indicates that the thermal mixing does not occur at exact
resonance.

We developed a theory of the thermal mixing due to
the rf electric field. This is similar to that of Provotorov.
The dipolar system is characterized by a truncated dipo-
lar Hamiltonian &d defined in Ref. 13 which has so far
been used in NMR studies on the same spin system.
From the experimental study of DQ free decay' it can be
assumed that the free decay in the transition 1~3 is of a
Gaussian shape with T2=38 ps. sects of the spin-
lattice relaxation are neglected because of the rapid
thermal mixing. The outline of the theory is shown in
the Appendix. We derived a set of equations for the
thermal mixing [Eqs. (A14)], which can be solved for the
time dependent temperatures of the DQ Zeeman system
and the dipolar system. From the solutions, we obtain
expressions
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FIG. 6. Frequency dependence of u» observed at t =20 ms

by experiment II (open circles). The negative population
difference (2S& &0) observed at co) 2m X25.64 MHz is due to
the fact that the energy of level 3 becomes higher than that of
level 1 in the rotating frame. The experimental values were
smaller than the theoretical values of m» calculated from Eq.
(3a) with G(0)=2 and m»(0) =0. The solid line is plotted with
G(0)=28 and B=0.40 under the assumption that the operation
of DQ ADRF was incomplete.

FIG. 7. Frequency dependence of the dipolar order observed
under the same experimental condition as that in Fig. 6. Com-
paring the curve shown by open circles with that in Fig. 6, we
can see that the decrease of the dipolar order produces the pop-
ulation difference in the DQ Zeeman system. We also recognize
that the thermal mixing does not occur at exact resonance
(co=2m X25.64 MHz). In this experiment, both the operations
of AMRF and DQ ADRF are used. Solid line is the theoretical
curve plotted based on Eq. {3b) with A =0.44 and 8=0.40.
The good agreement between the experimental and the theoreti-
cal curves supports the assumptions that the operations of
AMRF and DQ ADRF were incomplete.
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w, 3(t ) =D [Dw, 3(0)+56(0)] t exp[ —K(1+52/D2 }t]—1I /(5~+D2)+ w i3(0),

6(t)=5[56(0)+Dw, (0)]Iexp[ K—(1+5 /D )t]—1I /(5 +D )+6(0}
(3a)

(3b)

where

K =Koexp( —25 T2 ),
D =Tr(&d )/f 2N(2I+ 1)+ '] .

(4)

I

ADRF. The theoretical curve in Fig. 7 is plotted with
the same factors of A and B as those in Figs. 4 and 6, re-
spectively. Therefore, the good agreement in Fig. 7 sup-
ports the above assumptions on the operations of AMRF
and DQ ADRF.

G(t ) is defined by Eq. (A17), which indicates a degree of
the dipolar order, and N is the number of the Al nuclei.
The value of D is evaluated to be 77S.7 kHz with the
value of the geometric factor in &d which was deter-
mined in a previous study. '

We represent m&3 and G in units of mo which is the
amount of m&z in thermal equilibrium at lattice tempera-
ture. As shown in the Appendix, such amounts of w&3

and G are equal to the magnitudes of 2S& and S2 mea-
sured in units of So, respectively. Therefore, Eqs. (3) can
be compared quantitatively with the experimental results.

Solid lines in Fig. 3 describe calculated values from Eq.
(3a) with wi3(0)=2 for the corresponding amounts of 5,
where an approximation G(0)=0 is used considering that
G(0) «wi3(0). The experimental curves are well in
agreement with the theoretical ones. The similar agree-
ments were also obtained for 5 & O.

Equation (3b} should present theoretical curves which
coincide with the experimental results in Fig. 4 by put-
ting w, 3(0)=2 and 6(0)=0. However, the theoretical
curves were not in agreement with the experimental ones.
The theoretical values were larger than the correspond-
ing experimental values. It is not reasonable to attribute
the discrepancies to thermal contacts with the lattice and
other systems during the irradiation of the rf electric
field, because the good agreements between the experi-
ments and the theory are obtained for m&3 as shown in
Fig. 3. Assuming that the operation of AMRF was in-
complete, we plot values AG(t ) with a fitting factor A.
Solid lines in Figs. 4 and 5 are the theoretical curves plot-
ted with A =0.44. In Fig. 5, the values AG(t) at t =20
ms are plotted as a function of ~. Agreements between
the experimental and the theoretical results are very well
though A is smaller than unity. We can conclude from
these excellent agreements in Figs. 3, 4, and 5 that the
concept of spin temperature in the rotating frame is valid
under the irradiation of the strong rf electric field, and
the dipolar system represented by the Hamiltonian %d
plays the role of the reservoir.

Solid lines in Figs. 6 and 7 are the theoretical curves of
w, 3(t ) and AG(t ) at t =20 ms obtained from Eqs. (3), re-
spectively. In this case, the initial conditions should be
that wi3(0)=0 and 6(0)=2 as described in the Appen-
dix. However, the curves thus plotted were not in agree-
ment with the experiments. In order to obtain good
agreement between the experiment in Fig. 6 and the
theory, 6(0) was taken to be 28 with 8 =0.40, where it
is also assumed that the Dg ADRF was incomplete. It is
to be noted that the good agreements are seen not only in
Fig. 6 but also in Fig. 7. The phenomenon in Fig. 7 is ob-
served by using both the operations of AMRF and Dg

IV. SUMMARY

The thermal mixing induced by the rf electric field be-
tween the two-level system with hm =+2 and the dipolar
system in the rotating frame has been investigated on

Al nuclei in Alz03 in detail. The experiments were per-
formed at room temperature using the slightly off reso-
nant rf electric field with amplitude of 22.3 kV/cm. The
thermal mixing is completely accomplished in a time
much shorter than the spin-lattice relaxation time. The
indirect saturations of the Al spins due to the defects of
the lattice can be neglected under the strong rf electric
field.

Two types of experiments were carried out. In the first
one the rf electric field is applied to the spin system in
thermal equilibrium at lattice temperature. In this case,
the decreasing of the population difference m» and the
enhancement of the dipolar order are observed. In the
second one, the DQ ADRF is performed before the rf
electric field is applied to create the initial dipolar order
in a high degree. In this case, mI3 is produced as the di-
polar order is destroyed. When the frequency offset
25=co —(co, +co2) of the rf electric field is positive, the
negative dipolar temperature and the negative population
difference are produced by experiments I and II, respec-
tively. These phenomena come from the fact that the en-
ergy of level 3 which is lower than that of level 1 in the
laboratory frame becomes higher in the rotating frame.

The experimental results are well described by the ex-
ponential functions derived from the theory of the
thermal mixing analogous to the Provotorov's theory.
The excellent agreements between the experiments and
the theory show that the concept of spin temperature in
the rotating frame is valid when the strong rf electric field
is used for the saturation, and the dip olar system
represented by the Hamiltonian &d which has so far
been treated in NMR studies on the same spin system
plays the role of the reservoir in the thermal mixing.
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APPENDIX

Under the experimental conditions described in Sec. II,
the spin system of the Al spins is governed by the in-
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dependent spins Hamiltonian

&p= tp—2I, +toq[I, ,'—I(—I+1)], (Al)

where co =
—,
] (co]—p]2), and by the truncated dipolar

spin-spin coupling Hamiltonian &d which commutes
with %p.

A static electric-field E applied along the x axis induces
an additional electric-field gradient (efg) whose tensor ele-
ments are given with the R tensor as '

Q (m, n)= lm & &n I+ In & &ml,

(A3)

a [Q (m, m —1)+iQ~(m, m —1)],

Q, (m, n ) = —]( lm & & n
I

—ln & & m
I ),

Q, (m, n)=lm &&ml —n &(nl,

spin operators I+ and I in & are expressed by

Vo =0

V+, =(R»3+iR]23)E,

V~2 =(R ]]]+]R222')E

(A2}

m = —I+1

where Im & and In & are eigenfunctions of I„and
a =(mlI Im —1& .

(A4)

(A5)
A Hamiltonian & representing the electric quadrupole
interaction with the induced efg is of a well-known
form. Using operators defined by '

We assume that Eqs. (A2) also hold when E =Epcos(p]t ).
Then, & is given by

=(tp /3V )Epcoscot R]]3 g a Q„(m, m —1)I,+I, g a Q (m, m —1)
m m

+R]23 + a Q (m, m —1)I,+I, g a Q~(m, m —1)
m

+R]]]y a~+]a~Q. (m+ l, m —1)—R222 y a~+]a~ Qy(m + l, m —1)
m m

(A6)

dpldt =i [p, 5Q, (3, 1)+Ad +&„*], (A7)

where effects of the spin-lattice relaxation are neglected,
and

u*= Uu U
P

with a unitary operator

U= pe[xi& t+pi( 5t+ —,'$)Q, (—3, 1)] .

(A8)

(A9)

The Hamiltonian &* includes many fast-oscillating
terms. Neglecting the fast-oscillating terms we can ap-
proximate as

&' = T] p]p Q„(3, 1 ), (A 10)

where V„ is an element of the internal static efg tensor.
In the following, the magnetic quantum numbers m and n
in the operators in Eqs. (A3) are replaced by the corre-
sponding numbers shown in Fig. 1 for convenience.

The time development of the spin system in the rotat-
ing frame under the irradiation of the rf electric field is
described, in the interaction representation, by the equa-
tion of motion for the density matrix p of the spin system
as

p( t ) = [ 1 —p( )t5Q(3, 1 ) g( t )&d ]jz, — (A 13)

where z is the partition function. With the assumption
that the DQ free-decay in the transition 1+-+3 is Gaussian
with decay time T2, the theory leads to equations

I

the crystal. ' The phase P is difFerent in each kind of site
because of the differences in signs of R i » and R 22& . '

Especially, the phases P at sites a and b are 180 out of
phase to those at sites f and c, respectively. Therefore,
when DQ coherence is created by the EQ excitation, the
macroscopic DQ coherence given from a superposition of
the DQ coherences at all the sites will not be observed in
contrast to the DQ coherence excited by the rf magnetic
field."

The theory of the thermal mixing is developed based
on Eq. (A7) with Eq. (A10) in a manner similar to that of
Provotorov. ' In this case, the above-mentioned phase
complication in the EQ excitation has no inAuence on the
development of the theory because the treated density
matrix is diagonal. We assign parameters P(t) and g(t)
including the inverse spin temperatures to the Hamil-
tonians 5Q, (3, 1 } and &d, respectively. Then, p is given,
under the high-temperature approximation, by

with

)Epa2a3(R 2111 +R 222 ) (A 1 1)

d13/dt = —K(P—g),
dg jdt = (5 /D )dP jdt, — (A14)

where the phase angle p in the operator U is given by where K and D are given by Eqs. (4) in the text with

exp(tp) ( ]]] ]R222)j R]ll+R222 (A 12) Kp= 2']/2rttpp T2 (A15)

There are four kinds of Al sites (site a, b, c and f ) in The derivation of kinetic equations such as Eqs. (A14) in-
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volves some rough approximations, whereas the thermo-
dynamic relations used in the rest of the paper are very
well justified.

The population diff'erence w i3(t ) is represented by'

i@i3(t )=Tr[p(t )Q, (3, 1)]

M =
—,
' ya2Tr[p'Q (2, 1)],

with

(A18)

pulse D from the dipolar order, which is represented (in
units of A) as

5P—(t)Tr[Q, (3, 1) ]/z . (A16)
p' =[1+—,

' pa2yH, Q„(2,1)—g&d ]/z, (A19)

Substituting the solution of Eqs. (A14) for I3(t) into Eq.
(A16), we obtain Eq. (3a) in the text, where G(0) is given
from

where q is a spin temperature parameter. Since the en-
tropy of the spin system does not change in the adiabatic
process g is given by

G( t ) =Dg(t )Tr[Q, (3, 1)~]/z rl=D(/[( 'a yH—) +D ]' (A20)

=2K(2I+ 1) 'D g(t )/z, (A17)

which indicates a degree of the dipolar order. Equation
(3b) is obtained by substituting the solution of Eqs. (A14)
for g(t ) into Eq. (A17).

It is easily understood that the value of w &3 represented
in units of mo is equal to the magnitude 2S& measured in
units of So, because Si/So=w»/wo and tc» =2to».

It is shown that the value of 6 in units of mo is equal to
the magnitude of S2 measured in units of So if the opera-
tion of AMRF is ideally performed. The magnitude S2
directly indicates the magnitude of the transverse magne-
tization M produced along the rotating field H& of the

which is approximated to

g =Dg/( ,'a2y H—,) (A21)

because the final intensity of H& is much larger than the
local field. Substituting Eq. (A21) into Eq. (A18), we ob-
tain M =

—,'ya26. On the other hand, the transverse mag-
netization Mo produced in the transition 1~2 by apply-
ing the 90 pulse to the spin system in thermal equilibri-
um at lattice temperature is expressed by Mo =

—,'ya2mo.
Therefore, M=MO, that is, Sz=So if G=Mo Thus,
S2 /Sp =G /wo. It is also shown by a similar approach
that in experiment II, G(0) =2wo if the operation of DQ
ADRF is ideal.
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