(shape and relationship to the temperature and density of ions) is qualitatively consistent
with experimental observations.
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COHERENT BREMSSTRAHLUNG OF RELATIVISTIC ELECTRONS IN ANTIFERROMAGNETS
Yu. P. Kunashenko UDC 537.533.539.12:540.145

The coherent bremssstrahlung (CB) of relativistic electrons in antiferromagnetic
crystals is studied theoretically. It is shown that the internal magnetic field
of an antiferromagnet has a negligible effect on CB, The complete CB spectrum is
calculated for hematite, a—Fe;0s.

The present work is devoted to studying the influence of internal magnetic fields in
antiferromagnetic crystals on the spectrum of coherent bremsstrahlung (CB).

The analogous problem of radiation channeling in magnetic crystals has been considered
in [1]. A qualitative estimate of CB in periodic electric and magnetic crystal fields has
been given in [2]. These studies were only qualitative and did not calculate the radiation
spectrum, Radiation either in a magnetic or in an electric field was considered in [2]. Yet
in actual crystals charged particles interact with both the electric and the magnetic fields
of the antiferromagnet at the same time, giving rise to interference terms [3] which may
considerably exceed the purely magnetic contribution.

THEORY

In order to describe the interaction of relativistic particles with crystals it .is con-
venient to use the simple pseudo-photon approximation [4], in which one essentially replaces
the particle fields by equivalent electromagnetic fields.

We consider the interaction of a relativistic electron with an antiferromagnetic atom
possessing a nonzero magnetic moment (a "magnetic' atom). Let the x-axis be parallel to the
magnetic field vector of the atom B = (H, 0, 0). We may take the spatial distribution cof H
to be Gaussian:

— 2} K v —z,)
i posp |- 220 femr ) o
L 2% 20} 224
where Ho is the maximum value |H!; ry = (xi, ¥i, 2zj) is the radius vector of the atom,
o = X} = yi; ;i:;rl f1>>0: co and z, are assumed to be of the order of the screening radius.
'A-:, H<O

The Coulomb potential of the nucleus, including the screening of the atomic electrons, is taken
to be [5]:
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V(r)= Vyexp[—(r—r)* R, V,=1Z¢B. (2)

Here Ze is the nuclear charge, R and B are constants having units of length. We thus obtain
in the laboratory frame

H_nh’exp[—(z—.z)—-—i— (',«'—%)2}’ (3)
022 2pt 202
E=Vyexp[—(r—r)¥R*)(r—r)/R (@)

Let the electron move along the z-axis with velocity —. This corresponds to the physically
most interesting case, namely, when the motion of the electron is perpendicular to the mag-
netic field.

We calculate the number of equivalent photons lying between w and w + dw in the usual
way [4]:

f(0) =ng (o) + ny(v) + nen (), (5)
where
Hizlos 0221 £
np(w) = ——*.exp [—22%23] f (%), (6a)
=Bhic
Q = ho'vch,
(%) = 2 (=/4)12 erf (2= — o) — erf(2)], (6D)
® ’Rq . O2p2 (7)
ng(w) = 13bo exp | R?,

e (u)) =

Vi, H, (R -i—4z,2,)[ R-p,

3
=8heR? (0.5R* + p2 )12 } exp [— 2 (R* + 423)] @,

(8)
(D=F(2T-"-?l)’_F(_<?L)J
F (%) ='poze"-‘3{cos <, lm erf {—1—_ (—1 + l«,” —sing; X
V2

Fo /
K Re- err[ /:1——LJA]‘.
l-—\o /J}
The total number of pseudo-photons consists of three terms: np(w) due to the electric field,
ng(w) pertaining to the magnetic field H, and npy(w) determined by the product EH.

Since in an antiferromagnet one usually has IEI >> |H|, the effects of the interaction
of the electron with the magnetic field will be small compared to those due to the electric
field. The interference term ngy(w) is proportional to the product EH, so that ngy >> nH,
where ny ~ H®. The interference term is therefore essential in detecting the interaction of
an electron with the weak magnetic field of an antiferromagnetic crystal. The bremsstrahlung
cross section is determined in terms of the cross section d¢(w, w') of the Compton scattering
of the equivalent photon by the electron:

[

ds = \Afz {(0)d® (v, o'y dw = 2=r \ 7 (&)

v
@y

ho’ 23 5 \?

06— =3¢+ {——~ ‘;?C\J 2 dedw ., (9

Here & = mc? hw[2xe;(e; = hw)]™?, ro = e?/mc?® is the classical radius of the electron, e; =
yme?, X = h/mec is the Compton wavelength, w is the pseudo-photon frequency, w' is the frequency
of the radiated photon

o

1 = 0%Zc, (10a)
= 2hw'y*Be/e, . (10b)

The tramsition from interaction with individual atoms to interaction with the crystals is
achieved by replacing atomic field by crystal fields. Summing (3) over all atoms of the lat-
tice results [4] in an extra factor of

(0]
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nultiplying n(w), where ri is the position vector of the i-th atom, k is the wave vector of the
pseudo-photon, and M is the total number of atoms in the crystal.

. 2
exp [—ihe-r; y3ch]

As a concrete example let us take the typical antiferromagnet hematite a-Fe,0s as the
target.

Hematite has a corumdum (a-Al,0s) type structure [6, 7]. The unit cell of this struc-
tural type belongs to the rhombohedral syngony, the cell containing two Fe,0s units, with
a space group D3q4.

Consider now the motion of a relativistic electrom along the <111> axes of which the "mag-
netic" iron atoms lie. To explain the CB spectrum in such a crystal onme need discuss only
the interaction of the electron with a single axis, As shown in Fig. 1, along any axis one may
select a unit cell containing four Fe atoms and six O atoms. The direction of the magnetic
moment are shown by arrows.

The summation over atoms along a crystal axis is conveniently carried out in two stages:
we first sum over atoms of the unit cell, and then over all the unit cells.

Because of the strong screening of the Coulomb potential and the magnetic field of the
atom, Egs. (1) and (2), one may neglect the interference of fields from different atoms. The
total number of equivalent photons in such a unit cell will th refore be given by

ns(w) = IL?QS (0) + nks (0) + neps (©0) + np(0). (1D

Comparing (5) and (11) we see that there is a new term, coming from the Coulomb potential of

the cell's oxygen atoms, which will be naturally combined with nEg [see below, Eq. (17)].

It can be shown that
| Mas (0) = 1 (0)] Sx(0) I3, (12)
where o = {E, H, EH}, n, is given by (5)-(8), N%, nge are characterized by the values of Z,

B, R (see Table 1), and Sy(w) is the structure factor. Having due regard for the unit cell
type, a calculation leads to the following expressions for the structure factor:

: S? ((1)) ;2 = 6,

L SR (0) 2 = dcost (wav5c) cos® [w (a — b) 2y%¢], (13)
Si(w) = deost [o{a — b) 2v3c] ! F(O) - exp [iva 3] f(=)

CSen(0) 7 = 4008t (wla 4 b)28c] - F(0) — exp liva; 3l F (7).

Summing ngs{w) over all the cells of the axis

N
M, (W) = fas (w) l E exp [~ ilnd| \ , (14)

we obtain for the CB cross sectiomn:
ds=| S n)S. 1 |exp [— iQnd] 1 dD (o, o) o, (15)

Substituting (5)-(8), (12), and (13) into (15), and using the equation [4]:

TABLE 1

Fe 26 O0.1A 0.19A
0
0O 8 008K 0174
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Fig. 1. Unit cell of hematite: 1) O atoms; 2) Fe atoms; arrows
ghow the direction of the magnetic field. Ho " 10° Oe, @ = 2.6
A, b = 4.2 A,

Fig. 2. Usual spectrum of CB, due to the Coulomb crystal fields.

A [=3]
!Elexp [— i2nd] | = 6,V N2 (ho — mho,), @, = 2=78eh/2 (a + 6),
n= Me=—o0
we find ms
ds = mONE Z ne (hogm)-| Se (mw,) O, dlie’. (16)
Here - my = [ogfwg], my = [wgfwg], O = [2 + (ho')*(s; (5 ~— bo')) —

+ 23e,ho’/(vhwym (¢, — ho)) — Ze ho'/(vhogm (2, — he')) |- (hogm) =2
The CB intensity I will then be given by
dl. _ o i 2 9N N (hogm) | S, (mey) 20,
hdw hde [ -
where j is the electron current with unit density and I is the crystal thickness.

The effect of thermal vibrations may be incorporated into the problem by averaging the
cross section over the initial states of the crystal lattice [4]. As is well known, such
averaging gives rise to an incoherent part, which is of no interest in our discussion.

RESULTS

Combining the contributions of the electric field from the oxygen and iron atoms dc% +
doge, we have

ds = ds; — doy — dsgyr. a7n
Consequently, the total intensity of the CB,
@l _dly _dly dlen
de hdew Ihdw hdoe
consists of the electric dIg/ldw, magnetic dIg/lidw, and mixed dIgy/Ddw contributions.

Figures 2-4 illustrate the CB intensity dIy/lidw whenthe electron moves along the <110>
axes of a hematite crystal of thickness I = 0.65 m; the electron energy was €; = 5.7 MeV,
and the electronic current density was normalized to 1 electrons/cm?.

We observe that the interference term dIpy/Iidw is much larger than dIgz/hdw, e.g., for
the maximum at bw = (.32 MeV their ratio is

Mzo_gg.mé_ (18)
dlyjihde
The following additional ratios are significant:
dlEdwh:O-i»lO", d/[;/dmh ~ 1710) (19)
dly'doh d[E/—[‘r'dwﬁ
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Fig. 3. Spectrum of radiation intensity due to the magnetic
lattice term of the radiation spectrum,

Fig. 4. The interference term dIpy/lidw of the ratiation spec-
trum.

The various corresponding maxima of dIg/hdw, dIp/hdw, dIpy/hdw oceur at the same fre-
quency, e.g8., the first maxima are at hw = 0.32 MeV. This is due to the fact that the mag-
netic and crystalline unit cells of hematite coincide [7]. We see from (19) that dIgy/hdw
dIg/hdw and is practicaly undetectable compared to dIg/dwb. In crystals where the magnetic
and crystallipe unit cells do not coincide dIp/hdw and dIpy/Ddw will assume maxima at dif-
ferent frequencies. For this case dIppddwhis detectable against the dIp/dwh background.

Simple estimates show that the magnetic and interference radiations both lie in the xy
plane.

It would be interesting to investigate the polarization characteristics of our problem.
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