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The protons from waters of hydration of copper and zinc salts are polarized by saturating the electron-
spin transitions (forbidden) of copper ions at liquid-helium temperatures. The enhancement of the proton
resonance was observed to be due to dipole-dipole interaction with the electron spins (so-called solid-state
eGect), The rates of decay and growth of these enhanced proton resonance signals were measured as functions
of the temperature and the intensity of the microvrave 6eld applied to saturate the electron-spin transition.
From the measured proton relaxation time (in the range of milliseconds) and its temperature dependence, the
electron-spin relaxation times (in the range of microseconds) and their temperature dependence were
deduced. It was found that the Cu++ ions in the 1:50 dilute Cu.' Zn sample relax through spin-orbit inter-
action (Raman process), and in the 1:5 Cu'.Zn sample through both spin-orbit(Raman) and exchange inter-
actions. The observed small values of the relaxation times for e1ectrons indicate that the protons relax
preferentially through those electron spins which have no phonon bottleneck.

INTRODUCTION

~~OPPER tutton salts (CuKsSO4 6HsO) have been
M mvestlgated by several authors, '—' to study the

electron spin-lattice relaxation mechanisms present
at low temperatures and the order of the process
(dllcc't 01' RRIIIRI1) domtnant Rt, hquId-hchum 'tcI11-

peratures. Gil15 reported that in CuK2SO4 6H20 diluted
with ZnK2804. 6H20 in the ratio of 1:10 4 the mecha-
nism was found to be of the Van Vieck (spin-orbit)
type Rnd the process was predominantly Raman from
150 to 4.0'K and direct from 4.0 to j..3'K. However,
when the dilution was slightly less (i.e., &.2&1O s),
his results could not be explained. The relaxation rate
decreased faster than the erst power of the tempera-
ture as thc temperature decreased below 4.0'K. It is
possible that the true spin-lattice relaxation time (spin-
phonon interaction time) is masked by the lattice-
bath interaction (phonon-bath interaction time) which
is concentration- and size-dependent. This is known in
the literature as a phonon bottleneck. ' ' Such a phonon
bottleneck was observed by Giordemine et el.' in
Cu(NH4)sSOs 6HIO, and by Nash. r A hot Zeeman
phonon with R short mean free path has a very large
probability of being reabsorbed and re-emitted by the
electron spins as it traverses through the crystal be-
fore it collides with the walls. On collision it may give
up its energy to the walls or to the phonons of other

*Part of this work is toward his doctoral thesis.
f On leave of absence from G.I.D. Labs, Hakkaida, Japan.
x D M S Sagguley et aL, Proc. Roy. Soc. (London) A204s

188 (1950); mO1, 266 (1950); Proc. Phys. Soc, (r ndon) ~5,
594 (1952).

s S.Bleany ef a/. , Proc. Roy. Soc. (London) A228, 147 (1955).
3 J. A. Giordem~ne e~ e., Phys. Rev. 1O9, 302 (1958).
4 N. Bloembergen et 4., Phys. Rev. 114, 445 (1959).
5 J. C. Gill, Proc. Phys. Soc. (London) 85, 119 (1965).
s T. J. 3. Swanberg eI, A., Physics 3O, 187' (1964).I F. R. Nash, Phys. Rev. Letters 'F, 59 (1961).

modes. In such a process it has been suggested that the
electron spin-lattice relaxation time measured will
actually be the lattice-bath interaction time, which is
generally longer than the spin-phonon interaction time
one would measure if the phonons were in equilibrium
with the bath. In other words, the measured relaxation
time will correspond to the phonon diffusion time from
the spin to the boundaries of the crystal. But the elec-
trons belonging to ions close to the surface or on the
surface (lying within a phonon mean free path from
thc boundaries) w111 11Rvc R sllol'tcl' IclaxRtloll time,
since the Zeeman phonons in close proximity to the
surface have a very large probability of colliding with
the wall. s and giving up their energy. Hence these
phonons are in equilibrium with the lattice at all times.
Therefore, a measurement of the relaxation times of
these electrons close to the surface should yield the
true spin-lattice relaxation time (i.e., spin-phonon in-
teraction time), and their temperature dependence
should show what relaxation mechanism and process
are involved at low temperatures. Experimentally,
it is hard to separate the surface electrons from those
farther inside the crystal which have a very long re-
laxation time duc to the phonon bottleneck. But the
protons in these samples, which relax by dipole-dipole
interaction with the electron spins, wouM selectively
prefer a relaxation path of very short time. Therefore,
the protons relax to the lattice preferentially through
the electrons which have shorter relaxation times.
Hence, a study of the spin-lattice relaxation times of
protons at low temperature and their temperature
dependence should give a Ineasure of the spin-phonon
interaction time. In this way one can circumvent the
presence of the phonon-bath interaction time and a
correlation between proton relaxation time and the
electron relaxation time can bc achieved. In addition,
479
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it is possible to deduce (though not with complete
certainty) the mechanism involved in the electron
spin-lattice relaxation.

We have not attempted an experimental check of
Gill's' observations that the relaxation rate ln these
copper salts increased with the concentration, and his
suggestion that the increase was probably due to the
phonon bottleneck. Furthermore, no experiment was
performed on the size dependence of the relaxation
rates to pin down the existence of such a phonon bottle-
neck. . If there were no phonon bottleneck, the nuclei
would relax to the lattice through the surrounding
electrons irrespective of whether the electrons are jn-

side of or on the surface of the crystal. The measure-
ments presented vere then would pertain to the elec-

trons of the copper ions in general.

THEORY

Electron Spin-Lattice Relaxation

A Cu++ ion in a tutton salt is in a 3d' state. In a
cubic field b. its orbital degeneracy is lifted, giving rise

to a doublet in the ground state (x'—y', 3s'—r') and a
triplet (xy, ys, sx) in a higher energy state [Fig. 1(a)j.
Neither spin-orbit interaction nor trigonal Geld dis-

tortion can lift thc orbital degeneracy of the ground

state. ' Tetragonal symmetry splits the doublet into
two singlets [Fig. 1(b)] and the triplet into a singlet

(xy) and a doublet (ys, sx). However, tutton salts
show departures from tetragonal symmetry. A small

ortborhombic field distortion vill finally lift the re-

maining degeneracy [Fig. 1(c)g. In tutton salts there

are two Cu++ ions in a unit cell and each divalent ion

is surrounded by a distorted octahedron. The magnetic
6eld. applied (He) in the a cplane will make the sp-ectra

of the two ions coincide. The Kramers degeneracy
of the ground state (x —y' or 3s'—r') is lifted, in the

external magnetic field (Be) as shown in Fig. 1(d).
The following are two possible relaxation processes.

e W. Low, Pararaagnetr'c Resonance eN Seteds (Academic Press
Inc., New Yor&, 1960), SnppL 2, p. 93.

pn (kve) = (4w/ks) (2pH/v') VkT.

Ramie P'rocess. The density of phonons is

(&&)max

p(kvl) p(kvs) d(kvi),

(3)

0

wltll tile constIMllt kvl —kvs=kve=2pHe. Assuming tllat
at hv =kT the phonon density abruptly drops to zero,

pn(kv) = (16sr/Bk) (v'/se) (kT/k)'. (4)

Now we turn to the calculation of the amplitude of

9 R. deL. Kronig, Physica 6, 33 (i939).I J.H. Van Vleck, PhyL Rev. 5'F, 426 (1940).

Direct Process, A direct process is a transition be-
tween the two Zeeman levels, Fig. 1(d) (M,=+,'
M, = ——,'), by either absorption or emission of a phonon
of energy hvo which equals the energy difference be-
tween the two Zeeman levels.

Eumble or Indirect Process. A Raman process is a
transition between the Zeeman levels due to the scat-
tering of a phonon such that the diR'erence in energy
of the incident and scattered phonon (kvl —kvs=kvo)

equa1s the di8'erence in energy between the Zeeman
levels. The spin-lattice relaxation mechanism in these
salts is duc to the spin phonon interaction of the

type envisaged by Kronig' and Van Vleck. '0 The
vibrations of the lattice modulate the electrostatic inter-
action of the paramagnetic ion with the neighboring
diamagnetic ligands, as a result of which there is a
periodic variation of the orbital motion of the electrons
which for the most part is quenched. Therefore, from
time-dependent perturbation theory we de6ne the re-
laxation rate in terms of the transition probability
between the two states

~
e) and

~
k):

(2TI) '=W.e=(2sr/5) i (u i
H. v i b) ~'p(ve), (1)

where p(ve) =phonon distribution at frequency ve and.

B~~ is the spin phonon interaction Hamiltonian.
Therefore, to calculate the relaxation rate we need to
know (1) p(ve) and (2) the matrix element of H, v.
The latter involves the decomposition of lattice vibra-
tions into normal modes of the lattice and these lattice
modes into those of the individual ligand complex.
This is a very diTicult task. Here we attempt an
order-of-magnitude calculation by (a) expressing the
amplitudes of the local variations of the crystal 6eld
ln terms of thc amp11tudes of thc lattlcc vlblatlons'
and (b) 6nding the matrix element of these local
variations of the crystal-field perturbation (Ve) which

bring about the spin Np.
The phonon distribution as a function of energy is

p(k e) = (4lr/k ) [(k e) /ssjV[exp(kve/kT) —1) ', (2)

whcrc V is the volume of the crystal, e is the velocity
of sound in the crystal, and T is the temperature of
the crystal lattice.

Direct Process. kve=2PBe, and for kT&)kve we have
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1Fa&t(a&gee» &e (lV/5 ) (4PH/M) (6)

the variations of local crystal field; If we let q be the
amplitude of a lattice mode with a frequency u then
2m'3Eq'v'=he, where M is the mass of the crystal. The
crystal field at the site of the Cu++ ion is dependent
only on mutual displacements of the central ion and
the surrounding ligands; therefore, the longer the wave-
lengths of the lattice mode are, the smaller these
mutual displacements are. For wavelengths Xo of the
lattice modes that are long compared with the inter-
atomic distances E one can write the displacement
BE"as

bE =2~Eq/), ,= (E/e) (2hv/M) '(',

where a=A,y. I.et 6 be the crystal-6eld energy of the
central Cu++ ion in an undistorted cubic field. Then
the magnitude of the variation of this crystal-field
energy due to the mutual displacement (i)E) of one or
several of the surrounding ligands is

$8(4)/(7E)8E (I& /E) 8E—~(i&&/&)) (2hv/M) "'. (5)

Direct Process. Replacing hvo by 2PHo and taking
the square of the amplitude, which is what we need
in Kq. (1), we have

Eaema&a Process .Replacing kv by kT (as the Raman
process is most effective at hv=kT), and raising it to
the fourth power, we have

W.&,(a. ,„)~ (4A'/&)4)
I (kT) '/Mmj, (7)

since the process involves an incident and a scattered
mode. Finally, we turn to the evaluation of the matrix
element of the periodically varying local held pertur-
bation Vo, which is a function of x, y, s coordinates of
the electron and of proper symmetry with respect to
surrounding ligands. The ground-state wave functions
I a) and

I h) may either be
I

x'—y', c&) or
I

x'—y', p)
admixed with other wave functions through the
perturbing Hamiltonian H&=XL 8+gPH&)(I-+8) or
I
3z' —r', n& or

I
3z' —r', P), which are also admixed

through the same perturbation. n denotes a spin-up
state of the electron (parallel to He) and P denotes a
spin-down state of the electron (antiparallel to He). It
is mell known that the so-called Van Vleck cancellations
occur in some cases if one carries out the admixture only
to the first order. This is true with a ground-state wave
function like

I
3z' —r'). Therefore, the wave functions

are mixed to the second order to evaluate the matrix
elements of the crystal-field perturbation. We assume g
is a scalar and equal to 2.

D~rect I'rocess.

e.(» =
I

x'—y', n)+ (i/~) P+2PH, —(PH /Z) (X+2PH, )j I xy, n)
—(eX/2~) (1+2pH,/S+3X/2a)

I yz, p) —(Z/re) (-', X+pH, ) I zx, p), (8}
+e")=I *'—y' P&

—('/~) L(~—2PH ) (I+PH/~) j I *y, P)
—(A/2A) (1—2PHo/b, +3)(/2A)

I yz, u)+ () /a') (-,'X—2PHe) I zy, n}, (9)
@ (2) —

I
3zs re (r}+(~3g,2/2+e)

I xy ~) (~3@/2&I&) (1+2PHo g/2g) I yz P)
—(v3X/2A) (1+2pHo/dL —X/2iI()

I
zx, p), (10)

e,(» =
I
3s'—rs, p)—(&3''/2a')

I xy, p) —{AA/2s) (1—2pH, —~/2~) I yz, n)

+(VS&/2a) (1—2PHe/a —7/a) I zx, n&, (11)

I
&+-")

I
Vo I

+s"'& I'=(4)(pHo/~')'
I &i

I
Vo Ii& I' (12a)

where i and j refer to the unperturbed eigenstates of
the electron in a noncubic field (i.e., H'=0).

I
&+-")

I
Vo

I
+e")

& I'=2(2~»PHo/~)'
I &i I

Vo
I &) I'.

(12b)

Therefore, the relaxation rate of Cu++ ion in a direct
process can now be given to an order of magnitude by
combining Eqs. (3), (6), (12a), and (12b):

(2Ti) '=W, e

2x 4' 2 Ho ~~ 4 Hol 4P Ifo 2

if p=M/V=density of the crystal~2 g/cc at 4.2'K
for Cu++ ion using the following values: X=—695 cm ',
6=8700 cm ' &1=7700 cm ' LFig. 1(c)j, H&) ——2800 Oe,
we calculate T~ 1 sec.

The re1axation rate is temperature-dependent and
is proportional to the first power of T and inversely
proportional to fourth power of Ho.

Erma' I'rocess. In a Raman process we need to
calculate the matrix elements of the type
«-("

I V. I '&(' I
V.

I
~s("&

Eye& &) E,+kvi—
(12c) + &+-("

I Vs
I i&('

I
Vi

I
+s(")

(13)
Eye&» —E; hvs—"G. E. Pake, Parav&agle(ie Reso&sa&&ce (W. A. Benjamin, Inc. ,

New York, 1962), p. 122. where Vi and Vz are the local crystal-6eld perturbations
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and
I s& ls an intermediate state. For instance,

I i) is

I ys, ce) plus other eigenstates mixed irito it through
the spin-orbit and Zeeman perturbations. Denoting
such a perturbed state by 0 ~3& we have in the 6rst
order

e.&»=I ys, n& —(~/2e) I*y, P)—(a/2A) I*'—y', P)
—(3s~/2A)

I
3. r—, P& s—~(~+2Pa)/2e j I

s~, ~&,

(14)

e,&» =
I ys, P)+ (X/2.) I *y, ~)—(sX/2A')

I
e—ys, P)

+(-VSi~/2A)
I
3"-., P)+I s(X-2')/ej

I
s*,P),

(15)

where 6'=6—8 and 6»b»e. Kith the assumption
hr~~hvl~hu kT, Eq. (13) will result in

9kT/A"3'
I
(i I

~s
I j& I'

I &k I
l'I

I f& I'.

COIIlblIllIlg Eels. (4) ) (7) ~ allcl (16)) allcl IlotlIlg tlla't

our estimates are only to an order of magnitude, we
hQve fol

(2TI) '= +"e~(a.m.n)

2sr 16Ir Vs kT)s 4Ae (kT)s XkT s

(1/)
3h e' hj se Ms

If one uses &=250 cm ' as deduced from hyperfine
interaction constants by Sleaney', Tl will be the order
of 1000 sec. But in the absence of orthorhombic dis-

tortion, the degeneracy in yz, zx remains and results
in e 0, thereby shortening the relaxation time Tl
enormously, as can be seen from (17), where e is in
the denominator. Tj has no dependence in magnetic
Geld but lt ls inversely pl'opoltlonal to T ~

where v is the longitudinal electron relaxation time
and cd is the Larmor frequency of the nucleus. If
~,~&&1, which is the case in most samples, this process
is seen to dominate the relaxation of nuclei. Equation
(19) is conveniently written

1/Tl' ——Cr '. (20)

ID. samples where the ratio of paramagnetic impu-
rities to nuclei is low, r becomes very large, and ex-
tremely long values of T~' are calculated, in dramatic
contradiction to observed nuclear relaxation times.
The discrepancy between theory and experiment is
resolved by assuming a spin-diGusion process of spin
Qip-Qops between nearest-neighbor nuclei in the lattice.
Thc diffusion process conserves energy as faro, fo
being the so-called critical radius, and enables nuclei
far removed from paramagnetic centers to communi-
cate with the electronic spins. Spin diffusion is usually
described by an equation of the form

where p is the nuclear polarization in a small region
in space and D is the diffusion constant, of the order
tVu', where IV is the probability of nearest-neighbor
Qip-Qop and. e is the distance between nearest-neighbor
nuclei. de Gennes, " Bloembergcn, " etc., have solved

Eq. (21) and And the relationship between the ob-
served nuclear relaxation time and C of Eq. (20) to
be"

(18) leads to a nuclear relaxation time Tl' given by

] 3 ptt+7 fP
(Tl') '= — sin'8 coss85(S+1), (19)

2 r' 1+cog r

Nuclear Syin-I attice Relaxation

In the dipolar Hamiltonian for a system of nudear
(I) and electronic (5) spins, the term

C„=(—sSj'+ sin8cos8e 'r)A (18)

appears, where A =pry, f'ts/r' and r is the distance be-
tween the nuclear and electron spin and 0 and q refer
to the direction of the vector r with respect to the
external magnetic 6eld H0, taken to lie in the z direc-

d q e the gyo gntc tis f the
nucleus and electron, respectively. This operator C,p

may induce the Qip of a nuclear spin without the
accompanying Qip of an electron spin —a process in-

volving much less energy than any other process
allowed by the bilinear coupling of two spins. "Abragam,
Bloembergen, and others have shown that this term

"A. Ahragam The PrirseiPtes of Peotear Magwetism (Ciarendon
Press, Oxford, England, 196j.), p. 380; ¹ Koembergen, Eeclger
Magrtetie Eetaaatioa (W. A. Benjamin, Inc., New York, 19M),
p. 386.

where E is the concentration of paramagnetic impurities
per unit volume and b= (0.68) (C/D) ".In paramag-
netically dilute samples where the 8 dependence of C
has been shown to average out, and at suSciently
low temperatures and high magnetic 6elds where
colsv )&1 Eq. (22) can be written

(3/20Ir) y,syrsfss It'

C07 'P

Thus Ts~ (r)"'.
Experimentally, the power to which w is raised in

Eq. (23) is found to vary with concentration, going
to ~ at low X. In order to investigate this exponent,
it is useful in double-resonance experiments to have
the relationship of the spin-diffusion theory to polari-
zation experiments. DC6ning the polarization time T„
as thc tlmc Ilcccssary for the nuclear polallzatlon to
obtain an enhanced value BIO, where Io is the initial

"P. G. de Gennes, Phys. Chem. SoHds S, 345 (1958).
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TAaI.E I. Some physical properties of the Cu++ salts investigated.

Saxnple
No.

Sample
concentration

(Cu. Zn)
Cu-ZnE2(SO4) ~

6H20
E

(ions/cc)

Electron:
proton

rat10

1S
2S
3S

1:50
1 10
15

5 4&10'g
2.7X10
5.4X10+

2.44
2.44
2.44

9.1+12.5+3.2
9.7&13.0/3. 3
9.0X11.5X3.6

1:600
1:120
1 60

vRluc of thc polalizatlon wc 6nd

1/2' =4~mr»4D« (24)

wlierc E Rnd D liavc tlic same dcfinltlons Rs 111 Eq. (22)
and P=lFs (constant). Here, Ws is the direct transi-
tion probability for an electronic spin Qip induced by
the time-varying 6eld H~. Through the term 8"0 in
Eq. (24) we see that the spin-diffusion theory pre-
dicts that the polarization time will vary inversely
as the one-half power of the applied microwave -Geld.

Thus, the variation of T„with microwave power (P)
provides RQ RpploRch to thc determination of thc ex-
ponent of P in Eq. (24) and hence an approach to
experimental vcri6cation of the spin-diGusion assump-
tion in paramagnetically dilute crystals.

EXPERIMENTAL

Proton
Sig nai +0*'
Enhancement

0
24

Magnetic Fieid
eeoa ( gatiss )

Fin. 2. Polarization curve of the protons in 1/50 Cu-
doped ZnKg(~804) g 6HgO at 1.65'K.

The double-resonancc technique was used, in which
one observes the dynamic polarization of the protons
by saturating the electron spin resonance (ESR) with
intense m1crowave 6elds. The microwave frequency
was 9.2 kMc/sec at 2850 G for the CuKsSO4 6HSO
(g=2.44) for all three dilutions, Table I. The proton
resonance frequency which was scanned for resonance
was 12.6 Mc/sec at 2850 G. The rf field used was 2 m 6
and the microwave 6eld the sample sees is about 7 inG
(15 db) at which the ESR has been saturn, ted. An
amplitude modulation of the external 6CM Ho at 80 cps

was used to detect nuclear magnetic resonance, which
was plcscntcd 011 R fast-1is111g osc1lloscopc (Tcktronix-
540 8). Polarization curves, plotting magnetic field
(abscissas) versus the proton signal enhancement were
obtained for some samples (Fig. 2). The enhancement
is due to the solid-state effect. The separation of the
enhancement peaks in all samples corresponds to the
width of the KSR line. All the samples were in direct
contact with liquid helium.

The relaxation Rnd polarization times were meas-
ured at the positive maximum enhancement field by
sw1tclllllg flic IIlicl'owRvc powcl' (E) off Rnd 011 (by
switching the reflector voltage of the klystron). All
relaxation times measured were at various rf levels of
the Pound oscillator. Polarization times were measured
at various microwave levels to study the spin-diGusion
processes. The temperature at which these samples
were studied was varied from 4.2 to 1.6'K. All samples
were run twice to anneal the crystals at very low
temperatures.

DISCUSSION

The polarization rate of protons in 1:50dilute sam-
ple was found to be proportional to the fourth root
of the microwave power incident on the sample. This
1ndlcRtcs thRt thc nuclcl I'clRX cntllcly through splQ
diQ'usion and the relaxation times of the electrons as cal-
culated using the Eq. (23) at 4.2'K and 2.0'K are
given in the last column of TaMe II. The electron
spin-relaxation time varied inversely as the eighth
power of temperature. Therefore, the electrons must
be relaxing through the spin-orbit interaction by the
Raman process in the temperature range of 4.2 to O'K.
The relaxation times of the electrons are in the micro-
second range even at liquid-helium temperature. It
seems that the degeneracy of the state is not com-
pletely removed by orthorhombic distortion. This de-
gcnclRcy can explain thc sholtncss of I'claxRtloQ times
slncc thc smaller thc vRluc of 6 duc to thc orthorhomblc
field distortion the faster the relaxation. rate LEq. (1"/) j.

In the sample of 1:10dilution the polarization rate
is proportional to the square root of the microwave
power. The nuclear relaxation is neither entirely due
to spin diGuslon Qol duc to thc direct lntclRct1on with
the electron spin. Hence it is not possible to use either
formula (23) or (19) and we cannot draw any conclu-
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TAaI.z II. Polarization and relaxation rates of nuclei as functions of microwave power and temperature.

Sample
(Cu: Zn)
dilution

Dependence of polarization
rate on microwave power

P at 2.0'K.

Slope of log T~
versus log T

(least-squares
6t). See Fig. 3.

Ten1perajuIe
dependence of
electron-spin-

relaxation rate

Nuclear relaxation
times at

4.2'K 2.O'K.
(msec)

Electr on-spln-
relaxation times at
4.2'K. 2.0'K

(@sec)

1:50
1:10
1:5

Proportional to Po's
Proportional to Eo'
Proportional to I 7

2(4.2 to 2'K)
2.5
1,2

P8 1600
150

0.3

0.3

11
~ ~ ~

0.8

In evaluating the electron relaxation times Eq. (23) was used for the
1:50 sample and (19) for the 1:5 sample. The Rip-Bop transition probability

was estimated using the linewidth of the proton resonance at liquid-
helium temperatures. All the experimental results are within 20'P& error.

sions about either the relaxation process of the electron
or the electron spin-relaxation time.

In the sample of 1:5 dilution the power dependence
of the polarization rate indicates that most nuclei
relax by direct interaction with the electron spins.
The electron spin-relaxation times are evaluated using
Eq. (19) and they are extremely short, in the range of a
few microseconds. The relaxation time varies inversely
as the erst power of temperature. Apparently this
process is direct, as seen from Eq. (12c). But (12c)
yields a relaxation time which is very long and cannot
explain the measured small value of T~, A Paman
process can explain the small value of Ti but fails to
account for the temperature dependence. This dis-

crepancy can be explained if one takes into account
the exchange interaction that usually predominates in
samples containing high concentrations of paramag-
netic ions.

In such samples the existence of two diferent re-
laxation mechanisms at very low temperatures leading
to diferent temperature dependences of T» has been
established ~4 ~5

T= Ternperoture in 'K of the sample

25-

2.l- (C

It has been proposed by Al'tshuler" '7 that two elec-
tron spins S~ and 82 will interact via a Hamiltonian
JSj. 82, where J is the exchange integral. J is concen-
tration-dependent and large if interelectronic distances
are small. This interaction is found to be a powerful
relaxation mechanism in medium- and high-concen-
tration samples. It is temperature-independent and
gives rise to very short relaxation times. Therefore it
seems probable that the electrons in the 1:5 sample
relax to the lattice through both relaxation mechanisms,
one due to the spin-orbit interaction (indirect ~I' ')
and the other due to the exchange interaction (tem-
perature-independent). This would explain the short-
ness of relaxation times observed and their slow de-
pendence on temperature.

CONCLUSIONS

The double-resonance technique is apparently useful
in the study of relaxation phenomena. It should also
be an aid in the study of the phonon bottleneck, by
allowing one to differentiate the electrons with phonon
bottleneck from those without it in high-concentration
samples. Finally, it should be emphasized that the
temperature dependence of the relaxation rates alone
does not exdude the likely existence of relaxation
mechanisms for the electrons other than the spin-orbit
and the exchange interactions. In very dilute samples
(although the salts investigated were of moderate
concentration) the relaxation mechanism may involve
some electron spin-spin cooperative process and a
more detailed study of the concentration dependence
of the relaxation rates at very low concentrations should
resolve this question.
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