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Abstract. We have studied, in the framework of the two-band lattice model, the persistent
current in a one-dimensional mesoscopic semiconductor ring threaded by &, flaking into
consideration the electron—phonon interaction at absolute zero temperature. The current is a
continuous function and periodic in, with a flux quantumpg, without jumps occurring when

each period is over. The interband coupling enhances the current while the electron—phonon
interaction suppresses it.

1. Introduction

Since the pioneering work of iBtiker et al [1, 2], the phenomenon of persistent currents
in mesoscopic rings in the presence of magnetic fields has attracted much interest from
physicists and experimentalists, who studied it by means of different theoretical models
and experimental methods [3—-11]. In a normal-metal ring threaded by a magnetic flux, a
persistent current was thought to exist as long as the phase coherence of the electron was
preserved [1, 2, 4]. By using a gauge transformation, we can remove the vector potential
of the magnetic field in the Sabdinger equation with an additional modified boundary
condition v, (x + L) = exp2ri¢/do) v, (x), wheregpy = h/e is the flux quantum and.
is the circumference of the ring. The Bloch wave vedtpiis then determined by a flux-
dependent condition, i.ek, = (2w /L)(n + ¢/¢o). Therefore the energy spectrufa,} of
the electron is flux dependent and periodicginwith periodicity ¢9. This implies that in
thermal equilibrium a current = 9 E /3¢ exists and is periodic in the flux.
Much of the research work has been based on the study of continuous models, without
consideration of the effects of the electron—phonon interaction. 2halj12] and Wang and
Wang [13] studied the persistent current in 1D rings with a lattice model by using different
methods. They took the contribution of the electron—phonon interaction into consideration
and obtained nearly the same results on the persistent current. Their results show that the
oscillation amplitude of the current decreases at a rate governed by a Debye—Waller factor.
We note that almost all of the theoretical models are based on the single-band descrip-
tion, which is suitable only for the simple metallic case. Recently, Wang éfual [14]
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proposed a continuous two-band model theory for use in studying the persistent currents in
semiconductor rings which took into consideration the interband coupling on the basis of
the two-bandk - p theory formulation [15, 16]. They found that the persistent current is
periodic in the flux, with the same flux quantupg as in the single-band model, and that
the interband coupling enhances the current. However, they did not consider the effects of
the electron—phonon interaction in their model. In this paper, the contribution of electron—
phonon interaction is taken into consideration in studying the persistent current (at absolute
zero temperature) in a 1D mesoscopic electron-doped semiconductor ring threaded by a flux
¢ in the framework of the two-band lattice model.

The paper is organized as follows: in section 2 we present our theoretical model; in
section 3 we give some numerical results and analyses; and section 4 gives the conclusions
reached using our theory and results.

2. The theoretical model and results

We consider a 1D semiconductor ring with the circumferefice= Na, wherea is the

lattice constant and/ the number of lattice cells in the ring, lying in the-plane, threaded

by a magnetic fluxp, which can be continuously varied. The Hamiltonian for the 1D
mesoscopic semiconductor ring can be constructed in such a way as to include the effect of
electron—phonon interaction, on the basis of the two-tang theory [14-16] in the lattice
model from [12, 13] as follows:

N + + + + +
= e1c; ¢ — Jilej 00 + ¢ crv1) plcl 6+ ¢ cyn)
= E + + + + +
—~ plejac+ ¢ cga) &2, ¢ + Ja(c a1 + ¢ cry)

1 0\, 1 0\ ga —igla +
+ Xq:(o 1) hwqa;aq+;Mq <0 1> (€1, + e "al)cf e (1)

where q is the wave vector and, is the frequency of the phonore; = E. + ¢, and
g2 = E, — €40, WhereE,. and E, are the edges of the conduction band and valence band
respectively, and.o (e,0) and Ji (J2), respectively, are the on-site energy and the hopping
integral of the conduction (valence) band, which are thought to be independéribro&
perfect lattice. p is a constant parameter, dependent upon the momentum matrix element
Pev @S in thek - p scheme [14-16].c;" (¢;) and a; (ay) are the creation (annihilation)
operators for electrons and phonons respectivafy. is the coefficient of coupling of the
electron and phonon.

Let the state vectory),,) satisfy the Schixdinger equation

H|Yn) = Eu|¥n). 2
To achieve consistency with the modified boundary condition of the wave function
D, (x 4+ L) = exp2ri¢p/po) D, (x) [4, 10] in the magnetic field, we set [12, 13]

N
V) = \/1N ) (ﬁ;) cf eI Ay) @®)
=1

as an approximation for the small-polaron case as in equation (1). In equation (3),

1
A = exp[Z(—sz,F +a;a;>} 0) (4)

q
is the coherent state of the phonon [13] and satisfies

aglA) = aj|A)) (5)
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and|0) is the vacuum state of the electron and phonon. The oper@tamiaf] satisfy the
following periodic boundary conditions:

I+N _ I
otV =l (6)

and
Cl4N = CI- (7

Putting the state vectdi,) into Schidinger equation (2), we get

1 /01) + 27
E,—— c eZﬂl(n+¢/¢o)l/N|A )
&1 +2ri(n+¢/¢po)l /N
= w25 ) ()
1 )
+ - < ; ) ( )Clt_lean(n+¢/¢o)l/N|Al>

f Z < ) ( ) cltleZHi(n+¢/¢o)l/N|Al>

+ Mol dila (:01) c+62ni(n+¢/¢o)//N|Al>
\/ﬁ ; e p2) !

Z M —igla < )a;-C;LeZHi(n-&-q)/(bg)l/N'Al)

+ ﬁ Zf_zwqaf{ (g;) a;cfez”i(”w/%)lmml). (8)
ql
We see that if the free paramete:r§ take the following form:
My a
@ = —g e ©)
q

the two terms ofa;c,ﬂA,) on the right-hand side of equation (8) disappear, and the result
will become simple. Multiplying equation (8) on both sides by a conjugate veegr;,
we get

01 e1 O P1 =J1 p i@ /N)(+/go)
En = + AlA 0
(m)=(5 2) () + (5 2) () wiace

—(ZM‘?>(“>+(_J1 p)( )<A|A )& N (1 1 /0.
— oy ) \ P2 p D e °

(10)

Since the coherent statgs;) satisfy

(Al A1) = exp —Z( )(1 é%} (11)

and

M, \? ,
(AilAj41) = expy— Z(Tzaf) 1- e'qa)} (12)
q

q
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equation (10) can be rewritten as
a ()= (8 2) ()= ) () e T (5]
02 0 ¢ P2 p éo

(=5)(2)

wzz(}_j‘f

q q

where
2
) (1 — cosqa) (14)

and in deriving equation (13) we have used the properties ofjttisstribution x/a <
g < m/a), and the relationd/_, = M, andw_, = w,. In this case, we have

Z(ﬁMazi)zeiiqa _ Z(}_?f)zcogla, (15)

q q q
Collecting the three terms on the right-hand side of equation (13) together, we obtain

M2
g1 — 2,6V Cy — Z(J) 2pe " C,

g (P = 7 \haoy p1
"\p2) M? 02
2pe " C, g2+ 2Jo67Cor — Z(_q)

” haw,

(16)
where here, and in equation (17) belo@ stands for

cosz”( ¢ )
$o

Without loss of generality, we may neglect the difference between the effective mass for
electrons and light holes [14]. Then we hayg = ¢,0 = ¢p and J; = J, = J. Solving
equation (16), we get the energy spectrum of the modified conduction band:

(E +E)+ 1\/[eg +2e0 — 4Je v Cy]? + 16p2e~2v coF — <n + ::) a7
0

wheree, = E. — E, is the energy gap between the conduction band and the valence band.

Now we consider an electron-doped semiconductor ring. Each cell has only one
conduction electron on average and the valence band is filled with electrons. According
to the Pauli exclusion principle, the energy for a fix¥delectron system at absolute zero
temperature is (settingt. + E,)/2 to be the zero point of energy)

21 o\ ¢
E= sg +2¢0—4Je cos—|\n+ ) + 16p2e~2v 0032 —|n+ -
n—fm o o
(18)

for N =2m,withm =1, 2,...,and 0< ¢/¢o < 1; and

= } Zm: [s 4+ 2¢9g—4Jev cosz— (n + ¢ )T + 16p2e~2» co$ — (n + ¢ )
2 n=—m ¢ ¢0 ¢0

(19)
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Figure 1. The energy of the electrons (a) and the persistent current (b) versus the magnetic
flux ¢/¢o for an even number of electron®vV(= 10). The parameters, = 1.5 eV and

p = 0.1s,0.2¢,, and 04e, are represented by heavy-dotted, light-dotted and solid lines
respectively.

for N=2m+1, withm=0,1,2,..., and—3 < ¢/ < 3. Using the relation [1, 2, 17]

IE
I="—
d¢

we can obtain the persistent current in the ring.

In order to review the properties of the total energy and persistent current of the
semiconductor ring threaded by a magnetic flux, we will perform some numerical analyses
in the next section.

(20)
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Figure 2. As figure 1, but with¥ = 11 andp = 0.5¢, 0.7¢,, and 09s,.

3. Numerical results

In this section, we will give some numerical results to supply more information on the total
energy and persistent current for a 1D two-band mesoscopic semiconductor ring with a flux

penetrating it.

As in the last section, we neglect the difference between the effective masses of electrons
in the conduction band and light holes in the valence band [14]. We set the parameters
as follows: a = 10 A, m = 0.1mg, @ = 0.1, hw, = hwo = 30 meV, ands, = 1.5 eV.

The energy £) and the corresponding persistent curraitgre plotted versus the external
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magnetic flux §/¢o) in figure 1 for theN = 10 system (withp = 0.1¢,, 0.25¢,, and 04¢,),
and in figure 2 for thev = 11 system (withp = 0.5¢,, 0.7¢,, and Q9,). In figure 1 and
figure 2, the energy and persistent current have been respectively renormalized using the
factorse, and Iy = ¢,/¢o. At the same time, the energies corresponding to the two larger
values ofp have been moved down by different amounts so that we can plot them in the
same figure.

From figure 1 and figure 2 we know that the energy and persistent current are periodic
functions of the flux, with the periodicity of the flux quantugg as in the case of the single-
band model for the simple metallic ring. The energy increases as the interband coupling
(p) increases, and so does the oscillation magnitude of the persistent current. The persistent
current varies abruptly at certain flux points, which are different when the system contains
even or odd numbers of electrons. However, this is different from the discontinuous jumps
of the persistent current found in the continuous model [14]. The persistent current has one
peak for evenV and two peaks for odd in one period of the flux.
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Figure 3. The persistent current versus the magnetic fiuso for an even numbers of electrons
(N = 14), and the parametetg = 2.0 eV andp = 0.4¢,, with (dotted line) and without (solid
line) the contribution of electron—phonon interaction.

In figure 3 we have plotted the persistent current for the system with and without the
electron—phonon interaction. The inset in the figure shows the system energy in the two
cases. The effect of electron—phonon interaction is reflected in the factonesquations
(18) and (19), wherew is determined by equation (14). Using the same parameters as
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above, we havev = 0.005. We note that the interaction lowers the energy and depresses
the persistent current in the system.

4. Conclusion

In this paper we have studied the persistent currents in the 1D mesoscopic semiconductor
rings threaded by an external magnetic flgx in the framework of the two-band
lattice model at absolute zero temperature, where the contribution of the electron—phonon
interaction has been taken into consideration. From the numerical results, we found that the
persistent current of the system is continuous, and is periodic with a flux quantuniy,

without jumps occurring when each period is over, no matter whether the system has even
or odd numbers of conduction electrons. This is very different from the situation in the
continuous model [14]. We also found that in the semiconductor ring the interband coupling
(p) enhances the current while the electron—phonon interaction suppresses the current.
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