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Relaxation phenomena in chromium corundum (Al 20 3 • Cr 20 3) single crystals were studied at
liquid helium temperatures and a frequency of 9400 Me by the pulse technique. The spin-lattice relaxation times were determined for samples with various Cr 3 + concentrations. Spinspin cross-relaxation interactions were discovered in the spectrum and were investigated
for various splitting ratios between the Cr 3 + ion energy levels. The times and amplitudes
of the exponentials characterizing the cross-relaxation interactions were determined for a
sample having a Cr 3 + concentration of 0.15%. An interpretation of the results is presented.
vious studies. [ 4- 10 ] In our first paper, L4 J devoted
to the investigation of spin-lattice relaxation of
establishment of thermal equilibrium between Cr 3+ in Al 20 3, the continuous saturation method
was used. 'rhis method is an indirect one for the
the spin system of paramagnetic ions and the latdetermination of the spin-lattice relaxation time
tice, as well as within the spin system, plays an
T 1, for to calculate T 1 from the saturation paramimportant role in crystals that are used to achieve
eters determined directly from the experiments,
negative temperatures in the energy level system.
it is necessary to know the spin-spin relaxation
In view of this there has been a marked growth of
interest in recent years in the investigation of retime T 2 and the transition probability for the oblaxation phenomena in paramagnetic crystals, par- served paramagnetic resonance line, and also the
intensity of the high-frequency field causing the
ticularly at low temperatures. Several investigations of relaxation in crystals have found practical
saturation. Besides, it is difficult to separate the
application in paramagnetic quantum amplifiers.
effects of spin-lattice and spin-spin cross-relaxation in this method.
This research, stimulated by the practical considerations of quantum electronics, has, in its turn,
In the present more detailed investigation of
spin-lattice and cross-relaxation we have thereled to the development of the theory of paramagnetic relaxation. In particular, Bloembergen and
fore used the pulse method of saturation of the
others [ 1] have developed a theory of spin-spin
paramagnetic resonance line. The pulse method
cross-relaxation, which, as confirmed by several
is a direct one for measuring the relaxation times
experiments, plays an extremely important role
and permits the separation of spin-lattice and
in the processes that establish thermal equilibrium cross-relaxation effects, through the use of different pulse lengths. Because of this, it is poswithin a spin system with many energy levels.
sible to determine the spin-lattice relaxation and
Kochelaev [ 2] and Anderson [ 3] have undertaken
also to develop theories of spin-lattice relaxation. cross-relaxation times T 1 and T 12 and to sepaAlthough some of the peculiarities of paramagnetic rate the dependence of T 1 and T 12 on the paramagnetic ion concentration and temperature.
relaxation at low temperatures have been qualitatively explained on the basis of cross-relaxation,
a more detailed investigation of both cross-relax2. METHOD AND EXPERIMENTAL CONDITIONS
ation interactions and spin-lattice relaxation in
paramagnetic crystals is needed.
The experiments to study the relaxation of Cr 3 +
The object of the present work was the detailed in Al 20 3 were carried out with a superheterodyne
study of the relaxation phenomena in the spectrum spectrometer at 9400 Me and liquid helium temof Cr3 + in monocrystals of corundum (Al 20 3) at
peratures. The pulse method described earlier [ 11 ]
was used. Saturation of the paramagnetic resoliquid helium temperatures. The relaxation of
Cr 3 + in Al 20 3 has been the subject of many prenance line was produced by pulses varying in length
1. INTRODUCTION
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from 0.8 millisec to 1 sec. Monocrystals of corundum with the following concentrations of Cr 3 + ion
relative to the diamagnetic A1 3+ 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 detail because a strong manifestation of the crossrelaxation effect was observed in the region of
concentrations from 0.1 to 0.15%.

FIG. 1. Cross-relaxation
transitions in a four-level system.
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3. THEORETICAL TREATMENT OF CROSSRELAXATION BETWEEN Cr 3+ LEVELS
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In the lowest ground state of a Cr 3 + 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 relaxation transitions evoked by the spin-lattice and
spin-spin interactions, is quite complicated. However, 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 E 1,
E 2 and E 3, E 4, between which a spin-spin crossrelaxation 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 relaxation times for both pairs of levels).
Thus, in this simplified scheme we are neglecting 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 Cr 3 + such neglect is valid when
the probabilities of the indicated spin-lattice transitions 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 levels have a whole-number ratio E 4 -E 3 = m(E 2 -E 1 ),
m = 1, 2, 3, ... , then the cross-relaxation between
the level pairs E 1, E 2 and E 3, E 4 can occur on account 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 energy 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 crossrelaxation 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 accompanied by a simultaneous change of orientation of
the spins of two neighboring ions (transitions
from level 2 to level 1 ). For the population differences we have the following kinetic equations:

%.
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where ni (i = 1, 2, 3, 4) is the population of the energy 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 highfrequency field.
When the separation between the levels is less
than kT, Eq. (1) can be rewritten in the form
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where
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Wcr

(2)

= Wcr n~::::::: const,

When the probability of transitions induced by
the external field is much less than the probabilities of spin-lattice and cross-relaxation transitions (W- 0 ), the solution of (2) has the form:
!1m2= A exp (a1t) +B exp (a2t)
B

!1ns, =A exp (a1t)-;nexp (a 2t)

+ !1n~2 ,

+ !1n~,

(3)

where A and B are the amplitudes of the two exponentials, determined from the initial conditions
a 1 = -1 IT1, a2 = -1 /T1- 1 /T12 ,

T 12

=

m/(1

+ ~m)w'cr.

Usually T 12 « T 1• Hence, in Eq. (3) it is the exponential with the smaller time constant a 2 that
basically characterizes the cross-relaxation. The
exponential with the time constant a 1 characterizes 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 « T 12 ). Let
M12 = 0 and L:ID 34 = 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.

FIG. 2. Oscillograms of relaxation
curves of the transition -'!, -+ 1/, for a
sample having a
cr>+ concentration
of 0.15% for different orientations of
the crystal: a)
= 0°, b) = 10°,
c) (J = 15°. Duration
of pulse r = 220
millisec. The time
markers on the baseline are 20 millisec
apart.

(5)

3. Saturation by a long pulse ( T » T 12 ). Let
Lll1 12 = 0 and Lll1 34 = (Lll1 34 )cont· The re-establishment of thermal equilibrium after the effect of the
long saturating pulse will follow a relaxation curve
described by Eqs. (3) with an amplitude ratio:

e

(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 crossrelaxation exponential grows with an increase in
the multiplicity m of the cross-relaxation transitions between the level pairs E 1, E 2 and E 3, E 4•
For saturation with a long pulse the importance of
the cross-relaxation exponential is reduced by a
factor (·T 1 + T 2 )/T 12 compared with the case of a
short pulse [ cf. Eqs. (5) and (6)]. Note that in
Eqs. (5) and (6) the parameter

e

Thus, for saturation by a long pulse the relaxation
curves of the various transitions, for samples having concentrations 0.05, 0.4, and 0.65%, were very
nearly uni-exponential, whereas for samples having concentrations 0.1 and 0.15% the relaxation
curves were described in the majority of the observed transitions by a sum of two exponentials
with greatly different time constants. The amplitude ratio of these exponentials depended strongly
on the angle e.
~ = D.n~plnf 2 = exp {h (v 43 - v 21 )/kT}
Figure 2 shows oscillograms of the relaxation
curves
for the transition -%-% at various valdepends on temperature; {3 ~ m when hv 43 « kT.
ues of e, obtained on a sample with Cr 3 + concentration 0.15% at T = 4.2°K. The "fast" exponen4. EXPERIMENTAL RESULTS AND DISCUSSION
tials in the relaxation curves were ascribed to the
The relaxation processes in chromium corundum influence of spin-spin cross-relaxation.
were investigated in different lines at crystal
To investigate the aforementioned effects in
trigonal axis orientations relative to the external
greater detail, experiments using different pulse
magnetic field, e, varying from 0 to 20°. It was
lengths were tried. For short saturating pulses
found that the shape of the relaxation curves of
of length T = 0.8 millisec the importance of the
the restoration of the intensity of the paramag"fast" exponentials increases markedly, confirmnetic resonance line after the saturating pulse
ing that these do characterize the cross-relaxation
depended strongly on the Cr 3 + ion concentration.
interaction.

Table I. Relaxation times and weight of the cross-relaxation
exponential for a long saturating pulse ( T » T 12 )
Cr 3 + concentration 0.15%, T = 4.2°K
0

0

Transition

-1;.-1;.
-1;.-1;.
-1/2->1/2
a; 2_,1; 2
a;._.1; 2

\

d

e, \millir.. \millir,. \ Bt<A %+B)·\\ Trans1tion
0

eg

sec

0
10

56.6
56
56
96
84

~s

0

15

0

sec

4.3
3.7
2.1

-

1; 2_,a; 2
112--•3/2
1; 2_.a; 2
-1; 2_,a;.

60
50
20
10
5
I

\

e,

r.. J milli-.
r,. 1 Bf<A%+B).
dego 1 milli0
10
15
15

sec

sec

46

7.8
7.1
6.1
4,0

42

35
40

30
60
77
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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

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, crossrelaxation effects between the transitions
- %- %, - %- % and -% - - Y2 are superposed. This circumstance can probably be explained by the fact that the values of T 12 as determined 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 considered in Sec. 3. Using the experimentally determined 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 between the experimental and theoretical values of
the amplitudes of the cross-relaxation exponentials, particularly for the cases involving short
saturating pulses.
It is interesting to note that the effects of crossrelaxation are strongly pronounced for the %- Y2
transition in weak fields. For the transition at
() = 20° the weight of the cross-relaxation exponential amounts to 87% in saturation by short
pulses (see Table II), which agrees with the calculated value if one assumes m = 2. However, it
can be seen in Fig. 4d that there are no crossrelaxation 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-relaxation 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,

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 relaxation. 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 T 1 and the spinspin 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 Cr 3 +
in Al 2o3 as a function of the intensity of the external 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 wholenumber ratio of the splittings between corresponding levels.
Table II. Relaxation times and weight of the cross-relaxation
exponential for a short saturating pulse ( T « T 12)
cr 3 + concentration 0.15%
T •K

,

~

1 8
\ r . \ r. 1"u'· \B!<A 'X+ B> '
ransl· ti o.l deg m1 1•1·1•
m1
•
o
sec
sec

nl

'
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-1;.-1;. 10
-1/2-+1/2
15
4.2
1/2-+ 3/2 0
1J2~3 /2
10
1/o-> 3/2 15

.

56.6 2,8
56
2
56
1
46 10
42
1.5
5.5
35

93
95
90
63
86
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I\ T.

•K

1.7

~ransitiodI\ lde,eg Imilli·
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sec
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-1Jo-1/2
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3/2-> 1/2
3;.-1 12

0
10
15
20
0
10
20
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140
140
146
160
344
308
316
...

3.3
2.8
1.6
1,5
5
4
4

95
95
88
88
69
72

87
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Table III
Calculated weights of the
Ratio of the frequencies of cross- cross-relaxation exponentials
~in ~.) for saturation bl[
relaxation and ob-,
served t;:nsitions; long pulses -I
short pulses

Observed
transition

Crossrelaxation
transition

0

-112_,.1 lz

--3 12---+3 /2

3

45

10
15

112->312
-1/2---+112

-1fo->1/2
-a I 2---+-1I 2

2
2

40
15

15

112---+312

--312---112

3

63

8,
deg
I

92(T=8,2°K)
94(T=2, 7°K)
82(T=4,2.K)
82(T=4,2°K)
86(T=1, 7°K)
92(T=4,2°K)

Table IV. Spin-lattice relaxation times T 1 for samples of
corundum of different Cr 3+ concentration
Concen•
tration, Transition 8,deg
~.

0.05

0.1

-1j2-+1J.
-1/z---+1/z
3/z---+1/z
31z-+1/z
-112---+112
-1/z->1/z
-1;._,1 ~o

I

0
12
0
12
0
10
15

T 1 , millisec.

=f2·KI
98

-

208
130
64
63
59

II

Concentration,

T=1.7•K

~.

200
350
430

0.1

-

160
145
145

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

+, (E 4 - E 3 ), 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 "combination" processes are effective, then they can ex-

r 1

0.4
0.65

=4,2•K I

ransitio 8, deg' T,
T -···
T=1.7•K

3/2---+1/z
-1 ; 2_,.3 12
-1/z---+a/z
-112---+1/2
312---+1/2
-1/2---+112

100
59
43
20
21
1

0
10
15
0
15
0

290

-

130

-

-

plain the cross-relaxation for the %- Y2 transition. For this transition at (} = 20° we have the
following relation between the splittings of the levels: 2(E 1; 2 -E 3; 2 ) = 2(E_ 3; 2 -E 3; 2 ) + (E 1; 2 -E_ 1; 2 ).
We shall now present the results of the investigation of relaxation in samples of corundum having
Cr 3 + concentrations of 0.05, 0.4, and 0.65%. For
these samples, as we have already noted above,
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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
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-
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FIG. 5. Transitions for cross-relaxation processes
of the "combination" type.
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We might remark that the discrepancy at high
concentrations between the values for T 1 presented
here, which were determined by the pulse saturation method, and the values of T 1 we obtained earlier from experiments using continuous saturation, [4.] is attributable to the influence of crossrelaxation. At low concentrations, where the crossrelaxation interactions are not effective, both methods give close values for T 1•

1 Bloembergen, Shapiro, Pershan, and Artman,
the observed relaxation curves are very nearly
uni-exponential and correspond to spin-lattice rePhys. Rev. 114, 445 (1959).
2 B. I. Kochelaev, DAN SSSR 131, 1053 (1960),
laxation. The relaxation times determined by longpulse saturation are presented in Table IV. Also
Soviet Phys.-Doklady 5, 349 (1960).
3 P. W. Anderson, Phys. Rev. 114, 1002 (1959).
shown are the values of T 1 for a 0.1% sample. It
4.
can be seen from Table IV that the spin-lattice reA. A. Manenkov and A. M. Prokhorov, J ETP
laxation times at helium temperatures depend
38, 729 (1960), Soviet Phys. JETP 11, 527 (1960).
5 Pace, Sampson, and Thorp, Phys. Rev. Letters
strongly on the Cr 3+ ion concentration. This fact
was established earlier by us [4.] and was later con- 4, 18 (1960).
6 Pace, Sampson, and Thorp, Proc. Phys. Soc.
firmed in papers by Pace et al [ 6] and by Zverev. [10]
It has been theoretically discussed on the basis of
(London) 77, 257 (1961).
7 B. Bolger and B. J. Robinson, Physica 26, 133
an assumption of the effect of defects in the crystalline lattice. [ 2] It is also possible that the con(1960).
8 R. A. Armstrong and A. Szabo, Can. J. Phys.
centration dependence of the spin-lattice relaxation
time in chromium corundum is caused by exchange 38, 1304 (1960).
9 J. E. Geusic, Phys. Rev. 118, 129 (1960).
interactions between Cr3+ ions. [10] The fact that
10
the paramagnetic resonance line width of cr3+ in
G. M. Zverev, JETP 40, 1667 (1961), Soviet
Al 20 3 is not explainable by the theory of dipole
Phys. JETP 13, 1175 (1961).
11 A. A. Manenkov and V. A. Milyaev, JETP 41,
broadening[1 2] is possibly connected with the presence of exchange interactions. The temperature
100 (1961), Soviet Phys. JETP 14, 75 (1962).
12 A. A. Manenkov and V. B. Fedorov, JETP 38,
dependence of T 1 in the interval 4.2-1.7°K fol1
lows the law T 1 "' T- within the limits of experi- 1042 (1960), Soviet Phys. JETP 11, 751 (1960).
mental error ("' 10-15%), and this indicates that
the spin-lattice relaxation at helium temperatures
Translated by L. M. Matarrese
occurs as the result of direct one-phonon processes. 12

