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An experimental investigation was made of the influence of a magnetic field on the processes occur­
ring in the drag of free holes by photons in p-type Ge. These processes took place during the opti­
cal transitions between the heavy- and light-hole valence sub-bands. It was found that the magnetic 
field produced two mutually perpendicular dragged-hole currents, which were responsible for the 
appearance of longitudinal and transverse (with respect to the incident light) emf's with character­
istic temperature dependences. The experiments were performed with a C02 laser (A = 10.6 J1.) 
in magnetic fields up to 15 kOe. 

THE drag of free carriers by photons in semiconduc­
tors, resulting in the ordered motion of carriers under 
the action of sufficiently strong laser radiation, was 
discovered by Danishevski'l et al.Pl Experiments car­
ried out on p-type germanium samples demonstrated 
that, at high temperatures, the direction of the drag 
current was parallel to the direction of propagation of 
light, whereas at low temperatures these directions 
were antiparallel. The drag current is due to the trans­
fer of the electromagnetic wave momentum to holes 
during optical transitions of the V 1 - V 2 type ( V 1 and 
V2 are the heavy- and light-hole valence sub-bands of 
germanium). This disturbs the equilibrium of the "hot" 
holes (in the v2 sub-band) and of the "cold" holes (in 
the V 1 sub-band) in the k space so that counter-cur­
rents of "dragged" carriers appear in the semicon­
ductor. 

This process is illustrated in Fig. 1, which gives a 
two-dimensional representation of the valence band of 
germanium. 

Since the energy and momentum of a photon are 
fixed, the transitions V 1 - V 2 shown in Fig. 1 may be 
executed only by the holes located on the L 1 curve. 
Consequently, the holes in the V 1 sub-band, which are 
represented by the curve L~ and are symmetrical with 
respect to the holes represented by L 1, and the holes 
in the V2 sub-band (represented by the curve L 2), are 
not in equilibrium with respect to the momentum: this 
gives rise to the drag current. The value of this cur­
rent is governed not only by the different velocities of 
the holes to the left and right on the curves L ~ and L 2 

but also by the different densities of holes in these 
states. This is because the excitation probabilities and 
the densities of the "left" and "right" "active" holes 
on the L 1 curve are not equal as a result of asym­
metrical distributions of their energies and wave num­
bers. Moreover, the asymmetry of the momentum re­
laxation times of the ''left'' and ''right'' holes on the 
L'1 and L 2 curves plays a considerable role because 
this asymmetry is identical with the lifetime of a hole 
moving in an ordered manner under the action of the 
momentum acquired from a photon. Thus, this asym-

metry governs the density of the nonequilibrium 
"active" holes. 

Grinberg( 2J developed the theory of this phenomenon 
and considered not only the effect of light but also the 
influence of an external static magnetic field Ho ap­
plied perpendicularly to the direction of propagation of 
light. He demonstrated, in particular, that in this case 
a new photomagnetic effect should be observed: a 
current of holes generated by the pressure of light 
should give rise to an electric field Ex (Fig. 2a) at the 
ends of a sample (provided the longitudinal circuit is 
not closed). This field should cause a reverse drift of 
carriers. The application of a magnetic field Hoz 
should give rise to a transverse hole current along the 
y axis because of the difference between the energy 
distributions in the optical and drift currents, which 
exists in spite of the fact that these currents balance 
each other out. Consequently, an electric field Ey 
should appear at the lateral faces of the sample. 
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Outwardly, this is similar to the Nernst-Ettings­
hausen effect except that the flow of carriers along the 
x axis is due to the pressure of light and not to a tern­
perature gradient. 

However, the interest in the influence of a magnetic 
field on the drag effect in p-type Ge is not limited to 
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FIG. I. Possible optical transitions between the valence sub-bands 
v, and v2. 

FIG. 2. Shape of the samples and their orientation relative to the 
light beam and the magnetic field. 
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the phenomenon just described. We may expect this 
magnetic field to alter the very nature of the processes 
responsible for this effect. The relaxation times which 
govern the ordered motion of carriers decrease ap­
preciably as the value of Ho increases. The magnetic 
field alters also the asymmetry of the "active" "left" 
and "right" holes, and this further changes the longi­
tudinal drag current. 

The present paper describes the results of an ex­
perimental investigation of the drag effect in a mag­
netic field. However, before presenting these results, 
we must consider briefly some theoretical relation­
ships which will be required in the qualitative and 
quantitative descriptions of the effect. 

1. BASIC RELATIONSHIPS 

The expression for the density of the drag current j 
in the presence of a magnetic field H0 is :[ 2] 

• (e"p 
j = a~t ma"{(Ta') E- (TaTa') (UaE) + (T0 2Ta')Ua(U0 1<;)) 

+ <Oen~ 0 (f8(2) fB(l)) , , , ) 
clik~ iJko ••- k, {[Ta ]lo- [-raTa] [Ualo) + [Ta2Ta] Ua(Ua10 )} • 

Here, the subscript £l denotes the serial numbers of 
the sub-bands V 1 and V2, so that Eq. (1) represents 
the total current density of the heavy and light holes; 
PQ are the equilibrium densities of the free holes in 

(1) 

the two sub-bands; mQ are the effective masses of the 
holes. The brackets ( ) and [ ] represent different 
types of averaging of the quantities enclosed by them;[ 2J 

(2) 

QQ = eHo/mQc for the parabolic dispersion law; T Q is 
the relaxation time; tiK is the photon momentum; fiKo 
is the quasi-momentum of a hole participating in an 
optical transition, computed without allowance for the 
shift by the photon momentum; f' is the absorption co­
efficient of light (.X = 10.6 J.1.) for transitions between 
the V 1 and V 2 sub -bands; 10 is the incident light flux; 
E is the electric field intensity; n is the refractive 
index. 

If Ho l K, and the component of the current along 
the magnetic field (jH0 ) vanishes, Eq. (1) derived in 
the quadratic law approximation for the dispersion in 
the vl and v2 sub-bands transforms to: 

• (e'p j = ~ _a { (Ta) E - (Ta-ra') (UaE]} 
a=l ma 

eii~nro m1 - m2 , , ) +----- {[Ta]Io-[TaTa)[Ualo]} • c m1m1 
(3) 

Using the well known expressions for the magnetocon­
ductivity a 1 ( H0 ) directed normally to the magnetic 
field and for the Hall mobility #:Lp, which are of the 
following form in the case of p-type germanium: 1> 

C1.L(Ho) 

llWe can easily show that Eqs. (4) and (5} can also be obtained 
directly from Eq. (3) for 10 = 0. 

(4) 

and introducing the notation 

F"= 3 (m1 -m2) 2 ± [-r '] 
mlm2 a-t a ' 

b = e~iinro 
3(m1 -m1)c' 

H0 =vH0 , 

we can rewrite Eq. (3) in the more compact form: 

(5) 

(6) 

(7) 

(8) 

(9) 

2 2 

j = .E~ [(-ra.)E -(-ra.-ra'U,.) [vE]J+ b [rio- P,pHo fT'[v10]]. 

-~~ c 
(10) 

The first two terms in Eq. (10) represent the drift 
current generated by the induced electric field E in the 
presence of H0 • The last two terms, which contain the 
intensity of the incident light Io, are the "active" 
components of the drag current originating from the 
momentum of the light wave transmitted to the holes. 
In the selected geometry (Fig. 2b ), the expressions for 
the components of the current along the x and y axes 
are: 

2 2 

ix= .E ~" [(ta.')E.,+(-ra.Ta'U,.)Eu]+ bF'lox, 
a= I 

(11) 
2 2 . .E ePa [( ')E ( ,,., )E ] p.pHoz , !~= -- Ta. u- 't'a.Ta. ••a x -b--fT lox· 

ma. c 
=I 

The system of equations (11) can be used to obtain 
formulas for practically all the cases of interest. In 
particular, Danishevskil et al.£11 considered the drag 
current jx for Ex = 0 in the absence of a magnetic 
field. In this case 

(12) 

We can now analyze the following experimental 
situations: 1) a longitudinal short-circuit current in a 
magnetic field; 2) a transverse emf which appears in 
a magnetic field because of the current of dragged 
carriers. 

1) We shall start by considering the first case on 
the assumption that Ex= Ey = 0. It then follows from 
Eq. (11) that 

j. = bF'I, •. (13) 

The expression (13) gives the longitudinal component 
of the "active" current in a magnetic field. A compari­
son of this expression with Eq. (12) shows that F is 
now replaced with F*. It also follows from Eq. (11) 
that there is a longitudinal as well as a transverse 
component of the "active" current in a magnetic field, 
and the latter is given by 

. b JlpHo "'"' lu =- --.,. lox. (14) 
c 

If the transverse current circuit is opened (i.e., Ey 
;>! 0 ), the current of dragged carriers along the y axis 
produces an electric field Ey given by: 
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E = b flpHo, fT'l 
Y aJ.'(Ho)c ox, (15) 

where a: is the magnetoconductivity along the y 
direction for short-circuited longitudinal contacts (i.e., 
along the x direction). 2> The field Ey causes a drift 
current consisting not only of the "active" but of all 
the other holes (mainly the heavy holes because the 
equilibrium light holes represent only 4%). The mag­
netic field acting on this current gives rise to a drift 
component of the longitudinal current jx, whose nu­
merical value is 

ix drift= b(flpHo,/c) 2fT'lox. (16) 

Thus, the total longitudinal current for short­
circuited longitudinal contacts (Ex = 0) is given by the 
following expression: 

ix= b [r + ( flp:O' f rr· ]lox· (17) 

2) If h = 0 and jy = 0, i.e., if the longitudinal and 
transverse current circuits are open, the incident 
light flux lox and the applied magnetic field Ho.z pro­
duce. a transverse electric field Ey (as mentioned 
earller ). The system of equations (11) yields directly 
the value of this field: 

b [- H E =--- 1-LP 0' (fT' -F')l ] 
Y {jJ. (flo) c Ox . 

Equation (18) can be interpreted quite easily. The 
motion of holes along the longitudinal direction pro­
duces an electric field 

(18) 

Ex= - _b - [ F' + ( flpllo, ) 2fT'] . (19) 
a1.(flo) c 

This field produces a drift hole current, which is 
turned by the magnetic field and produces an electric 
field E~ given by 

Ey' =-__ b_ flpllo, [r + ( flpllo, ) 2fT'] lox. (20) 
a1. (llo) c c 

On the other hand, the magnetic field produces a cur­
rent of "active" holes along the y axis and this gen­
erates an electric field Ey: 

Ey''= b flp~o, fT'lox= b [1 + ( flpllo, ) 2
] flpllo, fT'lox. (21) 

UJ... C C U_LC 

Consequently, the expression for the total transverse 
field Ey = Ey + Ey is given by Eq. (18). 

In the experiments, which will be described later, 
the impurity concentration was such that-in the in­
vestigated range of temperatures-the carrier relaxa­
tion times were governed mainly by the lattice scatter­
ing in which acoustical and optical phonons partici­
patedY1 If the dispersion law k'(k) is quadratic for 
both sub-bands, the expressions for F* and fr* be­
come: 

F'= -r, [ 5- 2,1l'",~ 1~1-(Q,-r,)'k0 8ln-r,] 
1+(QITI) 2 kBT 1+(!2JTI) 2 oko 

(22) 

2lThe relationship between aJ: and the original quantity a 1 can be 
obtained easily from Eqs. (4) and (ll): 

T2 [ m1 2,il'"~:l 8 1 
- 3+2----+2k0 -ln-r J 

m2[1+(!22T2) 2] m2 k 8T ok0 2 1+(Q2-r2)2 " 
(23) 

Here, Tat is the total momentum-relaxation time 
governed by the scattering of holes on the optical and 
acoustical phonons T = tac;m · Tac = AT-1 0-1/ 2 is the 

' at at 'f'> at " 
momentum relaxation time due to the scattering of 
holes on the acoustical phonons alone; 

B e [ ( k 8e , '" ( k8e ) •;,] <r"=1+--(e•;r_1) 1+-- +e"'r 1--- •(24) 
A T w" 0" 

<? ko ko 

where kB0 is the optical phonon energy; 6~0 is the 

energy of the "active" holes in the v1 and v2 sub­
bands computed ignoring the phonon momentum; B/ A 
= 0'2)( gopt/ fRac)2, where <Ropt and lfac are the de­
formation potential constants for the optical and acous­
tical phonons in p-type Ge. 

2. EXPERIMENTAL RESULTS AND DISCUSSION 

Our experiments on p-type germanium samples 
with a hole density of p =1.5 x 10 14 cm-3 were carried 
out under the conditions considered in the preceding 
section. We determined the temperature dependences 
of the drag current in a magnetic field and of the trans­
verse emf's appearing in the case of closed and open 
longitudinal contacts. 

A C02 laser (A. = 10.6 JJ.), operating under Q-spoil­
ing conditions and producing 3 kW pulses, was used as 
the source of coherent monochromatic radiation. The 
duration of a light pulse was 0.3-0.4 JJ.Sec. The light 
was directed downward onto a sample placed between 
the poles of a magnet in a small dewar. It was focused 
by a long-focus lens made of barium fluoride. The 
shape of the samples and the experimental geometry 
are shown in Fig. 2b. During the measurements of the 
longitudinal drag current the sample was shunted by a 
very small resistance. This resulted in the shorting 
of that circuit which was longitudinal with respect to the 
light beam. The temperature dependence of the drag 
current was determined in the absence of a magnetic 
field and in a field of 15 kOe. The experimentally de­
termined curves and the results of the numerical cal­
culations based on Eqs. (15), (22) and (23) are pre­
sented in Fig. 3. We can see that the best agreement 
between the experimental and theoretical values is ob­
tained, as in[ 1l, by selecting the effective mass m 2 of 
the "active" light holes to be 0.08 m 0 , i.e., m 2 /m 1 

= 0.24. 
It is evident from Fig. 3 that the current h in­

creases in a magnetic field and the point of inversion 
of its sign shifts in the direction of lower tempera­
tures. As mentioned earlier, the drag current in a 
magnetic field (Ex = 0) has the "active" and drift 
components. The results of the calculations show that 
the "active" component decreases with increasing 
magnetic field due to a reduction in the relaxation times 
of the heavy and light holes. However, the total short­
circuit current increases because of the appearance of 
the drift component jx in the magnetic field. 
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FIG. 3. Temperature dependences of the short-circuit current ix in 

a magnetic field. The dashed curves are the plots of the experimental 
results and the continuous curves are theoretical. I) H0 = 0; II) H0 = 
15 kOe. 
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FIG. 4. Calculated temperature dependences of the longitudinal 
light- and heavy-hole currents. The dashed curves represent the light­
hole currentjkl and the continuous curves the heavy-hole currentj('l. 
I) H0 = 0; II) H0 = 15 kOe. 

Examination of the expressions for F* and fT* 
shows that we can separate the terms corresponding to 
the heavy and light "active" holes. Since T 1 >> T 2 in 
H0 = 0, the contribution of the light "active" holes to 
the drag current is less than the contribution of the 
heavy holes. However, according to Eq. (2), the re­
laxation time of the light holes, whose energies are 
higher, decreases much less in a magnetic field than 
the relaxation time of the heavy holes. Consequently, 
the relative contribution of the light-hole current in­
creases when a magnetic field is applied. This can be 
seen from Fig. 4, which presents the temperature de­
pendences of j~1 , and j~l for H0 = 0 and H0 = 15 kOe, 
calculated from Eq. (17). 

It should be mentioned that although the second term 
in Eq. (17) is due to the drift current, it includes the 
quantity bj:rpH0 tT*Iox/c, which is numerically equal to 
the y component of the "active" current. Therefore, 
we may speak of the enhancement of the role of the 
light "active" holes, compared with the heavy holes, 
when a magnetic field is applied. Since the heavy- and 
light-hole currents are oppositely directed, the inver­
sion temperature is reduced by the magnetic field, as 
demonstrated in Figs. 4 and 5. 

In the investigations of the temperature dependence 
of the transverse emf in a magnetic field, we analyzed 
the two cases considered in the theoretical section: 
1) the longitudinal contacts closed (a real drag cur­
rent in Ex = 0); 2) the longitudinal contacts open (no 

!.8 \ ' 2.2 z.c e/T 
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current and the flux of the "active" holes balanced by 
the field Ex). 

In the first case, the appearance of the field Ey is 
apparently analogous to the usual Hall effect because 

H 

a current flows along the x direction. However, this 
current is due to a very special mechanism and, 
therefore, the expression for Ey is different from the 
expression which gives the field in the case of a cur­
rent generated by an electric field. This is because a 
magnetic field exerts a strong influence on the actual 
establishment of the drag current and, particularly, on 
the distribution functions and the velocities of the 
"active" holes, as well as on their relaxation times. 
During an optical transition in the presence of a mag­
netic field, the holes acquire a velocity component 
along y and, if the transverse contacts are closed 
( Ey = 0 ), we observe the "active" current 
jy = -bJl'pHozfT*Iox/c, whereas h =bF*IoX (Ex= 0). 
These two currents are due to the drag effect, i.e., due 
to the direct interaction between the light beam and 
carriers. Thus, the measurement of the electric field 
along the y direction is of interest and it gives addi­
tional information on the drag processes in a magnetic 
field. Figure 5 gives the temperature dependences of 
the current jy for various values of the magnetic field 
(these dependences were deduced from the measured 
values of the emf across the transverse contacts when 
the longitudinal contacts were closed). We can see that 
the experimental and theoretical dependences are in 
basic agreement. When the magnetic field is increased, 
the inversion point of the sign of jy shifts somewhat 
along the temperature scale but the experimental value 
of this shift is less than that predicted theoretically. 

We also measured the emf which appeared across 
the transverse contacts when the longitudinal contacts 
were open. The signals were found to be half as large 
as in the case of closed longitudinal contacts but the 
sign of the emf was the same in both cases. Reversal 
of the magnetic field reversed the polarity of the sig­
nals, in accordance with the expected behavior • 

. All these observations can be explained in a natural 
manner on the basis of the theory presented in Sec. 1. 
The field Ey is the sum of the fields Ey and Ey, which 
have opposite signs. Since the sign of the transverse 
electric field is not affected by the opening of the longi­
tudinal contacts, it follows that the field Ey due to the 
"active" flux of holes is greater than the field Ey due 
to the drift flux of holes. This is expected because the 
velocities in the ensemble of "active" holes in the V 1 
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FIG. 6. Temperature dependences of the transverse currentjy in 
the case of open longitudinal contacts. D) H0 = 3 kOe; l:l) H0 = 7 kOe; 
0) H0 = 15 kOe. I, II, and III are the theoretical curves for H0 = 3, 7, 
and 15 kOe, respectively. 
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FIG. 7. Dependence of the trans­
verse current jy on the magnetic field 
in the case of open longitudinal con­
tacts. The dashed curve is the plot of 
the experimental results and the con­
tinuous curve is theoretical. T - 77° K. 

and V2 sub-bands are higher than the average velocity 
of the thermalized holes and the "active" holes are af­
fected more strongly by the magnetic field. 

We determined also the sign of the transverse emf 
as a function of the directions of the light beam and of 
the magnetic field. We found that the sign was the 
same as that of the Hall emf which would have appeared 
in the presence of a current flowing along the direction 
of the incident light beam. 

The temperature dependence of jy, deduced from 
the measured values of the emf in various magnetic 
fields, and the corresponding theoretical curves are 
presented in Fig. 6. It is clear that the theory and 
experiment are in good agreement within the investi­
gated range of temperatures. However, in this case, 
the best agreement between the theoretical and experi­
mental curves is obtained for m2/m 1 equal to 0.2 and 
not 0.24. 

In conclusion, we must mention the dependence of 
the transverse current jy on the magnetic field in the 
case of open longitudinal contacts (Fig. 7). The effect 
of the magnetic field reaches saturation, in agreement 
with the theoretical predictions. However, the experi­
mental results indicate saturation in weaker fields than 
those found by calculation. Evidently, this is because 
the influence of the scattering by impurities on the ob­
served effect is ignored in the theoretical calculations. 
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