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The effect of pulsed transfer of order from a Zeeman spin system to a dipole-dipole reservoir is

investigated for a multispin system. The local field is calculated in a rotating coordinate system for the case
of pure dipole-dipole interaction in a LiF single crystal, which makes it possible to compare—in the
Gaussian approximation—the theory with experiment when the dipole-dipole interaction reservoir is cooled
by a 90°-0,, pulse series. It is pointed out that the nonresonant saturation of an NMR line can be used

in detection of nuclear magnetic resonances in multispin systems.

PACS numbers: 76.70.Dx

1. Lowering of the spin temperature in nuclei in a
solid by the application of strong static magnetic fields
is used widely in various NMR experiments. Nuclear-—
nuclear double resonance (NNDR) plays a major role in
these experiments!!?! and it can be used to study the dy-
namics of spin-spin processes, record high-resolution
spectra of solids, and detect very weak NMR signals.
The NNDR method utilizing cooling of the reservoir of
dipole—dipole interactions'®*! has certain advantages.
The influence of this reservoir in NMR during con-
tinuous application of an hf magnetic field is discussed
by Provotorov'®! and investigations of the same reser-
voir under pulse resonance illumination conditions are
reported int®"), Experiments involving pulsed cooling
in NNDR have been carried out in solids with two or
more types of spin. In such cases it is frequently ne-
cessary to allow for the contribution of nonresonant
spins to the total dipole—dipole reservoir. Therefore,
it would be desirable to investigate in greater detail
this specific case in order to determine the tempera-
ture and optimal conditions for cooling of the reservoir,
Moreover, it would be interesting to test the possibility
of using pulsed nonresonant saturation of the NMR line
to lower the temperature of the reservoir,

2. The application to nuclei in a solid of a series of
90° = T3 — Ogo° hf pulses at the resonance frequency low-
ers the temperature of the dipole—dipole interaction
reservoir. The cooling effect can be described quan-
titatively by a method presented in'"! and also bearing
in mind that the secular part of the dipole-dipole inter-
action is now of the form

H' p=d+u,
d=a;;(3L,'I)—TIT), u=>b,l.'S*,

where I and S are the resonant and nonresonant spins.
Calculations show that

i: (Acos®+ B)H,sin6 -X H, ) (1)
Be Y/ H.? 'H,
Here, B is the reciprocal temperature of the reservoir;
B is the initial reciprocal temperature of the reservoir
equal to the lattice temperature; H, is the resonance
value of the magnetic field and v, is the gyromagnetic
ratio of nuclei of type I; 9 is the angle of rotation of the
magnetization by the second hf pulse; K is the reservoir
cooling coefficient (K=1 corresponds to the adiabatic
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cooling of the reservoir). The quantity 'H;, which oc-
curs in Eq. (1), is defined by
1 y2NS(S+1)

1
’HLz =?'Mzn+ Mys + —

sy 2)
3 YIZNII(I +1) 8 (

where 'M,;;, 'M,;s, and M, are the second moments
of the NMR line at the frequencies of the nuclei I and S
(units: G?2); N; and N are the concentrations of the
nuclei.

Equation (2) is the energy definition of the local field
in a rotating coordinate system. It is based on the in-
variance of the dipole-dipole energy relative to the
selection of this coordinate system.'”’ Therefore, it
does not represent the local field deduced from the line
profile. The local field defined by Eq. (2) can be used
to find the energy characteristics of the investigated
switch system and in our case to find the temperature
of the dipole-dipole reservoir.

The coefficients A and B in Eq. (1) are defined by

A=—Tr{ild, 1,] exp(—i#s't) 1, exp(id,'t)}/Tr L%, (3
B=—Tr{i[u. I,) exp (—i%6,'1)1, exp (i 36'7)}/Tr I*,. (4)

In the case of a single-spin system we have B=0 and it
then follows from Eq. (1) that the maximum cooling oc-
curs for 6 =45° when the pulse separation 7,, corre-
sponds to the moment and the derivative of the Zeeman
free induction signal G(#) has its maximum, Then, the
ratio B/B, is proportional to the derivative of G(#) at
this moment, "1

We shall now consider the case of a two-spin system.
(The case of a multispin system is easily reduced to the
two-spin case.) If the NMR line profile is Gaussian,
the free-induction signal is

16 (8) =exp [ —"Mat?/2] —exp ['Maor ' Muis) £/2]. (5

In the Gaussian approximation the coefficients A and B
in Eq. (1) become

A=—"M,,t exp [—M,t*/2], (6)
B=—"Masst exp [—Mat/2]. (7

A direct esimate of Eqs. (3) and (4) up to the second-
order approximation®!? confirms this correspondence.
Following!"? and using Eqs. (6) and (7), we obtain the
following approximate expression for the signal (I,)p
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TABLE 1.

Calculated and measured parameters of LiF single crystal in reservoir cooling experiments.

LiF [100] [110] [111] || LiF [100] [110] [111]

FMye gy, G 6.473 9.236 10.16 gmes 75° £2, 4° 57°+1,5° 46.7°+1°

FMywLyy, G 25.90 7.434 1.278 Kcale 0.524 0.441 0.413

Fage | G 5. 422 3.525 2. 604 Kmes 0.58+0.02 0.5+0.02 0.51+0, 02
Hiy, G 1.52+0.08 1.07+0.08 0.88+0.08

Lgele g 6.101 3.967 2.929 kgt 0.49 0.49 0.48

Liggmes 7.580.3 4.6740.2 3.00£0.2 ;{{"‘“ 0.49+0. 02 0.48:0.02 0.3+0,02

e | sec 7 9.7 12 T,,, msec 231 19.5+1 11.3+0.6

5>, sec 6.6+0.2 9.2+0.3 12.6+0.5

geate 77° 57.7° 47.4°

proportional to the dipole-dipole reservoir tempera-
ture in the case of two types of spin‘!l:

66[ ’Mz”cose+’Mm] in 0

dyp=pSpltr
wo=pSpl = Mo + Mor

(8)

Thus, not only in the case of small angles 977 but also
within the limits of validity of the Gaussian approxima-
tion is the (I,), signal proportional to 8G/ot.

The use of Egs. (1), (6), and (7) gives the separation
B/B. between the pulses for which the ratio has its
maximum value: T,,=1/VM,. Comparison with the sin-
gle-spin case shows that an extremum of the dipole—
dipole reservoir cooling again corresponds to the maxi-
mum value of the derivative of the free-induction signal.
In this case the value of 7y, is independent of 6 and,
consequently, the process of achieving a maximum cool-
ing of the reservoir should start with selection of 7,,.

3. Our analysis gives numerical estimates of the
values of K, 9, and 7, corresponding to the 8/8; maxi-
mum in the case of a LiF single crystal (Table 1).

We shall assume that the spins I are those of the F*?
nuclei and the spins S are of the Li’ nuclei.

We calculated ‘M,;; and SM, using the formulas
given by Losche' for an fcc lattice. The lattice con-
stant was assumed to be »=4.02 A. In the calculation
of !Mazs the necessary lattice sum could be represented
as a difference between a sum over a simple cubic lat-
tice with the constant /2 and the sum over an fcc lat-
tice with the constant . The use of appropriate values
of the lattice sums from!®? gave the following formula
for the contribution made to the second moment of the
I nuclei by the I-S dipole—dipole interaction in a crystal
oriented in various ways relative to the magnetic field:

1120,6 (9)

Mors = —— 15 RS (S + D [M' +2:" 404" — 0,2087] (ec”).

In Eq. (9) the quantities A;, )5, and A; are the direction
cosines of the magnetic field H; relative to the crystal-
lographic axes.

In all the calculations of the second moments we al-
lowed for the natural abundance of Li’ (92.57%) and ig-
nored the contribution of the Li® nuclei.

4, We determined the values of K, 6, and 7,; experi-
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mentally for a LiF + 0. 8% NiF, single crystal at 77°K
in a field Hy= 5300 G ween the amplitude of the rotating
magnetic field was H, ~ 40 G (Table 1), The precision
of the alignment of a crystal in the magnetic field was
1-2°, It should be pointed out immediately that the
quoted concentration of Ni%* was obtained from a spec-
troscopic analysis of the crystal. A direct observation
of the ESR of Ni?* gave qualitative confirmation of the
presence of these ions and an estimate based on the
spin-lattice relaxation time T, of the F'® nuclei con-
firmed quantitatively the presence of = 0.08% of NiF,.
Allowance for the contribution of the electron—nuclear
interaction to the local fields at the nuclei indicated that
it should be ~ 10% larger than the values calculated
solely for the nuclear dipole-dipole interaction.

5. Let us now consider the case when the dipole-
dipole reservoir is cooled by slightly off-resonance
pulse saturation of an NMR line. If the duration of the
saturating hf pulse is considerably less than the spin—
lattice relaxation times of the Zeeman subsystem (T,,)
and of the dipole—dipole reservoir (7T,,) but much great-
er than T,, the change in the reservoir temperature
solely due to the application of an hf pulse H,;g subject
to a detuning + & relative to the resonance of the S nu-

clei ist™
LR (10)
Be R+ H, ¢+
so that
(i) =1L=K, il . (11)
ﬁl— max 2 y”lsz + SHL: SHL

where K, is the cooling coefficient of the reservoir in
the case of off-resonance saturation of an NMR line.

Our experiments were carried out on the same LiF
crystal as before. An hf pulse of H,;g amplitude and 2.5
msec duration detuned by % acted upon the S nuclei and
this lowered the temperature of the reservoir to a value
B. Since the temperature was recorded by a pulse 6 at
the frequency of the nuclei I, we used

s

K, =K} meas .

7

(12)

where K meas is the cooling coefficient measured at the
frequency of the I nuclei.
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In all three orientations of a crystal the amplitude
H, 5 was detuned to the maximum of the signal propor-
tional to the reservoir temperature. This maximum
appeared because of an increase during a pulse, in the
time taken to reach an equilibrium between the Zeeman
and dipole subsystems when the amplitude H,g was re-
duced,

These experiments demonstrated that the measured
value of SHT** was greater than the value calculated
for the case of the dipole-dipole interaction alone.
Estimates indicated that this excess could be due to the
presence of Ni** ions. Therefore, we calculated K; us-
ing the experimental values of SHL (Table 1). The dif-
ference between the theoretical and experimental re-
sults in the Hy Il [111] orientation could be due to a con-
siderable reduction in the spin-lattice relaxation times
T, and Ty, of the Li" and F!° nuclei in this orientation.
Typical oscillograms observed experimentally are
shown in Fig., 1.

The cooling coefficients K, obtained indicate that non-
resonant saturation of NMR line can be used sucessfully
to cool the dipole-dipole reservoir in pulse NNDR ex-
periments. Moreover, if the S nuclei have large values
of Y5 and N or are characterized by a strong quadru-
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FIG. 1. Oscillograms of free-induction signals of the F!° nu-
clei observed on application of an hf pulse to LiF subjected to
a field Hy Il [110]: a) Zeeman free induction after a 6 =90° hf
pulse; b) dipole free induction after a 8=57° hf pulse, re-
corded 150 p sec after the end of a 90°—9.2 psec-57° pulse
series; c) dipole free induction observed 150 u sec after non-
resonant saturation of an NMR line of Li’ (#=4.8 G). The
horizontal scale is 5 usec/div.

pole splitting, we can record NMR lines by controlling
the reservoir temperature with the aid of, for example,
a pulse 6;.

The authors are grateful to L., M. Soifer and M. G.
Buravleva for supplying the crystal used in our experi-
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