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ABSTRACT 

The spin temperature hypothesis is extended to a system 

of nuclear spins with internal magnetic dipolar interactions 

and subj ect to peri.odic external perturbation in the form of 

intense radiofrequency pulses. Preliminary results are 

described for the case of phase-alternated irradiation at 

resonance. 
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The spin temperature hypothesis has provid~d an extremely 
" 

useful tool for the understanding and development of nuclear 

magn~tic resonance' in solids .(1) The substance of the hy

pothesis J as related to 'our interest, is that a system of 

nuc1eai spins coupled by magnetic dipolar int~ractions in a 

, s'olid approaches,,' in a time T 2' a state of internal'equi1ib

r'iurn' ,characterized by a spin temperature. Under special 

exp'etimental conditions, this assumption has been shown 'to 

be' 'invalid, (2) but we' shall not be concerned wi th such 

experiments in the present case. We' find that when a strong 

time-dependent perturbation, in the form of a sequence of 

intense radiofrequency pulses, is applied to such a spin 

*Supported in part by the U~ S. Atomic EriergyCommlssion 

through the Inorganic Materials Research Division of the 

Lawrence 'Berkeley Laboratory and in part by the National 

Science Foundation. 



system, the concepts of spin thermodynamics aY".::l statistical 

mechanics may still be employed with respect ~J a time

independent average Hamiltonian(3) in a frame of reference 

defined by the external perturbation. This is an extension 

of-Redfield's hypothesis of spin temperature in the rotating 

(4) ,more 1 .. d l' - . . frame to a genera - perJ.odJ.c an cyc J.C exc~tatJ.on. The 

form of the time-independent average Hamiltonian can be 
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imposed by appropriate selection of the excitation, and thus, 

this concept constitutes a powerful means not only of 

treating the long term behavior of such a time-dependent 
eXl;l~l"ilJlental1y 

system by spin thermodynamics, but also of /moe1J.f-YJ.ng thermo-
f 

dynamic parameters such as spin heat capacities. This 

should have consequences in several areas, for example the 

enhancement of sensitivity in double-resonance experiments. (5) 

Figure 1 depicts one of the pulse sequences used in the 

. f d 19F ·· 1 present experJ.ments, per orme on the spJ.ns J.n a crysta 

of CaF 2. -An a,diabatic demagnetization in ·the rotating 

frame (ADRF), or else a ('rr/2)y - ('rr/4)x pulse ?air, (6) 

prepares the system in a state of high inverse dipolar spin-

temperature Bo ' characterized by the density c;erator: 

1 (Q HOd) / Po = Z e xp - IJ 0 
o 

(1) 

where Z = Tr{exp (- SO H~)} and H~ is the usual truncated 

dipolar . . (7 ) -t 1 9 1." T h b J.nteractlon amongs - L splns. ~ su sequent 

irradiation III (t), consists of a series of resonant rf pulses 

,--
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of nutation angle 6. with an alternation of phc3es by IT every 

pulse. In general, the treatment of the respc:1se of the 

system to this excitation would be an intractajle problem; 

however, we apply the concepti of average Hamiltonian theory, 
in zero order 

and assume that if T « T2 , then/we may consicer the system 

to behave as if under the influence of a time independent 

-0 
average dipolar Hamiltonian Hd in an interacti~n picture 

where: 

·f
2T 

= 1 
2T 

o 

H~(t) = T expQt - i~' HI (t') dt) H~ T exp at iff Hi (t') dt) 

(3) 

andT is a time ordering operator. We now assume that after 

a sufficiently long time, the system can be described in the 

new picture by a canonical density matrix: 

i ( HdO) PI = Zl exp - 61 

The rf irradiation is now termi.nated. TtJc.can inquire 

into: . (a) the short time behavior of the system, and (b) 

the dipolar spin-temperature of the final state. The time 

(4) 



dependent relative magnetization upon termina"tion of the 

pulse sequence is given by: 

Tr{~XP(- ¥- H~) PI exp(W- H~)Ix} 
Tr {I~} 

Using the high temperature approximation for PI in (4) and 

solving for ~ in the case of ideal "o-pulses," we find 

after some algebra: 

where Sd(t) is the normal dipolar free induction decay(S) 

observed from a system in a state described by (1), i.e., 

and Px is a (~) pulse. This is remarkable: it predicts a 
x 
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(5) 

(6) 

(7) 

transient signal, following termination of the irradiation, 

of shape identical to a dipolar signal. This is exactly 

borne out experimentally. 

To determine the long time behavior, we assume that 

during the pulse sequence the average dipolar energy <~> 

is conserved, and that after the irradiation, <H~> is 

conserved. The final state of the system is described by: 
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(8) 

Employing·equations (1)-(4) and the dipolar e~ergy conserva-

tion, we obtain after some algebra: 

These expressions are easily generalized to the case of 

non-ideal pulses.(9) 

(9) 

Figure 2 depicts the nutation angle dependence of our 

observed signals. SlCt)/Sd(t) is the relative intensity of 

the transient observed on termination of the sequence, and 
inverse 

62 /6
0 

is the final relative/dipolar spin-temperature. The 

theoretical forrm.Jlae are given in footnote 9, ar..d are close to 

(6) and (9) since 0 «1. The agreement indicates that 

despite the complexity of the problem, the assumption of 

quasi-equilibrium during the strong time deper..dent excitation 

is a useful one, and that quantitative predictions may be 

made. Details will be published elsewhere. 

Interestingly, in the continuous resonant irradiation 

experiment of Jeener and Broekaert,. (10) the average dipolar 

Hamiltonian is identical. to our situation in '~:~ich e = rr/2. 

For this case, equations (6) and (9) predict no transient, 

and 62 = ~ Bo as was indeed observed by the above authors. 

More general excitations, particularly the case of non

resonant irradiation(ll) are currently being investigated. 
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Figure Captions 

Figure 1: Pulse sequence used in the experime~t. e denotes 
x 

a pulse of nutation angle e along t~e x axis in 

( 1T4 ) the rotating frame. The final ?ulse probes 

the dipolar order remaining in the system. The 

dotted lines depict schematically the type of 

transient signal observed. 

Figure 2: Relative signal intensity for the two transients 

compared to the' normal unperturbed dipolar free 

induction decay observed for 19F spins in CaF
2 

on application of pulse sequence in figure 1. 

Sl/Sd is the relative intensity of the first 

" 
transient and a~/a~ is the relative final imerse 

dipolar temperature, i.e., the rela::ive intensity 

of the, second transient. The solid curves are 

taken from footnote 9 with 6« 1 variable, 

corresponding to the experimental conditions. 
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