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We consider thermomagnetic effects in semiconductors heated by a high-frequency electro-
magnetic field. We calculate the thermomagnetic effects for both weak high-frequency field
and strong fields. Anomalous and normal skin effects are investigated in the case of strong
fields, Degenerate semiconductors and semimetals are considered separately. It is indi-

cated that a number of characteristics of semiconductors can be determined experimentally

with the aid of thermomagnetic effects.

Bass and Gurevieh ) (henceforth cited as 1) in-
vestigated the penetration of a high-frequency
electromagnetic field into a halfspace filled with a
semiconductor. They have shown that under the
adiabatic boundary condition the temperature of
the electron gas of a semiconductor depends es-
sentially on the coordinates (and does not depend
on the time). As is well known, the presence of a
temperature gradient leads, when the circuit is
open, to the appearance of a static emf which is
collinear with the temperature gradient; when a
constant magnetic field is applied, an emf appears
also in the plane perpendicular to the temperature
gradient. Besides the emf produced upon super-
position of an external magnetic field, additional
components of the temperature gradient can ap-
pear in a plane perpendicular to the initial tem-
perature gradient. Thermomagnetic effects of
this kind were investigated in detail in 2l gow-
ever, in the case of heating by a high-frequency
field, the thermomagnetic effects have a number of
specific features, the theoretical study of which
we wish to discuss in the present communication.
As shown in I, the static electric current j and
the static heat flux Q are described by the follow-
ing formulas:

1)

j= e E — eIV In 0 + [e2InE’ — eIV In 6, h]
+ h(e2xE’ — elyV In 8, h),

Q= elyE' —I;;V1n0 + [elyE — [, VIn®,h]
+ h(elyE — I V1n8,h).

(1)

LYThe occurrence of static fields in a semiconductor irradi-
ated by a high-frequency electromagnetic field was first invest-
igated in [*].

We have introduced here the notation
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e - electron charge, m - electron mass, H - con-
stant magnetic field, 7(€) - electron momentum
relaxation time with respect to some scattering
centers, € - electron energy,

fo(8)=[1+exp8_—g(el]_i

- equilibrium electron distribution function, ® -
electron temperature determined from the energy-
balance and Maxwell’s equations (see 1)), u(®) -
chemical potential of electron gas, E' = E
- V[u(®)/@1], E - static electric field, and h -
unit vector of constant magnetic field.

The dependence of the relaxation time on the
energy is determined by the formula

w(e) = w(7T) (e/ T), (2)

where T is the lattice temperature and q is de-
termined by the type of scattering (see, for ex-
ample, [4]).

We shall henceforth consider, in analogy with
the procedure proposed in I, an electromagnetic
field propagating along the z axis, and conse-
quently the initial temperature gradient will also
be directed along this axis. The constant magnetic
field is assumed to lie in the zy plane at an angle
a to the z axis.

We consider first isothermal thermomagnetic
effects in a nondegenerate electron gas. In calcu-
lating these effects we assume that there is no
static electric current through the semiconductor,
j = 0. From this condition we obtain the fields of
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the thermomagnetic effects. We confine ourselves
to two limiting cases, strong and weak magnetic
fields. Replacing the electron energy € by ® in
the expression for 7(€), we obtain in the usual
manner the following criteria: the magnetic field
is regarded as strong if the following inequality is
satisfied

(evoH [ mc)2v?a > 1

and weak if the opposite inequality is satisfied.
For weak magnetic fields, the expression for
the field of the Nernst-Ettingshausen effect Ex

(v=20/7),

and for the thermal emf E, are of the form?:
ql'(2¢ +5/2) THv, dv
E, = — V91 —sin a,
T'(g+5/2) me dz
T dv
E,=(1+4q) ——. (3)
e dz

In strong magnetic fields, the formulas for E; and
E, are

4 T d
Eo=——ql'(5/2—q) — = va@inq,
3Yn e et dz
E,— L9 (4)
e dz

Besides the isothermal thermomagnetic effects,
interest attaches to adiabatic thermomagnetic ef-
fects. Adiabatic thermomagnetic effects were cal-
culated under one of two assumptions: Qx =Q
=j=0or Qx =Qy =], =Ex =E, =0. These
relations determine in the former case 00/9x,

Ey, and E,, and in the latter case 90/9x, 00/0y,
and E;. To calculate these quantities, it is neces-
sary to bear in mind the following circumstance.
If uneven heating of the sample is produced by a
thermal source, then the presence of a tempera-
ture gradient leads to heat fluxes that are con-
nected both with electrons (see formula (1)) and
with phonons, and in the calculation of the adia-
batic thermomagnetic effects it is necessary to
equate to zero the components of the summary
heat flux (2, The situation is different for high-
frequency heating, The high-frequency field heats
only the electrons, leaving the phonons cold. For
this reason it is necessary to equate to zero only
the components of the heat flux connected with the
electrons.

In the first case, for o =7/2, we have for
both weak and strong magnetic fields, accurate to
coefficients of the order of unity (we do not pre-

2)We do not present the expressions for the field E,—the so-
called longitudinal-transverse thermomagnetic effect [°], since
its investigation yields nothing new.
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sent them here because of their complexity):
08 d d T d
® e, g e g T
oz mc dz mc d e dz

The omitted coefficients are different for weak
and strong magnetic fields.

On the other hand, if Qx =Qy = Ex =Ey =j,
= 0, then different formulas are obtained for the
thermomagnetic characteristics. In weak magnetic
fields

00
——~T
oz

00 ( et >2 dv

v24 — sin 2a.
dz

(6)

mc

In strong magnetic fields

00 . 0v ( (evoH/mc)~1 v, a=umn/2
oz 9z \(eveH/mc)visinacosa, aF=m/2’
08 v
22~ 7 %50 2.
oy o sin 2a (N

In this case E, is described by formula (5) for
both weak and strong magnetic fields.

In semimetals and degenerate semiconductors
we can obtain an expression for the thermomag-
netic characteristics for arbitrary magnetic
fields.

In the isothermal case

n?ql? B dv |
Ey=— See It B2 vo—sina, (8)
n T2 2gp?sin?a dv
E,=——— ——— (U —.
6 eegp. 14 p2 dz

In addition, we present a formula for §®/9x in
the case j, = Qy = Qy = Ex = Ey = 0 with o =7/2:
06 B(1+ B dv (9)

in formulas (8) and (9) we have B = eT(EO)H/mc.

Besides the foregoing thermomagnetic charac-
teristics, interest attaches to the total thermal
emf V, defined by the relation

V= {Ed. (10)
0

It follows from the foregoing formulas that
V ~ vy — 1 for a nondegenerate electron gas and
V ~ v} — 1 for a degenerate gas. With the aid of
the expression for V we can measure directly the
electron temperature. For a further investigation
it is necessary to know the dependence of the elec-
tron temperature v on the frequency and the am-
plitude of the incident electromagnetic field, the
external magnetic field, the coordinate z, and
others.
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The authors of I obtained the corresponding
formulas for v. Substitution of these formulas
in the expression for the thermomagnetic charac-
teristics solves our problem. We confine our-
selves essentially to a study of the thermomagnetic
characteristics as functions of the coordinate z.
The dependence on the frequency, magnetic field,
etc. can be considered similarly.

We assume first that the high-frequency elec-
tric field is weak. In this case, the balance equa-
tion (1.19, I)3) can be linearized and can then be
easily solved. We seek solutions of (1.19, I) in the
form v =1 +u, where u < 1, under one of the
following two boundary conditions on the plane
z = 0: adiabatic, (dv/dz = du/dz =0) or iso-
thermal (v =1(u =0)). The first condition cor-
responds to the absence of a heat flux through the
plane x = 0, and the second to the maintenance of
the plane z = 0 at the lattice temperature.

Simple calculation leads to the following ex-
pressions for u:

B 2§o ) du
[ —280z . > p—00z f - —
" 802 — 482 ( 0 ¢ or dz! = 0
B 2! 8
= e for ulmo=0. (11)

We have introduced here the following notation:
B =Bk (1) EIRY* ( AgT) !, where the tensor
Eik( 1) is defined by formula (1.11, I), E‘l) is the
amplitude of the external electromagnetic field in
the medium for z = 0, Ay is the electron temper-
ature, £, is the attenuation of the electromagnetic
field in the linear theory, 6, is a quantity of the
order of lg( 1), where lg(1) stands for the en-
ergy mean free path at v =1 (in I they used in
lieu of 6, a somewhat different quantity 6, con-
nected with 6, by the relation 6, = (2% q)"V26).9

In the approximation of weak high-frequency
electric fields, the z-dependence of the thermo-
magnetic characteristics is given by the factor
du/dz, since v should be set equal to unity in the
corresponding formulas at the degree of accuracy
under consideration.

It follows from (11) that

du 2BE, 5 du

= % (p—00z — p—2kz - —

el 4§02(e e~%z)  for I 0,
du . B

—————(8oe—% — 2Ege—2%2)

dz 8 — 4k for ufe=s =0.

(12)

3)We shall henceforth refer to the formulas of I by placing I
alongside the number of the formula.
“Formulas for &, and §, are given in L.
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If the boundary conditions at z = 0 are adia-
batic, then the function du/dz has a minimum at

the point
P _ In(28/80)
28— 80

the value of du/dz at the minimum being deter-
mined by the following relation

du 2Bg [ do \0/CE—80 o zgu/(zgu_go)]
(B?)Mn* 802 — 4Eg? (2—20/ "(2§0> .
(13)

m

It is easy to see that du/dz < 0 for all z.
When the isothermal boundary condition is
satisfied, du/dz vanishes at the point
 In(28/8)
°T 28— 6
and has a maximum at
2 ].Il 2§o/60
Iy = ——
28y — 8o

At the minimum point we have

du ) B [6 60 280/(2E0—80)
<£ min 002 — 4E¢? ° <T§o>

4&0/(280—00)
— 2, (ﬂ) ] ,
28

It is obvious that du/dz > 0 when z < z; and
du/dz < 0 when z > z,. The diagram shows the
schematic variation of du/dz for adiabatic and
isothermal boundary conditions.

We now proceed to the case of strong high-
frequency electric fields. We note that the depend-
ence of the thermomagnetic effects on the coordi-
nate z is determined by the function Fy (z):

Fy(3) = v*(2)dv(z) | da.

(14)

(15)

k =+q for effects that are odd in the magnetic
field, and k = 0.2q for even effects. In a degener-
ate gas k =0.1.

Let us substitute in (15) the values of v calcu-
lated in I. As indicated in that paper, we must
distinguish here between the anomalous and nor-
mal skin effects. We consider first a nondegener-
ate electron gas. In the case of a sharply anomal-
ous skin effect, in the region of strong heating of

du/dz
Variation of du/dz under iso-
thermal and adiabatic boundary

\
conditions: curve 1—v|z=0 =1, : - z

curve 2—(dv/dz)' z2=0 = 0- 2




THERMOMAGNETIC EFFECTS IN AN ELECTRON GAS

the electron gas (v(z) > 1), the temperature is
determined by formula (2.10, I), which takes the
form

v = v {ll — (2 g — )8 (v0) aPee — %’;‘% e-tioan ),
(16)

here v, is the dimensionless temperature of the
electron gas at z =0

8(vn) = [2(2 % g — ) ]-hoowir 0,

£ (vy) is the damping of the electromagnetic waves
near the plane z = 0. The formulas for v, and

£ (vy) in different particular cases are given in I
(see (2.21, 1), (2.22, I), and others).

The upper sign in front of q in (16) corresponds
to the absence of a magnetic field or to an arbi-
trary magnetic field perpendicular to the z axis,
while the lower sign corresponds to a strong mag-
netic field perpendicular to the z axis; r charac-
terizes the scattering with energy transfer (see I).

As indicated in I, under conditions of a sharply
anomalous skin effect ((vy) < £(v,)) the second
term in the curly brackets in (16) is small com-
pared with the first, but it must be taken into ac-
count in the calculation of the derivatives. Simple
calculation leads to the following expression for
Fg(z):

Fr(z) = 28(vo) vo*[1 — (2 &= ¢ — 1) 8 (vo) 2]/E+a7
X {e~%w — (1 — (2 == g — r) 8 (vo) 2] *FON=a-7}, (17)

This expression has a minimum at the point z,,:

o= g 50 (18)

28 (vo) 6 (vo)
and the minimum value of Fy (zy,) is of the form
Fr(zm) = —28(vo) vo™Hi. (19)

Deep inside the sample, where the heating is
small, v=1+S; exp(—-906,z), and the tempera-
ture-interaction multiplier (see formulas (2.12, I)
and (2.13, I)) is by definition much smaller then
unity. In this case

Fu(z) = —80Sve~t. (20)

Under the normal skin effect (6 (vy) > £ (vp)),
it is necessary to consider separately two cases.
In the first case, when the damping is small com-
pared with wavelength, the following formulas hold
when v(z) > 1:

9 1q
v(z) = vo(l —;fq-g(uo)z) ,
29

Fr(z) = ——’.———2*—_25(1)0) vok'H [1 — T q%(vo)z]‘

(21)

(h—q+1)iq

(22)
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On the other hand, if v(z) =1 +u(z), with u(z)
« 1, then

d
u(z) = Sye %, ‘

o= T 2BSe e (23)

Formula (21) and the first formula of (23) corre-
spond to formulas (3.8, I) and (3.9, I).

If the damping is strong (cyclotron and mag-
netoplasma resonances, low-frequency field (see I)),
then the temperature v is determined by formula
(3.14, I), which is of the form

‘ q w3z
e P Y R ]
where w is the frequency of the incident field, c
the velocity of light in vacuum, and & (v,) the
surface impedance of the half-space, calculated
in I. With this,

)_2“,’ (24)

2 o)vc:H'i
F _
S A Ty s ST
q [y —(2k+9+2)/q
x({1
x( tTie—9 (’—(I)]"’C|§(Uo)|) (25)

We note that under the normal skin effect Fi(z)
and du/dz are negative for arbitrary z.

In order to obtain the results for a fully de-
generate electron gas, it is necessary to put
q =0 and r =1 in formulas (16)—(25), and £ (v,)
and 6 (vy) must be replaced by the analogous
quantities for the degenerate gas; these, as can
be readily shown, do not depend on the electron
temperature.

We note that an investigation of thermomagnetic
phenomena, besides measurements of the impedance
of the reflected high-frequency field, makes it
possible to obtain additional information on the
heating of the electron gas in semiconductors. For
degenerate semiconductors and semimetals, this
is the only method, since the electron-gas heating
does not influence the impedance in this case.
Besides the electron temperature, which was al-
ready referred to above, it is also possible to de-
termine with the aid of thermomagnetic effects the
attenuation depth of the electromagnetic field, of
the temperature, etc.

Thermomagnetic effects are especially conven-
ient for differentiation between the anomalous and
normal skin effects.

One of the criteria of the anomalous skin effect
is non-monotonicity of Fi(z). In strong magnetic
fields it is possible to propose one more criterion
for this purpose.

As shown in I, v; is a function of the amplitude
and geometry of the heating high-frequency field,
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and also of the constant magnetic field. This
causes, in particular, the thermal emf to depend
on the magnetic field (even if the magnetic field is
directed along the primary temperature gradient
(z axis)). If the anomalous skin effect takes place,
then the temperature, and consequently also the
thermal emf, varies strongly in a strong magnetic
field perpendicular to the z axis, compared with
an oblique magnetic field (cf. 2.34, I). This phe-
nomenon is not observed in the normal skin effect.
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