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Magnetization relaxation in „Ga,Mn…As ferromagnetic semiconductors
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We describe a theory of Mn local-moment magnetization relaxation due top-d kinetic-exchange coupling
with the itinerant-spin subsystem in the ferromagnetic semiconductor~Ga,Mn!As alloy. The theoretical Gilbert
damping coefficient implied by this mechanism is calculated as a function of Mn-moment density, hole
concentration, and quasiparticle lifetime. Comparison with experimental ferromagnetic resonance data suggests
that in annealed strongly metallic samples,p-d coupling contributes significantly to the damping rate of the
magnetization precession at low temperatures. By combining the theoretical Gilbert coefficient with the values
of the magnetic anisotropy energy, we estimate that the typical critical current for spin-transfer magnetization
switching in all-semiconductor trilayer devices can be as low as;105 A cm22.

DOI: 10.1103/PhysRevB.69.085209 PACS number~s!: 73.20.Mf, 73.40.2c, 85.75.2d
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I. INTRODUCTION

The Gilbert coefficient describes the damping of sma
angle magnetization precession and is one of the key pa
eters that characterizes collective magnetization dynamic
a ferromagnet. Early theories of magnetization dynamics
transition metals viewed exchange coupling (}S•s) between
local momentd-shell spinsS and itinerants-p band spinss
as a key relaxation mechanism.1 We now recognize that this
model needs to be elaborated for transition metals to acc
for the itinerant character of theird-electrons. Models of
d-shell local moments that are exchange coupled to itine
s-p band electrons have, however, been resurrected rec
because they provide a good description of ferromagne
in many diluted magnetic semiconductors~DMS’s!, ~Ga,M-
n!As in particular.2,3 Exchange-coupling between local m
ments and itinerant electrons should also contribute sig
cantly to Gilbert damping in these new ferromagne
systems. The elementary process for this damping me
nism is one in which a local-moment magnon is annihila
by exchange interaction with a band electron that suffer
spin flip. This process cannot by itself change the total m
netic moment since the exchange Hamiltonian commu
with the total spinS1s. Net relaxation of the magnetizatio
requires another independent process in which the itine
electron spin relaxes through spin-orbit interactions.

Recent experiments andab initio calculations4 have estab-
lished that for doping levels up to several percent, a sub
tutional Mn impurity in GaAs introduces five strongly loca
ized d electrons and a delocalized hole in the As/Gap band,
and that ferromagnetic coupling between theS55/2 Mn mo-
ments is mediated by thep-d kinetic exchange. Hence, w
model5 the electronic structure of the free carriers by that
the host material, implicitly assuming a shallow acceptor p
ture. The free-carrier quasiparticles arep-d exchange
coupled to the local moments with strength3 Jpd
'55 meV nm3, and have a finite life time that can be es
mated perturbatively. This theoretical picture leads to an
0163-1829/2004/69~8!/085209~6!/$22.50 69 0852
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curate description of many thermodynamic and transp
properties of optimally annealed~Ga,Mn!As samples, such
as the measured transition temperature,6,7 the anomalous Hall
effect,3,8 anisotropic magnetoresistance,8 and magneto-
optical properties.6,9 Particularly important in justifying the
present theory are results for the magnetocrystal
anisotropy,10 spin stiffness,11,12 and Bloch domain width13

that all agree well with experiment. These parameters foll
from the long-wavelength limit of the theory of the Mn spin
wave dispersion, and reflect the retarded and nonlocal c
acter of the valence-band-hole mediated interactions betw
Mn moments.11 The Gilbert damping of magnetization pre
cession discussed here is the aspect of this long-wavele
collective magnetization dynamics that is most directly d
pendent on valence-band spin-orbit coupling.

In Sec. II of this paper, we present a fully microscop
theory of the kinetic-exchange contribution to the Gilbe
coefficient in DMS’s. By comparing the linear response p
dicted by the classical phenomenological Landau-Lifsh
Gilbert ~LLG! equation with microscopic linear-respons
theory, we identify the Gilbert coefficient with the dissipativ
part of a susceptibility diagram.

In Sec. III we present experimental ferromagnetic re
nance~FMR! data12,14 recorded as a function of temperatu
and external magnetic-field strength and orientation. Si
the frequency dependence of the FMR linewidth is n
available,12,14 we are unable to experimentally decouple i
homogeneous FMR broadening and theintrinsic Gilbert
damping contributions to the linewidth to make a quanti
tive comparison with the theory. Nevertheless, the data in
cate that the magnetic inhomogeneity contribution is larg
suppressed in the more metallic, annealed samples and
much of the observed low-temperature FMR linewidth
these samples can be explained by damping of the mag
zation precession mediated through thep-d coupling.

By adding a spin-torque term15 to the LLG equation, we
estimate in Sec. IV that the typical critical current for ma
netization switching due to spin-transfer torques in an
©2004 The American Physical Society09-1
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semiconductor trilayer device consisting of magnetica
‘‘soft’’ and ‘‘hard’’ DMS layers separated by a nonmagnet
spacer will be;105 A cm22. In metals, this spin-transfe
effect is currently the focus of a considerable experiment16

and theoretical17 research. Spin-transfer switching has n
yet been demonstrated in all-semiconductor systems, bu
effect promises to have a richer phenomenology in this c
because of the flexibility of semiconductor ferromagnet m
terials, and because of the possibility of combining sp
transfer with other semiconductor circuit functionalities.18,19

The relatively low critical currents we predict for semico
ductors may also circumvent the incomplete magnetiza
switching encountered in metallic magnetic tunnel junctio
that occurs due to the interference of strong self-field effe
with the spin-transfer torques.20 The paper concludes with
brief summary of our results.

II. THEORY OF THE GILBERT DAMPING

Semiclassical LLG linear response.The phenomenologi-
cal LLG equation for collective magnetization dynamics i

dM

dt
52

gmB

\
M3Be f f1

a

M
M3

dM

dt
, ~1!

where M is the local Mn-moment magnetization,Be f f5
2]E/]M is the effective magnetic field,g is the Lande´
g-factor,mB is the Bohr magneton, anda is the phenomeno
logical Gilbert damping coefficient. Unlessa depends
strongly on the orientation of the magnetization21 or if the
magnetization is not fully aligned with the external sta
magnetic field, the Gilbert damping rate, observed in exp
ment through a frequency-dependent FMR linewidth, is
dependent of the static field and of the details of magn
anisotropies present in the sample.22 This allows us to as-
sume in this section a simple geometry in which the anis
ropy fields are represented by a single, uniaxial anisotr
energy density coefficientU. For small fluctuations of the
Mn magnetization orientation around the easy axis, Eq.~1!
can be used to derive a phenomenological response fun
of the magnetic system to a weak transverse field. For z
external static magnetic field the corresponding inverse
ceptibility reads

x215
\

~gmB!2NMnS
S Ũ2 iav 2 iv

iv Ũ2 iav
D , ~2!

whereŨ5U/(\NMnS), NMn54x/alc
3 is the density of uni-

formly distributed Mn moments in Ga12xMnxAs (alc is the
GaAs lattice constant!, andv is the frequency of the externa
rf field perturbation.

Microscopic theory.We derive the zero-temperature qua
tum response function from our effective Hamiltonian theo
and obtain a microscopic expression fora by equating the
quantum-mechanical response function to the classical on
the uniformv→0 limit. We start by writing a quantum ana
log of Eq. ~1! using the linear-response theory,
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^Mx~r ,t !&52
i

\E2`

`

dt8E dr 8~^@Mx~r ,t !,

2Mx~r 8,t8!Bx~ t8!#&1^@Mx~r ,t !,

2M y~r 8,t8!By~ t8!#&!u~ t2t8!, ~3!

which leads to the retarded transverse susceptibility:

x i , j
R ~r ,tur 8,t8!5~gmB!2

i

\
^@Si~r ,t !,Sj~r 8,t8!#&u~ t2t8!.

~4!

Here i 5x,y and Si(r ,t)5Mi(r ,t)/(gmB) are the Mn trans-
verse spin-density operators.

To evaluate the correlation function~4! we use the
Holstein-Primakoff boson representation of the spin ope
tors assuming small fluctuations around the mean-field
dered state,S15bA2NMnS and S25b†A2NMnS @Sx5(S1

1S2)/2, Sy5(S12S2)/2i ], and choosing theẑ direction as
the quantization axis. After integrating out the itinerant c
rier degrees of freedom within the coherent-state pa
integral formalism of the many-body problem we obtain t
partition function,Z5*D@ z̄z#exp(2S@z̄z#), with the action
given to quadratic order inz and z̄ ~the complex numbers
representing the bosonic degrees of freedom! by

S@ z̄z#51/bV(
m,k

z̄~k,Vm!~2 iVm1P~ iVm!!z~k,Vm!.

~5!

In Eq. ~5!, the first term is the standard Berry’s phase and
second term is the itinerant carrier spin-polarization diagr
for the high-symmetry case where the cross terms of
form z̄z̄ andzz vanish inS@ z̄z#:11

P~ iV!5
NMnJpd

2 S

2b E d3k

~2p!3 (
m,a,b

Ga~ ivm ,k!Gb~ ivm

1 iV,k!u^fa~k!us1ufb~k!&u2. ~6!

HereGa(z,k) is the single-particle band Green’s function a
fa(k) are the band eigenstates. From the partition funct
we compute directly the imaginary time response functio
at finite Matsubara frequencies which after their correspo
ing analytic continuations yield

xxx
R ~v!52~gmB!2

NMnS

2\

2P ret~v!

v21 id2P ret2~v!
,

xxy
R ~v!52 i ~gmB!2

NMnS

2\

2v

v21 id2P ret2~v!
. ~7!

Here P ret ~calculated below! describes mathematically th
retarded interaction between the Mn bosonic degrees of f
dom due to thep-d kinetic exchange with valence-ban
holes.

Connecting classical phenomenology and microsco
theory.Inverting the retarded susceptibility in Eq.~7! for the
uniform (k50) precession mode, we obtain
9-2
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xxx
R 21~v!5

\P ret~v!

~gmB!2NMnS
,

xxy
R 21~v!52 i

\v

~gmB!2NMnS
. ~8!

Comparing Eqs.~8! and~2!, we obtain the microscopic con
tribution to the Gilbert coefficient from kinetic-exchang
coupling:

a52 lim
v→0

@ Im P ret~v!/v#. ~9!

Note thatxxy
R 21 is explicitly equal to the off-diagonal ele

ment of x21 in Eq. ~2! and that, also consistently, the re
part of P ret(v), in the limit of v→0, gives the magneto
crystalline contribution to the anisotropy energyŨ, as ex-
plained in detail in Ref. 11.

To computeP ret(v), we take into account the effects o
disorder present in the system perturbatively by accoun
for the finite lifetime of band quasiparticles, which for sim
plicity we characterize by a single numberG. The quasipar-
ticle broadeningG was chosen to be in the range estimated
previous detailed studies of transport properties of these
tems, which achieve good agreement with experime8

The single-particle Green’s function for the valence-ba
quasiparticles is thus written asGa(k,z)5*2`

` dv8/
(2p)Aa(v8,k)/(z2v8) with a spectral functionAa(e,k)
5G/@(e2ea,k)

21G2/4#. In the present case we take th
valence-band electronic structure to be described by the
band Kohn-Luttinger Hamiltonian in the presence of an
fective kinetic-exchange fieldhe f f5JpdNMn^S&.10 In a col-
linear ferromagnetic state and zero-temperature^S&5S, and
we obtain

a5 lim
v→0

NMnJpd
2 S

4\v E d3k

~2p!3 (
a,b

u^fa~k!us1ufb~k!&u2

3E de

2p
Aa,k~e!Ab,k~e1\v!@ f ~e!2 f ~e1\v!#

5
Jpdhe f f

4\ E d3k

~2p!3 (
a,b

u^fa~k!us1ufb~k!&u2

3Aa,k~eF!Ab,k~eF!. ~10!

In choosing a spin- and band-independent lifetime, we
implicitly appealing to the dominance of spin-independe
Coulomb scattering off Mn acceptors and interstitials as
dominant8 scattering mechanism. Spin-orbit interactions e
ter through their presence in the intrinsic bands rather t
through spin-flip quasiparticle scattering events. In t
model, the Gilbert coefficient in Eq.~10! has intraband and
interband contributions that have qualitatively different d
order dependences, as illustrated in Fig. 1. Note that the
minology we use here recognizes that no band has spin c
acter sufficiently definite to justify the usual distinctio
between majority and minority spin bands. The intraba
08520
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term we refer to here would be spin-flip scattering within
given spin-split band in the more usual language and
present only because of intrinsic spin-orbit coupling in t
host semiconductor bands. The intraband contribution toa is
proportional to 1/G at smallG, i.e., proportional to the con
ductivity rather than the resistivity, and would dominate t
damping if disorder were weak. The interband contributi
to a, on the other hand, requires disorder to breach
wave-vector separation between different bands at the Fe
energy and is an increasing function ofG. The overall de-
pendence of the Gilbert coefficient on the sample’s mobi
is non-monotonic, as illustrated in Fig. 1, with the position
the minimum depending on both hole and Mn-moment d
sities, and on other parameters of the DMS system.

The complexity and tunability of the Gilbert coefficient i
DMS’s is illustrated in Fig. 2 where we plota as a function
of the hole density forG5150 and 50 meV and for Mn
dopingx52 –8%. These parameter values bracket the ra
typical for metallic~Ga,Mn!As DMS’s. The theory curves in
Fig. 2 predict thata increases with increasing hole densi
because of the higher quasiparticle density of states at la
densities. The dependence of the Gilbert coefficient onx is
more complex. The prefactorhe f f in Eq. ~10! reflects the
proportionality of the kinetic-exchange coupling to the M
spin density and causes the Gilbert damping implied by
mechanism to decrease with decreasingx at low Mn doping.
This behavior is clearly seen in Fig. 2~a! for x<6%. On the
other hand, an opposite trend is predicted for higher M
moment densities where the effect ofhe f f on the intraband
and interband matrix elements in Eq.~10! takes over. In that
case, largerhe f f values lead to a reduced spin mixing in th
quasiparticle bands and, therefore, to smaller Gilbert da
ing rates. This implicit dependence ofa on he f f is more
dramatic in higher-quality samples.

We expect that the above kinetic-exchange mechanism
the Gilbert damping will dominate at low temperatur
where other mechanisms such as magnon-magnon inte
tions vanish. At temperatures close to the Curie temperat
on the other hand, the contribution to magnetization prec
sion damping due to the kinetic-exchange coupling can

FIG. 1. Total Gilbert damping coefficienta, interband contribu-
tion a inter , and intraband contributiona intra as a function of quasi-
particle lifetime broadeningG for a carrier density of 0.5 nm23 and
x58%.
9-3
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JAIRO SINOVA et al. PHYSICAL REVIEW B 69, 085209 ~2004!
ignored. The argument is based on an approximation
combines our zero-temperature microscopic theory ofa with
a finite-temperature mean-field description ofhe f f .

10 Within
the mean-field model,he f f is proportional to mean Mn spin
polarization^S& whose temperature dependence is given
the Brillouin function with a temperature-dependent me
field.10 The curves in Fig. 2 can therefore be approximat
assigned also to a~Ga,Mn!As DMS system where the
effective-field value changes through the temperatu
dependent average Mn-spin polarization rather than thro
the Mn-doping parameterx. Large values ofhe f f correspond
to low temperatures in this picture and, as seen from Fig
the temperature dependence ofa in this regime is quite com-
plex and sensitive to details of the DMS sample structu
Generally, Fig. 2 suggests an initial increase ofa with in-
creasing temperature in samples with a large density of
moments, a nearly constanta for intermediate doping, and
suppression ofa in samples with low Mn content. At high
temperatures~small he f f), the kinetic-exchange-driven Gil
bert damping rate will gradually decrease towards zero w
increasing temperature.

III. EXPERIMENTAL FMR LINEWIDTH

We now discuss our experimental FMR linewidth da
recorded for the 120 nm thin Ga12xMnxAs layer with x

FIG. 2. Gilbert damping coefficienta as a function of carrier
density forx52 –8 % and for quasiparticle lifetime broadening
150 meV~a! and 50 meV~b!.
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58% grown on GaAs~001! substrate. The FMR measure
ments were carried out at 9.46 GHz, with the external
magnetic field applied at different anglesu with respect to
the growth axis (u50 corresponds to the@001# crystal direc-
tion andu590° to the@110# direction!. The Mn concentra-
tion in the sample was estimated from x-ray-diffraction me
surement of the lattice constant. The critical temperature
the as-grown (Tc565 K) and annealed (Tc5110 K)
samples were determined from superconducting quantum
terference device magnetization measurements. A more
tailed description of the sample properties and of our exp
mental setup can be found elsewhere.14 To analyze the
measured peak-to-peak FMR linewidthDHpp , plotted in
Fig. 3, we recall the following general relation betwe
DHpp anda:22,23

DHpp~v!5DHpp~0!1
2

A3

v

gmB
a. ~11!

HereDHpp(0) describes broadening due to sample inhom
geneity which is assumed to be frequency independent23,24

but can depend on the dc field orientation. The second t
in Eq. ~11! arises from the Gilbert damping term in the LL
equation~1!, which gives a contribution to the FMR line
width which is linearly proportional tov and independent o
the static magnetic-field direction, if the magnetization
aligned with the field24 ~and the dependence ofa on the
magnetization orientation can be neglected, as mentione
the preceding section21!. This condition is satisfied in ou
sample since the FMR resonance field is larger than the m
netic field at which saturation magnetizations for differe
field orientations coincide.14

The strong dependence of the FMR linewidth on the fi
orientation in the as-grown sample suggests that magn
inhomogeneities in the ferromagnetic layer contribute s
nificantly to the FMR broadening. As seen in both the ma
panel and the inset of Fig. 3, the angle dependence ofDHpp
becomes weaker in the annealed sample and also the ov
magnitude ofDHpp is conspicuously reduced. This observ
tion is consistent with the improved quality of the sample~as

FIG. 3. Experimental peak-to-peak FMR linewidth in as-grow
~filled symbols! and annealed~open symbols! Ga0.92Mn0.08As
samples measured as a function of temperature for@001# and@110#
dc magnetic-field orientations~main plot! and as a function of the
field angle at 4 K~inset!.
9-4
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MAGNETIZATION RELAXATION IN ~Ga,Mn!As . . . PHYSICAL REVIEW B 69, 085209 ~2004!
indicated, e.g., by the enhancedTc) and implies that the
leading contribution to the FMR linewidth might in this ca
come from the homogeneous~Gilbert damping! broadening.
The right y axis in the main plot of Fig. 3 represents th
experimental Gilbert coefficient obtained from the measu
DHpp and from Eq.~11!, assumingDHpp(0)50. Experi-
mental low-temperature values ofa in the annealed sampl
are around 0.03. As seen from Fig. 2, these values of
Gilbert coefficient can be fully explained by thep-d kinetic-
exchange mechanism of the damping of magnetization
cession. However, because the density of Mn ions and t
distribution in the lattice as well as the density of holes
not precisely known in our sample, a fully quantitative co
parison between theory and experiment is not possible.
results suggest that experimental studies of thefrequency-
dependentFMR linewidth in high-quality DMS samples
would be very valuable for understanding the complex
havior of the Gilbert damping coefficient predicted in t
theoretical part of this paper, and in separating those eff
that are arising from the inhomogeneity within the epita
ally grown thin films.

IV. CURRENT-INDUCED MAGNETIZATION SWITCHING

Using theoretical values for the Gilbert coefficient a
anisotropy energy,10 we now estimate the critical current fo
the spin-transfer induced magnetization switching in a fer
magnetic semiconductor multilayer structure. In gene
spin-polarized perpendicular-to-plane currents in magn
multilayer systems can transfer spin between magnetic la
and exert current-dependent torques. For a trilayer struc
arguments based on the conservation of the angular mom
tum suggest the following form of the torques on the tw
magnetic layers:15

t1(2)}
I s

eMV
M̂1(2)3~M̂13M̂2!, ~12!

whereM̂1(2)5M1(2) /M and I s is the spin-polarized electric
current. The sign of the torque depends on the sign of
current, so that magnetization vectors in the two magn
layers can be aligned parallel or antiparallel by current flo
ing in one or the opposite direction. In a spin-valve struct
with one hard and one soft magnetic layer, switching occ
when the torque in the soft layer overcomes the damping
the anisotropy terms.

There have been a series of theoretical papers17 aimed at
the quantitative description of spin currents and their effe
on magnetization switching in metallic spin-valve structur
The theories are based on a two-channel model~spin up and
spin down! and account for spin accumulation effects in t
magnetic multilayers and spin-transfer effects due to refl
tion at the ferromagnet/normal layer interface and due to
averaging mechanism associated with rapid precessio
electron spins after entering the ferromagnet. The tw
channel model is not applicable for semiconductor vale
bands with strong spin-orbit coupling, complicating t
quantitative description of spin currents in DMS’s. Stro
spin-orbit coupling leads to a reduced spin-coherence ti
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However, the exchange coupling between the Mn mome
and hole carriers will make this time larger in ferromagne
than in nonmagneticp-type semiconductors. Experimentall
magnetic information can be transported by charge carr
in DMS multilayers, despite strong spin-orbit coupling,
demonstrated, e.g., by the observation of the giant mag
toresistance effects.25

For an order-of-magnitude estimate of the switching c
rent in a ~Ga,Mn!As-based magnetic trilayer structure, w
approximate the spin current asI s'I ^s&, whereI is the elec-
tric current and̂ s& is the mean-field spin polarization of th
itinerant holes in the~Ga,Mn!As layers.10 Adding the torque
term ~12! to Eq. ~1! for the soft magnetic layer we obtain a
effective damping rateD5(Ũa2 Ĩ )/(11a2), where Ĩ
5I ^s&/(eNMnSV). An instability occurs atD50 and the
corresponding critical current density for the magnetizat
switching is then given byj c5eUad/\^s&. Assuming a
thicknessd;10 nm for the soft ferromagnetic layer an
typical parameters of a Ga0.95Mn0.05As DMS, U
;1 kJ m23, a'0.02, and^s&'0.3, the critical currentj c
;105 A cm22. This estimate is two orders of magnitud
smaller than critical switching currents characteristic of m
tallic spin-valves,16,17primarily due to smaller saturation mo
ments and anisotropy energies in the DMS’s. Since the re
tivities are only 2–3 orders of magnitude larger in DMS
than in metals, observation of this effect should be exp
mentally feasible in a ferromagnet/normal/ferromagnet se
conductor spin-valve structure.26

We note that achieving low critical currents is particular
important for magnetictunneljunctions that are used in non
volatile memory devices. To avoid self-field effects, whi
lead to a spin vortex state rather than to a complete reve
and therefore to a smaller giant magnetoresistance effe20

the in-plane diameterr of metallic spin-valve devices with
critical current densitiesj ;107 A cm22 must be of the order
of ;100 nm.16 Magnetic tunnel junctions have resistanc
too high for applications when patterned to such small siz
Since the Oersted field scales as;r j and the critical currents
for spin-torque-induced switching we predict are two ord
of magnitude smaller in DMS’s than in metals, 1 –10mm
size semiconductor tunnel junctions might still show su
ciently weak self-field effects and, therefore, a compl
current-induced switching.

V. SUMMARY

In this paper we have studied magnetization precess
damping in ferromagnetic semiconductor~Ga,Mn!As alloys.
We have attempted to employ theoretical analysis combi
with existing experimental information to obtain the Gilbe
damping coefficient and to predict the scale of critical c
rents for spin-transfer magnetization-reversal in these s
tems. In spin-transfer induced reversal, damping of magn
zation precession competes with current-induced s
torques and determines the scale of the current require
achieve reversal.

Our theoretical analysis examines the mechanism that
expect to dominate at low temperatures in high-qua
samples, due to the coupling of thed-level local moments to
9-5
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valence-band holes. We derive an explicit expression for
Gilbert coefficient conventionally used to characterize dam
ing in experimental studies, by comparing microsco
linear-response theory with the linear-response limit of
phenomenological Landau-Lifshitz-Gilbert equations, a
study how the values predicted by this model for the Gilb
damping coefficient depend on the hole density and on
size of the mean-field exchange interaction experienced
valence-band holes in the ferromagnetic state. We find
the magnitude predicted for the Gilbert coefficient,;0.03, is
consistent with experiment, but that the observed dep
dence on the external field and magnetization orientatio
larger than can be accounted for by this mechanism.
experimental FMR linewidth appears to have an inhomo
neous broadening contribution that is not included in o
theoretical modeling developed for homogeneous bulk s
tems. The uncertainty that presently exists in the rela
importance of these two broadening mechanisms could
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reduced by frequency-dependent FMR studies.
In our view, the portion of the FMR linewidth broadenin

that is due to inhomogeneity should not, to a first appro
mation, be included in assessing the competition betw
spin torques and spin-precession damping. We have there
used our theoretical value for damping in a homogene
system to estimate the critical currents required for achiev
magnetization reversal and obtainedj c;105 A cm22.
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