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Quantum-limit laser-cyclotron pumping of spin waves in the europium chalcogenides
assisted by Landau electrons
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The theory of the excitation and amplification of spin waves via free carriers in the europium

chalcogenides in the presence of a quantizing magnetic field is presented. For electromagnetic radi-

ation polarized transverse to the magnetic field the process of free-carrier absorption of laser radia-
tion merges into that of cyclotron resonance and we find that, in the ultraquantum limit where only
the lowest Landau level is fully occupied, the magnon system may reach instability as the cyclotron
frequency of the free carriers approaches the laser frequency.

I. INTRODUCTION

The europium chalcogenides EuX are, respectively, an-
tiferromagnetic (X=Te), ferrimagnetic (X=Se), and fer-
romagnetic (X=O,S) semiconductors. ' All EuX com-
pounds crystallize in the rocksalt structure, i.e., the Eu
sublattice is fcc. The magnetic properties are caused by
the half-filled 4f shell of Eu +. Because of negligible
overlap of the 4f wave functions of adjacent Eu + ions,
these 4f electrons form quasilocahzed magnetic moments
( S =—,). The undoped EuX compounds are thought to be

good realizations of the three-dimensional Heisenberg
model. Still more spectacular than their purely magnetic
properties are their magneto-optic properties, which result
from an interaction between the localized 4f moments and
the itinerant electrons of the 5d conduction band. The
drastic red shift of the optical absorption edge, observed
in the ferromagnetic compounds when the temperature
decreases below T„is a very frequently investigated effect
in this connection. It can be explained almost quantita-
tively by an intra-atomic s-f (or d-f) exchange interaction
between the Eu 4f spin and the conduction-electron spins.
This interaction provides a relatively strong spin splitting
of the conduction and valence bands in the ordered phase
and even in the paramagnetic phase where it leads to a
complicated band structure. Furthermore, it is a very in-
teresting fact that the physical properties of the magnetic
and semiconducting EuX compounds strongly depend on
the concentration of free carriers, created, for instance, by
doping with suitable impurities (Gd +). ' The presence
of these free carriers can be observed mainly in connection
with intraband light-absorption experiments below T,
in which the magnons provide an additional channel to
assist the indirect intraband absorption processes. The ab-
sorption takes place with the simultaneous emission or ab-
sorption of magnons. ' These magnons constitute well-
defined excitations in these materials at the same time
that their interaction with the free carriers may constitute

a fundamental mechanism in the damping and growth of
spin waves. In fact, as recently discussed, s the magnon-
assisted radiation absorption by a free carrier in a magnet-
ic semiconductor such as CdCrzSe4 can, under certain
conditions, give rise to a net emission of magnons rather
than absorption and the magnon population grows with
time.

Under the additional presence of a strong magnetic
field, an increase in the absorption of radiation by free
carriers in EuO has also been observed at low tempera-
tures, and interpreted as the consequence of an electronic
transition between Landau levels when the laser-cyclotron
resonance condition is reached. On the other hand, it is
natural to expect that external fields which change the
spectrum and the occupation number of the electron states
will considerably influence the spectrum and damping of
spin waves. This has recently been discussed in Ref. 9,
where it was shown that the presence of a quantizing
(strong) magnetic field can significantly change the mag-
non damping in a magnetic semiconductor.

In this paper we are interested in extending the theory
of the excitation and amplification of spin waves in a
magnetic semiconductor developed previously to take
into account the presence of quantizing magnetic fields.
As is well known, in the presence of a strong magnetic
field, the electronic energy levels in a band are split into
subbands of discrete Landau levels. Laser-cyclotron reso-
nance absorption occurs when a photon has sufficient en-

ergy to take an electron from one Landau level to the ad-
jacent one (transitions between other than neighboring
Landau levels in semiconductors are forbidden by selec-
tion rules in semiconductors having parabolic energy
bands' ), and this transition is accompanied by the emis-
sion or the absorption of a magnon. It is therefore impor-
tant to consider the question of how the carrier-assisted
laser excitation of magnons may be affected by the pres-
ence of a quantizing magnetic field. Our calculation here
will be restricted to the 4f electronic configuration of
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magnetic iona (S= —,
'

) applicable to the physical proper-
ties of EuO. ' A brief description of this work has been
published elsewhere. "

The paper is organized as follows. In Sec. II, we
present the theory of spin-wave excitation by a photon
field in the presence of a quantizing external magnetic
field. The results are then specialized to the quantum
limit where the carrier concentration is such that only the
Landau state with the lowest oscillator quantum number
is fully occupied. In Sec. III the results are presented and
discussed.

II. THEORY

We consider a manochromatic beam of photons from a
laser source of frequency coi, incident on our magnetic
semiconducting crystal. The Hamiltonian of the system is

H =HE+H~+Hg +HEM+HER,

where HE is the Hamiltonian for the many-electron sys-
tem, Hsr is that of the magnon system, Ha is the Hamil-
tonian of the photon field, HEM represents the electron-
magnon interaction energy, and HER is the interaction be-
tween the radiation and the electron system. In Eq. (1}we
have not included the direct photon-magnon coupling as
we are interested only in investigating the role of the car-
riers in the magnon pumping. The crystal is assumed to
be in the presence of a static magnetic field 8, with asso-
ciated vector potential, given in the Landau gauge,
Ao ——( —y8, 0,0). We work within the effective-mass ap-
praximation and take the one-electron wave functions to
be the Landau states'

I
v=n, k„k, ), where n is the

Landau-level quantum number. The corresponding one-
electron energies are

E,=(n+ —,
'

)%co, +(&cg) /2m'

+ —,
' (J,.fS+Aco, ), (2)

where k, is the component af the electron wave vector
along the magnetic field directian and ru, =eB/m 'c is the
carrier cyclotron frequency. The electron-magnon in-
teraction, when the s-f exchange interaction is the dom-
inant interaction mechanism, is given by

HEM g ( VEM(v I exp(&q r)
I
v)

r
/rrr

,&fltL}@fly}g
r

O, k +q, t

g'1iti}L=%ti}g

X C~,C„,bq+c. c.), (3)

where VEM —— J, f(S/2N)', —J, f being the exchange-
interaction parameter, v, v' are Landau states, and the sign
t (g) refers to the electrons in the spin-up (-down) sub-
band. The Hamiltonian which gives the interaction be-
tween the photon field and the electrons is

FIG. 1. (a) and (b) magnon emission and (c) and (d) absorp-
tion in the lowest and the first excited Landau levels. The elec-
tron states are represented by full lines, the magnons by ~avy
lines, and the photons by dashed lines. Time increases from left
to right.

HER —— g I VER(v'I exp(iKI r)ei [K—(e/c)Ac) Iv)C~C~K +c.c.), (4)

where VE„——(1/m')(2ire R/ucoL)'~, K=(A/i)V, ei is
the unit polarization vector for a photon KL propagating
parallel to the magnetic field and polarized along the x
direction, and u is the crystal volume. Also, in Eqs. (3}

and (4}, C„, bz, and ait are second-quantization opera-

tors for electrons, magnons, and photons, respectively.
In the following we present the quantum-mechanical

formulation for the excitation of magnons by the laser
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field via the Landau electrons (here a Landau electron

represents an electron in the presence of a quantizing
magnetic field}. This is very much similar to the photon
conversion by charged particles encounted in plasma
physics. In lowest order of perturbation theory, ' the
photon-magnon conversion processes assisted by Landau
electrons would be analogous to the Compton scattering
of quantum-field theory as shown in Fig 1.. The excita-
tion rate y(q) may be calculated from the rate of change
of the magnon population N (q), dN (q) /dt, where
dN (q) Idt is given by the sum of the magnon probabilities
for transitions in which magnons are emitted, minus a
similar sum of the probabilities for transition in which

magnons are absorbed, averaged over the initial states,
and summed over the final states. The emission or ab-

sorption of a magnon is accompanied by the absorption of
a photon of laser field.

The transition proabilities are to be calculated by the
usual methods of time-dependent perturbation theory' in
terms of the second-order matrix elements as

where Mf; is the second-order matrix element, and E; and

Ef are the initial and final energies. The second-order
matrix element in Eq. (5) is given by

~ (f ~!H ~P)(P~ H ~i)
E; —Ep+ig

In Eq. (6) (P ~H ~i) and (f
~

H
~
P) are the appropriate

vertices for the electron-photon and electron-magnon in-
teractions and the sum is over all the intermediate states
P. Also in Eq. (6), fmt and ficoM are the photon and mag-
non energies, respectively. To evaluate (f ~M ~i), we
need to know the overlaps ( v'

~

e'q'
~

v) and

(v'
~

e ek [K—(e/c)AO]
~
v) .

With the use of the Landau wave functions'2 it can be
seen that '"

IV; = g ) (f ~

M
~

i ) [ 5(E; E/), —
. ".f with

(v'
~

e"'~ v & =5k„,k„„„5k,, k, +„~',

n!+„„=5„„epr L„(p)+e(n' n)—
(n')!

' 1/2

e e p ~„ ipse
i(n' —n)P —p/2 (n' —n)/2r +' —&r

' 1/2

+e( i) (n ) i(n n')p —p/z—(n —n')/2L n —n'(
)

n!

For a photon propagating along the z axis and polarized
parallel to the z direction we obtain

(v'~e' ' 'ek [K—(e/c)A()]
~

v)
' 1/2

rn Ac@,
k' k k' k +x' x zi z 2

X [(n + 1) 5„„~) n' 5„„)—] (9)

Here, L„(p) are the associated Laguerre polynomials, e is
the unit step function,

1 if n)n'
e(n n')= '0—
p=kq&/2m'co„/=tan '(q„/q, ) „

and qi is the component of the magnon wave vector q
perpendicular to the magnetic field. The expression for
X„„in (8) is very complicated for arbitrary q because, in

general, both the n ~n and n ~n '
( n&n') transitions are

possible. However, because of the selection rules for semi-
conductors having parabolic energy bands, ' only transi-
tions between neighboring Landau levels (n'=n+1) are
allowed. For simplicity, we shall now consider only up-

n!
(n ')!

i(n' —n) —p/2 (n' —n)/2p + 5/

(n'& n) . (10)

By making use of the properties of the Laguerre polyno-
mials, ' Eq. (10) can be drastically simplified in the case
when p « 1. Under these conditions (p « 1)

L,( )
(n+r)! (n +r)!

(n —1)!(r+ 1)!

Using Eq. (11) in Eq. (10), and taking into account the ul-

traquantum limit ( n =0), Eq. (10) reduces to

X e p (12)

The condition p &&1 can easily be obtained by increasing
the magnetic field strength (p cc 1/B) for a fixed magnon-
propagation direction. Hence, using Eqs. (6), (7), (9), and
(12) we can write ( v'

~

M
~
v) as

( v'
~

M
~
v) = VEM VER(m 'fico, )' e'&p'r F,

ward n'=n+1 electron transitions. In other words we
assume the quantum limit in which the carrier concentra-
tion is such that only the n =0 Landau level is completely
occupied. Under the foregoing considerations, Eq. (8)
reduces to

1/2
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F= 1 + l

EO,k, Ei, k Kc )+~L EO,k, i El,k —,t icosi

KLq, /m'

(COL —
CO~ )

2

Having obtained (v'
I
M

I
v), we can now look at the rate of change of the magnon population due to the scattering pro-

cesses assisted by the Landau electrons (Fig. 1),

(~L)~ +e.=o k k i (~sr)»+e~=i, k„q„k-, q, +-k, , &

where a Landau electron (hole) in an initial state
I
v=O, k„k„L) absorbs a photon Ki ——EL z and collides with a mag-

non q, leaving in a final state
I

v'= k„+q,Ii, +El. —q„t ), namely

I
(v'

I
M

I
v) I [Nr. (Nq+1)f„,(1 fg, )—

k„,k,

(NL + 1)Nqfg, (1 fv) )]5(Ev ) Evg+~sr ~l. )+y (14)

where y is the irrelevant spontaneous emission term, f„is
the electron-distribution function, and NL is the number

of photons with wave vector Kl. . Assuming now that N»
and NL are large compared with unity, one obtains, from
(14),

aN, /ar =y, N, +y, (15)

Bf(E„,)f (E~~ )=f(E i )+«~I. ~M )
vL

Inserting this result into (16), we obtain the expression for
the magnon excitation rate, namely,

Bf(E„,)
y»=2»rNL(~sr eiL, ) g—I

(v'IM
I
v) I'

k„,k 5Ev~

y»= Nr g I
(v'IM

I
co)

I (f» fy„)—
k„,k

y5(E„, E„,+fuoL —free~)—

&5(Evi —E~i+~L, —~M) (16)

It follows immediately from (16) that if the photon-
magnon system is at resonance (coL, ——cour), E~, E„„and-—
yq

——0. In other words, for coL,
——cps» there is no exchange

of energy between the bosonic systems having the carrier
as spectators; the carrier-assisted magnon excitation is
zero. On the other hand, if coL is near eii» but not neces-
sarily at resonance (as is the case considered here), the car-
rier final energy differs slightly from its initial energy and
the approximation for the carrier-distribution function is
assumed to be

It will follow from Eq. (18) that if yq is positive, the
magnon population will be amplified at the expense of the
laser field, whereas if yq is negative it is damped. Actual-
ly, a net growth of the magnon population is only
achieved provided y» is greater than the losses»)» due to
other processes than magnon emission or absorption by
electrons. ' We now assume the electron gas to be nonde-
generate so that the electron-distribution function is given
by the Maxwell-Boltzmann distribution, ' in the presence
of the quantizing magnetic field, namely,

f(k, n, o)=2n(T) 2M
m'ks T

sinh(i)iiai, /2ks T)e

cosh( 6/ks T)

Ace, A k,
exp — (n + —,

'
)

ks T 2m'ks T

where n ( T) is the carrier concentration at temperature T, b, =—J,.fS is the energy gap between spin subbands, and o =+1
(+ for t, —for l spins). The sums in Eq. (18) can now be performed easily with the help of the 5 function. Hence,
upon taking the degeneracy in k„, given by m'co, l. /2mB, y» takes, in the ultraquantum limit where fico, »ksT, the
particularly simple form

N~n (T)a'e'q,'A/ g exp(a/ks T)

NS(m*) c a)L(m'ksT) (1—A, ) cosh ~ ksT
(20)

provided q, »EL. In Eq. (19), Kr is the thermal wave
number of the free charge carriers Er ——(2m ks T/A )'~,

m' As
Eo ——(b +RcoL —iricokq )

2m

and qz
——q sin8, where 8 is the angle that q makes with

the magnetic field direction, the z direction.

III. DISCUSSION

Equation (20) is the expression for the magnon excita-
tion rate by a photon field via Landau electrons in the ul-

traquantum limit where only Landau states with the
lowest oscillator quantum number are fully occupied. It
indicates that the magnon population grows with time
provided eL p e~ and that it may be enhanced as com-
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pared with the zero-field case, whenever the cyclotron fre-

quency of the charge carrier approaches the laser frequen-

cy. Physically the condition a&I & ~~ means that a pump-
ing laser field of frequency coL cannot generate magnons
of frequency higher than its own frequency. The growth
rate is no longer isotropic, being maximum for magnons
propagating in a direction such that qi ——q, =q/~2.
Furthermore, upon taking into account the condition for
the electron wave number Ko in Eq. (20) and the fact that
in intraband processes we always have q »EL (i.e., the
electron-magnon scattering process is essential for the
electron to gain the necessary momentum) the excited
magnons are restricted to a relatively very narrow band of
q values in the interval

~' ' I/2
7r—KT&q&

Qo

ao being the lattice constant. The upper limit is that
given by the end of the Brillouin zone and the lower limit
was set by the condition Ko (ET for which the growth
rate [Eq. (20)] does not vanish exponentially. For
Eo &ET, Zq decreases very rapidly and can be seen to be
very small compared with the linear losses ri», in order to
get an actual growth of the magnon population. By the
time an instability is obtained when the condition yq & gq
is satisfied the magnon population grows with time and
saturates because of the nonlinear relaxation mechanisms
(different other than magnon absorption or emission by
electrons), which should become effective in stabilizing
these amplified magnons. The condition ye &rie deter-
mines the laser threshold intensity for an actual magnon
amplification. To obtain an order-of-magnitude estimate
of the critical value of EL /V (photon density) we assume
the following values for the physical parameters of a Gd-
doped EuO sample illuminated by a CO2 laser (A. =10.8
pm) in the magnetic field of 60 kG: trt'=10 is

g,
T=50kti, ao ——5.141 A, s = —, , J=0.17 eV, htoM-gyttH
(dispersion is neglected), n(T)=10' cm, N/V =10
cm . Hence, assuming rie is typically' of the order of
10' sec ' one gets Xt /V=5. 0X 10' cm for magnons

propagating in a direction such that qi ——q, =q/v 2 with

q =5&10 cm ' and m, =1.0&10' sec '. This, in turn,
entails a laser intensity of about 3.0X10 W/cm, well
within the experimental capabilities.

In conclusion, we have discussed in this paper the con-
ditions of the excitation and amplification of spin waves
in nondegenerate EuO in a quantizing magnetic field by
free carrier in the presence of a laser radiation. We found
that, for the laser beam polarized perpendicular to the
magnetic field direction (where the process of free-carrier
absorption is that of cyclotron resonance), the magnon
amphfication can be obtained whenever the laser frequen-
cy approaches the cyclotron frequency of the carriers.
This strong departure of the magnon population from its
equilibrium value obtains when the photoexcited electrons
cascade down the neighboring Landau levels emitting
magnons. Furthermore, the excited magnons are restrict-
ed to a very narrow band of magnon wave numbers, thus
showing a selective mechanism for magnon excitation and
amplification. On the other hand, for the laser beam po-
larized along the dc magnetic field the dependence of the
free-carrier absorption as well as of the amplification
coefficient on the applied magnetic field only appears
when the quantization of the electronic energy levels in
the magnetic field becomes important, which occurs when
the separation between adjacent Landau levels, Rcu„ is
greater than either the collisional broadening i)t' /~ or the
thermal broadening kttT of these Landau levels. In this
particular configuration the resonance condition toL ——co,
is no longer a singular point in the amphfication coeffi-
cient. This problem is being considered for a forthcoming
paper.
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