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Calculations are made of the gain in the amplification of spin waves by Cherenkov electrons in an anisotropic
antiferromagnet subjected to a strong magnetic field. Conditions for the amplification of electromagnetic
waves are formulated. Compared with ferromagnets, the gain in antiferromagnets is 4-5 orders of magnitude
greater and this facilitates an experimental investigation of the effect.

The most promising approach to the problem of de~
velopment of amplifiers of electromagnetic waves at milli-
meter and shorter (up to tens of microns) wavelengths is
based on the amplification of spin waves in magnetically
ordered crystals.

A possible mechanism of such amplification and ex~
citation of spin waves is the Cherenkov excitation of mag-
nons by fast electrons. Such a mechanism was studied in
Refs. 1 and 2 for ferromagnets. It is important to note
that only the relativistic interaction of particles with the
crystal magnetization contributes to the amplification of
spin waves in this case because of the conservation of the
total spin, This fact makes it necessary to use electrons
with velocities close to the velocity of light,!

The situation is quite different for carriers in anti-
ferromagnets. It was shown in Ref, 3 that the s~f exchange
mechanism of creation of magnons is not forbidden in anti-
ferromagnets, which opens up a way of excitation of spin
waves which is particularlyeffective in a magnetic field,
The amplified spin waves transform into electromagnetic
waves near the antiferromagnetic resonance. In an iso-
tropic antiferromagnet, such a transformation is hin-
dered since carriers excite acoustic magnons, whereas
electromagnetic waves at an antiferromagnetic resonance
interact with the optical branch. It is thus of practical
interest to calculate the gain in the amplification of spin
waves by carriers in anisotropic antiferromagnets where
an antiferromagnetic resonance takes place for both
branches of the magnetization oscillations, We shall
coansider the case of an antiferromagnet with a uniaxial
anisotropy.

1. HAMILTONIAN OF THE s—f EXCHANGE INTERACTION
IN UNIAXIAL ANTIFERROMAGNETS

A Hamiltonian describing the motion of conduction
electrons in anisotropic antiferromagnets in a magnetic
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field is, in general, given by!
K=, + Ey+Hy

4 e -
X, 2m* ("+?A) c Fy=— 2 A (R, — nu') (S Smr}
m, m!
1

. 1
x oy = V ltul:ni'sfnlsgui_?

- -2— Iﬁ.qm;sfuési.;
6l mi*"z ‘. m‘-‘*”é - = < =
= X LhShSh— X SLH = s, )
A\ ”'l.m,:, [N my [N "y

where %, describes electron motion in a magnetic field
with vector potential A; A,,, corresponds to the inter-
action of conduction electrons with the magnetic subsys~
tem of a crystal characterized by an s—f exchange inter-
action constant Ay 1 =Abpymi; K is the exchange
Hamiltonian for an anisotropic antiferromagnet subjected
to a magnetic field H (H is measured in energy units).
For a uniaxial antiferromagnet with the anisotropy axis
parallel to the y axis, the exchange integrals are given
by

Fo = o = Tt Vot =L s + Bl @
Restricting ourselves to the interaction between two

equivalent sublattices, we shall introduce the following
notation:
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where N is the number of magnetic atoms per sublattice.

We shall consider an external magnetic field H paral-
lel to the z axis, i.e., perpendicular to the anisotropy axis.
In this case, the magnetization vector an antiferromagnet
is parallel to the field in the whole range of H (AJ, < 0)e
Assuming that the field is strong enough for the electron
spin to be completely polarized in the direction of the
field and introducing the magnon creation and annihilation
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operators ¢ and ¢ in z, and %, and the electron crea-
tion and annihilation operators gt and a in %, and ¥
we can transform Eq. (1) to the form
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where j (=1, 2) corresponds to the two magnon branches in

an anisotropic antiferromagnet. The matrix elements of

A, B, and C are given by
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The index « in Eqs. (4) and (5) labels the eigenfunctions of
the kinetic energy operator of an electron in a magnetic

field #, [with the eigenvalues e, = p?/2m* 4 K2 (,, +%) and

it includes the quantum numbers n, pgz, p,, Where n is the
number of the Landau level and p, and p,, are the compo-
nents of the electron maomentum in the corresponding
directions (we shall use the gauge Ay =0, Ay = Hx, and
A,=0). In particular, using our model, we find that the
coefficients C, T, and Z in Eq. (5) have the following
form for j=0:

Qy= A (SHYY" (1 — HYH) /4N (H g (1 — HYHE)+28,)",
Ty = AH (Hg (1 — H*[H}) — H)SNHgH, (1 — B*[H3)",
Zo = —AH (Hg(t — H|H}) + H)\GNHgH , (1 = HYHE)",
H, = (HgH ", )
where’ H, is the anisotropy field and H, is the spin-flop
exchange field. We have included in Eq. (6) only the lead-

in terms of the wave vector of magnetization oscillations.

In our geometry the magnon frequencies have the following
form in the same approximation:

o =g (H+ A},
wg=pHg, (1 — BB}

(7)
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where y is the atomic magnetic moment and Hg 4 ~ Hy.
The fields H, and Hg which appear in Eqs, (6) and (8) can
be expressed in terms of the exchange integrals (2)

and (3) and, in the case |AJy,| «|J,|, they are given

by

Hy&|lyl|, Ho2{ATy)
2. AMPLIFICATION OF SPIN WAVES IN A MAGNETIC
FIELD

A transport equation for the magnon distribution func-
tion describing one- and two-magnon emission and absorp-
tion events corresponding to the Hamiltonian (4) is given

by
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where mg) and f, are the magnon and electron distribution
functions; Id{ my’r is the collision integral including all

the remaining (except for the electran—magnon) scattering
mechanisms.

Let us consider the deviation m 2i [rom the steady-
state distribution of magnons m) whicl’x is achieved as a re-
sult of the drift of electrons with a distribution function

S a0

5 (= moop) |+ 1)
where vy, is the drift velocity of electrons in the direction
of the z axis. Settingm!)) = mg)+maj and fo=f,, we ob-
tain from Eq. (10) the f(ilowing equation for mazj:

oL o R 1))l + RED (@) mly s+ L () an
RY (q) = 3%‘- 2 |49 (0a'g) [ (Far = Fo) 8 (601 — 8¢ — ) (11a)
RY ()= —-%E- Z [t @ra, —q, ~¢") P{Fu(t ~ 1)
N (11b)

+ 8 (Fo = Fur)} X3 (84— 00 — 4-: — g

In the long-wavelength approximation « i =w,i, we have
assumed in the derivation of Eqs. (11) and (11a) that the
contribution of the term ~| B |2 on the right-hand side of
Eq. (9) to the collision integral vanishes since simultane-
ous creation and annihilation of a magnon with an energy
wyj does not change the steady-state distribution. The
quantity R(j)(q) '=R1(3) +R2(5’ introduced in Eq. (11) governs
amplification of spin waves from the j~th branch. For an
arbitrary strength of the external magnetic field, the
matrix elements (a [eldT| a') in Egs. (5) and (11a) are
given by
Caleftria =1
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where q =qk+al; L lo'-n gpe generalized Laguerre poly-
nomlals, p=V 2#]3#7 eH is the magnetic length.

3. AMPLIFICATION OF SPIN WAVES IN THE
ULTRAQUANTUM LIMIT

We shall consider the conditions under which the low-
frequency branch (§=2) is amplified. In the quantum limit
when the cyclotron frequency satisfies i 2> fiw,;, we can
restrict ourselves to the first Landau level in the expres-
sions (11) and (12). Setting then n=n'=0, we obtain from
Egs. (5) and (12)

| A (aa'q,) |* = Q* aq - »’z' PR

(13)

€O (aat, g, —g) =207 (14)
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where Q,=Q and Z(z). =7 is independent of q and q'. Sub-
stituting Eq. (13) in'Eq. (11a) and using the fact that the
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summation over p, gives rise to a factor L,L m*Q/2xh, we
obtain the following expression for R;{qg,):

0V m*lQ
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where f° is the equilibrium electron distribution function
and V is the volume of the system. When the wave vector
satisfies the inequality hiq},/8m* T >1, we can approxi-
mate the expression (16) for a nondegenerate electron gas

by
)

where u is the chemical potential,
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When considering R,, we note that the expression (11b)
for R, contains the steady-state magnon distribution func-
tion which is, in general, not known because of the term
I,{ m,} and can be only estimated. Assuming that m
under electron drift conditions differs only insignificantly
from the equilibrium value, i.e., setting m =m& and
m*vyz «'T, we can use the expression (14) and obtain
from Eq. (11b) the following expression for R,:
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It follows from Egs. (15)-(18) that Ry(q,) <0 for wep ~ qz°
vp >0 and Ry(g@,) > 0 for wp=q,vy <0, whereas R,(q;) is
always negative, In particular, it follows that high-fre~
quency branch is always damped under the aforementioned
conditions. Hence, the necessary condition for amplifica-
tion of spin waves for wy—q,vp, <0 is that

A== | Ry(g))i] Ba(gs) |1

Koiz)~ { (18)

(19)

In the case HZ/HZE «1, which is of special interest in
practice (typical values of Hg for antiferromagnets are
108-10" Oe) when q vy > Wy, We can use Egs. (15)=(18) and
the expressions (6) for Q and Z to obtain the following ex~
pression for A:

4n2S  Mp ro0\e HY

ATy o (5) B
where a is the lattice constant. The magnetic field strength
in Eq. (19) is bounded from below by the requirement that
H>H||(Q »wy). For example, if T=20 K, Hjj =510 Oe,
H=5.10° Oe, v =10% cm/sec, a=3+10"% em, wy=10"% eV,
m* =m,, and S=2, we find that A ~ 20, i.e., the amplifica~-
tion criterion(19) is well satisfied. The following condi-
tion represents a more stringent restriction on the ampli-
fication of spin waves in practice:

(20)

1>1 21

where 1 =(R;+R,)/wy, is the gain of spin waves; y is the
damping decrement determined by the collision integral
Id{ mq} ~yma‘ . Using the same values of the parameters
as in the estimate of A and choosing Hg =10° Oe and A=
0.5 eV, we find that for carrier densities n~ 510! the .
value of 7 amounts to n = Ry/wg ~ 1071, {.e,, it is an order
of magnitude greater than the damping decrement y ob-
tained from estimates of damping of spin waves in
yttrium ferrites which is y ~ 1072-1072 (see Ref. 1).
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4, DISCUSSION OF RESULTS

Our results solve the problem of finding the neéessary
conditions for the amplification of spin and electromag-
netic waves in uniaxial antiferromagnets, A currenat of
electrons generated by a strong electric field parallel to
the anisotropy axis of an antiferromagnet leads to the
creation of magnons belonging to the second resonance
branch with a frequency w =w, which then interact with
an electromagnetic wave whose magnetic component is
parallel to the magnetic field, An electromagnetic wave
whose magnetic component is perpendicular to the mag-
netic field interacts with the first resonance branch,
which leads to the usual absorption due to an antiferromag-
netic resonance. The same conditions are obtained for
the amplification in all other cases when the antiferro-
magnetic vector is perpendicular to the magnetic field,
i.e., when the amplification occurs only for waves with a
longitudinal magnetic component.

No reliable experimental data are at present available
toindicate that the amplification of spin waves ocecurs in
magnetically ordered crystals. This is clearly due to the
fact that all experiments were carried out exclusively for
ferromagnets when the relativistic amplification mecha-
nism predominates, This mechanism cannot satisfy the
amplification criterion (21). A strong s—f exchange inter-
action of carriers with the magnetization in ferromagnets
thenyields only an insignificant contribution to the total
amplification compared with the relativistic amplification
and tends to zero exponentially when thé interaction in-
creases for AS»T, i.e., Rpc exp(—AS/T).

Comparing the gain for antiferromagnets describdd
by Egs. (15) and (18) with the available estimates of Rp
for ferromagnets (due to the relativistic interaction) at the
same drift velocities, we obtain the following ratio:!)
Rap/Ry ~104-105, It is also important to note that, in
many antiferromagnets, the frequency range corresponding
to an antiferromagnetic resonance is located in the far in-
frared region whereas a resonance in ferromagnets can

occur only in the microwave or the already mastered
radiowave ranges.

The author is grateful to V. G. Veselago and K. M.
Golant, who have drawn his attention to the importance

to the amplification of spin waves in magnetically ordered
crystals,

DWe note that the collisionless limit considered (ql>1, where 1 {s the
mean free path of electrons) assumes antiferromagnets with high camfer
mobilities (for example, Hg;-xMnyTe with u~10° em?+- V™ +sec™). The
opposite limiting case ql €1 is usually realized In antiferromagnets with
low carrier mobilities (n¢ 10-10° cm®-v 1. sec™)), This case lies ourside
the scope of the present investigation and needs to be studied separately.
Nevertheless, it is possible that the gain in antiferromagnets exceeds, even

in this case, the corresponding gain for ferromagnets by several orders of
magnitude,
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