acta phys. slov. 33 (1983), No. 2

TUNNELLING THROUGH
COMBINED POTENTIAL STRUCTURES
II. SOME EXAMPLES

S. TAKACS'), Bratislava

The general results for the tunnelling of particles through the system barrier-
well-barrier (BWB), evaluated in a recent work of the author, are used for calculating
some problems which can be important in the theory of electric and thermal conductivity
of crystalline solids with impurities or in disordered structures.

The temperature and electric-field dependence of the total transmission coefficient
and the total amount of energy conducted by electrons with the Maxwell—Boltzmann
distribution are calculated. They determine the electric conductivity and the electron
component of the thermal conductivity of solids, respectively.

The transmission time 7 of electrons through the system BWB is shown to have
analogous maxima as the transmission coefficient D. By comparing this time with the
transition time ¥ between free states of the incoming electrons and the bound states of
the well not occupied at this time (e. g. near ionized impurities)-which is also calculated

in this paper- the trapping probability of electrons by ionized impurities =t/ is given. It
is shown further that the resonance tunnelling leads to negative-resistance regions in the
current-voltage characteristics.

The eigen-energies of the system BWB, which were needed for determining the time
7, are shown to be always larger than the eigen-energies of the corresponding single well.

TYHHEJIWPOBAHME YEPE3 KOMBUHHUPOBAHHBIE
NOTEHUMAJIBHBIE CTPYKTYPbBI

II. HEKOTOPLIE MPUMEPBI

O6iue pe3ynsTaTsl aBTOPa MO APOGNEME TYHHEAUPOBAHMA YACTHL( Yepe3 CHCTEMY
6apbep-ama-6apbep (BSIB), monyuenHsie B npeAbifiyuled paGoTe, NPHMEHEHB! A
BLIYMCHEHHA HEKOTOPBIX MPOGNIeM, KOTOPbie MOTYT MMETh BAXHOE 3HAYCHHE B TeopHH
371K TPONPOBOAMMOCTH ¥ YAENLHOR TEILIOMPOBORAHOCTH TBEPABIX KPHCTAIIHIECKHUX Tell
C MPHMECAMH, MM HECYNOPAMOYEHHBIX CTPYKTYP.

BuIuMCAEHa 33BUCMMOCTD OT TEMITEPATYPhl M OT IMEKTPHYECKOIO NGNS MONHOTO
k03P HLMEHT IPOXOKACHHUS H IONHOH IHEPTHH, IEPEHECEHHOM ANIEKTPOHAMH, KOTOPBIE
nopuHHIOTCA pachpeneneHnio Makcsenna-Bbonbumana. 3Ti BETMYHHBI ONPEACNAIOT

') Elektrotechnicky istav CEFV SAV, Dibravska cesta, 842 39 BRATISLAVA, Czechoslovakia.
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COOTBETCTBEHHO 3MEKTPONPOBOAHMOCTL W 3NEKTPOHHYIO COCTAB/SIOWYIO YAEALHOM
TENNONPOBOTHOCTH TBEPALIX TeN.

B paGoTe nOKa3aHO, YTO BPEMS T NEPEXONa INEKTPOHOB 1epe3 cuctembl BB umeer
aHANOTHUHBIE MAKCHMYMBI TaK Xe, Kak ¥ koadduumuent npoxoxpaerus D. Ha ocnose
CpaBHEHHsl 3TOTO BPEMEHH C BPEMEHOM T nepexofa MeXXAy CBOGOIHLIMU COCTOSHHAMM
MOCTYHAIOMMX MEKTPOHOB H CBA3AHHBIMM COCTOSHUAMM AMBI, KOTOPbIE B 3TO BPEMS HE
3aHsTHl (HanpuMep, BOMM3IM HOHHIMPOBAHHBIX TpHMeceR) TakXKe BbIMHCIEHHOE
B paboTe, OMpefeNeHa BEPOSTHOCTL 3aXBaTa 3MEKTPOHOB HOHM3UPOBAHHLIMH
npuMecsmu =t/ . KpoMe TOro, noxa3aHo, 4TO Pe3OHAHCHLIA TyHHebHbIl ekt
NPUBOAMT K O6NacTAM C OTpUUATenbHbIM Jn(bEepeHUManbHbIM CONPOTHBICHHEM
B BOMLT-aMnepHo# xapaktepuctuke. IToka3aHo Takxe, 4TO COGCTBEHHBIC IHEPrHU
cuctemst BB, koTopste HEOGXOMUMBI JNIA Bbluuciedus £, Bcerna Gonbiie cOOCTBEHHbIX
3Hepryit COOTBETCTBYIOUIEN AMBI.

I. INTRODUCTION

In our recent paper [1], cited in the following as I, we have shown how the
quantum-mechanical transmission coefficient of the system barrier-well-barrier
(BWRB, denoted also as double barrier in the following) depends on the characteris-
tic parameters of the potential barriers and the potential well between the barriers.
We emphasized mainly the deviations of the results from such where the barriers
can be treated as acting independently on the particle tunnelling.

In this contribution, we use the general results of I for calculating some other
parameters which can be useful mainly in the theory of electrical and thermal
conductivity of crystalline solids with impurities, or in disordered structures.

In Section II, we calculate the total transmission coefficient and the total energy
transferred by the electrons through the system barrier-well-barrier assuming the
distribution of electrons by the Maxwell—Boltzmann distribution function. In
Sect. II, the time is calculated during which the electrons stay “in” the double
barrier. This time is very important for the determination of the transition
probability of the transmitted electrons into a bound state, not occupied at this time
(e. g. near ionized impurities in solids). This transition probability is calculated in
section V. For these calculations we have to know the eigenstates of the system
BWB, which are therefore determined in Section IV.

il. THE TOTAL PERMITTIVITY OF THE DOUBLE BARRIER
WITH THE DISTRIBUTION FUNCTION FOR THE PARTICLES

If the electrons in solids have to transmit through the system of the type BWB
(Fig. 1), two parameters are very important in calculating the electronic transport
properties:

a) the total number of electrons passing the double barrier system (i. e. the total
transmission coefficient D, of the electrons with the given distribution function f;
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b) the total amount of energy, transferred by the electrons through the double

barrier system.
The first quantity will determine theelectrical, the second the electron contribu-

tion to the thermal conductivity.

Fig. 1. The definition of the parameters of the U,
double barrier and the division into different
regions. o

For the Maxwell—Boltzmann distribution function we have

with the mean velocity

2 __4m
Vkr' 3ksT
or

fE)=2 /\m Akmdtu\nwim\»uﬂ

with the mean energy E =3ksT/2 (ks — Boltzmann constant).
We obtain then for the total transmission coefficient D, and the totally
transmitted energy E,

2

D, = * " D(E)E) dE = "

xu\-—- N:NGIN..UANV QN.
o

o

B=[ ED(EE) dE= =™ 2% "D(@) dz,

where

(U is the barrier height).
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Fig. 2b

For D(E)=1 we have
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D=1, E =3 ksT.
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Fig. 2. The temperature dependence of the functions I, = D. and L, = E/(3ksT! 2) for the double barrier

with y=|Uo|/U=0 — curves a)and c¢) and y=5— curbes b) and d). The curves represent shallow

(y=0) and deep (y=5) double barriers. The numbers at the curves mean the ratios b=cld

(well/barrier width). The barrier height is assumed to be U= 3ksT/2 with T=300 K. For other values
of Uit is sufficient to provide the corresponding transformation on the temperature axis.

In Figs. 2 one can see that the temperature dependence of both quantities can
greatly differ. One obtains some typical curves in cases where the maxima of the
transmission coefficient are at smaller or higher values of the electron energies, of
the maximum of D(E) even does not exist, respectively.
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It is evident from these figures in which cases the transmission coefficient can be
approximated with some average value (mainly I, does not depend very much on
the temperature at higher T), or with the temperature dependence of the mean
transmission coefficient (i. e. without the resonant tunnelling). The last approxima-
tion is very crude, as we can see from these figures. This can be very important in
the theory of disordered materials {2].

III. THE TRANSMISSION TIME OF THE PARTICLE THROUGH
THE SYSTEM BARRIER-WELL-BARRIER

The time of the particle in the system during the tunnelling process is somewhat
dubious [3]. By solving the time-dependent Schrédinger equation we obtain that
the particle described by the plane wave

G.Ill >kak|2m;v.»

will be transmitted through the barrier instantaneously [3]. This result -a bit
surprising- is not in contradiction with the theory of relativity, as in the non-re-
lativistic Schrédinger equation the propagation velocity of particles is not limited.

We have therefore to use another procedures for calculating the transmission
time t of real particles.

One of the possibilities is the determination of the transmission time of the
particle (being at the time =0 in one of the wells) through the barrier into the
other well (Fig. 3).

= = ==hOE

Fig. 3. The calculation of the transformation time between two wells separated by a potential barrier.

The time 7 is then [3]

where

and &k is the splitting of the wave function in the well I due to the presence of the
well IIT (Fig. 3).

Since NamU,

—d

SE~e * |

one finds that the tunnelling is a very slow process. We see already from EW
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principles of this method that it is convenient in such case where the particles are
sufficiently localized.

For quantitative calculations of the-transmission time 7, one can use another
procedure [4, 5], which is analogous to the calculation of the life-time of metastable
states of the potential well in [6]. This method is suitable for our calculations with
combined potentials, too.

The “particle” is characterized by the wave packet

) 1 Ey+AE

Y(x, GHM.Blm .

with the mean energy Eo. The characteristic dimension of the wave packet is

considered to be very small (AE/E<1); finally we shall apply the limiting
procedure (AE—0).

The wave packet, coming to the system BWB from the left, is divided after
tunnelling into the transmitted part,

ﬁﬁk. uv - >mﬁkvo:r.|zm\3;.

-M\MA.RJ av dE

(because there is no particle coming from the right, we have Bs =0), and into the
reflected part (a “mixture” of the original packet with the reflected wave function)

Y (x, )=[Ae“+ Bie e,

We have adopted the notations from paper L.

Since at the time ¢ =0 there exists only the wave packet coming from the left to
the double barrier, there should be A, = 1. Besides, from the narrow wave packet
(i. e. AE/E<1) we can assume

|As(k)| =] As(ko)l, |Bi(k)|=|Bi(ko)|
and therefore

As(h) = | As(ka)|e®,  Bi(k)=|Bi(ko)le™*.

If the original wave packet contained the component ~e ", the transmitted part
will contain the component
>m — 0:&»!5: = @.azlmEA.li

where the expansion

L )
QNAka§+Ameveui€, Aaeveui_s. i

had been used, which is allowed for the sufficiently narrow wave packet, too.
It is then obvious that

_d(arg As)
= 1

will mean the time by which the particle motion is delayed in the double barrier

T

79



mwﬂoa?\::qmmﬁoﬁﬁom:armnm_,:o_oiEor:mw:oocwnmn_om::mim%m.m.m?on
particle). .

From paper I, we have for our combined potential

i
T F.— F, gh’ :Qv_ tg (ksc) — F tgh (Kd)

arg (As)=arct - L
and ’ €1 1gh’ (Kd) + F> tgh (Kd) tg (ksc) arctg ur
n
o= 3@g A5) b d(arg As)
dE U  dz 2)
with z=E/U.

We can see in Fig. 4 that the function 7(z) has maxima analogous to the maxima of
the transmission coefficient D(z).
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Fig. 4. The characteristic maxima of the transmission coefficient D and the transmission time t for
y =5. The curves correspond to different values of b= ¢/d.

A

Fig. 5. Scheme of the potential near ionized impurities.
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The existence of sharp maxima of 7 can be important for some physical problems
(a-decay in atomic physics, solids with ionized impurities, etc.). Namely, analogous
potential structures form around such impurities (Fig. 5). Near the narrow “well”
(which corresponds to the Coulomb potential of the ionized impurity) a “cloud” of
negative charge is built up (the valence electrons are attracted by the positive ions),
which acts as a barrier for the conduction electrons.

The probability for “trapping” the conduction electrons by such an impurity is
then proportional both to the time which the electron spends near the well and to
the transition probability of the electron with energy E to the bound state of the
well (energy Eq).

IV. EIGENENERGIES OF THE SYSTEM BARRIER-WELL-BARRIER

For the trapping of electrons by ionized impurities, the eigenstates of the system
are to be determined. These eigenstates can exist only for E,<0, as for E>0 there
is a finite probability for the particle to escape from the well.

The existence of the eigenstates of the system BWB is naturally always important
(e. g. also for the a-decay).

The corresponding wave functions for E,<0 are in the individual regions (see
Fig. 1 for determining these regions)

@i=Ae™” 3)

Qu= \ru@kux + m~01~n~x
@u=A. cos (xx), or A_sin (xx)
Qv = Aef 4 B 5

-K;x
Qv = Bse™ ™ .
where A. and A- correspond to the even and odd symmetry of the wave function

in the well, respectively,
V—-2mE, (NEAQ|mcv (NSA_ Qo_.fmcv
K, = h ’ K;= B ) ) -
Due to the boundary conditions for x— £, Bi= As=0.
The calculation method is the same as in paper I. From the continuity conditions

of the wave functions and its derivatives on the boundaries between the regions we

Xx=

have

Bs=A, B:=Ai B.=A,
as well as the condition for the existence of the bound state for even and odd
symmetry, respectively:

(even) tg —=—" =—H,
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dd L
(odd) ctg 5 " H,
K,

1+ tgh (Kod)

K "

x_ tgh (K.d)
It is evident that with respect to the wm:m_.o well, the additional term H>1 appears
in these conditions.

Therefore, the eigenenergies of the system BWB are always larger than for the
corresponding well only.

where H=

1+

This is apparent also from the following considerations (we consider now the
even symmetry in details). The “new" bound state is formed in both systems (single
barrier and barrier-well-barrier, respectively) for E — 0. This leads to the condition

°«<‘ ’
(well) g =0, or §|N<wn§, n=0,1,2, ...
abVy 1gh(a) Qv/\w tgh (a)
(BWB g 2V B or ——2=arctg =+ 7n.
( ) g 75 5 arctg V5 an

The “new” bound state is formed (e. g. by increasing the value of b, leaving a,
z constant) always “sooner” for the single well and it has always a smaller energy
than the energy of the corresponding bound state of the structure BWB (Fig. 6).

Relatively, the difference of the eigenenergies are larger for the “shallow™ well
but absolutely they are larger for the ““deep’ well (the depth always with respect :“
the barrier height).

Thus, e. g. for a=2, y=>35 there is

bi="Sn=~14
"~V A4n,
b,=0.18+1.4n,
fora=2,y=1
b.=1n
b,=0.767+n.
Even for
bVy
a v\Aanm ﬁ:@c
2 Vy

there does not exist any bound state in the double barrier system (as well known

for the single potential well there is always at least one bound state in the
one-dimensional case!).

. A further undoubtedly interesting result is that the “new” bound state is formed
in the system BWB at such parameters for which the transmission coefficient is
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Fig. 6. The positions of the eigenstates of the double barrier (dashed line) and the corresponding single
well {full lines) for y=5 and y =2, for different well widths.

approaching maximum at E—0. The “resonant” state of the system BWB is
therefore transformed continously into the bound state.

The same conclusions are true for the odd symmetry of the wave function in the
potential well. Knowing the eigenenergies of the system BWB we can determine
the trapping probability of electrons by such system.

i V. TRAPPING THE PARTICLES ,w< THE POTENTIALL WELL
BETWEEN THE BARRIERS

As already mentioned, the trapping probability of the particle will be proportion-
al to the transition probability P between the free states (with energy E) and the
“bound” state (eigenstate) of the system BWB, as well as to the time which the
particle stays “in” the system BWB. Since the transition probability in the time unit
is the reciprocal value of the time # needed for the transition between the two’
states, the product Pt is essentially the ratio transmission/transition time /7.

The probability amplitude for finding the particle with energy E, at the time ¢,
previously in the state with energy E at the time =0, by stimulated emission (the
transition of the particle with energy E into the eigenstate with energy E, by
emitting the photon with frequency iz = (E — Eo)/h) is [4,7]

gt e — |
(@i + o)

am ()= 5 [ dwar@)

em
\N 3

where the photon spectrum is described by the vector potential of the elec-
tromagnetic field

.}Aﬂu Nv" .lmﬁ‘—s H>Aevﬂzn-le.:| }*AEvﬂoxils.J do
0
and
= [ e @ ox
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Here, W is the wave function (2) from paper I (see Appendix) with [A,|*=1 (the
particle is coming from the left).
For the transition EOUmE:Q in the time unit

P=3 (la™ (R = (ad* + aa)| A"

we have after manmam:o:
167°e’h’c’ :ﬁ_fﬁbx_o;

P=— ~ 2
m*d*(E + E,) a’(z+ z0) LE
where [A|® is normalized to be a::m:mmo:_omm.
h= % &oif —_— n_x. )
For the even symmetry with
c
=07 & b
MH|||&IHM~..1_|M, A\NHQ/\—.TN.: A\w@HQV/\VINf
2=EJU, |W[=1/0, Q0= _|+v5: (V) —ooﬁ_ :\Nv+
Q/\N: Va 1+ 2z
2
— i Tom: (V) + /\u .Mc sinh ASL
+2 i s e
( 1+ 2z m_D—._Ad\.vu+N+N:+ Vab X
2 Vi cos INII
X [Vab +sin (Vib)],
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f aVik < -] -
e , & 1 5 \
eVt eb) Tom: T 1+ Q? =+ &T “ x
2 1+ z0
. b b b -
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Cos INI
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+
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Analogously for the odd symmetry
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Since the calculation of the complete overlapping integral (4) is very tedious, we
give only the basic formulae in the Appendix.

In Figs. 7, the dependence of /% on the energy of the incoming particles is
shown for even and odd symmetry. We show only the transitions into the highest
bound states, as the transition probabilities into the lower states are always much
smaller ; besides, for not very large electrical fields and not very high temperatures
only the highest states will be ionized.

From these figures the following statements can be made for the characteristic
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Fig. 7. The ratio transmission/transition time 7/ for the even (a) and odd (b) symmetry of the wave

function of the double barrier with y =35 as the function of the energy of the incoming particles E. The

numbers at the curves mean again the ratio b = ¢/d. For t/£2 1 the particle will be trapped with a very
large probability by the impurity.

behaviour of the trapping probability =t/% (for 727, the particle will very
probably be trapped). ’

For the eigenstates near the top of the well (zo<€y) the trapping —uﬂocmcm_zw
decreases with the increasing energy of the incoming particles (or it remains nearly
unchanged), whereas for lower eigenenergies (zo=y) the quantity ©/7 has clearly
visible maxima. This holds both for the even and for the odd symmetry.

As already mentioned above, this type of #/ #(E) dependence can be very
important in solids with ionized impurities. Let the electron system in the solid be
represented by the Maxwell—Boltzmann distribution function f for the given
temperature T. If the electric field F is not very large, its influence on the electrons
can be included by introducing the effective temperature (depending of F) in f.
The maximum in F is then shifted to higher energies with the increasing electric
field. Until this maximum is below the maximum of 7/, the trapping probability of
the electrons will increase. At the overlapping of the two maxima (for 7/% and
for f), the total trapping of the electrons will be approximately maximum, too.
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Next, the total trapping will decrease, which results in the increased concentration
of the conduction electrons and therefore in the increased electrical conductivity.
The electrical resistivity has therefore a component which at first increases with
temperature (the trapping probability of the conduction electrons increases) and
after reaching its maximum, it begins to decrease. Some analogous results were
obtained experimentally [8]. The mechanism is very similar to the Gunn effect.

VL. DISCUSSION AND COMMENTS

The examples given in this paper show the importance of the resonance
tunnelling in solids. The same is true for tunnelling between two superconductors
as shown in the following paper [9].

We compare now our results with the calculations of the lifetime of quasi-
stationary states in analogous systems [10, 11]. This was treated for the attractive
short-range potentials 8-function combined with the attractive [10] and repulsive
[11] Coulomb interaction. The last system resembles the problem of ionized
impurities, calculated in the previous section. However, the Coulomb part leads to
a very large width for E—0 and to very large barriers for the particles (some eV),
which cannot be built up in semiconductors (mainly due to the shielding by
conduction electrons). In addition, the potential well is not of a very short range as
it is caused also by the Coulomb interaction.

We obtain the life-time in our theory by reversing the time variable: the
tunnelling time gives then also the life-time of the corresponding eigenstates. It is
from eq. (11) of [1],

ab
tg Alwl <v~+nvlo for z=E/U—-0

and

h A/\wl 1) cosh® (a)(y

T=—

for y>1.
U ey +1) 4

This gives a much slower increase for E —>0 than that of the §-like will. It cannot be
explained only by the “brightening” of the barrier with decreasing energy due to
the very long-ranged Coulomb potential.

We would like to mention that this is not the first known case in which the &-like
potential leads to different results [12].
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With respect to the time T, (tunnelling time through the barrier without the well
in between),

o h tgh (a)
0= =
U 2Vz
we have )
al<wI~ .
= sinh (2a),

which depends mainly on the parameters of the barrier, in qualitative agreement
with our calculations.

The time To is in a very good agreement with the qualitative considerations of

[13]. Due to these the tunnelling time should depend in practical examples
(tgh (@)=1) mainly on the height of the barrier U and not on its width. This is in
accordance with Heisenberg’s uncertainty relation. Namely, the uncertainty in the
electron energy during the crossing of the potential well is = U. The time due to
this uncertainty is

t=h/U.

I would like to acknowledge useful discussions with Doc. Dr. L. Hrivnak.

APPENDIX
Here, we give only the principles for calculating the overlaping integral (4) for
the “deven” symmetry. The wave function ¥ for the incoming wave is given by [1]
Y, = A;e*r+ Be .

With the notations

u._nmz\mu T,=aVl—z, Th=aVz+ty,

we have

m.N.;\w_o..:Ami&Jlm_m|mﬂ.ﬁ+_+wﬁ
‘N.Nﬁ‘}uam._ﬂq:w.f WNOLJATLJ_

m\ﬂ W m‘N‘L}ummdAT:w _ mumlﬁﬁi;fw.w

3x d ﬂ-l>an§~a+_.+v+ Fmidati_

mﬂ._\»mmmﬂ_.mi,fw

The integral (4) consists of 5 parts; in front of the barrier, (1), in the first barrier
(2), in the well between the barriers (3), in the.second barrier (4) and beyond the
system BWB (5):
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where

SNQ/\M: <~HQ/\HH\~M: Vi=aVy—z, Vi=aVy+zo, Vo=aV1—z, kx=
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These results are due to 2 X 1073/ 8 <1 approximately
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ru|<WMHMASSW|M|2=IM|+5!= 5 cos — Vx

5 A\wum:u:)fw+ muni.ﬂ:wvv,
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Tabie 1

The eigenenergies of the single potential well and the double barrier (BWB) for different b-values (b = c/d is the ratio between the barrier and the well

width).

a=2, y=1

7.1

6.25

4.7

3.9

35

24 3.15

1.5

0.768 0.8

0.5

0902 0924 0932 0953 0961 0.962
0.192 0.667

0.898

035 045 063 0.73 0.79 085 0.858 0.878

0.19 0.34

well

0411 0.587 0.659

0.357

0.06 0.166

107"

0.124

0.107

0.889 0916 0924 0.949 0.959 0.96
0.33

0.884

0.51 067 0.74 0.82 0.835 0.861

3x107™* 0.03 0.01

BWB

0.629 0.638

0.545

0.256

0.034

0.011

2, y=5

a=

3.2
4.815

2.99
4.792
3.156
0.257

2.5

4717

2.3
4.72
2.52

2.2
4.67
2.18

1.55 1.6
442

1.5

1.4

0.7

0.18 0.185 0.5
0.67

0.1

4.793

4.59
1.53

322 385 429 436 4.387

0.7 2.51

0.23

well

3.357
0.671

3.167
0.276

2.526

0.404

0.14 0.267

4.58 4.64 4.66 4.71 4.787 4788 4.811
1.86 2.44

1.35

0.01 225 3.08 3.78 425 433 4362 4.39

BWB

3.315

3.116
0.016

3.105

2.07

0.414

0.482

ST [y 2 |>%<§|:+m%<}-:T
Nul 5 *A—lf —.,Tch“y <~+N..~ <Nlﬂ.~

(-2 VT%LET:lmk_?s-m-:ﬁ
1+ 2 T,— V2 Vi+ T ,

26T - V(1 +H

€
<_|m‘N._ ’

Nm — m €m>u\~1_

where the coefficients A;, B; are to be determined from the formulae given in paper
1).

The most important contribution t0 the overlappi
region I1I (the wave function decreases exponentially
other contributions

ng integral (4) comes from
in barriers). Neglecting the

AWT; Vib . Tsb Vib  ThbY
WP =L = 313 30 . 13 ; 3 3D\
|h)*=15] V=T AS cos —= sin == + T sin —5 08—~ X

o r?_~+ |Bs|* +2 Re (AsBY) cos Tﬁ? +Wi|

—2 Im (AsBY) sin Tﬁ? +Wv:
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