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A more refined calculation has been carried out
by Eagles" which shows (i) that the simple model
discussed before is a very good approximation
and (ii) that the coupling constant including all
polar modes of TiO, is (A) =1.77 v'm*. This
gives (A) = 3.4 and m*- 3m, in very good agree-
ment with our first determination.

Centre Associe au Centre National de la Recherche
Scientifique.

M. Nagasawa and S. Shionoya, Phys. Rev. Lett. 21,
1070 (1968).

E. F. Gross, D. A. Kaplyanskii, V. T. Agekyan, and
D. S. Bulyanitsa, Fiz. Tverd. Tela 4, 1660 (1962} [Sov.
Phys. Solid State 4, 1219 {1962}].

F. Arntz and Y. Yacoby, Phys. Rev. Lett. 17, 857

(1966).
K. Vos and B. I. Krusemeyer, Solid State Commun.

15, 949 (1974).
~K. Vos, Ph.D. thesis, Utrecht University, 1976 (un-

pubiislled) .
J. Pascual, J. Camassel, and H. Mathieu, unpub-

lished.
N. Daude, C. Gout, and C. Jouanin, Phys. Rev. 8 15,

3229 (1977).
E. Caruthers, L. Kleinman, and H. I. Zhang, Phys.

Rev. B 7, 3753 (1973).
L. F. Mattheiss, Phys. Rev. B 13, 2433 (1976).
B. Gerlach and J. Pollman, Phys. Status Solidi (b)

67, 93 {1975}.
R. J. Elliott, Phys. Rev. 108, 1384 (1957).
R. A. Parker, Phys. Rev. 124, 1713 (1961).

~G. A. Acket and J. Volger, Physica (Utrecht} 32,
1680 {1966).

D. M. Eagles, J. Phys. Chem. Solids 25, 1243 {1964).

Torsional Spectroscopy by NMR in the Rotating Frame
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Nuclear-spin Zeeman states prepared at a low temperature in the rotating frame were
matched to the torsional ground-state splittings of NQ and CHs groups in solid lattices
at a higher temperature. A resonant transfer of order was observed to occur instantan-
eously. Measurements yield a part of the torsional spectrum and the torsional relaxa-
tion time. From the torsional relaxation, the torsional lifetime broadening of a NH4
ground state in ammonium iodide at 10 K was found to be -1 Hz.

Because a nuclear-spin Zeeman system and a
torsional system of atomic groups (such as CH,
or NH, ) embodied in a solid la,ttice are coupled
strongly' ' by the magnetic dipolar interaction
which contains both spin and space operators,
it is possible to induce a double resonance by ad-
justing the rf field &y In resonance, any experi-
mentally prepared difference of population dis-
tributions between the two systems vanishes in a
time which is orders of magnitudes shorter than
either the spin-lattice or torsional-phonon relax-
ation time. For this reason the concept of a
semiequilibrium of the Zeeman plus torsional
system is applicable. In other words, it is pos-
sible to resonantly cool (or heat up) the torsional
system by a cold (hot) Zeeman system without
interference from the lattice. With this double
resonance method it is possible to determine a
part of the torsional spectrum and its specific
heat. In addition, the torsional relaxation time,
a quantity which has not been measured before,
can be detected without any disturbance from the
Zeeman system.

The experiment begins by establishing a nuclear
Zeeman system in the rotating frame by the spin-
locking pulse sequence. With this sequence the
equilibrium nuclear magnetization Mo in high
field is turned 90' off the high-field direction and
an rf field 8, is established parallel to M,. After
spin locking, the nuclear Zeeman levels population
is characterized by a spin temperature of the or-
der of 10 ' K while the lattice (and torsional) tem-
perature is - 10 K. When Zeeman and torsional
energies are brought in resonance (by varying
II,) the considerably different populations are
equalized in a time which is shorter than the spin-
spin lattice relaxation time T, and orders of mag-
nitudes shorter than torsional (T») or spin-lat-
tice relaxation time. In other words, after the
semiequilibrium in the rotating frame is estab-
lished the resulting magnetization is considerably
smaller than the high-field value Mo. This loss
of spin polarization, which is the result of the
resonant heating of nuclear spins by the torsion-
al system, is maximum when the two systems
are perfectly matched. Thus the loss of magnet-
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ization as a function of H, gives directly the part
of the torsional spectrum which is in contact
with spins. As the semiequilibrium is estab-
lished the torsional temperature falls to - 2&&10 '
K in an environment with a lattice temperature
of - 10 K. This torsional polarization vanishes
with a relaxation time T». In the solid studied,
T» was found to be at least one order of magni-
tude shorter than the "nonresonant" Zeeman spin-
lattice relaxation time &yQ.

After the establishment of the Zeeman-torsion-
al semiequilibrium the cold Zeeman system is
removed. Following is a pause in which no rf is
present. Next, Zeeman levels in the rotating
frame are brought back for a short time by re-
establishing the rf field II,. This second rf pulse
is applied without a preceding 90' pulse; thus
Zeeman levels have an effective spin-temperature
of - 104 K. This "sensing" rf pulse is left on so
long that a semiequilibrium between Zeeman and
torsional energies is established. However, in
this instance the energy flow is in the reverse
direction: The torsional system is cooler than
the spins, and thus it produces a spin polariza-
tion. If the time between the cold spin-locking
rf sequence and the hot sensing rf pulse is var-
ied, information on relaxation of the torsional
order to the lattice is obtained.

The proton magnetization was spin locked along
rf fields from 2 to 36 G (Fig. 1). In the ammoni-
um halide NH4I, with a known NH4 torsional split-
ting' of -10 G, the evolution towards a state of
semiequilibrium was observed as a function of
the proton Zeeman splitting @yH, . Results at 10
K are shown in Figs. 1(a) and 1(b). If the field
H, is such that the Zeeman splitting closely
matches a torsional splitting the two systems ex-
change energy rapidly. For H, between 12 and
36 G the semiequilibrium was established in a
time of the order 100 @sec, Fig. 1(a). At small-
er fields it took longer to achieve semiequilibri-
um. Note that spin and torsional states are in
contact only for the duration of the field pulse.
Once the semiequilibrium is established, an ef-
fective torsional specific heat may be derived
from the M, vs H, curve, Fig. 1(b), in complete
analogy with the experiment in which the dipolar
specific heat in the rotating frame is obtained.
This experiment involves measurement of M,
following a 4-msec spin-locking pulse of variable
strength [Fig. 1(b)]. Near 36 G the magnetiza-
tion does not depend on H, . It reaches half the
amplitude when H, =Hr [Fig. 1(b)], with M„
=M+, '/(H, '+Hr'). From Fig. 1(b) we derive
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FIG. 1. M„vs H&. Mo is 19.8 units. Curves a and 5
were arrived at by measurements at 1-G interval. Ac-
curacy is + 5%. The delay between the spin-locking
pulse and the SPO'TS pulse sequence c was 2 ms while
T&@=1.85 sec. The material is NH4I.

HER=13. 0+0. 5 G.
The nuclear polarization loss was evaluated

for all possible torsional ground-state splittings. '
For simplicity we present here only two cases.
In the first, the triply degenerate F level is split
by ~~ into a doubly degenerate and nondegenerate
level. In the second, the degeneracy of the I' lev-
el is completely removed, with equal splittings
w~ between adjacent levels. For these configura-
tions specific heats were calculated as follows.
The specific heat is defined as Cr=&Er/&P,
where P is the inverse temperature We ge.t for
the first case C& ——~@'N&', where N is the
number of NH4 torsional groups. For the second
case we get -,'~'N&'. The specific heat of the
Zeeman system is C7 @'&u,'(2N„+zN~——) =N@'e,',
where N& is the number of NH4 torsional oscil-
lators in the ground state (A), and NJ, the number
in the I' state. There are sixteen spin states of
which N& ——~N and N& —~N, and the nonmagnetic
states are N~ =T'6¹

In semiequilibrium between Zeeman and tor-
sional states, the combined system reaches a
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common inverse temperature P , givenby

P(cz+ Cr ) =Pocz+ Ps, cr ~

The initial Ze ure p is theeeman inverse temperat
chxeved by spin locking M alon

p 1 The tor sional sy ste mm is initially in
qui ibrium with the lattice' thu tus i has the lat-
ice mverse temperature P . Ass a result of the

c ing o the cold spin system with a hotter
tor sional reservoir the p po
aneously diminishes: M„=M P/
o t t fo thior is fast change is near +&——& of1

ess. sing the semi-
equilibrium condition, we get

1

~z ag c' c,+c, a, (c,+c, )

Since C is o's of the same order as C d 8 '
e second term is negligible, and thus

M„=M,Cz/(Cz+ C, ).
Q co~= co thhe magnetization loss (M, -M„)/M
for the partial removal of the I' dee egeneracy equals

o, an or the complete removal of E degen-
eracy, 27%%uo. The measured losured loss has a maximum

g
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system is not too short, its presence will be de-
tectable by its effect on the spin polarization. If,
however, the relaxation time is much less than
the spin-lattice relaxation time, then the system
merges with the rest of the lattice and is unob-
servable as a separate system. In addition to
providing the energy splittings, which are ob-
tained as in other spectroscopic techniques, the
phenomenon allows for a determination of the
heat capacity and relaxation time of the coupled
energy reservoir. Torsional spectra and relax-
ation in (NH~), BeF~ and CH, CD,I with a theory of
magnetization losses will be reported elsewhere.

This work was supported by the National Re-
search Council of Canada.
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ERRATA

STRONG-SIGNAL THEORY OF A FREE-ELEC-
TRON LASER. F. A. Hopf, P. Meystre, M. O.
Scully, and W. H. Louisell [Phys. Rev. Lett. 37,
1342 (1976)].

In Fig. 1, the numbers on the horizontal axis
should be multiplied by a factor of v 2/m'.

SUPERCONDUCTIVITY OF bcc BARIUM UNDER
PRESSURE. C. Probst and J. Wittig [Phys. Rev.
Lett. 39, 1161 (1977}].

On page 1162, column 2, the fourth line of the
second paragraph should read, ".. . reported de-
cxease of the melting temperature. . . ,

" rather
than "increase. "

Starting on line four of the next paragraph, the
sentences should read as follows: 'Crystallo-
graphic phase transformations introduce only mi-
nor discontinuous changes of T, whose directions,
however, follow the general trend. ' This simple
behavior should have a rather general origin.
Some final remarks. . . .
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