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Using statistical guantum electrodynamics fechniques, we'investigate phbton echo in intringic direct transition semicon-
ductor materials. Possible applications of this effect in ultrashort time measurements and optical digital computation are dis-
cussed. : o : : : : -

It a recent paper [1] the results of photon echo in gases were derived by use of the techniques of statistical
' quantum electrodynamics, In this note the dynamics of photon echo in a direct gap semiconductor are investigated,
} whete photon absorption is vertical and is accompanied by the generation of an electron—hole pair. The present
work is prompted by the recent availability [2] of pulses of width equal to or smaller than the recombination and
dephasing times associated with ultrafast semiconductor interband transitions. Photon echo measurements would
contribute to a better understanding of semiconductor relaxation processes and to the operation of semiconductors
as ultrafast signal processing devices. o '

In this work, we summarize the results for photon echo in two level atom systems, compute the verfex function
for the direct gap semiconductor, the effects on the vertex function of a photonic pulse of arbitrary duration,
which result leads to an expression for the form factor, a representation of the wavefunction with a specific history,
and the two-pulse photon echo results. Finally, we propose possible applications of the ultrashort photon echo ef-
fects in direct gap semiconductor material, . o )

In a two-level atom systems where the energy of the ground staté is €& =p?/2m, that of the excited state is
e:,’ =8y + p2/2m and the fransition between the two states is dipolar, the integrated hamiltonian density is given,
assuming that the states of the atom and the photon are expanded in plane waves, by

[ @35 8 3040 1) = NG +8)6% sty p0 81 + K2 [2m — p2[2m + Qg — ] #hic., ‘ )y

where € 15 the photon polarization, N is a normalization constant, a;’ pls the creation operator for an excited atom
of momentum p, the index g refers to the ground state, af is the creation operator for a photon of momentum k
and = k1, and p is the transition dipole moment. ‘ L
_ If the incoring photonic field is a gaussian pulse of finite duration and a central frequency w; and with the - , F
’ _ representation o L o '

o Epue =B -kex)exp(-ler vikx), L @

~ where

E(f)=E, exp[-é(r/rch}, Ew= | th(t_)e“i“f,___“:'

* —""then the vertex function is given by:
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P(p, kY= (P * 8) p sy, poi B (@ — w0 1), (3)
where |
ok = (P +K)22m — plom + 9 .

The ensemble averaged ground state atom wavefunction is given by _ . :

Wolx, 0= 2y 32 [ Bp A(p) explip +x — i p2j2m)e] 113, | (4)

and that of an excited state, which has been excited by a photon of momentum ky, in the short pulse limit, is given
by:

(ve(x, 0n= (211)ﬁ3/2 f d3p A(p)expli(p +k1) vx ~if(p+ k)2 2m]t - Qo — 1112}, (5)

where 4(p) = [F()] 12, 1 ( p) is the Maxwel! dxstnbut:on and ¥ =027y where T'is the Ilfetlme of the excited
state (dephasing time).

In a two-photon echo experiment, the first excitation is described by (%), £1) and the second excitation is
described by (k;, £,) where & refers to the incoming photon momentum and ¢ to the time of collision of an in-
ﬁmtely narrow pulse with the system. The echo amplitude is proportional to the matnx element

M= (Vgge]p exp(ikocno * X)N’g eg C - : ' (6) |

where the 1nd1ces refer to the lustory of that particuiar component of the wavefunction as it develops with time.
 The first comma refers to time #; and the second comma refers to time ¢, as previously defined. In the same in-
finitely short pulse approximation, the above wavefunctlons can be written as:

Ve = explix;) [ 43 A(p) expli(p + k) ] oxpl—icty — icS sl =) 10— D), BN G

and

Vgseg < 0x00ixa) [ @0 A() expliCp +K; - ky) &)

X exp{fiegtl - i€_§'+k1(1‘2 —t))— i€k ptky kg (E — tz)} exp[—r{t, - “1)“1} : ®
where X 5 is a phase factor that is p independent. Integrating M over x, one obtains for the echo momentum: -

Keoho = 2y — kl : _ S . . G)

and the echo amplitude is proportional to
Bocho % exp(iX) [ 7(2) expla(e = 1)) explGm)p - kot~ 1) ~kyt- 1)1}, . - (10)
This integration over p is maximum when the phase of the oscillating term is zero, i.e. . -

2y p(t—ty)=ky+p(t - 1), o (1
which for k; ~ky reduces to 2(¢ — £5) =t — ty. Using the notation ki = kéﬂ, ky= ke” + fké | ~ ke" + 0ké,, and t2
— ty =7, the echo intensity is given by _ _

I'=]y exp(—#/T) exp [f(2k2q0ﬁ2/mz)(t —~1)?] exp[— (iczq /27)12)0 21)2] o - (12)

indicating that the echo occurs at ¢ = 21, and its intensity is exponentially decreasing with 7 and the square of the

5
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angle between k; and k. This result was obtained and tested in ref, [3] over a range of 12 decades. If the pulse is
of finite widih the q% in the last exponent is changed to q% where g3 2= qy 24 %qﬂ% and ¢y, = fn(kflfe);l.

In an intrinsic semiconductor with spherical energy surfaces having extrema located in the center of a Brillouin
zone, the effective mass approximation [4] gives for the eigenfunctions and eigenvalues the following forms:

e;,’ =E, +p2famy, - e;,' = -ptfomy , Ya(x 1) = L3 exp(ip+x — ié;t) , w;(x, £y =L 32 exp(ip-x —iept),

S _ (13)
where the superscripts ¢ and v refer respectively to the conduction and valence bands and L is the unit cell dimen-
sion.
The distribution function for the electrons is given by the Fermi—Dirac distribution Jo(E, T), and that of the
holes by f,(E, T) = 1 — (£, T). At room temperature the FD distribution reduces to the Maxwell distribution.
In the effective mass approximation, the hamiltonian in the presence of an electromagnetic fleld is given by:

H=(p—eA)jom | ' (14
To first order in A, the interaction hamiltonian is given in the Lorentz gauge VA =0 by 7

Hjnt =_A-.j1 . (15)
where

j=—(iefmy)Vv.
The plane wave representation for the vector potential A is given by

A(x, )= dg expli(eor — k+ 2], S o (16)

and the interaction hamiltonian is given by
Hipg = (iefm3) expli(wt — £+ X))(4g " V), ‘ R ' ) (17

its matrix element between a state py and in the valence band and a state p, in the conduction band is given by
£ .
IE’J;;! (6 DHi ¥y, (x, Hdr = —(e/my)(Ag * py) exp {1(6;1 - e;,’z + W)ty ko, - (18)

Given that {p?)~ (2m*kT") and ky ~Ey, at T=300K, m* ~ 10~27 g and E,~1eV,p~107 em™ andk ~6
X104 emie k< Py we obtain p; ~ p,. The time phase factor reduces to

€, — €, T~ —p2 2y~ p2am? — Bytw~ow—E,—pfamly,, €'19)
where '

X
Mioq = mgmy(mg +m}) .

The probability of transition in a unit of time correspoﬁding to the above matrix element is

WPy, 0Py, ) =8y, (212 ) (A P2)?8(w — Ey — 02 [2mlg) , _ (20)
and the number of photons absorbed in a unit of time ¢ is .

NN CAY AL T, dp) dp, - o ] | (1)
which leads in the low temperature limit to an absorption coefficient (5):

() =(2/3m)(e2) (21050 q) 2 2] (w — Ep)2 . o 22)

- We have expressed the photons flux by (A0w2/81m), where » is the background index of refraction. The above
expression for the absorption coefficient refers to the so-called forbidden transition, the expression for a(cw) corre-
sponding to the allowed transition is
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a(e) = e mm2Y (o) LB, (O)12@meq)* (e — E) V2, - (23)
where . .

Pyn (pZ) f‘Pp;pz & (—lv'*'Pz)]‘Pn P2 ! o -

gis the photon polarization and the Bloch function is ¥y p = exp(ip * ¥)9, ().
The vertex function associated with the impulse function given by eq. (2) is then given, in the approximation
of eq. (19), by

P(p. k)= fdt (—e/m3) py » Ag exp(ior) exp[—3 ({/TC)Z] expli(ey, — €5,)¢18p, p,

= ~(e/my)(py * AYE(1)8p, p, » | (24)
where '
y=—wtplfamiy+ E,
and

E(p) = @i} )"? exp(—21%02) |

(Notice that at resonance w = Eg, » is quadratic in p while the corresponding dependence for a two-level system is

linear in p.) To understand the physical meaning of the form factor, notice that to a pulse centered at w and of du-

ration 1, there corresponds in the Fourier domain a band of width ~7~1. The form factor measures the effectiveness

of the interaction of each frequency component, its magnitude is non-zero only within the energy band correspond-

ing to 71, as specifically exhibited in eq, (24). The above considerations also lead to bounds for the width and

energy of a pulse that is suitable for puinping a direct gap intrinsic semlconductor The cond1t1on for the availabili-
ty of empty states in the conduction band can be written as: '

E +AE " . ! H : H .
2 f N(EYdE>n(T), o , : (25)

where N(E) is the density of states in the conduction band, #(T) is the number of thermaliy excited electrons in
this band, and AE is the energy sub-band in the conduction band corresponding to 7—1. This condition translates ]
into , N

T<(kT) ™ exp(,[3kT) | (26)

at room temperature and £y ~ 1 eV, 7 <lns (this condition will be supersedéd in photon echo experiment by~
the recombination and dephasing times ~10~12 5). The minimum energy for the pulse is given by:

& (pulse) >N, exp(~Eg/%kT)whv, a SE - @D

where N = 2(2mm, *kT)312, w is the photon frequency and Av s the effective volume in cc of l]ght—sennconductor
interaction. (Typical number is & (pulse) >{10710(Av)] 1)
Next, let us examine the two-photon echo experiment. Denote the wavelunctions correspondmg in the two-level f
atom system to ‘Pg ge and Yo o o by respectweiy Yyy,c and ¥y o . In these wavefunctions, the quantities correspond-
_ing to €& and ep are respectively € and ep and the lifetime corresponds to the electron—hole recombmatlon time.
From the x intepration we obtam the wave-vectors pitase matclung condition:

kecho 2“k1 . } . . .. o ' (28) -
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The p-dependent phase factor of the matrix element can be written as

X(p)=ap +hp k) tepky, (29)
where '

a=(12mp )t =2y 1)), b= -(tofinfeg — tifmg — thmy), e=(—)(Ufml — 1m?).

This phase factor is zero for

'kl “"kz _and "t=(2t2—ti), } . . (30)

L.e., the echo amplitude is maximum for ¢ = 27. The echo amplitude can be specifically obtained by choosing a sys-
tem of axes, with the z-component corresponding to the perpendicular to the plane (&, &), and the x-axis to k.

-In this coordinate system, the p-dependent phase factor is given by:

X(P) =ap® +dpyké, + fo, Bké, , o | (31)

-where - P _ .
 ky=kéy, k= ke + ke, , d=QmD(t+e <2,), [f=(t— rz)(_lfmz —1/mby.
The echo intensity is ° : |
I= 1y exp(—t/TYG2(t — 27) exp[-n62(t — 2], - ' (32)

where G(f — 27) is a function peaked at ¢ = 27, 8 is the angle between ky and k5, and 1 is a function of the effec-
tive masses and temperature. The echo as indicated in eq. (28) is emitted at an angle 26.

Potential applications of the above photon echo effect might be found in ultrashort time measurements and ap-
tical digital computation [6]. Specifically, (1) to measure time differences between pulses in the range 10—14—
1013 5 such as in differential measurements due to a variation of the index of refraction of a medium, rotation of
a medium, etc., it is sufficient to measure the intensity of the echo generated by the incoming two pulses, I
o exp(—27/T). This technique applied, for example, to measuring the time aelay between two pulses propagating
in two similar (1 km) optical fibers and whereby one of the fibers is subjected to an external field that changes its
index of refraction, could detect variation in the index of refraction of the order of one part in 1(_)9. (2) In optical
digital computation, the following parameters are key in determining the suitability of aspecific system: fast decay
of the component excitation, low energy requirements and an inherent algorithm in the physical process under con-
sideration. In a potential system built around the photon echo effect in semiconductors, (i) the decay time 10712 5
i.e. the possibility of 1012 operations per second (if) the power dissipation (from eq. 27) is (for Av~ 10—5 ¢cm3)
1012 571 X 10715 J ~ 1 mW (iif) the wave vectors phase matching condition kyqp,, = 25 ~ k; provide a suit- -
able multiplication table, specifically, if the input signals (pulses) are incoming along two directions such that (k;,
k) =0, the echo is outgoing at an angle 26 and no echo appears unless both signals are present i.e. (0,0) = 0, (1,0)
=0,(0,1) =0 and (1,1) = 1. The not operation is performed by an optical switch. The physical configuration for
the not logic element is as follows: a reference pulse and the input signal pulse are incident on the switch, In the
presence of the input signal, the reference pulse is absorbed, otherwise the reference pulse goes through. If the in-
put signal to this device is the echo signal (4 N B) the output signal will then be (4 O B) i.e. the NAND logical func-
tion, which is a canonical operation from which all other logical functions can be obtained, is realized. A possible
physical realization of the not optical switch compatible with the above decay times and energy requirements is
the 27y-switch [7]. Absorption in this switch occurs via a two-photon process. For intensities larger than a critical
vatue, the number of photons transmitted is equal to the number of photons in the reference pulse minué the num-
ber of photons in the echo pulse. Given that the echo pulse intensity is lower than the reference pulse intensity,
for maximum contrast it is necessary to amplify the echo pulse, a possible scheme is passing this photon through
a semiconductor amplifier [8] (modelled after the dye amplifiers), To construct a simple memory device from
NAND functions one cross couples two NAND gates to form a set—reset flip—flop as shown in fig. 1. In normal
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[ Q— Fig. 1. Set—reset flip—flop circuit.

electronic logic this device has as its quiescent state an input of R =1 and § = 1. An input of § =0 (while R is still
1) will cause @ to be set to 1 and similarly an input of R =0 (while § = 1) will cause.Q tobesetto LR =5 =01is

. unstable, and thus is an unallowed state. The NAND gate formed by the photon echo effect together with the op-
tical switch requires for its operation several sequential evenis namely the incidence of the two input pulses to
forim the AND function, the resuttant echo pulse must then propagate through the amplifier, following which the
reference pulse and the amplified echo are incident on the switch. Finally time must pass so that the switch may
recover {1 ps). The total time associated with the complete sequence is of the order of 1 ps (which corresponds to
an optical path length of 0.3 mm). Therefore, in order that an event propagates to the other NAND gate of this
flip—flop, allowance for travel time over the optical path length must be incorporated into the design, But, this
suggest that the entire flip—{lop can be made with only one physical NAND gate with an optical feedback path
length of the order of 1 ns (i.e. 30 cm) and allow the single gate to function half the time on the upper gate and
half the time on the lower gate of the flip—flop. Thus with the above numbers, 500 bits could be held with a single
gate configuration, Naturally since we are dealing with optical phenomena in ﬁmte size aperture many bits can be
processed in parallel.
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