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Magnetic resonance in a solid is considered for an arbitrary shape and width of the spin-phonon interaction 
line W(o). A system of equations for the evolution of the Zeeman and non-Zeeman temperatures p, -' and 
S,,, -' is obtained from simple physical considerations and is solved in the case of spin-lattice relaxation and 
for magnetoresonance saturation. It is shown that the physical pictum of both processes differs substantially 
from the traditional one if the W(o) line is narrow compared with the magnetoresonance line P,(o) and (or) is 
asymmetric with respect to its center o , .  In particular, in the stationary saturation regime it is possible to 
have not only a strong cooling of the non-Zeeman (low-frequency) reservoir (IS,,, I > & ,  where 8, -' is the 
lattice temperature), but also a noticeable "superheating" of the Zeeman (high-frequency) reservoir 1B, <0, 
IS, I -Sr ), a fact manifest, e.g., in a considerable inversion of the basic (central) part of the magnetoresonance 
line P ( o ) .  Estimates demonstrate that it is realistic to expect experimental observation of the predicted effects 
and to use them, in particular, to investigate interaction in solid-state spin systems. 

PACS numbers: 76.20. + q 

1. INTRODUCTION 

It is  usually assumed'-3 that in a solid-state spin 
system its two constituent quasi-equilibrium subsys- 
tems,  the Zeeman (high-frequency) and the non-Zee- 
?an (low-frequency) subsystems, with Hamiltonians 
&P, and &,, relax into the lattice independently of each 
other, each following a single exponential curve. This, 
however, i s  not always the case. Let the spin-lattice 
relaxation be effected via a direct interaction of the 
spins with the phonons in the vicinity of the Zeeman 
frequency w,, a s  is  the case,  e.g., in electro? para- 
magnetic resonance (EPR), inasmuch as  the Xn, 
reservoir  does not have its own separate contact with 
the lattice; we shall consider hereafter precisely this 
case and designate the spin-phonon interaction line by 
U'(w). Then the independent singly exponential spin- 
l?ttice relaxation of each of the subsystems $# and 
&Pn, follows from the symmetry of the line W(w) about 
w,. This statement follows, in particular, from the 
paper of Buishvili and Z v i a d a d ~ e , ~  who considered mag- 
netic resonance broadened by dipole-dipole interactions 
($?,, = &P,). Since the spin-phonon line is slightly asym- 
metrical about w, for direct (single-phonon) relax ;I t '  ion 
processes (W(w) ma2), a second exponential appears in 
the case of spin-lattice relaxation of each of the sub- 
systems,  and in the regime of stationary saturation at 
the frequency w,, the reservoir  gd i s  somewhat cooled 
(its temperature pi1 decreases to one-third the lattice 
temperature pi'), something that should not happen in 
accordance with the accepted theory of magnetic-reso- 
nance saturation in solids.l9 These effects, however, 
a r e  small  and were disregarded in most of the suc- 
ceeding investigations and reviews (Refs. 3 ,  5, 6)." 

There exist nevertheless substances in which the 
assumed picture of the spin-lattice relaxation may be- 
come quite greatly distorted. First  among them a r e  
spin systems ,in which the magnetic-resonance line is  
broadened not by the dipole-dipole interaction, and 

moreover, by no spin-spin interactions a t  all,  but is 
formed of an aggregate of narrow lines close in fre-  
quency, due to the so-called "spin packets" (this i s  
typical of EPR). If the packets a r e  subjected to effec- 
tive cross  relaxation (i.e., the latter predominates 
over their relaxation to the lattice), the aggregate 
inhomogeneous line behaves in magnetic resonance 
like a homogeneous line, i.e., it can be described by the 
t y o  temperatures p;' and pn;a' of the reservoi rs  p4 and 
zn,. The mean frequency w,, of the reservoir  2,,, pro- 
duced by the cross  relaxation and responsible for the 
broadening of the magnetic resonance i s  equal to the 
square root of the second moment of the frequencies 
of the packets relative to  the center of gravity w ~ . ~ ~ ~ * ~ - ' ~  
It is  important that the spin-lattice t imes W;' of dif- 
ferent packets can differ greatly from one another- 
both because of the difference in their spin-phonon 
parameters and because of the absence of rapidly r e -  
laxing resonant admixtures. This means in turn that the 
spin-phonon line W(w) may turn out to be quite narrow 
compared with the magnetic-resonance line Po(w) and 
(or)  strongly asymmetrical with respect to its center 

00' 

This paper deals with physical manifestations of such 
a situation. We describe the behavior of a spin system 
in spin-lattice relaxation and in magnetic-resonant 
saturation. It i s  shown that new experimentally ob- 
servable effects appear in both processes. In particu- 
l a r ,  in the regime of stationary sat~irat ion it is possi_ble 
to obtain not only deep cooling of the low-frequency 8' 
reservoi r  Xn, ( I pnZ(>> PL), but also noticeable "super- 
heating" (inversion) of the high frequency reservoir  
(p,< 0, 1 ~ ~ 1 - p ~ ) ;  this manifests itself, e.g., in a con- 
siderable inversion of the fundamental (central) part of 
the magnetic-resonance line (a phenomenon forbidden 
in the accepted theory'-3). An experimental study of 
these effects, besides their possible direct use, can 
yield extensive information on the character  of the spin- 
spin and spin-lattice interactions in solids. 
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2. SPIN LATTICE RELAXATION 

In the descriflion of the relaxation process due to 
the interaction of spins with phonons at the frequency 
w = w, +6 (b<< w), an analogy should take place with the 
saturation of the magnetic resonance at the frequency 
w ,  inasmuch a s  in both cases an interaction takes place 
with a thermostat (phonons o r  photons) of given temper- 
ature (pi' and the infinite radiation temperature, 
respectively). In both cases the process reduces to a 
tendency of the spin temperature [fi(w)]" at the fre- 
quency w (Refs. 6, 7, 10) to approach the thermostat 
temperature; here 

These arguments lead to a pair of equations for the 
spin-lattice relaxation at each frequency w :  

and integration with respect to w yields 

where 

The system (1) corresponds to the equations of the paper 
of Buishvili and Zviadadze,* which were rigorously 
derived for dipole-dipole broadening of the magnetic 
resonance. The solution of Eqs. (1) is of the form 

where r , <  0 and r, < 0. In the usual case A, = 0 [e.q., 
the W(w) line is symmetrical about w0], the reciprocal 
temperatures 0, and fin, tend to the value p, indepen- 
dently, along a single exponential, with respective 
rates W,=-r,=W, W,,=-~,=WA,~/W~,,, z '=D '=O.  AS 
a rule, the line W(o) is broad, i.e., A: 2 wi,, meaning 
W , , 2  W, (thus, for dipole-dipole broadening of mag- 
netic resonance we have A; =3w;,, Refs. 4-6). When 
A, deviates from zero and approaches A,, a second 
"crossover" exponential appears in the evolution of the 
temperature, so  that each of the quantities p, and fin, 
becomes already dependent on both their initial values. 
The rates I r, ( and Ir, I move away from each other and 
tend to the values r, = O  and r, = -W(1 +A:/W;,) corres- 
ponding to the limiting case A, =&-an infinitely M r r O W  

(monochromatic) line W(w), when a definite connection 
between them, given by an exponential with argument 
r,t, common to both temperatures, is established be- 
tween them, and the lattice temperature fiil is reached 
only after an infinite time. This is precisely the case 
which is  fully analogous to saturation of magnetic 
resonance with a detuning A =A,  =A,. A new picture 
of the spin-lattice relaxation can be expected for a line 
W(w) that is sufficiently narrow and (or) asymmetrical 
with respect to w,. 

We introduce the line-narrowness parameter 

Under the condition a<< 1 it follows from (1) and (2) that 

where 

The amplitudes of the exponentials in (2) a r e  given by 

A, I ) '  
o n  k- l  

= "' {IB.(o)-BLI- om:(l-k) 
A?+mmza(l-k)' . Aloe [ B n z ( O ) - B .  1 ). (4) 

where ~ ~ ( 0 )  and pn,(0) pertain to the initial instant of the 
relaxation process. It follows from (3) that I T ,  Ir, 1 , 
s o  that we can separate the first  stage of the relaxation, 
which is completed after a time 0 - lr, I and which 
lasts long enough; we then have from (2) 

Let the initial state p,(O) and P,,,(O) be produced by 
saturation of the equilibrium system, and let the 
saturating pulse be short enough for the saturation to 
take place practically isolated from the lattice. We 
shall dwell on two cases. Assume that in the first  case 
the pulse had a detuning A (IAIw,>> wi,), so  that"3 

When the pulse is then turned off, the signal P(w,, t), 
which is  proportional to B,(t), a t  the center of the 
magnetic resonance, can continue t o  decrease during 
the first  stage of the relaxation, despite its usual mono- 
tonic growth when the equilibrium is established, a s  is 
seen from (4') and (5), inasmuch a s  under the condition 
AA,< (k - 1)02,,< 0 we have Z"> 0. We note that under 
this condition, in the limit of an infinitely narrow line 
W(w) (k- 0) its peak is located in that frequency region 
where a s  a result of saturation the signal P(w) has ex- 
ceeded the equilibrium v a l ~ e . ~ * ~ * ' ~  To estimate the 
decrease of P(w,, t )  following the relaxation, we con- 
struct a line consisting of five equidistant infinitely 
narrow magnetic-resonance lines of equal height (cor- 
responding to five "spin packets"), subjected to effec- 
tive cross  relaxation, with the spin-lattice relaxation 
proceeding faster (say, by 10 times) in one of the other 
packets than in the four remaining ones; it is  this 
model which we shall use hereafter. For such a line 
calculation yields w,,=21'Za ( a  is the distance between 
the centers of the packets), lal] = 1.3 a, A, = 1.8 a, 
k ~ 0 . 3 1 ,  r2/r, = 8, and afterthe cessation of the satura- 
tion of the outermost packet, which is  symmetrical to 
the one that relaxes rapidly, the first  stage proceeds 
in such a way that the signal from the middle (central) 
packet continues to decrease by another 1% from its 
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equilibrium value; this is  patently sufficient to  be ob- 
servable. 

In the second case we consider the spin-lattice relaxa- 
tion after saturation of the line center w,. The satura- 
tion yields 8,(0)= 0, pn,(0) =BL, and the subsequent r e -  
laxation during the first  stage leads, in accord with (4), 
to the state 

i.e., at A, # 0 and small  k we have 1pn,(8) I>> JQL. The 
physical meaning of this effect is clear,  for in the limit 
of an infinitely narrow line W(w) it is  analogous to the 
results of the first  stage of the saturation of the equili- 
brium line of magnetic resonance with detuning A 
= -w~,/A,, and the line P (o ,  8) corresponding to expres- 
sion (6) is  analogous to the magnetic-resonance line in 
saturation;." including the inversion section on the 
wing opposite to A,, and the section where the equili- 
brium line is  higher on the other wing. For our model 
of five lines, calculation with the aid of (6) yields 

Thus, this effect is also large enough to be observable. 

3. MAGNETIC-RESONANT SATURATION 

We turn now to manifestations of spin-lattice relaxa- 
tion with line W(w) of arbitrary width and shape, under 
the action of a saturating field with a detuning A. The 
equations for this simultaneous interaction of a spin sys  
tem with two thermostats having different temperatures 
can be easily written if one knows the equation for each 
process separately: 

where p is the probability of the interaction with the 
saturating field per unit time. Let, a s  is usually as- 
sumed, the saturation be sufficiently strong, i.e., 
p>> W. Then integration of the system (7) yields for 
the arguments r , t  and r,t of the exponential approaches 
to the stationary state, 

and it is clear that I r, I>> Ir, I .  As for the stationary 
values PI(-), pnc(-), we have, putting ,??,=&,,=0 in (7), 

We note that (9') can be regarded a s  the analog of the 
result of stationary saturation of a magnetic resonance 
line in which the center is located a t  a frequency w, +A, 
and 

We consider now the manifestations of the stationary 
state in various cases. 

1. Let the line W(w) have a zero  mean value, A, = O  
(e.g., let it be symmetrical with respect to  wd, but 
relatively narrow: &< wi,. Then, comparing (9') with 
(5), we note that in contrast t o  the usual picture the 
effects of the abrupt increase of I pn,( and of the char- 
acterist ic asymmetry of the magnetic-resonance line, 
which appear when the line is saturated with a detuning 
A,'*" turn  out to be stronger not during the first  stage 
but during the second, after the stationary state is es- 
tablished (after the so-called "spin-lattice relaxation 
in the rotating coordinate s y ~ t e m " ~ ) .  This corresponds 
to an unusual ratio of the spin-lattice rates of the two 
reservoirs:  w,,/W, =A;/W~,< 1, a s  seen from (I ) ,  a t  
A, =o. 

2. Let now A,zO, and let the saturating field be 
applied at the center of the magnetic resonance, A =O. 
It follows then from (9') that &,(-)!pL = A1wO/A:, i.e., 
a t  A,/A,<< 1 w,/A, ( the reservoir  Zn, will be strongly 
cooled, something that does not happen in accordance 
with the assumed theory in the case of saturation at the 
center.'-' The effect can be quite large, much larger 
than that predicted in4 for dipole-dipole broadened lines. 
Thus, for the five-line model described above we have 
~ , ,~ ( - ) / ,9~  = O.7lw0/A,. The magnetic-resonance line 
P(6) becomes sharply antisymmetrical upon stationary 
saturation: P(6) = (A,6/Ai)P0(6), where P0(6) is the 
equilibrium line. 

3. We consider now the general case. Trying to  
reach a maximum of I BE,(-) 1, we choose the optimal 
saturation detuning A = A  such that (A -A,)' =A; - A:. 
Then 

Thus, the narrower fhe line W(w), the deeper can we 
cool the reservoir  &P,, by stationary saturation with 
optimal detuning. This is natural, inasmuch a s  for a 
narrow spin-lattice line W(w) and for a saturation fre- 
quency close to it the straight line representing the 
distribution of the reciprocal spin temperatures p(w) 
becomes quite steep. Then, however, according to (8) 
it is necessary to wait all the longer for the establish- 
ment of this stationary state. The shift of I fin,(-) I a s  
given by (10') seems exceedingly large; i t  is unusual, 

FIG. 1. Magnetic resonance signals in the case of saturation 
with detuning A: P ( 6 ,  @)-after the first stage (isolated from 
the lattice), p (6, -)-stationary signal. Dashed curve-equili- 
brium signal. It is assumed that A +At = 2  ' = 3-1/2w,. 
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FIG. 2. Magnetic-resonance signal and distribution line of 
reciprocal spin temperatures P6, - )  in stationary saturation 
of an  aggregate of five lines subjected to effective c ross  r e -  
laxation. Dashed-equilibrium signal. The saturating field 
is applied to the second line from the right. The ra tes  of the 
spin-lattice relaxations a r e  respectively 10W for the extreme 
right line and w for  the remaining four lines. 

however, only if the entire broad magnetic-resonance 
line is considered. In fact, (lo'), a s  already noted in 
connection with (9'), can be regarded a s  the known 
formula of the theory'-3*" for  a narrow line W(w) sep- 
arated from the full magnetic-resonance line; the shift 
of $,,, which is determined only by the parameters of 
the line W(w) and is therefore very  large,  extends 
gradually over the remaining part of the line, without 
taking part in the spin-lattice relaxation. 

Nonetheless, the stationary increase of 1 fin,/ reached 
according t o  (10') is really very large and is limited 
only by the width of the W(w) line. Moreover, (10) leads 
to the possibility of a phenomenon that is absolutely 
excluded by the accepted theory-the attainment of a 
negative Zeeman-reservoir temperature,  in the s ta -  
tionary regime,  B,(-)<O. The condition for this ,  ac-  
cording to (101, is the relation AA,>O, 1 ~ 1 ~  I A , ~ ,  and 
the magnitude of the effect can be quite large,  up to the 
case  p,(-)< -pL if the W(w) line is narrow enough (when 
A:/A~ > 0.9). A negative temperature [fi,(m)]-I means 
that thebasic la rger  part  of the magnetic resonance line, 
including its center, is inverted before the stationary 
saturation i s  reached, and the magnitude of the inver- 
sion is appreciable [see Fig. 1 for  A, =*. 101t2~, ,  A 
=i =$A,, PC(-) = -PL]. The s ta te  of the spin system 
and the shape of the magnetic-resonance line change 
abruptly even qualitatively on going from the f i r s t  sa tur -  
ation state (practically in isolation from the lattice, 
within the t ime 0 - Ir, 1 to the second stage-the s ta -  
tionary stage: the sign of p,, is reversed  and therefore 
the frequency regions where the line inversion is ob- 
served change places (Fig. 1). For  the five-line model, 
the stationary signal P(w) and the line representing the 
distribution of the reciprocal  temperatures p(w) a r e  
shown in Fig. 2. Thus, the effect of inversion of the 
central part of the magnetic-resonance line can be quite 

la rge  and can lend itself to observation and experiment 
and to  practical use. Observation of the remaining effect 
is also quite realistic. The objects of the experiments 
could be solid-state spin systems,  in which a notice- 
able difference between the spin-lattice t imes  is pos- 
s ible within a narrow range of magnetic-resonance 
frequencies (e.g., radicals  in EPR). At sufficiently low 
temperatures (at  which, however, the state of the so- 
called "photon bottleneck" has not yet been reached5-') 
the relative efficiency of the spin-spin interactions in- 
c r eases ,  an! this  contributes to manifestations of the 
reservoi r  &P, and to c ros s  relaxation, i.e., to the on- 
s e t  of the effects described above. Such experiments 
would make i t  possible to a s s e s s  both the degree of 
efficiency of the c ros s  relaxation and the distribution 
of the spin-lattice velocities, and consequently a lso  
the mechanisms of the spin-phonon interactions. 
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l ) ~ h e  only exceptions a r e  the studies of the Tbilisi school (see, 
e.g., Ref. 7). 
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