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Giant Microwave Absorption in Metallic Grains: Relaxation Mechanism

F. Zhou,1 B. Spivak,1 N. Taniguchi,2 and B. L. Altshuler3,4

1Physics Department, University of Washington, Seattle, Washington 98195
2Department of Physical Electronics, Hiroshima University, Higashi-Hiroshima 739, Japan

3Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 021
4NEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540

(Received 4 August 1995)

We show that the low frequency microwave absorption of an ensemble of small meta
grains at low temperatures is dominated by a mesoscopic relaxation mechanism. Giant po
magnetoresistance and very strong temperature dependence of the microwave conductivity is pred
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Microwave absorption in an ensemble of metall
grains has been investigated both theoretically and
perimentally in many papers (see Refs. [1–4]). At hig
temperatures quantum effects can be neglected and the
fective microwave conductivity at frequencyv is given
by the classical Debye formula

sD ­
v2

scl
. (1)

Here scl is the classical Drude conductivity determine
by elastic scattering. At low temperatures the qua
tum nature of electronic states in grains becomes ess
tial and statistics of the electron levels determines t
microwave absorption [1–4]. All quantum effects con
sidered so far result in the microwave conductivity of th
order or smaller thansD. In this Letter we discuss the
mechanism of microwave absorption which can be mu
stronger than the classical one given by Eq. (1).

At sufficiently high radiation frequencyv absorption is
dominated by the resonant mechanism, i.e., by direct tr
sitions between electron levels [1,2], and the microwa
conductivity is determined by the probability densityPssd
of energy spacings between adjacent levels. This quan
tity is usually described by the Wigner-Dyson distribution
At s ø D, whereD is the mean level spacing, the proba
bility density behaves as [5] (see inset, Fig. 1)

Pssd ­ CbsbyDb11. (2)

The exponentb is determined by global symmetries o
the system. For the orthogonal ensembleb ­ 1 and
Cb ­ p2y6. In the unitary case,b ­ 2 andCb ­ p2y3.
Finally, the symplectic ensemble is characterized
b ­ 4 andCb ­ 16p2y135.

It is well known that absorption of radiation in two
level systems is determined at lowv by a relaxation
mechanism. Mandelstam and Leontovich proposed t
mechanism for sound attenuation in gases with slow int
nal degrees of freedom [6]. For microwave absorption
doped semiconductors the relaxation mechanism was s
gested by Pollak and Geballe [7].
0031-9007y96y77(10)y1958(4)$10.00
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The contribution of this mechanism to the microwav
conductivity of metallic grainssR depends strongly on
the relation betweenD and the level broadeningG.
For G ¿ D, the relaxation mechanism of absorptio
in granular metals was shown in Ref. [8] to determin
under certain conditions both microwave conductivity a
magnetoconductance of metallic grains. Here we consi
the opposite limitG ø D when energy levels are wel
resolved. It turns out that the microwave absorptionsR

as well as magnetoconductance are gigantic in this lim
i.e., sR exceeds both Eq. (1) and results of Ref. [8] b
several orders of magnitude.

We now discuss the physical picture of the mech
nism of relaxation absorption of applied electric fie
of frequency v. In adiabatic approximation tempora
energy levelseistd oscillate with the same frequency
Since the populations of energy levels follow adiaba
cally the motion of the levels themselves, electron d
tribution becomes nonequilibrium without any interlev
transitions. Relaxation of this nonequilibrium distributio
due to inelastic processes leads to entropy production
therefore to absorption of energy of the external field.

For simplicity, we will restrict ourselves to the low
temperature case whenT ø D. (Later we will also
discuss the situation atG ø D , T qualitatively.) We
also assume thatv ø T (here and elsewhere we pu
h̄ ­ 1). Under these conditions the relaxation mech
nism of absorption turns out to be determined by ra
grains where the first excited level is separated from
ground state by small energys ø T . This implies that
the ground and the first excited states form two level s
tems which are effectively isolated from the rest of th
spectrum.

PopulationNstd of the first excited state with the energ
sstd is governed by the equation

dNstd
dt

­ 2
Nstd 2 N0ssssstdddd

te

. (3)

Here N0ssssstdddd ­ h1 1 expfsstdyTgj21 is the adiabatic
equilibrium population of the first excited level andte is
© 1996 The American Physical Society
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the relaxation time of the level due to the electron-pho
interaction. Equation (3) is applicable providedv ø T .

It is crucial for our discussion that the relaxation r
for a two level system vanishes withs. For a two level
system embedded into a 3D insulating environment w
phonons,te , s24 for s ! 0. So rapid divergence o
tessd at small s leads, as we will see, to divergenc
in sR. To provide the proper cutoff we need to ta
into account processes that lead to a finite, though sm
relaxation ratet21

m at s ­ 0. We writetessd in a form
1

tessd
­

1
t0

µ
s
D

∂4

1
1

tm
, (4)

wheret0 andtm can be estimated as

1
t0

,
D5L2lT

V
2
Dy3

s

,
1

tm
­

1
t0

1
t0D

µ
T
D

∂3

, (5)

VD is the Debye frequency in the metal,ys denotes
the velocity of sound,L is the size of the sample
and l is the elastic mean free path. To interp
Eq. (5) we present the first term in Eq. (4) in the fo
ss3yV

2
Dd sDysd skld skLd2Tys, where k ­ syh̄ys is the

wave number of a phonon with the energys. The first
factor here corresponds to the conventional expressio
relaxation rate in clean bulk metal. We are considerin
transition between two particular levels without summ
over the final states (as is usual in the bulk case);
gives rise to the second factor. In the dirty caseskl , 1d
the electron phonon relaxation time is known to
suppressed [9] (third factor). If the phonon wavelen
exceeds the system sizeL as well, electron-phono
coupling in the dipole approximation is reduced, a
the fourth factor appears. Finally, ats , T the large
population number of phonons leads to the last factor

At small enough temperatures the main contribution
t21

m comes from the two-phonon process: One pho
with an energyh̄V , T is emitted and another phono
with the energyh̄V 2 s is absorbed simultaneously
provide a transition between the two states separate
the energys ø T .

At higher temperatures, other mechanisms can
tribute to t21

m substantially, andtmsT d should be deter
mined experimentally.

To evaluatesR we consider the powerQ absorbed in
a grain. Given the amplitude of the microwave elec
field E and the volume of the grainV ,

Q ­ v
Z

dt
ds
dt

Nstd, sR ­
Q

E2V
. (6)

In the Ohmic approximation we obtain the Debye-ty
expression for the averaged microwave conductivity

sR ­

øµ
ds
dE

∂2¿ 1
V

Z
ds Pssd

dN0

ds
v2tessd

1 1 fvtessdg2
.

(7)

Here k· · ·l stands for the averaging over the rand
scattering potential. The random matrix elements w
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assumed to be statistically independent from the spectr
This assumption can be verified by a straightforwa
calculation. We will present this calculation elsewhere

Distribution Pssd of the nearest neighbor spacings
is known to be determined by the global (spin and
time reversal) symmetry of the system.sR, because of
its dependence onPssd as seen in Eq. (7), should b
very sensitive to weak magnetic fieldH and to spin-
orbit scattering rate1ytso. Here we restrict ourselve
only to three asymptotic regimes: (i) orthogonal, wh
H ­ 0 andtso ­ `, (ii) unitary, when the magnetic field
is strong, and (iii) symplectic (H ­ 0, while tso is short).
We also discuss the particularly interesting case of
combination of strong spin-orbit scattering and a we
magnetic field. Apart from this exception we do n
present here explicit formulae for the absorption in t
crossover regimes. Here we will consider only line
absorption.

Substitution of Eq. (5) into Eq. (7) gives

sR ­
v2t0

4VT

øµ
ds
dE

∂2¿
f

µ
D

2T
, vtm,

t0

tm

∂
, (8)

where

fsa, b, cd ­
Z `

0

sx4 1 cdxb dx
sx4 1 cd2 1 sbcd2

1
cosh2saxd

. (9)

For orthogonalsb ­ 1d and unitarysb ­ 2d ensem-
bles of metallic grainsstsosp ø 1d the typical value ofs
determining the integral contribution in Eq. (7) is

s , sp ­ Dsmaxfvt0, t0ytmdgd1y4, (10)

providedsp ø T , D. In this limit, sR is

sR ­
pv2t0

16VT

øµ
ds
dE

∂2¿ µ
tm

t0

∂1y2b

fbsssarctansvtmdddd,

(11)
with

fbskd ­ cosec

µ
p

2b

∂
scoskd1y2b cos

µ
k

2b

∂
. (12)

The amplitude of electric field decays over Thoma
Fermi screening lengthr0 ­

p
Dy4pscl ø L from its

vacuum valueE down toEvyscl ø E. (HereD is the
diffusion constant of electrons.) This small electric fie
in the bulk gives the main contribution to the classic
Debye formula (1). On the contrary, the sensitivity (1
is determined by the vicinity of the surface, where t
electric field is of the order ofE. A calculation analogous
to that in Ref. [8] givesøµ

ds
dE

∂2¿
,

e4r4
0

bsclV
. (13)

As a result, in the orthogonal case

so
R ­ CasD 3

8>>><>>>:
µ

tm

t0

∂ 1

2

vtm ø 1µ
1

2vt0

∂1y2

vtm ¿ 1

, (14)
1959
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while for the unitary ensemble,

su
R ­ CasD 3

8>>><>>>:
µ

tm

t0

∂ 1

4

vtm ø 1

2 cos

µ
p

8

∂ µ
1

vt0

∂1y2

vtm ¿ 1

,

(15)
wheret0 andtm are given by Eq. (5) and

a ­ pD2t0y372T (16)

and C is a constant of the order of unity which depen
on the geometry of the grain and on the direction of t
electric field. If the grain is cubic and the microwav
field is perpendicular to its face, thenC ­ 1. We assume
that D ¿ T ¿ t

21
0 . Therefore in both the orthogona

and unitary casessR is much larger than the classica
Debye conductivitysD of Eq. (1).

In the absence of electron-electron Coulomb inter
tion, a similar approach is applicable even atT . D . G

when many well resolved levels participate in the abso
tion. In this casesR , a0sD anda0 ­ e2r2

0 V 21tesT d.
This matches the results [8] atD , G.

As usual, one can drive an orthogonal system into
unitary one by applying magnetic fieldH. This leads to
a giant negative magnetoconductance. Here we cons
it only qualitatively and only atvtm ø 1. The field
needed to reduceso

R to s
u
R is

H , Hsspd ­

µ
sp

D

∂ 1

2

H0 , (17)

where given the cross section of the grainA and its dimen-
sionless (in unitse2yh̄) conductanceg, the characteristic
field H0 is

H0 ­
h̄c

eAg
1

2

. (18)

The fieldHsspd reducessR dramatically froms
o
R to s

u
R.

Now let the spin-orbit scattering ratet21
so exceedD. In

this symplectic casePssd , s4yD5 and the integral over
s in Eq. (6) is determined bys , T . At low v ø t21

e

(which meanssp ø T ) we have

ss
R ­ C

64p2

45
sDa

T
D

, if v ø sTyDd4t21
0 . (19)

At small frequenciesss
R turns out to be temperature in

dependent and larger thansD by the factoraTyD ,
t0D ¿ 1. At high frequencies the conditionsp ø T is
violated. If T , sp [or sTyDd4 , vt0], the characteris-
tic energy separations in Eq. (7) turns out to be of orde
T . As a resultsR is v-independent for all ensemble
and

s
o, u, s
R ­

CCb

4pbsb 1 5d
sTyDdb13 scl

t0
T . (20)

This equation is valid as long asv ø T .
In a sympletic grain each energy level is doub

degenerated due to theT invariance. An applied magneti
1960
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field splits this Kramers doublet and therefore increas
Pssd at small s. According to Kravtsov and Zirnbauer
[10]

Pss, Hd 2 Pss, 0d ,
s2

ssHd3
exp

∑
2

s2

ssHd2

∏
. (21)

Therefore the distribution function has a peak at

s ­ ssHd ; D
H
H0

(22)

and Pssd , s2 below this peak. Calculation of the
sensitivity ksdsydEd2l andte for a split Kramers doublet
requires some caution: Without magnetic field both th
external electric field and lattice deformation are unab
to split a doublet (for example,dsydE ­ 0 for H ­ 0).
Therefore atH , H0øµ

ds
dE

∂2¿
, e2r2

0
D

4pscl

√
H
H0

!2

, (23)

1
te

,
1
t0

µ
s
D

∂4µ H
H0

∂2

1
1

tm
. (24)

Substituting Eq. (21) into Eq. (7) we get the expressio
for grain magnetoconductance in the limitvte ø 1 in
the presence of substantial spin-orbit scattering. F
ssHd . sp, i.e.,H4yH4

0 . vt0, t0ytm, we get

sRsHd 2 sRs0d ,
µ

H0

H

∂3

su
R ¿ sssH ­ 0d . (25)

Thus we have a giant positive magnetoconductance t
increases rapidly with the decreasing magnetic field un
H . H0spyD. Therefore atH , H0spyD, the magne-
toresistance has a sharp maximum. The magnetic fi
dependence ofsR both for tso ! ` and for shorttso is
qualitatively illustrated in Fig. 1.

Let us now estimatesR. Consider a metallic grain
with D , 1 K (the size is aboutL , 150 Å). t0 can
be estimated ast0 , 1027 sec. Then we geta , 102

at T , 0.3 K. Therefore atv , 105 Hz we predictsR

in the orthogonal case to be about 3 orders of magnitu
larger thansD. Under these conditionssp , 0.3 K and
H0 , 10 T (at g , 10), i.e., H , 3 T will make the
absorption several times smaller.

Note that the magnetoconductance is negative and po
tive in the orthogonal and symplectic cases, respective
i.e., the sign of the magnetoconductance is opposite
usual weak localization [11,12]. This is natural since cla
sical microwave conductivity (1) is inversely proportiona
to scl.

So far we have neglected effects of the Coulomb i
teraction between electrons. First, our consideration w
based on the Wigner-Dyson distributionPssd. Its appli-
cability in the presence of interactions is not obvious. E
perimental study of microwave absorption could provid
information on this probability distribution.
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FIG. 1. Magnetic field dependence of the microwave condu
tivity at (a) strong spin-orbit scattering and (b)tso ! `. Note
a sharp and high peak in the first case due to the splitt
of the Kramers doublets. Parameterss

o, u, s
R , sp, D, and H0

are determined in the text. Inset:Pssd at small s ss ø Dd:
(a) orthogonal, (b) unitary, (c) symplectic, and (d)tsoD . 1
and finiteH.

Another Coulomb effect to consider is the contributio
of the electron-electron interaction to the level broade
ing G. We argue that in the limitT ø D this con-
tribution does not exist andG is determined entirely by
phonon scatteringG ­ t21

e . Coulomb interactions can
only renormalize the one-electron energy of the first e
cited state but do not broaden it because inelastic tran
tions due to electron-electron interaction are forbidden
the energy conservation law. Therefore Eq. (7) rema
valid even for strongly correlated electrons.

As mentioned above, without Coulomb interactio
there is a big intervalG , t21

e , D , T where our
two level approximation is not valid and many leve
in each grain contribute to the absorption. These lev
are still well resolved. On the other hand the electro
electron interaction is known to dominateG at high
temperatures [12]. This makes calculations forD , T ,

Dst0Dd1y5 anything but trivial. Indeed, calculated in
Ref. [12] Gee is the broadening of one-particle state
The exact many-electron states can be broadened only
phonons. Spacing between these exact statesDexsed is of
the order ofD only for several low energy excitations
With increasing energye the spacingDexsed decreases
very quickly. We find it possible that the results o
[8] are valid until T . Tp where Tp is determined by
the relation DexsTpd ­ GphsTpd. If so, the matching
should take place in the intervalD , T , Tp. We have
to admit that much better understanding of the relati
between exact states and quasiparticles and of elect
phonon interaction in the closed system is needed
order to develop a theory of microwave absorption
D , T , Dst0Dd1y5.
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In addition to absorption of the electric field, one
can consider the effect of an ac magnetic field. He
we mention only results of Ref. [13]. The authors o
these papers assumed that the broadening of ene
levels is energy independent and found that the ener
dissipation in the time dependent magnetic field can
much larger than the classical one atD ¿ G. The sign
of magnetoresistance in this case turns out to be the sa
as we found here, i.e., magnetoresistance is positive
an orthogonal ensemble and negative in a symplectic o
We believe, however, that the energy dependence ofG is
crucial for this problem as well, and we plan to present
quantitative theory elsewhere.

In conclusion, we showed that the relaxation m
crowave absorption at low frequencies and temperatu
v ø T ø D turns out to be much stronger than th
classical Debye mechanism [see Eqs. (14)–(16), (1
and(20)]. We also predict the giant and under certain co
ditions, nonmonotonic magnetoconductance.
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