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Relaxation phenomena in chromium corundum (Al20 3 • Cr20 3) single crystals were studied at 
liquid helium temperatures and a frequency of 9400 Me by the pulse technique. The spin-lat
tice relaxation times were determined for samples with various Cr3+ concentrations. Spin
spin cross-relaxation interactions were discovered in the spectrum and were investigated 
for various splitting ratios between the Cr3+ ion energy levels. The times and amplitudes 
of the exponentials characterizing the cross-relaxation interactions were determined for a 
sample having a Cr3+ concentration of 0.15%. An interpretation of the results is presented. 

1. INTRODUCTION 

THE establishment of thermal equilibrium between 
the spin system of paramagnetic ions and the lat
tice, as well as within the spin system, plays an 
important role in crystals that are used to achieve 
negative temperatures in the energy level system. 
In view of this there has been a marked growth of 
interest in recent years in the investigation of re
laxation phenomena in paramagnetic crystals, par
ticularly at low temperatures. Several investiga
tions of relaxation in crystals have found practical 
application in paramagnetic quantum amplifiers. 
This research, stimulated by the practical consid
erations of quantum electronics, has, in its turn, 
led to the development of the theory of paramag
netic relaxation. In particular, Bloembergen and 
others [1] have developed a theory of spin-spin 
cross-relaxation, which, as confirmed by several 
experiments, plays an extremely important role 
in the processes that establish thermal equilibrium 
within a spin system with many energy levels. 

Kochelaev [2] and Anderson [3] have undertaken 
also to develop theories of spin-lattice relaxation. 
Although some of the peculiarities of paramagnetic 
relaxation at low temperatures have been qualita
tively explained on the basis of cross-relaxation, 
a more detailed investigation of both cross-relax
ation interactions and spin-lattice relaxation in 
paramagnetic crystals is needed. 

The object of the present work was the detailed 
study of the relaxation phenomena in the spectrum 
of Cr3+ in monocrystals of corundum (Al20 3) at 
liquid helium temperatures. The relaxation of 
Cr3+ in Al20 3 has been the subject of many pre-

vious studies. [4- 10] In our first paper, L4J devoted 
to the investigation of spin-lattice relaxation of 
Cr3+ in Al20 3, the continuous saturation method 
was used. 'rhis method is an indirect one for the 
determination of the spin-lattice relaxation time 
T1, for to calculate T1 from the saturation param
eters determined directly from the experiments, 
it is necessary to know the spin-spin relaxation 
time T2 and the transition probability for the ob
served paramagnetic resonance line, and also the 
intensity of the high-frequency field causing the 
saturation. Besides, it is difficult to separate the 
effects of spin-lattice and spin-spin cross-relaxa
tion in this method. 

In the present more detailed investigation of 
spin-lattice and cross-relaxation we have there
fore used the pulse method of saturation of the 
paramagnetic resonance line. The pulse method 
is a direct one for measuring the relaxation times 
and permits the separation of spin-lattice and 
cross-relaxation effects, through the use of dif
ferent pulse lengths. Because of this, it is pos
sible to determine the spin-lattice relaxation and 
cross-relaxation times T1 and T12 and to sepa
rate the dependence of T1 and T12 on the para
magnetic ion concentration and temperature. 

2. METHOD AND EXPERIMENTAL CONDITIONS 

The experiments to study the relaxation of Cr3+ 

in Al 20 3 were carried out with a superheterodyne 
spectrometer at 9400 Me and liquid helium tem
peratures. The pulse method described earlier [11] 

was used. Saturation of the paramagnetic reso
nance line was produced by pulses varying in length 

54 



SPIN -LATTICE RELAXATION AND CROSS-RELAXATION INTERACTIONS 55 

from 0.8 millisec to 1 sec. Monocrystals of corun
dum with the following concentrations of Cr3+ ion 
relative to the diamagnetic A13+ ions were studied: 
0.05, 0.1, 0.15, 0.4, and 0.65%. The sample with 
0.15% concentration was studied in much more de
tail because a strong manifestation of the cross
relaxation effect was observed in the region of 
concentrations from 0.1 to 0.15%. 

3. THEORETICAL TREATMENT OF CROSS
RELAXATION BETWEEN Cr3+ LEVELS 

In the lowest ground state of a Cr3+ ion situated 
in the crystalline field of the Al 20 3 lattice and an 
external magnetic field there are four spin energy 
levels, corresponding to the electronic spin S = %. 
The rigorous analysis of the relaxation processes 
in such a system, taking into account the relaxa
tion transitions evoked by the spin-lattice and 
spin-spin interactions, is quite complicated. How
ever, certain rules concerning cross-relaxation in 
a system of four levels can be deduced by means 
of a simplified scheme. In this scheme we regard 
the system as made up of two pairs of levels E1, 

E2 and E3, E4, between which a spin-spin cross
relaxation is established, but the spin-lattice 
transitions proceed only within each pair of levels; 
for simplicity we assume that these transitions 
occur at the same rate (identical spin-lattice re
laxation times for both pairs of levels). 

Thus, in this simplified scheme we are neglect
ing the spin-lattice transitions between the levels 1 
and 3, 1 and 4, 2 and 3, and 2 and 4. In the real 
system of levels of Cr3+ such neglect is valid when 
the probabilities of the indicated spin-lattice tran
sitions is much less than the probabilities of the 
cross-relaxation transitions between the levels 1 
and 2 or 3 and 4. If the splittings between the lev
els have a whole-number ratio E4 -E3 = m(E2 -E1), 

m = 1, 2, 3, ... , then the cross-relaxation between 
the level pairs E1, E2 and E3, E4 can occur on ac
count of the simultaneous transitions of two (when 
m = 1) or more (when m = 2, 3) ions between 
which a spin-spin interaction exists. The total en
ergy of the spin system is not changed by such 
cross -relaxation transitions. 

Figure 1 shows a level scheme in which the 
splitting ratio is m = 2. In this system cross
relaxation can take place in the following way: 
a change in the orientation of the spin of one ion 
(transition from level 3 to level 4) is accompa
nied by a simultaneous change of orientation of 
the spins of two neighboring ions (transitions 
from level 2 to level 1 ). For the population dif
ferences we have the following kinetic equations: 

FIG. 1. Cross-relaxation 
transitions in a four-level system. 

- 2W (n1- n2), 

a (ns- n,) 1 w cr 
dt 'f' - r;_ (na- n4- n~ + n~) - ----;;:;:-- (n~n3 - n;_'n4), 

(1) 
where ni (i = 1, 2, 3, 4) is the population of the en
ergy level at thermal equilibrium, T 1 is the spin 
lattice relaxation time, Wcr is the probability of 
cross-relaxation, and W is the probability of the 
1- 2 transition induced by the external high
frequency field. 

When the separation between the levels is less 
than kT, Eq. (1) can be rewritten in the form 

d/l,.n12 1 ( A A o ) 1 ( A A ~ = - T1 un12- un12 + wcr una,- ~un12)- 2W !1n12, 

dAnM 1 (!1 A 0 ) w,cr (A r:l ~ = - r;_ ns4 - un34 -----;;:;:-- una4 - t--11n12), (2) 

where . 
Wcr = Wcr n~::::::: const, 

When the probability of transitions induced by 
the external field is much less than the probabili
ties of spin-lattice and cross-relaxation transi
tions (W- 0 ), the solution of (2) has the form: 

!1m2= A exp (a1t) +B exp (a2t) + !1n~2 , 

B 
!1ns, =A exp (a1t)-;nexp (a2t) + !1n~, (3) 

where A and B are the amplitudes of the two ex
ponentials, determined from the initial conditions 

a1 = -1 IT1, a2 = -1 /T1- 1 /T12, 

T 12 = m/(1 + ~m)w'cr. 
Usually T 12 « T1• Hence, in Eq. (3) it is the expo
nential with the smaller time constant a 2 that 
basically characterizes the cross-relaxation. The 
exponential with the time constant a 1 character
izes the spin-lattice relaxation. 

Let us consider a few special cases. 
1. Continuous saturation of the transition 1- 2. 

We have: 

(4) 

2. Saturation by a short pulse ( T « T12 ). Let 
M12 = 0 and L:ID34 = LID~ at t = 0. Then the resto-
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ration of thermal equilibrium after turning off the 
saturating pulse is described by Eqs. (3) and the 
amplitudes of the exponentials have a ratio 

BjA = ~m. (5) 

3. Saturation by a long pulse ( T » T 12 ). Let 
Lll112 = 0 and Lll134 = (Lll134 )cont· The re-establish
ment of thermal equilibrium after the effect of the 
long saturating pulse will follow a relaxation curve 
described by Eqs. (3) with an amplitude ratio: 

(6) 

The following conclusions can be drawn from 
the preceding analysis. If one carries out a pulse 
saturation of the transition 1 - 2 and observes 
the restoration of the paramagnetic resonance line 
corresponding to this transition following the pulse, 
then the observed relaxation curve will be described 
by the sum of two exponentials, one describing the 
spin-lattice relaxation, and the other, much faster 
one the spin-spin cross-relaxation. If saturation 
is by a short pulse, the importance of the cross
relaxation exponential grows with an increase in 
the multiplicity m of the cross-relaxation transi
tions between the level pairs E 1, E 2 and E3, E4• 

For saturation with a long pulse the importance of 
the cross-relaxation exponential is reduced by a 
factor (·T1 + T2 )/T12 compared with the case of a 
short pulse [ cf. Eqs. (5) and (6)]. Note that in 
Eqs. (5) and (6) the parameter 

~ = D.n~plnf2 = exp {h (v43 - v21)/kT} 

depends on temperature; {3 ~ m when hv43 « kT. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

The relaxation processes in chromium corundum 
were investigated in different lines at crystal 
trigonal axis orientations relative to the external 
magnetic field, e, varying from 0 to 20°. It was 
found that the shape of the relaxation curves of 
the restoration of the intensity of the paramag
netic resonance line after the saturating pulse 
depended strongly on the Cr3+ ion concentration. 

FIG. 2. Oscillo
grams of relaxation 
curves of the transi
tion -'!, -+ 1/, for a 
sample having a 
cr>+ concentration 
of 0.15% for differ
ent orientations of 
the crystal: a) 
e = 0°, b) e = 10°, 
c) (J = 15°. Duration 
of pulse r = 220 
millisec. The time 
markers on the base
line are 20 millisec 
apart. 

Thus, for saturation by a long pulse the relaxation 
curves of the various transitions, for samples hav
ing concentrations 0.05, 0.4, and 0.65%, were very 
nearly uni-exponential, whereas for samples hav
ing concentrations 0.1 and 0.15% the relaxation 
curves were described in the majority of the ob
served transitions by a sum of two exponentials 
with greatly different time constants. The ampli
tude ratio of these exponentials depended strongly 
on the angle e. 

Figure 2 shows oscillograms of the relaxation 
curves for the transition -%-% at various val
ues of e, obtained on a sample with Cr3+ concen
tration 0.15% at T = 4.2°K. The "fast" exponen
tials in the relaxation curves were ascribed to the 
influence of spin-spin cross-relaxation. 

To investigate the aforementioned effects in 
greater detail, experiments using different pulse 
lengths were tried. For short saturating pulses 
of length T = 0.8 millisec the importance of the 
"fast" exponentials increases markedly, confirm
ing that these do characterize the cross-relaxation 
interaction. 

Table I. Relaxation times and weight of the cross-relaxation 
exponential for a long saturating pulse ( T » T 12 ) 

Cr3+ concentration 0.15%, T = 4.2°K 

0 0 \ e, \ r.. \ r,. \ Bt<A +B)·\\ 0 0 \ e, 1 r.. J r,. 1 Bf<A +B). Transition d milli- milli- % Trans1tion dego milli- milli-. % 
eg sec sec sec sec 

-1;.-1;. 0 56.6 4.3 60 1;2_,a;2 0 46 7.8 30 
-1;.-1;. 10 56 3.7 50 112--•3/2 10 42 7.1 60 
-1/2->1/2 ~s 56 2.1 20 1;2_.a;2 15 35 6.1 77 

a;2_,1;2 0 96 - 10 -1;2_,a;. 15 40 4,0 46 
a;._.1;2 15 84 - 5 

I 
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FIG. 3. Relaxation curves of the transition 'I, -+ '!, (() : 0") 
for different durations of the saturating pulses: a) r : 460 
millisec, T: 4,2°K, b) r : 0.8 millisec, T: 1. 7° K. Time 
markers - 20 millisec. 

In order to illustrate the influence of saturating 
pulse length we show in Fig. 3 relaxation curves 
for the transition %-% at () = 0° for a 0.15% 
sample, and for pulse lengths of 460 millisec 
(Fig. 3a) and 0.8 millisec (Fig. 3b). In Fig. 3b 
it can be seen that the relaxation curve contains 
two readily separable exponentials representing 
fast cross-relaxation and slow spin-lattice relax
ation. Similar relaxation curves are also observed 
for.the other transitions in the spectrum. 

Tables I and II give the experimental data for 
the spin-lattice relaxation time T1 and the spin
spin cross relaxation time T 12, as well as the 
weight of the cross-relaxation exponential 
B/ (A + B ) for a 0.15% sample saturated by long 
and short pulses. 

In Fig. 4 are shown the energy levels of Cr3+ 

in Al2o3 as a function of the intensity of the ex
ternal magnetic field for various values of the 
angle () between this field and the crystal axis. 
Also shown in these figures are the transitions 
between which cross-relaxation takes place. As 
can be seen from Tables' I and II, cross-relaxation 
is most effective for transitions having a whole
number ratio of the splittings between correspond-
ing levels. 

However, cross-relaxation also takes place in 
the case of splittings that are not exact multiples. 
This leads to a superposition of the effects of 
cross-relaxation from several transitions. As 
an example, in the interval () = 0 to 150, cross
relaxation effects between the transitions 

- % - %, - % - % and -% - - Y2 are super
posed. This circumstance can probably be ex
plained by the fact that the values of T 12 as de
termined with long and short saturating pulses 
differ from one another for the same observed 
transition by a factor of 1.5 to 2 ( cf. Tables I 
and II). 

The values presented in Tables I and II can be 
compared with the theory of cross-relaxation con
sidered in Sec. 3. Using the experimentally de
termined T 1 and T 12 one can calculate the weights 
of the cross-relaxation exponential from Eqs. (5) 
and (6). The results of such calculations for some 
of the transitions are presented in Table III. A 
comparison of the data in Tables I, II, and III 
shows that there is a rather good agreement be
tween the experimental and theoretical values of 
the amplitudes of the cross-relaxation exponen
tials, particularly for the cases involving short 
saturating pulses. 

It is interesting to note that the effects of cross
relaxation are strongly pronounced for the %- Y2 
transition in weak fields. For the transition at 
() = 20° the weight of the cross-relaxation expo
nential amounts to 87% in saturation by short 
pulses (see Table II), which agrees with the cal
culated value if one assumes m = 2. However, it 
can be seen in Fig. 4d that there are no cross
relaxation transitions of multiplicity m = 2 for 
this transition. This suggests that besides the 
cross-relaxation interactions, between levels 
having a multiple ratio of splittings, considered 
in Sec. 3, a "combination" type of cross-relaxa
tion interaction is also possible. 

Transitions that can occur between levels by 
such "combination" spin-spin interactions are 
illustrated in Fig. 5. If the splittings of levels 1, 

Table II. Relaxation times and weight of the cross-relaxation 
exponential for a short saturating pulse ( T « T 12) 

cr3+ concentration 0.15% 

~ 1 8 \ r \ r \B!<A + B> I\ ~ I e, I r, \ r,.\Bf<A + B>. T •K · ti nl ' .1•1·. .1"u'· 'X ' T. •K ransitiod ld milli· milli· % , ransl o.l deg m1 1• m1 • o \ eg sec sec 
sec sec 

-1;.-1;. 0 56.6 2,8 93 -1;.-.1;. 0 140 3.3 95 
-1;.-1;. 10 56 2 95 -1Jo-1/2 10 140 2.8 95 
-1/2-+1/2 15 56 1 90 -112_.1 ;2 15 146 1.6 88 

4.2 1/2-+3 /2 0 46 10 63 1.7 -1;2-1/2 20 160 1,5 88 
1J2~3 /2 10 42 1.5 86 3 ; ...... 1 /2 0 344 5 69 
1/o->3 /2 15 35 5.5 90 3/2->1/2 10 308 4 72 

3 ;.-1 12 20 316 4 87 
-~·-···· 

... 
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Table III 
Ratio of the fre- Calculated weights of the 

8, Observed Cross- quencies of cross- cross-relaxation exponentials 
relaxation 

deg transition 
transition 

relaxation and ob-, ~in ~.) for saturation bl[ 
served t;:nsitions; long pulses -I short pulses 

I 

0 -112_,.1 lz --3 12---+3 /2 3 45 92(T=8,2°K) 
94(T=2, 7°K) 

10 112->312 -1fo->1/2 2 40 82(T=4,2.K) 

15 -1/2---+112 -a I 2---+-1 I 2 2 15 82(T=4,2°K) 
86(T=1, 7°K) 

15 112---+312 --312---112 3 63 92(T=4,2°K) 

Table IV. Spin-lattice relaxation times T1 for samples of 
corundum of different Cr3+ concentration 

T 1, millisec. 
Concen• 

=f2·KI T=1.7•K 
tration, Transition 8,deg 

~. 

-1j2-+1J. 0 98 I 200 
0.05 -1/z---+1/z 12 - I 350 

3/z---+1/z 0 208 430 
31z-+1/z 12 130 -

0.1 -112---+112 0 64 160 
-1/z->1/z 10 63 145 
-1;._,1 ~o I 15 59 145 

2, 3, and 4 are such that 2(E4 -E 2 ) = 2(E2 -E 1 ) 

+, (E4 - E3), then cross-relaxation can occur as 
a result of a transition of two ions from level 4 
to level 2 accompanied by the transition of two 
ions from level 1 to level 2 and one ion from level 
3 to level 4. The total energy of the spin system 
is conserved in such transitions. If such "combi
nation" processes are effective, then they can ex-

f/D 
s.o 

f/Jf 
4.0 

JO 

2.0'-

-JO 

-4.0~ 
:o=to• 

b 

r 1 T, -··· 
Concen-
tration, ransitio 8, deg' T I 

~. =4,2•K T=1.7•K 

3/2---+1/z 0 100 290 
0.1 -1 ; 2_,.3 12 10 59 -

-1/z---+a/z 15 43 130 
-112---+1/2 0 20 0.4 -

312---+1/2 15 21 -

0.65 -1/2---+112 0 1 -

plain the cross-relaxation for the %- Y2 transi
tion. For this transition at (} = 20° we have the 
following relation between the splittings of the lev
els: 2(E1; 2 -E3; 2 ) = 2(E_3; 2 -E 3; 2 ) + (E1; 2 -E_1; 2 ). 

We shall now present the results of the investi
gation of relaxation in samples of corundum having 
Cr3+ concentrations of 0.05, 0.4, and 0.65%. For 
these samples, as we have already noted above, 

E/D 
4.0 

3,0 

.2.0 

-J.O 

-4.0 

-5.0 

-a:o 
c 

I 
I 
I 
I 
I 

-Jjz--}i 
I 
I 
I 
I 
I 
I 

I N.f" 
I 
I 

FIG. 4. Energy levels of Cr3+ in Al2 0 3 as a function of the applied magnetic field intensity H for different values 
of the angle e. D is the crystalline field parameter. The arrows indicate transitions: solid- observed at 9400 Me, 
dashed- cross-relaxation. 
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0,--r---r-,..--1 

Ey--+--+-L-

£,,---'--l... 

FIG. 5. Transitions for cross-relaxation processes 
of the "combination" type. 

We might remark that the discrepancy at high 
concentrations between the values for T 1 presented 
here, which were determined by the pulse satura
tion method, and the values of T 1 we obtained ear
lier from experiments using continuous satura
tion, [4.] is attributable to the influence of cross
relaxation. At low concentrations, where the cross
relaxation interactions are not effective, both meth
ods give close values for T1• 
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