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The time evolution of proton Zeeman magnetization in the been realized by the so-called dipolar-driven NM&. (This
rotating frame at exact resonance, @ = w,, is evaluated for an method, which has an excelleSIN, is experimentally de-
isolated tunneling methyl group CH;. The Fourier transform of  manding because it first establishes Zeeman polarization in
this evolution in time is calculated and both its real and imaginary high magnetic field and then requires the sample to be dropp
components are presgqted. It'is shown that the real component - 5 different magnetic field of low intensity. This is not
does not depend significantly on the strength of the preparation . . . . .
pulse when the tunneling splitting of the methyl rotator ground unllkg the spln-loc.klng. In the rotatln% framg. Howe\{er, the
state is less than 100 kHz. It is also found that the imaginary ~rotating frame RF field is “m'teq te:_lO T, while _there IS no
component of the transform is inversely proportional to the restriction for the low magnetic field of the dipolar-driven

strength of the preparation RF pulse. This is a consequence of the ~method.

partial dephasing of proton spins during the preparation pulse. The last method, which is also the subject of this paper, |
The results of the calculation compare well with the experimental  the magnetization evolution following establishing a nonequi
spectra of CH;CD 1. © 1099 Academic Press librium in the rotating frame by spin-locking the spins and

monitoring their evolution toward semiequilibriunT)( The
Fourier transform of this evolution in time gives the spectrum
INTRODUCTION This technique, while similar to both level-crossing methods, i
experimentally much easier. It offers also an excellent resoll
At low temperatures symmetric atomic groups, e_g_,3CHi0n when the evolution is monitored in a magic angle tiltec
and NH, embedded in a solid lattice are often in a state #tating frame, but it has a low& N in comparison with both
tunneling between equivalent neighboring potential minimgvel-crossing methods. A recent extension of this method |
As a consequence, the degeneracy of their ground state is{w@ time domains, one in the rotating frame and the other in th
general, removed; it is said that the ground state is split bjgh field following the end of the RF pulse, allows also
tunneling. The magnitude of this splitting is of interest becau$er a nonmagnetic AM = 0) detection of the tunneling
it relates to the strength and symmetry of the crystal potentfs¢quency 8).
and is also influenced by the interaction between differentWe propose to investigate the time evolution of the protol
atomic groups ). This splitting, which is written in terms of magnetization, of an ensemble of isolated methyl groups er
the tunneling frequencw; as%wy, can be detected, in thebedded in a crystal lattice in an external dc magnetic ti&jd
energy range 10° to 10°° eV, accurately by NMR. and exposed to RF pulses which are short in comparison wi
Initially, the information onw, was derived from NMR the spin-lattice relaxation time. The pulse sequence for tf
lineshape. This approach, which is experimentally the easigsgasurement oM,(t), the Zeeman magnetization in the ro-
unfortunately requires a different lineshape analysis for eatdiing frame at exact resonance, is as follows. The first pulse
value of w; (2). the so-called 90° pulse. Its phase defines the orientation of t
Another method is the level-crossing spectroscopy in tiinsverse axes in the frame of reference which is rotatir
rotating frame 8). Its main advantage is good signal-to-noisabout the direction ofl,, which itself is pointing along the
ratio (S/N) and has, when level-crossing occurs in the magizaxis of the laboratory coordinate frame. By convention th
angle tilted rotating frame, also an excellent resolutidh ( RF field, which causes the 90° rotation, is directed along th
Unfortunately, the search for level-crossing resonances Viraxis. The RF spin-locking pulse which follows immediately
magic frame requires a different off-resonance field for eaetfiter is shifted in phase by 90° with respect to the 90° pulse ar
different RF amplitude along the magic directids).(This is is thus along thex-axis of the rotating frame.
very time consuming. An extension of the level-crossing in the Once the spin-locking pulse is switched off, the free induc
rotating frame to much larger values of tunneling splitting ha®n decay (FID) in the high field begins. Because of the
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10 DAMYANOVICH, PETERNELJ, AND PINTAR

instrumental dead time, a 3@s delay is usually chosen before H = H; + Hg + Hp + Hg(t). [3]
the FID amplitudes are recorded.

The density matrix for spins in the 90° tilted rotating framé&ne Zeeman Hamiltonian reads
follows from

HZ = _hwolz, [4]
in 27 _H 1
: at [H. o], (1 wherel, = 1, + |,, + |3, is thez-component of the total spin
of the methyl group protons, while, = y,H, is the proton

whereH is the Hamiltonian of the system. Equation [1] musf€eman frequency. The rotational Hamiltonibi does not
be supplemented by the initial conditiar(t = 0) = ¢(0) have to be given explicitly; it is sufficient to recall its threefold
imposed on the density matrix; the timte= 0O refers to the SYMmetry and that the hindering potentglis large enough to
instant when the RF field pulse is switched on. It is a commdinit the tunneling frequency of the methyl group to be com.

practice to assume that a good approximationdf) is parable to the dipolar frequenay, = y;i/R;. Taking the
value of the proton—proton distané® = 1.78 A, weobtain

b B, wp = 134 kHz orwp/y, =5 G.
a(0) o« e Pre PRt o), [2]  The dipole—dipole interaction written, with a minor change
in the form as given in Ref.9, is

where B3 = 1/kT, and the Zeeman temperatule in the

rotating frame equals the lattice temperattiretimesH ,/H,. 2
The termH 3’ is the secular part of the dipolar interaction in the Hp = fiwp z (—1)k z U i]fkvﬁ_ [5]
rotating frame (see below). Time evolution bf,(t) in the k=2 i<j

rotating frame at exact resonance and based on the above initial

condition has been studied previousF).(The purpose of the The operatord) i and V! are

present investigation is to examine whether the use of the

initial condition [2] entails any loss of spectroscopic informa- U= (6 U2y —k

. . , i = (6m/5)"2Y,(0y, ¢;), 6
tion that would be otherwise available from the calculated 1= )2 i ) (6]

M,(t). To this end we assume only, instead of employing [2],. . . . .
that prior to the application of the 90° pulse, the Zeema vith the spherical harmonics defined i8),( and the polar

rotational system is in thermal equilibrium with the Iattice‘f’mgles 0i, ¢;) determining the orientation of the proton—

Following this, the time evolution of the spin system during thgroton vectorR;. The spin operators aré)(
90° pulse will be taken into account, resulting in a modified

initial condition compared to [2]. This is mandatory whenever Vi = —@RYLIP =317+ 1] [74]
the ma}gnitudg of _the 90° pulse is comparable to the strength of Vit= (100 417 jo)’ [7b]
the spin-locking field pulse. . n s

The calculated expressions fdr,(t) will always refer to the Vis= =177, [7c]

end of the field pulse. In actual experiments, however, the
recorded time “point” on the FID is delayed by for a time wherel’ = 1, andI;* = I, = il iy~
after the end of the field pulse. Thus, to compare the experi-The radiofrequency field applied to the sample is a rotatin
mental results consistently with the calculated ones, the evmnsverse magnetic field. The corresponding interaction Har
lution of the Zeeman-rotational system during this time intervétonian is
7 (when spins evolve in the laboratory frame) should be con-
sidered as well. A significant consequence of this delay was Hre(t) = —fiwy(1,c08wot — 1,Sin wyt), (8]
reported recently§).

The experimental data on GED,| corroborate the theoret-

] ! w; = yHi, I, = 1, + 15 + 15 and similarly forl,,.
ical results conclusively.

The equation of motion for the density matripx in the
rotating frame is approximated by
THE HAMILTONIAN OF THE SYSTEM AND THE
EQUATION OF MOTION FOR THE DENSITY

. 0p
MATRIX IN THE ROTATING FRAME it

ot

r:[_ﬁwl|x+ HR+ﬁwDE UﬁVﬁ, Pl [9]
i<j
The Hamiltonian describing the dynamics of an isolated
methyl group in the laboratory frame, and on a timescale shdtris related to the density matrixin the laboratory frame by
compared to the spin—lattice relaxation time, is the unitary transformation
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lootlz, g ~lootlz [10] that only the lowest three rotational levels are appreciabl
populated. The symmetry adapted spin states Bre (
Next, the 90° tilted rotating frame, also called on-resonance
rotating frame, is introduced by making the transformation (3 3
XA

X 2) = |aaa),

p==e

(7l 2)ly

og=e prefi(w/2)ly, [11]

3 1) 1
=, =] = —||laaf3) + |aBa) + |fax) |,
with the resulting equation of motion far XA<2 2) B loap) +[apa) + |paa)]

11 1
2 (s v, o, ag relaiz) = ylleas) + daper el 1o

wheree = €™ and the asterisk denotes complex conjugat
value. It holds thalye,(1/2, M) = x&.(1/2, M). In addition
« andg represent the-components and — 3, respectively, of
the proton spin, and the spin states with negative valuéd of
H2 = doghwp 2, UVY, [14] are obtained from [19] by interchanging and 8. The Pauli
i<j principle imposed on the protons demands that only combin:
tions (v, ¥) € (AA E.E,, E,E,) occurin [17].
and The Hamiltonian identical tél,, apart from the factod,, in
[14], has been discussed previously by Andrew and Bersol

V=2 dolfiwp 2, USVE) = > dg V.. [15] (without the Hg term) (L0) and Apaydin and Cloughl().
k#0 i<j k#0 Consequently, repeating and extending their calculation, w

obtain
The coefficientsd,,, for —2 = k = 2, are thed = =/2

where

Ho= —fiol, + Hg + HY, [13]

values of the expression8)( 3
HolA, £3/2) = | 5 oy — Zﬁa] A, £3/2),  [20a]
doo(0) = (3 cogh — 1)/ 2, [16a] ) L
do-1(0) = =(3/2)Y?sin 6 cos 6, [16b] Ho|E, =1/2) = Iihwl + ﬁA} |E, £1/2), [20Db]
do-,(0) = (3/8)Y%sin?6. [16¢] ]
Ho/(AE)., M) = | —Mfiw, + AA
DIAGONALIZATION OF H, L
1
We shall diagonalizeéd, in the basis of the eigenstates of + (ﬁa ) ﬁA) + bl’z] |(AE)., M).

—fw,l, + Hg, which we write as
[20c]
Bon(y) = d,(V)x:(1, M) = [vM). [17]

The eigenstat¢A, +3/2) is defined by [17] and [19], while
The rotational components,(vy), wherevy is the angle describ-

ing the rotation of the methyl group around its symmetry axis,

1
are |E, x1/2) = N [e*|E, *+1/2) — €|E,, =1/2)], [20d]
\
1 , 2
0.0 =5 [qbo(y) - e'<2”’3>5¢o< y+ 3) and
\!
N ei(ms%( _ 23”” . (18] [(AE)., M) = C.[a-|A, M) — €*|E,, M)

— €|Ep,, M)], for M = =1/2. [20€]
do(7y) are the so-called pocket states ane- 0, 1, and—1
correspond to = A, E,, andE,, respectively, which, in turn, The zero of energy was chosen such that M|Hg|A, M) =
label the irreducible representations of the point groygXl. 0, and(E.,, M|Hg|E.,, M) = #A. The quantities introduced
As usual, we will restrict ourselves to low temperatures, suetbove are
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a= 2 dewp(l — 3 coLB), [21a] gompared to the strength of the rotating transverse magne
field H; which, in turn, is assumed large comparedvigdy,, it

1 )\? 3 2 is permissible to consider the 90° pulse as a rotation operat
b= (a T2 A) * 2<a - 8d°°“’0> » [21b] g effect is to rotate all the spins around thexis. On the
other hand, ifH} is comparable td1,, spin dephasing during
_2< a+ 3doowD> the 90° pulse due to dipole—dipole interaction should be take
o = 8 [21¢] into account in order to analyze the experimental data consi
- {8b1/2|:b1/2+ (a_lA)]}llz, tently
- 2 Assuming that the RF field corresponding to the 90° pulse
along the negativg-axis we obtain, by employing the high
(a _ 1A> + pl2 temperature approximation and keeping only terms up to fir
_ 2 order in dipolar interaction, the following form
a. = 3 , [21d]
a-+ g doowD
i 7l 2
o(0) = ay(0) + P2, L f doe 12
wherep denotes the angle between the external magnetic field z hol o
H, and the symmetry axis of the methyl group. Inspection of '
the results reveals that the eigenvalues given in [20] agree, X >, Kdg(0) V<7270 [25]
except for the multiplying factad,, and the uniform shift of all k
the levels, with the corresponding values obtained by Clough
and Apaydin 11, see p. 934). whereoy(0) = (1 + Bhiwyl, + - - )/Z is the high temperature

form of [2], Z is the partition sum, antiy = Hg/hw;, with
TIME EVOLUTION OF THE ZEEMAN POLARIZATION 4 — v H’. The second term in [25] represents the sought-fc
IN THE ROTATING FRAME modification of the initial condition [2] due to spin dephasing
during the 90° pulse.

The equation of motion [12] fov is solved by using the The Zeeman polarization along tleaxis of the laboratory

interaction representation defined by

frame is
O_I(t) — e(i/ﬁ) Hota_(t)e—(i/ﬁ) Hot. [22]
My(t) = yoi Tr{p(t) 14, (26]
In the interaction picture the density matrix(t), is given, to
the second order in the dipolar interactign as or, in terms of the interaction picture density matoixt),

M, (t) = v Tr{o(t)],}cos wet

mm=mmﬂ(—QJduwmmmn _ |
o + y i Tr{o (1) e Mol e~ Hotgin ot [27]

H 2 t t1
+ (— %) J dt, j The calculation of the traces in [27] is performed in the basi
0 0 defined by [20] and is carried to the second order in dipole
interaction. To make the lengthy calculations a bit easier, w
omitted a few terms of the ordemwg/w})* which contribute
only to the Fourier peak centered at, whose dominant
contributions are due to terms in [27] which are proportional t
(wp/w?y). Furthermore, the presence of the rotational Hamilto
V() = ety (e, [24] nian H in the second term of [25] indicates that matrix
elements of the typév,M|e"”"*|v,M) must be calculated.
and, of courseg,(0) = ¢(0). Even thoughHy, is strictly diagonal in the basis defined by [20]
The initial density matrixa(0) describes the state of theonly in the limit w,/A — 0, we will nevertheless replace such
system in the 90° tilted rotating frame immediately after theatrix elements bye/MH=I=>Wg = This simplifies the
90° pulse was switched off. Prior to the application of the 9@alculation and does not affect the results significantly.
pulse the spin-rotational system is assumed to be in thermaBefore presenting detailed results of the above calculatio!
equilibrium with the lattice at temperatufig . It is also well let us examine the role of various terms in the equation ¢
known that, when the strength of the 90° puldé is large motion for o(t). Upon examination of [12] we attempt to

X dt[V(ty), [V(t), o(0)]] + - - -, [23]

where
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anticipate the time dependenceMf(t). The formal solution w3[codw; + 8,)t — cosw;t]
of [12] is a(t) = e Vg (0)e WMV |f we ignore the w20, + 8,)
dipolar interaction term\/ and, moreover, retain just the first

term in [25], then only the first term of [27] contributes. Thus, _ wplcodw, — 5t - coswlt]}sin ot
M,(t) = v, ATr{a,(0)l }cos wet = MoCOoSw,t, representing 1(2w; = 8)) °
the magnetization rotating in the-y plane. When also the _

- . . . : a_o, — 1
V-term is included in [12], while we continue to use the first - () A_,B,
term only of [25], it is more convenient to use the perturbation A=z o

expansion [23] for calculation of traces in [27]. Since the states
defined by [20] are eigenstateslofand, because thé" terms
contained inV as defined by [15] obeyl], V¥ = kV¥ it

wi[codw; + 8,)t — codw; — 2AbY?)t]
x w120, + 8, — 2Ab™?)

follows that V generates additional time-dependent terms w3[codw; — 8,)t — cow; + 2AbY?)t]
which modulateM,(t). These terms oscillate with frequencies - w0 (20, — 8, + 2Ab™?) }
determined by the transitions among the eigenstates [20] in-

duced by the varioug* terms. However, in the 90° tilted frame X sin wqt. [28]

do., = 0 as seen from [16b] and, consequently, up to the
second order invV only the frequency @, (shifted by the The symbols used above are defined in [21]. We have intr
tunneling splittingA and HY’ part of the dipolar interaction) duced also

will occur in M,(t). Again, only the first term of [27] gives
nonzero contributions. Finally when, in addition, the second
term of [25] (which includes th¥ ** terms as well) is used, the
magnetizationM,(t) acquires also modulations at frequency
w,, generated by the second term of [27] and shifted similarly
as 2w, modulations. This is confirmed by the detailed and
lengthy calculation which yields, for«Z > A, the result

5,=3A +3a+ AbYZ A= =, [29a]
A, = 2:Mc —a,(1 — 3 co$p) + 3 sin’B]?,  [29b]

B, = tMya,C2[2c,(1 — 3 cosB) + 3 sin’B. [29c¢]

To represent these results graphically, it is best to define t

5 Fourier transform oM, (t) as
wp[1 — coq2w, + §,)t]

M,(t) = MyCOSwot — ., 4AA{

(2w, + 8,)?
e 1 (- .
i1 - cot20; — 5,)t] M, C0sB) = o J (e [30]
(20— 5,)° COS wqt o
7 c2A . . .
+ Lol a2 The expression for a polycrystalline sample is
e \ 2 gt
2[1 — coq 2w, + 8))t !
x [ @oLL = cotZos + O] (m(@) =%| dcospm(w, cosp).  [31]
wi(2w, + 8,)
-1
- ; COS wqt ] )
01(20, = 3,) Using [28], [29], and [30]{m,(Q2)), whereQ = w — w,, is
5 w2sin(2w, + 8,)t ca[cula]}ted. .By broad((ja_ning the spectra with a Gaussian broa
— > A, w20, + 5,) ening function according to
wisin(2w,; — &)t 1 »
02w, — 5,) | SO (M(Q; 0)) = TWZJ du(my(u))ye V72" [32]
v ,m

9 wp 2
- 32 BA(&)') {coqw; + &)t
A=z ! Figures la and 1b are obtained. To make these spectra ea
comparable with the experimental ones, the figures are plott:
)A)\B)\ as functions of the off-field parametar= Q/vy,, instead of

frequency.

a?-1

— coqw; — S t}sin wet — O, (

A= A
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FIG. 1. (a) The absolute value of the real part of the Fourier transform of Expression [28]. In these Hragh&./y, = 40 G, the strength of the 90°
pulse isH} = w'/y, = 50 G, andwp/y, = 5 G. The tunneling parametéyy, was chosen to be 0, 5, 15 (dotted lines), and 30 G. The curves are plotted
functions of()/y,. The intensity is given in arbitrary units. The broadening parameterl G. Only theAM = 2 peak and its satellites at5, 15, and 30 G

are shown since thAM = 1 peak is zero for the real component. (b) The absolute value of the imaginary component of the Fourier transform of [28]
tunneling parametet/vy, is 0, 5, 15, and 30 G, respectively. The remaining parameters are the same as in (a). It should be noted that even in the most
spin-locking experiment a small missalignmentf alongH, cannot be avoided. As a result, experimentally, a small pavt o precessing around,. This

precession ady, contributes a strong, experimentally observed peak aivhose intensity dependence is shown in Fig. 2.
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DISCUSSION OF THE RESULTS AND COMPARISON a FREQUENCY (kHz)

WITH EXPERIMENTS 0O 50 100 150 200 250 300 350 400
R RHRRY MM Ul AN R Y O RN

It is well known (7) that the Fourier transform of Zeeman
polarization in the rotating frame at exact resonance shows a
nonvanishing intensity only in the vicinity oft®, whereH, is
the magnitude of the spin-locking field pulse (we are interested B
only in the Fourier components which are peakeddatand
2H,. We neglect the Fourier component@t= 0, which is —
always present, but is also always distorted because of exper-
imental limitations). However, when the evolution of the Zee- -
man-rotational system during the 90° pulse is also accounted %
for, the Fourier transform acquires a nonzero intensity aas AR . AR AR M blodibibuliMonin
well. The intensity is proportional t@,;|H,|(Zwp/fiw}). This 0 10 20 X iﬂ (GSA(?USSC)) 70 & 30 100
structure disappears in the limiH; — . In practice it is
barely observable wheH’, is ~60 G. b FREQUENCY (kHz)

In Fig. 1a we show the absolute value of the real part of the O.],],1.59,”,.‘,919.,,I,}ﬁ,.,ﬁﬁﬁ,.ﬁﬁlﬁﬁ?,,. ?El’?,ﬁol?,

Fourier transform of the Zeeman polarization in the rotating L
frame at exact resonance for various values of the tunneling | -
parameterA. These results are in agreement with the results
discussed previously’). The structure of the peak centered at
2H, was studied also for values df which are small com-
pared towp, a case not treated i), We found that the effect
of tunneling splitting is already noticeable whénis much
smaller thanwy. Furthermore, the real part of the Fourier
transform does not depend much on the magnitude of the
preparation pulse, at least for theconsidered. For example, ol Nt
the spectra in Fig. 1 d|g| not change yvhen a fictitiously high O 10 20 30 40 %0 €0 70 80 90 100
H! = 1 K G was used in the calculation. H1 (GAUSS)

The imaginary component shown in Fig. 1b, has, unlike the
real component, a nonvanishing intensity bothHatand at FIG. 2. The experimente\_l CKCD,l proton rr?agnetiz_ation evolution on
2H,. However, the intensity of thel, peak is proportional to resonance. The rea}I (absorption) component of its Fourier transform, a, andil

. P imaginary (dispersion) component, b, detected in two separate channels

1/H’ and thus goes to zero in the limit of a strong 90° pulSgrown. Note the strongM = 1 peak atH; = 39 G with which theH is
The structure and the relative intensity of the peak centereddatermined. The tunneling parametety, is 4.2 + 0.2 G. Note also that the
2H, (whereH; = 50 G andH, = 40 G) is roughly the same satellites of theAM = 1 peak are split more due to the dipolar contribution,
as the structure and relative intensity of the real component, ¥{}ch is in this case significant in comparison with the smallAs A
. . . increases, the dipolar shifts of theM = 1 satellites become relatively
is weaker than the |nten§|ty qf the peak centeredi alpy @ maller. TheAM = 2 satellites are shifted by A.
factor of ~3. The tunneling side bands are seen adjacent to
both peaks.

As was already pointed out, the real component of the agreement with the general results presented in the previo
Fourier transform(m,({); o)) at exact resonance shows &ection.
nonvanishing intensity only in the neighborhood 12 Spe- Unlike the real component, the imaginary component o
cifically, at A = 0 there is a single peak centered &t,2vith  (m,({); o)) shows a nonzero intensity bothtdt and at H,.
a width of 3.8 G at half intensity. As the tunneling splittifiy  The structure of the peak centered &t 2together with its
increases, a double peak structure appears at relatively smalineling satellites is almost identical to the structure of th
values of A. The peak-to-peak separation of the resultingeal component. Also the peak-to-peak distance of the tunne
tunneling satellites is, over the whole range &f given by ing satellites obeys the same relationship as given abov
Ah(peak to peak} (2A + wp/5)/y, for A = wp, andAh(peak Figure 1b shows that the imaginary componerrof(Q; o))
to peak)= (2A — wp/5)ly, for A > wy. At Aly, roughly equal is characterized by a relatively strong double peak with a sha
to 6 G adipolar double peak of fairly low intensity emergesusp centered &i,. At A = 0 its intensity is three times larger
from underneath the receding tunneling sidebands. The peakhtan the intensity of the peak aH2. The peak-to-peak dis-
peak distance of this dipolar line &5 G. It is also observed tance atH, is roughly 5.1 G whem\ = 0, and drops to 4 G
that the intensity of the tunneling satellites on the low field sidehenA = 6 G. The tunneling satellites become visibleAat=
is higher than the corresponding intensity on the high field sideG and their separation ish(peak to peak¥ (2A — wp/5)y,,

It :




16 DAMYANOVICH, PETERNELJ, AND PINTAR

for 5= A = 20 G. The dipolar interaction shifts the tunnelingf Zeeman polarization in the rotating frame at exact resonan
satellites corresponding ttAM| = 1 and 2 by the same shows a nonvanishing intensity not only &2 whereH, is
amount. the magnitude of the spin-locking field pulse, buHatas well.
If we compare the results shown in Fig. 1 with the experi-
mental Fourier transform'of the Zeeman polari;ation obtained ACKNOWLEDGMENT
for CH,CD,l at 40 K with H, = 38.76 G (Fig. 2), the
agreement between the calculated spectra and the experimentdgpport from Natural Sciences and Engineering Research Council (Ottaw
reasonable. is gratefully appreciated.
To conclude we would like to emphasize that the magneti-
zation given by [27] is evaluated immediately after the end of REFERENCES
the field pulseH ,. However, the recording of the FID signal is
delayed by a timer (=10 us) after the end of the field pulse. 1. w. Press, “Single Particle Rotations in Molecular Crystals, Springer
For this reason we should have taken into account also the Tracts in Modern Physics,” Springer-Verlag, Berlin, (1981).
evolution of the magnetization in the laboratory frame undeg. J. A. Ripmeester, S. K. Garg, and D. W. Davidson, J. Chem. Phys.
the action of—fw,l, + Hg + HY (here only the secular part 67 2275 (1977).
of the dipolar interaction as defined in the laboratory frame i§- R- S. Hallsworth, D. W. Nicoll, J. Peternel;, and M. M. Pintar, Phys.
to be considered). A calculation entirely analogous to the one <&V Lét 39, 1493 (1877).
described above shows that the real and imaginary compone@tsg' sh;"a;‘td 'V":PM' ?'r]tar' ?:ZS' Ret‘_" ise, 5954 uii?g arced
: H . C. P. Slicnter, rincipies o agnetic Resonance—Iniri nlarge

e ot o e o o g 4 PO o S i, 5 5%,
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