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Giant Microwave Absorption in Metallic Grains: Relaxation Mechanism
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We show that the low frequency microwave absorption of an ensemble of small metallic
grains at low temperatures is dominated by a mesoscopic relaxation mechanism. Giant positive
magnetoresistance and very strong temperature dependence of the microwave conductivity is predicted.
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Microwave absorption in an ensemble of metallic The contribution of this mechanism to the microwave
grains has been investigated both theoretically and exconductivity of metallic grainsrr depends strongly on
perimentally in many papers (see Refs. [1-4]). At highthe relation betweemA and the level broadening .
temperatures quantum effects can be neglected and the €er I' > A, the relaxation mechanism of absorption
fective microwave conductivity at frequeney is given in granular metals was shown in Ref. [8] to determine

by the classical Debye formula under certain conditions both microwave conductivity and
w2 magnetoconductance of metallic grains. Here we consider
op = 0_1' (1)  the opposite limitl' < A when energy levels are well
C

resolved. It turns out that the microwave absorption
Here o, is the classical Drude conductivity determinedas well as magnetoconductance are gigantic in this limit,
by elastic scattering. At low temperatures the quani.e., oz exceeds both Eq. (1) and results of Ref. [8] by
tum nature of electronic states in grains becomes esseseveral orders of magnitude.
tial and statistics of the electron levels determines the We now discuss the physical picture of the mecha-
microwave absorption [1-4]. All quantum effects con-nism of relaxation absorption of applied electric field
sidered so far result in the microwave conductivity of theof frequency w. In adiabatic approximation temporal
order or smaller thawrp. In this Letter we discuss the energy levelse;(r) oscillate with the same frequency.
mechanism of microwave absorption which can be muclsince the populations of energy levels follow adiabati-
stronger than the classical one given by Eq. (1). cally the motion of the levels themselves, electron dis-
At sufficiently high radiation frequency absorption is  tribution becomes nonequilibrium without any interlevel
dominated by the resonant mechanism, i.e., by direct trarransitions. Relaxation of this nonequilibrium distribution
sitions between electron levels [1,2], and the microwavelue to inelastic processes leads to entropy production and
conductivity is determined by the probability denshys)  therefore to absorption of energy of the external field.
of energy spacing between adjacent levels. This quan- For simplicity, we will restrict ourselves to the low
tity is usually described by the Wigner-Dyson distribution. temperature case whefi < A. (Later we will also
At s < A, whereA is the mean level spacing, the proba- discuss the situation df << A < T qualitatively.) We

bility density behaves as [5] (see inset, Fig. 1) also assume thab < T (here and elsewhere we put
" i = 1). Under these conditions the relaxation mecha-
P(s) = CgsP/APTL. (2)  nism of absorption turns out to be determined by rare

grains where the first excited level is separated from the
ground state by small energy< T. This implies that
the ground and the first excited states form two level sys-
tems which are effectively isolated from the rest of the
yspectrum.

PopulationV (¢) of the first excited state with the energy
s(r) is governed by the equation

The exponentB is determined by global symmetries of
the system. For the orthogonal ensemifie= 1 and
Cp = w2/6. Inthe unitary case = 2 andCg = 7?/3.
Finally, the symplectic ensemble is characterized b
B =4andCg = 1672/135.

It is well known that absorption of radiation in two
level systems is determined at low by a relaxation
mechanism. Mandelstam and Leontovich proposed this dN (1) N(t) — No(s(1))
mechanism for sound attenuation in gases with slow inter- a .
nal degrees of freedom [6]. For microwave absorption in
doped semiconductors the relaxation mechanism was sugere No(s(¢)) = {1 + exds(z)/T]}"! is the adiabatic
gested by Pollak and Geballe [7]. equilibrium population of the first excited level and is

3)
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the relaxation time of the level due to the electron-phonorassumed to be statistically independent from the spectrum.
interaction. Equation (3) is applicable provided< T. This assumption can be verified by a straightforward
It is crucial for our discussion that the relaxation ratecalculation. We will present this calculation elsewhere.
for a two level system vanishes with For a two level Distribution P(s) of the nearest neighbor spacing
system embedded into a 3D insulating environment withs known to be determined by the global (spin and/or
phonons,7. ~ s~* for s — 0. So rapid divergence of time reversal) symmetry of the systemry, because of
7e(s) at small s leads, as we will see, to divergencesits dependence oP(s) as seen in Eq. (7), should be
in og. To provide the proper cutoff we need to takevery sensitive to weak magnetic field and to spin-
into account processes that lead to a finite, though smalgrbit scattering ratel /7,,. Here we restrict ourselves

relaxation rater,! ats = 0. We write 7.(s) in a form only to three asymptotic regimes: (i) orthogonal, when
1 1/s\* 1 H = 0 andr,, = o, (ii) unitary, when the magnetic field
) E(K) g (4) s strong, and (iii) symplecticH = 0, while 7, is short).
) We also discuss the particularly interesting case of the
wherer, and7, can be estimated as combination of strong spin-orbit scattering and a weak
1 ALAT 1 1 1 (TY\ magnetic field. Apart from this exception we do not
To ~ W’ . - 7o ToA <K> ) present here explicit formulae for the absorption in the

) . crossover regimes. Here we will consider only linear
Qp is the Debye frequency in the metal, denotes absorption. 9 y

the velocity of sound,L is the size of the sample, g, pstitution of Eq. (5) into Eq. (7) gives
and [ is the elastic mean free path. To interpret
Eq. (5) we present the first term in Eq. (4) in the form _ w’ng <<£>2>¢<A ﬂ) (8)
(s/Q3) (A/s) (kI) (kLT /s, where k = s/hv, is the TR = 4yt \\dE 2 O )
wave number of a phonon with the energy The first  where
factor here corresponds to the conventional expression for = (x* + o)xPdx 1
relaxation rate in clean bulk metal. We are considering a ¢(a,b,c) = ] 2 5 5 ™ .
transition between two particular levels without summing (* +¢)? + (be)* cost(ax)
over the final states (as is usual in the bulk case); this )
gives rise to the second factor. In the dirty cése< 1) For orthogonal(8 = 1) gnd unitary(8 = 2) ensem-
the electron phonon relaxation time is known to bebles of metallic graingry,s™ < 1) the typical value of
suppressed [9] (third factor). If the phonon wavelengthd€termining the integral contribution in Eq. (7) is
exceeds the system sizeé as well, electron-phonon s ~ s = Ama{wrg, 7o/mm)]) 4, (10)
coupling in the dipole approximation is reduced, and
the fourth factor appears. Finally, at< T the large ) 5 1/28
population number of phonons leads to the last factor. e = @70 <(£> ><T_m> falarctaio,))
. . . R B ml)s
At small enough temperatures the main contribution to 16VT \\dE To
7,.,! comes from the two-phonon process: One phonon (11)
with an energyi{) ~ T is emitted and another phonon with
With_the energyf_iﬂ — s is absorbed simultaneously to fplk) = cose<l>(cosk)1/25 COS(L)_ (12)
provide a transition between the two states separated by 2B 203
the energy < 7. The amplitude of electric field decays over Thomas-
At higher temperatures, other mechanisms can conFermi screening lengthy = /D /47oq < L from its
tribute to 7,,! substantially, and,,(7) should be deter- vacuum valueE down toEw/oq < E. (HereD is the
mined experimentally. diffusion constant of electrons.) This small electric field
To evaluatesr we consider the powep absorbed in in the bulk gives the main contribution to the classical
a grain. Given the amplitude of the microwave electricDebye formula (1). On the contrary, the sensitivity (12)

(9)

provideds™ <« T, A. In this limit, o is

field £ and the volume of the grail, is determined by the vicinity of the surface, where the
ds 0 electric field is of the order of. A calculation analogous
Q= ‘”[ thN(t)’ IR T oy (6)  to that in Ref. [8] gives
In the Ohmic approximation we obtain the Debye-type <<£>2> _ ety (13)
expression for the averaged microwave conductivity dE BoaV '
ds \2\ 1 dNo  @27c(s) As a result, in the orthogonal case
oo (8] ] ot et iy
[wTe(s)] - <_m> w7, < 1
i op = Caop X 7o 12 , (14
Here (---) stands for the averaging over the random < 1 ) !
scattering potential. The random matrix elements were 207 OTm >
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while for the unitary ensemble, field splits this Kramers doublet and therefore increases
o\ P(s) at smalls. According to Kravtsov and Zirnbauer
<—’”> 0T, < 1 [10]

U _ 70
op = Caop X - 1 \1/2 ) 2 )
2 COE(?> <a)—7'0> T, > 1 P(S,H) - P(S,O) ~ S(H)3 eX[{_S(H)2i|. (21)
(15)  Therefore the distribution function has a peak at
wherer, andr,, are given by Eq. (5) and
a = 7A%*ry/372T (16) s=sH)=A Hi (22)
0

and C is a constant of the order of unity which depends 5 ) )
on the geometry of the grain and on the direction of thednd P(s) ~ s bel20w this peak. Calculation of the
electric field. If the grain is cubic and the microwave sensitivity((ds/dE)”) and 7 for a split Kramers doublet
field is perpendicular to its face, theh—= 1. We assume eéquires some caution: Wlthgut magnetic field both the
that A > T > 7,'. Therefore in both the orthogonal extemal electric field and lattice deformation are unable
and unitary cases is much larger than the classical [0 SPlit & doublet (for exampleis/dE = 0 for H = 0).
Debye conductivityrp of Eq. (1). Therefore at < Hy

In the absence of electron-electron Coulomb interac- ds \2 A I’8%
. e ; . as 2.2 2
tion, a similar approach is applicable everfat- A > T’ <<dE> > € g (H ) , (23)
when many well resolved levels participate in the absorp- TOa 0
tion. In this caserg ~ a’op anda’ = e2rjV ="' 7.(T). 1 1 /sV/HN 1
This matches the results [8] At~ T. -~ = <—> <—> — (24)
Te 70 A H(] Tm

As usual, one can drive an orthogonal system into a

unitary one by applying magnetic field. This leads to

Substituting Eq. (21) into Eq. (7) we get the expression

a giant negative magnetoconductance. Here we considér grain magnetoconductance in the linitre <1 in

it only qualitatively and only atwr, < 1. The field
needed to reducey, to ok is
¥\ L
H~ 16 = () o, a”)

where given the cross section of the graiand its dimen-
sionless (in unite?/k) conductancez, the characteristic
field Hy is

hc

Hy

= . (18)
eAg:
The field H(s™) reducesok dramatically fromoy, to o.
Now let the spin-orbit scattering rat€,'! exceedA. In
this symplectic cas®(s) ~ s*/A> and the integral over
s in Eq. (6) is determined by ~ T. Atlow o < 7_!
(which means™ < T) we have
641> T
45 7PN
At small frequenciesry turns out to be temperature in-
dependent and larger thamp by the factoraT/A ~
oA > 1. At high frequencies the conditiosi < 7T is
violated. IfT < s™ [or (T/A)* < wTo], the characteris-
tic energy separatiosn in Eq. (7) turns out to be of order
T. As a resultoy is w-independent for all ensembles
and

or =C if o < (T/A)*7y". (19)

o,u,s CCB
OR = <
47 B(B + 5)

This equation is valid as long as < T.

(T/A)B+3 ‘;—01 T.  (20)

the presence of substantial spin-orbit scattering. For
s(H) > 5%, i.e.,H4/Hg > wTy, T0/Tm, WeE get

3
or(H) — or(0) ~ <%> op > o'(H=0). (25)

Thus we have a giant positive magnetoconductance that
increases rapidly with the decreasing magnetic field until
H > Hys*/A. Therefore atH ~ Hys™/A, the magne-
toresistance has a sharp maximum. The magnetic field
dependence oz both for 74, — © and for shortry, is
qualitatively illustrated in Fig. 1.

Let us now estimaterg. Consider a metallic grain
with A ~ 1 K (the size is aboutl ~ 150 A). 7, can
be estimated asy ~ 10~7 sec. Then we getr ~ 10?
at T ~ 0.3 K. Therefore atw ~ 10° Hz we predictog
in the orthogonal case to be about 3 orders of magnitude
larger thanop. Under these conditions® ~ 0.3 K and
Hy~ 10T (at g ~ 10), i.e., H ~ 3 T will make the
absorption several times smaller.

Note that the magnetoconductance is negative and posi-
tive in the orthogonal and symplectic cases, respectively;
i.e., the sign of the magnetoconductance is opposite to
usual weak localization [11,12]. This is natural since clas-
sical microwave conductivity (1) is inversely proportional
to 0.

So far we have neglected effects of the Coulomb in-
teraction between electrons. First, our consideration was
based on the Wigner-Dyson distributidt(s). Its appli-
cability in the presence of interactions is not obvious. Ex-

In a sympletic grain each energy level is doubleperimental study of microwave absorption could provide

degenerated due to thieinvariance. An applied magnetic

1960

information on this probability distribution.
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o,.(H) In addition to absorption of the electric field, one
R P(s) d) can consider the effect of an ac magnetic field. Here
(@) we mention only results of Ref. [13]. The authors of
these papers assumed that the broadening of energy
levels is energy independent and found that the energy
dissipation in the time dependent magnetic field can be
much larger than the classical onefats> I'. The sign
of magnetoresistance in this case turns out to be the same
as we found here, i.e., magnetoresistance is positive in
an orthogonal ensemble and negative in a symplectic one.
We believe, however, that the energy dependendé isf
crucial for this problem as well, and we plan to present a
quantitative theory elsewhere.

> In conclusion, we showed that the relaxation mi-
* g S* o H crowave absorption at low frequencies and temperatures
AJ)C Ao w < T < A turns out to be much stronger than the

- ) classical Debye mechanism [see Egs. (14)—(16), (19),
FIG. 1. Magnetic field dependence of the microwave conduc- - . .
tivity at (a) stgrong spin-orbiFtJ scattering and (h), — . Note and(20)]. We also predict the giant and under certain con-

a sharp and high peak in the first case due to the splittinglitions, nonmonotonic magnetoconductance. _
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