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We have separated experimentally the magnetic, magnetostriction, and photelastic contributions to the 
birefringence in hematite (a-Fe,03, T = 300K) in which radiation propagates along the C3 axis and to 
which a mechanical stress is applied in a magnetic field. It is shown that the main contribution to the 

, birefringence is of pure magnetic origin. The proposed optical method is used to investigate the magnetic 
orientational transition that occurs when mechanical stresses are applied in a magnetic field at 300 K. The 
existence of antiferromagetic domains in the region of the orientational transition was observed. Methods 
of making the sample single-domain are proposed. 

PACS numbers: 78.20.Fm, 75.80. + q, 75.60.Ch 

1. INTRODUCTION 

In the study of birefringence in magnetically ordered 
crystals always includes the question of the nature of 
this phenomenon. The birefringence due to establish- 
ment of mangetic order can be caused either by the mag- 
netic subsystem of the crystal or by the lattice defor- 
mation due to magnetostriction; the magnetostriction 
can make in turn a large contribution. It is therefore 
important to compare and separate these contributions 
if possible. In addition, it is of interest to investigate 
the possibilities of using magneto-optical methods for 
the study of orientational magnetic phase transitions. 

For  an experimental study of these questions we chose 
single-crystal hematite (a-Fe20,). In the paramagne- 
tic state i t  is a uniaxial crystal (space group D!,) with 
a difference no - n, = 0.2 between the principal refractive 
indices,['' where no= 2.84 at the wavelength2' A =  1.15 
pm. Between the Ndel temperature T, = 950 K and the 
  or in' temperature T, = 260 K hematite has weak-ferro- 
magnetic ordering that causes the crystal to become bi- 
axial in a single-domain state, and the difference be- 
tween the principal refractive indices in the basal plane 
reaches a value 0.2 x lom3 at T = 300 K.[~]  

M, and M2 and with the strain tensor u i j  by the relation 
E . . = E . .  e t : + ~ i j k l  u~ + q i j k ~ l k l l  + a i j k l I k m l  % m i ,  

(1) 
where E:, is the tensor component that does not depend 
on the magnetic moments o r  the strains, I =  (M, - &)/ 
avo9 m =  (Mi+Mz)/mo, mo= I &  I+ 1 %  I ;  t i j k r ,  s i j k r t  

atjar, BijRr a re  the corresponding tensors (the subscripts 
i, j, . . . run through the values x, y, and z ,  and summa- 
tion over the dummy indices is implied throughout). 
Since the birefringence in hematite remains constant at 
least up to C21 20 kOe, we can neglect the terms with 
l p ,  and m k m r  in (1). 

In view of the symmetry of the tensors cij, ui,, L I Z j  it 
is convenient to use abbreviated subscripts p, q, . . . that 
run through the values 1,. . .6, the relations between 
the subscripts ij and p being: 

i j :  xz xy za yz z z  nj 

p : 1  2 3 4  5 6  

Formula (1) then takes the form 

ep=e,O+S,,u,+rlp.(ll),. 

The components of the strain tensor up depend in turn on 
the external mechanical s t resses  a, and on the magne- 
tic subsystem in the following manner: 

up=bo,+ urn (U) ,. (2) 
Magnetic ordering leads also to  magnetostriction that 

reaches values 7 x in the basal planer3' and contri- where spais the compliance tensor and Up, are  the mag- 

butes in turn to the birefringence. In the present study netostriction constants. After substituting the equili- 

we subjected the hematite single crystal to a mechani- brium strains (2), the dielectric tensor (1) takes the 
form 

cal s t ress  in order to cancel out the magnetostriction 
contribution to the birefringence and to compare it with ep=~,0+(qW+qP(lr) ([l)I+;PVaq, (3) 
the total value of the b i re f r i~gence .~)  In addition, we 
investigated by a magneto-optical method the previous- 
ly o b s e r ~ e d [ ~ * ~ ~  orientational magnetic phase transition 
induced by mechanical s t ress  in an external magnetic 
field a t  T = 300 K. 

where via= SprUra, bw= EPrsra. We note that the selection 
rules for the tensors Spa, spa, UPa, LPa a re  the same, since 
the components of the tensors E,, Up, a,, (ll), transform 
in accordance with the same representation of the fac- 
tor-group E,B,. The selection rules for the components 
of the tensor-up, (the z and x axes a r e  parallel to C, 

2. EFFECT OF MAGNETIC SUBSYSTEM AND OF and U,, respectively) a re  
MECHANICAL STRESS ON BIREFRINGENCE I N  
HEMATITE 

The linear birefringence in hematite at optical fre- 
quencies is determined by the dielectric tensor cij, 
which is connected with the sublattice magnetizations 
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The components U#, for hematite can be found in Refs. 
3 and 7. The cancellation of the magnetostriction con- 
tribution q~,(ZZ), with the aid of external mechanical 
stresses is in general a rather complicated task. How- 
ever, in the particular case when l lies in the basal 
plane, the magnetostriction contribution can be can- 
celled by a uniaxial mechanical stress. Let all the 
components u*= 0 with the exception of u2 =p ,  and let 
l=(-s iny,  cosq.O), a s  shown in Fig. 1. If the radia- 
tion propagates along the z axis, it suffices to consider 
the components of the dielectric tensor in the xy plane: 

where 

If a sufficiently strong magnetic field is applied along 
the x axis, the vector 1 aligns itself with the y axis and 
cp = 0. From this we find that to cancel the magneto- 
striction contribution 77' to the birefringence we must 
apply a pressure 

11 ' p =-- 
S - 

Despite the fact that the photoelastic constants 5, of 
hematite are  unknown, this pressure can be estimated , 

by assuming that 514/(511 - 1. Favoring this as- 
sumption is the fact that in corundum (a-AAO,), which 
has the same structure as hematite ((1-Fe20,), we have 
514/(511 - 4,) C0.1 (Ref. 8) .  Under this assumption, the 
counterbalancing uniaxial mechanical s t r ess  in hema- 
tite is equal to 

3. BEHAVIOR OF MAGNETIC SUBSYSTEM UPON 
APPLICATION OF A UNIAXIAL MECHANICAL STRESS 

In the general case, the thermodynamic potential of 
a magnetically ordered cyrstal in a magnetic field, to 
which mechanical s t resses  a re  applied, consists of 
three parts: 

O=~+OmD, ,+Z ,  (7) 

where Q., = 1/2~,~,,u,~z(,, - ~ , ~ z i , ,  is the energy of the 
elastic deformations, c,*,, is the elastic-moduli tensor; 
Qme= 6,1kI~,jZJI is the magnetoelastic part and Q ,  is the 
magnetic part. Minimization of such a potential yielded 
formula (2) for the equilibrium strains, with U,,,, = 
-s,,,,bm,,. After substituting the equilibrium strains 

FIG. 1. Orientations of 
the vectors H, p, 1, and 
m relative to the labora- 
tory xy frame. 

(2) in (7) we obtain for the thermoydnamic potential 

The prime of denotes that it includes invariants of 
fourth order in 1, of magnetostriction origin, but when 
the static properties are  considered these do not differ 
at all from the pure magnetic invariants. 

We have thus obtained a potential from which the 
variable uil has been eliminated. This is  convenient 
for finding the equilibrium orientation of the spin sys- 
tem. 

Consider the behavior of the spin system in the par- 
ticular case when 1, m, and H lie in the basal plane and 
a uniaxial mechanical s t r ess  is applied to the hematite 
crystal (Fig. 1). The thermodynamic potential takes 
then the form 
Q='lzBm?+q(l?m,-l,m,) +*i,D (ml)'-2hIon~H-'/,(U,z-U,,) (c-1,')~. 

(9) 

The expression for Qi, is taken here from Ref. 9 under 
the assumption that the anisotropy in the basal plane is 
small. 

IntToducing the variables in accord with Fig. 1 and 
minimizing the potential (9) with respect to the vari- 
ables cp, X, and n? ,  we obtain the equilibrium orienta- 
tion of the vector l a s  determined by the angle (F, using 
the equation 

where 

In  the important particular case when H l p ,  i.e., 
8 = 0, the rotation of the vector 1 as a function of the 
magnetic field at p = const> 0 has the character of a 
second-order phase transition, namely, 

cp-o 'at  H ~ H - . ,  (11) 

where 

If x l l =  0, formulas (12) and (13) agree with those given 
in Ref. 10. At p<< 1112,/16(11,, - Ull)(XI - " lo3 kgf/cm2, 
corresponding the experimental conditions, formulas 
(12) and (13) become much simpler and take the form 

It is important that in this orientation the rotation of 1 
is even in cp, i.e., formation of an antiferromagnetic 
domain structure is possible. This degeneracy i s  lifted 
by B #  0 when a constant component of the magnetic field 
H, is applied. Allowance for  sixth-order anisotropy in 
the basal plane also lifts the degeneracy of the twofold 
axis U, is not parallel to H. 

When 0 < P < a/2 and p > 0, the minimum of the poten- 
tial (9) corresponds to solution of an equation with 
y - @  as H-rn and p-a/2 a s  H-+O. By formal rever- 
sal  of the sign of H (equivalent to the substitution 0 - 8 
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+ n) we obtain solution with cp - n + fi as H - -m and 
cp - 3n/2 as H- -0. Thus, on passing through the point 
H=O the angle cp jumps from n/2 to 3n/2, i.e., the 
signs of the vectors 1 and m are reversed. 

4. MEASUREMENT SETUP AND PROCEDURE 

A diagram of the setup for the investigation of bire- 
fringence in a magnetic field upon application of me- 
chanical stresses is shown in Fig. 2. The source of 
the A =  1.15 pm radiation was helium-neon laser 1.  The 
polarizer 4 and analyzer 14 were Glan-Thompson 
prisms. The quarter-wave plate 3 w a s  used to produce 
circularly polarized light, and quarter-wave plate 11 
served to analyze the radiation passing through the 
crystal. The radiation was modulated with a rotating 
Glan-Thompson prism 12 mounted on the hollow shaft of 
synchronous motor 13. The motor is energized from 
generator 19 through power amplifier 20. The signal 
from photoreceiver 15 passed through a twin-T bridge 
16 to narrow-band amplifier 17 and next to synchronous 
detector 18, to which a reference voltage was applied 
from a sound generator. The synchronous-detector out- 
put signal could be registered with x-y recorder 21 as a 
function of the magnetic field H, in the gap of electro- 
magnet 5. The vertical coils 6 were used either to pro- 
duce the constant vertical component of the magnetic 
field, or for constant displacement of the magnetic field 
from a position strictly perpendicular to p, with suc- 
cessive switching to the windings of the electromagnet. 

The hematite samples, plates of thickness d= 0.3 mm, 
were glued into a holder that made it possible to apply 
a tensile stress up to 150 kgf/cm2. Figure 2 shows in 
detail the holder construction. In the course of the ex- 
periment it was possible to illuminate the central part 
of the sample and to vary the illuminated region from 
1 to 0.1 mm. The U, axis of the samples was oriented 
perpendicular to p accurate to *3O. 

As already noted, the measurements are based on - 

modulation of the light flux with a rotating polarizer. 

FIG. 2. Experimental setup for magneto-optical investiga- 
tions: 1 -laser, 2 -lens, 3, 11 --quarter-wave plates; 4, 
14 -Glan-Thompson prisms, 5-electromagnet, -vertical 
coils, 7-sample, 8-elastic film, -guiding tube, - 
immobile piston, 12-rotating Glan-Thompson prism, 13 - 
synchronous motor of modulator, 15 -photodetector, 16- 
twin- T bridge, I7 -narrow-band amplifier, 18 -synchronous 
detector, 19 -sound generator, 20-power amplifier, 21 - 
x-y recorder. 

This method permits direct measurement of the com- 
ponents of the dielectric tensor. Let us examine this 
method in greater detail. The intensity of the radiation 
that passes through an optical system made up of arbi- 
trarily oriented polarizers and birefringent medium, 
such as  shown in Fig. 2, is given by the following for- 
mula, which is derived by Muller's methodclll: 

I='/,I,(l+Cs;) (l+C&C,,C,,-C,,S,B,, cos x 

-s,,s~,c,, cos B+s,,s~, sin 0 sin z-s,,c,s~, cos 0 cos x ) ,  (14) 
where Zo is the radiation intensity past the first polari- 
zer, 

al, a, =a,  a3, ad, a, are the azimuths of the polarizer 
transmission axes and the highest-velocity of the bire- 
fringent media, respectively, x is  the phase shift cor- 
responding to the crystal 7, and 8=n/2 is the phase 
shift of the quarter-wave plate 11. 

Let now a, = 0, a,= a, a3 = 0, a4 = Slt, and a, arbitrary; 
Eq. (14) yields then the intensity of4he second harmo- 
nic : 

I ( 2 8 )  ='/,I,[ (sinx sin 2 a f  sin 2 ~ ) s i n  25-21 
+ (1-cos %)sinz 2a  cos 2 8 t J .  (15) 

If a signal proportional to Z(2Sl) is applied to the syn- 
chronous detector, which receives in turn a reference 
signal U, sin2Slt, then the output voltage is  

since the voltage at the output detector is U,,, - U,, cos6, 
where is the phase shift between the input and reference 
voltage, and U,, is the amplitude of the input signal. 

In the case of small phase shifts we can put sinx- x 
(K < 30' in the experiment) and then, using the rotation 

x sin 2a=2ndeJln0, (IT! 

we get 

Similarly, if 
aI=n/4, a2=a, aJ=n/4, a6=8t  

and the reference signal is Uocos252t, then the output of 
the synchronous detector is 

On the basis of (18) and (19) we can propose two 
methods for determining the components of the dielec- 
tric tensor. In the first we determine the analyzer po- 
sition a, for which the synchronous detector signal is 
zero. In this case 

2nd 2nd e,-e,, 
sin 2aII U,=O = - - E,,, cos 2a,l v,-o=- -- 

An4 hn, - 2 ' 

In the second method one measures the signals U, and 
U, at fixed values of a, (it is  convenient to use a, = n/2 
and a, = -n/4 when measuring Ul and U,, respectively). 

An advantage of the first method is  that it yields ab- 
solute values that are independent of the radiation in- 
tensity and of the gain of the entire system, with the ac- 
curacy determined principally by the accuracy of the 
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analyzer dial. An advantage of the second method is the 
possiblity of automatically recording small changes of 
the dielectric-tensor components. The analyzer i s  
needed here only to determine the null level and to ca- 
librate the entire channel. 

We note that the traditional method of determining the 
values of a and 'K by simultaneously rotating the polari- 
zer, the analyzer, and the quarter-wave plate is quite 
cumbersome, let alone the complexity of automation of 
the measurements. 

It must be noted that formulas (18) and (19) were de- 
rived for a homogeneous medium. We have investigated 
here samples in which domains could be formed. The 
components E,, in (18) and (19) a re  in this case quanti- 
ties averaged over all the domains in the illuminated 
part of the sample. If the domain dimensions greatly 
exceed the radiation wavelength and the phase shifts a re  
small, the following formula holds: 

where V ,  is the volume of a domain having a dielectric 
tensor E::); the summation is over all domains in the 
illuminated volume of the sample V. 

5. DISCUSSION OF EXPERIMENTAL RESULTS 

In the absence of mechanical stresses,  in a magnetic 
field H > 2  kOe parallel to the x axis, the quantity $(&,, 
- E,,) for hematite is constant and is the sum of the 
magnetic and magnetostriction contributions to the bire- 
fringence, equal to q+ qt = 5.8 X Application of 
mechanical tensile s t resses  p decreases $(E,, - E,,) in 
accord with Eq. (5). The proportionality coefficient 
yields the piezo-optical constant 

Application of a s t r ess  p,= 13 kgf/cm2 cancels the mag- 
netostriction contribution, whose value turned out to be 
7' = -5ps = It can therefore be concluded that the 
ratio of the magnetostriction contribution to the pure 
magnetic contribution amounts to qt/rl= 0.02. Conse- 
quently, the birefringence in hematite is due mainly to 
the magnetic s ~ b s y s t e m . ~ '  

Figure 3 shows plots of the dielectric-tensor compo- 
nents 3~,, - E,,) and E,, against the magnetic field at 
various tensile stresses.  The angle of disorientation of 
p and H from mutual perpendicularity was5' b= 3". 

At a s t ress  4.2 kgf/cm2 minimal load, corresponding 
to the weight of the moving piston), the value of $(s, 
- E,,) increases sharply with increasing magnetic field, 
and remains unchanged at H> 1 kOe, corresponding to 
the transition of hematite from a multidomain state into 
a single domain relative to the vector m. At s t resses  
exceeding 100 kgf/cm" the rotation d the vector 1 from 
the position 11H to the position l ~ p  proceeds in almost 
single-domain fashion. From these data and Eqs. (5) 
we obtained the values of the angle cp a s  a function of 
H, as shown in Fig. 4. The solid line is a theoretical 
curve calculated for @ =  3' and 111,/2(~,~ - U,,) = 1.45 x lo5 

1 

-2 -1 0 ' H,  kOe 
2 

FIG. 3. Plots of the components 1/2 (E, -&A (a) and E, @) 
against Hat  p=  3", and at tensile stresses: 1) 4.2, 2) 34, 
3) 55.4, 4) 83, 5) 11, 6) 136, and 7) 150 kgf/cm2. 

Oe by formula (10, neglecting the last  term, a proce- 
dure permissible in weak magnetic fields H<< 20 kOe. 
It is seen from Fig. 4 that at all mechanical stresses 
thevector 1 rotates in the same manner as a function of 
the magnetic field, and all that changes is the scale of 
variation of the magnetic field. 

In the vicinity of H = 0, the &,,(H) curves (Fig. 3b) re- 
veal hysteresis (the hysteresis region is bounded by 
dashed lines). Figure 5 shows a plot of typical hystere- 
sis at p =  122 kgf/cm2 and B = 3". The presence of hys- 
teresis and of jumps on this curves is evidence of a 
phase transition between two single-domain states, 1, 
m- -1, m at H= 0, in agreement with the theoretical 
analysis. The width of the hysteresis in Fig. 5 amounted 
to -40 Oe and remained essentially unchanged when the 
recording rate was changed from several seconds to 
several minutes. I t  appears that this transition takes 
place in the usual manner, via motion of the domain 
walls that separate one phase from the always-present 
germs of another phase. 

FIG. 4. Plot of the angle cP against H / p  at 4 = 3". Solid line- 
theoretical curve (100 kg f/cm2 < p  < 150 k g  f/cm2), dash-dot- 
theoretical curve for 4 = 0. 
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FIG. 5. Plot of the com- 
ponent &, in weak fields 
at p=3" andp=122 kgf/cm2. 

If p is strictly perpendicular to H@ = 0), jumps and 
hysteresis are  observed on the &,,(H) curves. The val- 
ues of the jumps and the hysteresis behavior changed 
significantly when the dimensions and location of the 
illuminated region of the sample were changed. Figure 
6 shows a plot of &,(H) at j3 = 0, p = 122 kgf/cm2, and an 
illuminated-region diameter of approximately 1 mm. 

The jumps and the hysteresis demonstrate that the 
sample breaks up into domains with different values of 
cp. The plot of &,,(H) at an illumination region of about 
0.1 mm, shown in Fig. 7, indicates that the breakup in- 
to domains with different y exists upt to @ =  1.5". The 
jumps observed on these curves reached values com- 
parable with the maximum value of &,(H) (curve I), 
thus indicating that the characteristic domain dimension 
in the basal plane is about 0.1 mm. 

The plots of f (c ,  - E,) against H are  not sensitive to 
domain formation and reveal no jumps typical of the 
&,,(H) plots. At ,9-0" they a re  of the same form as in 
Fig. 3a, but the transition becomes steeper near 
H,(p). Nevertheless, the kink at H=H,,(p) predicted by 
the simplest theory is not observed on these curves at 
p=oO. 

The. value of f(&,, - E,,) can be insensitive to domain 
formation if 

has the same value for  different domains, and this is 
possible only if the values of y for the different domains 
differ in sign only. This confirms, in turn, the theo- 
retical conclusion that the transition is even in cp. 

The question of the behavior of hematite when a force 

FIG. 6. Plot of &, against H at @ =  Oo, p = 122 kgf /cm2, 
diameter of illuminated region of sample 1 mm. 

FIG. 7. Plots of t, against H at P = 122 kg f/cm2 and diameter 
of illuminated region of sample 0.1 mm; curves: 1) 0 = +l. so, 
2) @=W, 3) fl=-1.5". 

is applied in the basal plane was raised in connection 
with the investigation of antiferromagnetic resonance 
( A F M R ) . ~ ~ ~ ~ ' ~ ~  Investigations by a number of workers 
have led to the following hypothesis that reflect individ- 
ual aspects of the behavior of hematite and manifest 
themselves indirectly in the experimental results on 
AFMR: 

1) When an external force is applied in a direction 
such a s  to cancel the magnetostriction, the magnetic 
subsystem does not change its equilibrium position in 
a sufficiently strong field.c151 

2) When the sample is compressed along H - 0 at 
p zp,, the vector 1 is oriented along H- 0 (sublattice 
flipping induced by directed compression), and an in- 
crease of H deflects the vector 1 away from the position 

FIG. 8. Plots of the components 1/2 (&, - &,I (a) and &, (b) 
against H following application of a constant vertical magnetic 
field h=70 Oe and a tp=4 .2  kgf/cm2 (1) andp=122 kgf/cm2 
(2). 
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FIG. 10. Plot of l / 2  
(E, - E, ) against p  at 
H= 0 .  

FIG. 9. Plots of rotation 
angle of antiferromagnetic 
vector in the multidomain 
state at  p = 1 2 2  kgf/cm2 
andp=3" (a), h = 7 0  Oe (b). 

at H - 0; jumplike changes of the orientation of 1 a re  
not excluded.c1s1 

3) When mechanical s t resses  are  produced, there ex- 
ists a certain critical magnetic field such that at H 2 H, 
the magnetic subsystem does not change orientation (it 
corresponds to item 1) above), and when H c H,, the 
vector 1 moves continuously ways from the position 
l lH(H= H,) into the position 111 H(H - O).C1O1 

It follows from described direct measurement of the 
orientation of the vector 1 that there exist values of p 
and H such that the vectors m and 1 do not change their 
positions, and values of p and H such that m and 1 be- 
come smoothly reoriented. The character of the transi- 
tion is strongly influenced by the mutual orientation of 
the vectors p and H. If H is strictly perpendicular to p, 
the sample always breaks up into domains that have dif- 
ferent signs of q. 

Formation of domains can be prevented either by de- 
flectingH away from the position H l p, or  by applying a 
constant magnetic field h I I  p. Plots of E,, and $(&,, - E,,) 
at h = 70 Oe a re  shown in Fig. 8 ( p  = 122 kgf/cm2). We 
note that in this case E,,(H) changes substantially in 
this case, namely, it becomes odd. 

The experimental data were used to determine the 
angle cp . For comparison, Fig. 9 shows plots of q at 
weak disorientation j3 = 3' and when a weak vertical field 
is  applied. It is important that without application of 
hll p the direction of the vector 1 at H= 0 is almost com- 
pletely reversed (Fig. 9a); this is reflected in the 
jumps of the angle qfrom 90" to 270". When a field 
h=70  Oe is applied, this jump vanishes and the rotation 
in the entire range of fields i s  that of a single domain 
(Fig. 9b). 

In conclusion, let us dwell on the variation of the bi- 
refringence in hematite when mechanical s t ress  is ap- 
plied in the absence of a magnetic field, a s  shown in 
Fig. 10. When the voltage changes from 0 to -50 kgf/ 
cm2, hematite changes from the multi-domain state 
brought about by the natural third-order anisotropy in 
the basal plane into a state with l l p ,  which is also mul- 
tidomain, with the domains differing in the signs of l 
and m. The birefringence in the type of domain is the 
same. The bend of the plot of $(E, - c,,) at p 2 50 kgf/ 
cm2 is due to the photoelastic effect, and the dc compo- 
nent -$(E,, - E,,) at p - 0 is of magnetic origin (accurate 

Thus, by using a specially developed procedure to de- 
termine small changes of the dielectric-tensor compo- 
nents of a birefringent medium, we have demonstrated 
experimentally that the main contribution to birefrin- 
gence in hematite, when radiation propagates along the 
C ,  axis, is purely magnetic, while the magnetostriction 
effect i s  about two per cent of the total effect. We have 
observed directly and monitored with high accuracy the 
reorientation of the antiferromagnetism .vector in the 
basal plane in magnetic anf force fields at T =  300 K. 
Antiferromagnetic domains in the region of the orien- 
tational transition were observed and investigated; meth- 
ods of making the sample single-domain by displacing 
the magnetic field from the position H l p  and by apply- 
ing a constant magnetic field hllp were proposed. It 
was observed that at a pressure p 2 50 kgf/cm2, in the 
absence of a magnetic field, a transition takes place 
from the multidomain state due to the natural third- 
order anisotropy into a single-domain strate with op- 
positely directed 1 and m in the different domains. 

In conclusion, the authors thank Academician A. M. 
Prokhorov and the scientific director of SNRS ( ~ r a n c e ) ,  
Dr. J. Winter, for support and for a discussion of the 
joint work. 
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Photogalvanic effect due to free carriers in 
noncentrosymmetric crystals 
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An analysis is made of the photogalvanic effect in semiconductors and metals in the case when the 
frequency of light is i n ~ ~ c i e n t  for impurity-band and band-band transitions. It is shown that the 
photocurrent appears because of the asymmetry of the scattering of electrons (holes) by impurities, 
phonons, and electrons (holes) in the field of a light wave, and that the magnitude of this photocurrent is 
proprotional to the me!Xcient of absorption of light. The order of magnitude of the photocurrent 
normalized to the absorption coefficient is the same as that for band-band optical' transitions. 

PACS numbers: 72.40.+w, 72.20.D~. 63.20.Kr, 71.38.+i 

1. INTRODUCTION trons E, and their distribution function f,. The change 

The photogalvanic effect is the appearance of a static 
photocurrent in a homogeneous noncentrosymmetric 
crystal under the action of homogeneous illumination: 
i t  has been observed in several   experiment^.^"^' The 
microscopic theory of the effect is proposed in Refs. 
4-6. However, this theory i s  limited to the case of 
impurity-bandc5] and band-bandc6] optical transitions. 

The microscopic mechanism of the photogalvanic ef- 
fect in noncentrosymmetric semiconductors is dis- 
cussed by Genkin and ~ e d n i s ~ ~ . ~ ]  in the case when the 
photon energy is insufficient for  band-band optical 
transitions. Genkin and Mednis allow for virtual optical 
transitions of an electron to other bands of a semiconduc- 
tor, which results  in the asymmetry of the renormaliza- 
tion of the electron dispersion law in the case of elliptically 
polarized light. However, this asymmetry does not give 
rise to a static photocurrent. The photocurrent J can 
be  found by integration with respect to the quasimomen- 
tum k: 

Illumination a l ters  both the dispersion law of elec- 

in the function f, due to illumination is ignored by Gen- 
kin and ~ e d n i s . ' ~ " ]  This change i s  due to intraband 
electron scattering processes. In the principal ap- 
proximation, we find that f, remains the Boltzmann dis- 
tribution function even if allowance is made for  scatter-  
ing but this  distribution function is now coupled to an 
asymmetric dispersion law. In this approximation, the 
photocurrent (1) vanishes since the total derivative in 
respect of the quasimomentum k occurs in the integral 
(1). The formal mechanism responsible fo r  the vanish- 
ing of the p h o t o c ~ r r e n t ~ ~ ~ ~ '  i s  discussed in the present 
paper. 

We shall be concerned with the photogalvanic effect 
due to free ca r r i e r s  in noncentrosymmetric semicon- 
ductors and metals. 

We shall  obtain an exact expression for the tensor of 
the photogalvanic effect (photogalvanic tensor) p,,, using 
the Keldysh diagram techniquecQ1 (analog of the Kub,o 
formula) and consider various mechanisms of electron 
scattering by impurities and phonons and the electron- 
electron scattering in metals in the presence of a light 
wave. The scattering a ~ ~ m m e t r $ ~ ]  in noncentrosym- 
metric crystals  i s  responsible f o r  the appearance of a 
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