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An experimental and theoretical investigation is made of the behavior of the smooth and oscillating parts 
of the impedance of a compensated metal plate in a perpendicular magnetic field in the radio frequency 
range. The measurements were made on molybdenum plaies with linear and circular polarizations of the 
exciting field. The theoretical treatment was carried out on the assumption that the carriers are diffusely 
reflected from the surface of the metal. It is shown that for a sufficiently large path length of the 
carriers, nonlocal effects have considerable influence on the peculiarities of the smooth parts of the 
impedance of the plate in a magnetic field. It is demonstrated that the variation of the smooth part of 
the impedance with magnetic field qualitatively changes the character of the Gentmakher-Kaner 
oscillations with linear polarization of the exciting field. The theoretical results are in good agreement 
with the experimental data. The rules discovered can be used to identify oscillations of the impedance 
and make it possible to resolve contradictions that occur in the literature in the interpretation of a 
number of experiments. 

PACS numbers: 73.25. + i 

INTRODUCTION 

One of the most effective methods for distinguishing 
Gantmakher-Kaner oscillations (GKO)' from doppleron 
oscillations2 is the application of a circularly polarized 
exciting field. This method has been used to demon- 
strate the existence of dopplerons in cadmium, indium 
and aluminum, and copper and silver, and also to study 
GKO in cadmium. But in the case of tungsten5-' and 
m ~ l ~ b d e n u m , ~ - ' ~  this method does not permit unique in- 
terpretation of the experimental results, because the 
oscillations observed in different circular polarizations 
a re  very similar. Regarding the nature of the oscilla- 
tions in "minus" polarization, various points of view 
have been expressed, none of which sufficiently con- 
vincing or  permitted a choice between doppleron and 
GKO. The difficulty is further aggrevated by the fact 
that the peculiarities of GKO have not been studied with 
sufficient completeness. In particular, the problem 
remains that was posed in Ref. 11, where it was shown 
that in excitation by a linearly polarized field, GKO 
should exist only in the real part  of the impedance, 
whereas in Ref. 1 they were observed in the imaginary 
part. In Ref. 11, where only specular reflection of the 
carr iers  was considered, i t  was hypothesized that this 
contradiction was due to diffuse reflection of the elec- 
trons in the experiment. The effect of the character 
of the reflection on excitation of a doppleron and of 
GKO has been considered in a number of papers. 4*12-i5 

But the question of the difference between GKO in the 
real and in the imaginary parts of the impedance and of 
the peculiarities of GKO in a linearly polarized field 
has not been investigated. 

The present paper is devoted to a study of the pecu- 
larities of GKO in the real and imaginary parts of the 
impedance with various polarizations of the exciting 
field and to explanation of the nature of the oscillations 
in molybdenum. It was observed that in the case of 
linear polarization, the amplitude of the oscillations 

of surface resistance caused by the Gantmakher-Kaner 
effect varies in  a complicated way with the value of the 
magnetic field. The envelope of the oscillations has 
two maxima separated by a minimum. In the range of 
fields corresponding to this minimum, the amplitude of 
the oscillations of the reactance has a maximum. This 
property of GKO can be used for identification of them 
in those cases in which the amplitude of the GKO is 
comparable with the amplitude of the doppleron oscilla- 
tions and the method of circular polarizations does 
not enable one to obtain an unambiguous answer. Ap- 
plication of the ideas developed to a study of the os- 
cillations in molybdenum led to the conclusion that the 
oscillations in "minus" polarization a re  caused by the 
Gantmakher-Kanar effect, while the oscillations in 
'>lus" polarization a re  a superposition of GKO and dop- 
pleron oscillations. This corroborates the original 
point of view on oscillations in molybdenum, expressed 
in Ref. 8. 

EXPERIMENT 

In the experiment, the real and imaginary parts of the 
surface impedance of a molybdenum plate were studied 
in a magnetic field H 11 n 11 [001]. The measurements 
were made with an amplitude bridgei6 and an autodyne'' 
over the frequency range 0.04-2 MHz, at  tempera- 
tures 2-4.2 K, in magnetic fields up to 45 kOe. Ex- 
citation of the plate was carried out with a radiofre- 
quency field having either linear o r  circular polariza- 
tion. Change of sign of the polarization was accomp- 
lished by commutation of the current of the super- 
conducting solenoid used to produce the magnetic field. 
The inhomogeneity of the solenoid field in the central 
zone did not exceed 1 0 - ~ / c m ~ .  To check the circular- 
polarization apparatus, there was placed in the mea- 
surement coils, dong with the specimen under study, 
a plate of aluminum, whose impedance has helicon os- 
cillations only in "plus"polarization, The final re- 
cording of the impedance of the molybdenum was done 
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FIG. 1. Variation of surface resistance R,U) and reactance 
X,(2) of a molybdenum plate with magnetic field. Plate thick- 
ness d z 0 . 8 2 6  mm, frequency w / 2 r  = 0.33 MHz, T =  4.2 K. 

in the absence of the aluminum specimen used for 
checking. 

The molybdenum plates were cut by the electroero- 
sion method from a monocrystalline bar in such a way 
that the normal n to the plate coincided with the direc- 
tion of the axis [001]. After the cutting, the surfaces 
of the specimens were ground with an abrasive with 
grain dimensions 5-7 l m ,  and then chemically pol- 
ished. The resistance ratio of the molybdenum was 
P300 K / P ~ .  2 K " 50 O00. 

The measurement coils with the specimen under 
study, arranged on a rotable device, were placed in 
the central zone of the solenoid. The rotatable device 
had two degrees of freedom for orientation of the spec- 
imen in the magnetic field. For  field direction 
H 11 n 11 [001] the oscillations of the impedance of the 
plate caused by propagation of a hole d ~ ~ ~ l e r o n ~ ' ~  have 
a maximum amplitude, near the threshold, and a max- 
imum period. 

Figure 1 shows graphs of the variations of the real 
(1) and imaginary ( 2 )  parts of the impedance of a moly- 

bdenum plate with magnetic field in the case of linear 
polarization. The relative scale along the axis of ord- 
inates was determined from the superconductive trans- 
ition of a calibration specimen made of lead, with re- 
sistance ratio ~ 3 0 0  K / ~ 2 . 4  K z  90. The e r ro r  of the cal- 
ibration did not exceed 10%. The arrow on the graph 
marks the value of the threshold field H, for a hole 
doppleron. In the vicinity of the field H,,  the surface 
resistance and reactance vary approximately as Hz.  
In this range of fields, H,, is considerably larger 
than X,,. In strong fields, the resistance reaches 
a maximum and thereafter decreases with increase 
of field. The rate of change of the reactance de- 
creases rapidly in strong fields. In the vicinity of 
the maximum of R,,(H), the values of El,,  and of X,, 
become equal, and in stronger fields the reactance 
exceeds the resistance. 

Figure 2 gives records of the derivatives d211,/dH2 
= f ( H ) .  We shall not give d 2 ~ , / d ~ 2  graphs, since they 
a re  similar to the d 2 ~ , / d ~ 2  curves. In both polariza- 
tions there a re  observed intense oscillations of simi- 
l a r  period, whose amplitude increases with increase 
of the field, reaches a maximum, and then slowly falls. 
Modulation of the envelopes of the curves in strong 
fields is caused by quantum oscillations. The principal 
difference between curves 1 and 2 consists in a con- 
siderably more rapid increase of the amplitude of the 
oscillations in plus polarization. Furthermore, in the 
field interval 20-40 kOe the number of oscillations in 
plus polarization is one larger than in minus polariza- 
tion. The mean value (aS/ekJ ,, = 3.17 A-' measured 
in Ref. 9. The graphs presented a re  also similar to 
curves f i rs t  obtained in Ref. 8. According to the in- 
terpretation in Ref. 8, the oscillations in plus polar - 
ization a re  caused by propagation of a doppleron and 
by a Gantmakher-Kanar "wave." 

In linear polarization, the variation of the amplitude 
of oscillations of d 2 ~ , . / d ~ 2  and d2x ,ddH2 has a quite 
different character. This is illustrated by Fig. 3. On 

FIG. 2 .  Records of the derivative d2~, /dI-12  as a function of the magnetic field. Curve 1, "plus" polarization; 2, '5ninus" polari- 
zation: d=O. 826 mm. w / 2 r =  0 . 3 3  MHz. T= 4 . 2  K. 
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both curves, the envelope of the oscillations has two 
maxima separated by a minimum. The minimum of 
the oscillations of d2x,,/dH2 is observed comparatively 
close to the doppleron threshold, while the oscillations 
of the resistance have a minimum at a considerably 
stronger magnetic field, in the vicinity of which is lo- 
cated the second maximum of the oscillations of the re- 
actance. On both curves there a re  a large number of 
oscillations; this makes i t  difficult to compare the rel- 
ative positions of the extrema of the oscillations of 
resistance and of reactance. Examination of these 
curves on a scale stretched along the axis of abscissas 
shows that to the left of the minimum of the amplitude 
of dZR,,/dH2, the oscillations of R,, and X,, a re  in 
phase; and to the right, in antiphase. 

Measurements made a t  different frequencies showed 
that the position of the minimum of the amplitude of the 
oscillations of d 2 ~ , d d ~ 2  with respect to magnetic field 
shifts in proportion to the square root of the frequency. 
On decrease of the plate thickness o r  lowering of the 
temperature, the position of this minimum shifts 
toward weaker magnetic fields. In all cases, the min- 
imum occurs in that field range in which the value of 
the surface resistance is close to the value of the re- 
actance. 

THEORY 

References 12, 14, and 4 treated the excitation of 
dopplerons and of Gantmakher-Kanar "waves" in a 
plate of compensated metal with various types of re- 
flection of the electrons. It was shown that in the case 
of diffuse reflection, the oscillating part of the im- 
pedance of a thick plate (whose thickness d is con- 
siderably larger than the thickness l/k, of the skin 
layer), in the strong-magnetic-field range, is propor- 
tional to the square of the impedance of a semi-infinite 

where L = 2nd/u. The coefficients of e~ (5) and eoK*(5) 
in (3) have been taken as unity because, by virtue of the 
smallness mentioned above, their amplitudes a re  uni- 
quely determined by the field a t  the surface. 

The expression obtained for the impedance 2- of the 
plate by use of (3) is 

metal. Since the thickness of the skin layer is propor- 
tional to H, in sufficiently strong fields l/k, becomes of 
the order of o r  larger than d, and the F'ischer-~ao" 
effect occurs. It is quite natural that in this case the 
amplitude of the oscillations will be proportional to 
the square of the smooth part  of the impedance of the 
plate. We shall demonstrate this for a model of a com- 
pensated metalt3 in which there is a group of electrons 
with extremal displacement u, whereas the displace- 
ments of the holes a re  small and their contribution to 
the conductivity is local. 

According to Refs. 13 and 4, in a semi-infinite metal 
an electric field rotating in the same direction as the 
electrons (minum polarization) can be represented in 
the form 

where 5 = 2nJuis a dimensionless coordinate measured 
along the normal to the surface, E_(O) is the electric 
field at the surface of the metal, and the three terms 
in wavy brackets describe, respectively, the field of 
the skin component, of the doppleron, and of the Gant- 
makher-Kanar"waven. The asterisk denotes the com- 
plex conjugate. The form of notation -eGK*(5) is due to 
a desire to retain the notation eGK*(5) for  the Gant- 
makher-Kanar component in plus polarization. 

In the range of magnetic fields Hthat a re  appreciably 
larger than the threshold field HL of a doppleron, the 
fields of the doppleron and of the Gantmakher-Kanar 
"wave" a t  the surface a re  small, and therefore the field 
of the skin component can be written in the form 

~ ( 5 )  = e x ~ ( i q . f  1, (2) 
where q, = kSu/2n; k, is the wave vector of the skin 
component. 

As was noted in Ref. 13, in the strong-field range the 
nonlocal interaction of different components can be 
neglected. Therefore an expression for  the field in a 
plate is obtained from (1) by simply changing the co- 
efficients of the various components and adding terms 
that take account of the antisymmetry of the excitation: 

FIG. 3. Records of the derivatives d 2 ~ d d H Z ( l )  and d2xddH2 
(2) with linear polarization of the field; d =  0.826 mm, w/27 
= 0.33 MHz. T=4.2 K. 

(4) 
where qo = ou/21rc, q, = kDd2r; kD is the wave vector 
of the doppleron, and the prime denotes a derivative 
with respect to 5. 

Reference 13 solved exactly the problem of the field 

172 Sov. Phys. JETP 51(1), Jan. 1980 Voloshin era/. 172 



distribution and impedance of a plate of arbitrary thick- 
ness in arbitrary magnetic fields, for the parabolic- 
lens model. The expression from Ref. 13 for the im- 
pedance in strong fields agrees with formula (4) with 
e,, n 0, since in this model the Gantmakher-Kanar 
effect is absent. 

In any other models, in strong fields eGK(0) >> eD(0). 
If we also take into account that eGK(L) << eGK(0), we can 
write the expression for Z approximately in the form 

Z--Z~- .EZ,~[~~~~(L)+~~~~(L)  I ,  
8nqo 

(5) 

where 

Z, is the smooth part  of the impedance of the plate. 

The expression for the impedance in plus polariza- 
tion is obtained from (5) and (6) by omitting the dop- 
pleron term and replacing - e ~ , *  by e ~ , .  On taking into 
account further that the value of eGi(0) is purely im- 
aginary, we see that the expression (6) is unchanged 
and that the impedance Z+ has the form 

The fact that the amplitude of the oscillations is pro- 
portional to the square of the smooth part of the im- 
pedance of a plate of arbitrary thickness, for the cor- 
rugated-cylinder model, was f i rs t  shown in Ref. 15, 
although the oscillatory parts themselves were cal- 
culated in this paper. 

For a linearly polarized field, we get 

where we have taken into account that differentiation of 
eGK(6) when 6 >> 1 reduces to multiplication by i .  

We shall separate the impedance Z,, of tpe plate into 
a surface resistance and reactance. For the smooth 
part Zo and the oscillatory part  AZ,, we get 

From (10) and (11) it is evident that the oscillations of 
R,, and of X,, due to the doppleron have the same char- 
acter. In contrast, the different behavior of Ro and of 
Xo with respect to a magnetic field produces substantial 
differences between the GKO reactance and surface re- 
sistance. If at  some value of the magnetic field Ro and 
Xo a re  equal, then the amplitude of the GKO surface 
resistance vanishes, and the oscillations of the surface 
resistance are  caused entirely by the doppleron. Fur- 
thermore, upon passage through this value of the field 
the phase of the GKO in R,, changes by n. If in the 
vicinity of this point the value of X, increases while Ro 
drops, then the GKO amplitude in the reactance has a 
maximum. 

In strong fields, eGd(0) is determined by the relation 

where a is a positive number of order of magnitude 
unity, whose exact value depends on the type of sing- 
ularity in the nonlocal conductivity (for the corrugated- 
cylinder model,4 a=  2/n). As a result, (6) takes the 
form 

where 

lo is the mean path length of the carriers,  which de- 
termines the transverse static conductivity of the com- 
pensated metal. 

We shall consider the peculiarities of the Fischer- 
Kaole effect in the presence of spatial dispersion. It 
follows from (13) and (14) that two cases a re  possible. 
In the f i r s t  case, in that magnetic-field range in which 
the thickness l/k, of the skin layer becomes comparable 
with the thickness d of the plate, the second term in 
square brackets in (13) is smaller than the first ,  and 
nonlocal effects play no role in ZO. This situation is 
realized when the inequality 

d*h (15) 

is satisfied. In this case, the impedance Zo varies with 
H in the following manner. In the field range in which 

(HL/H) '2+2f l t~ / lo ,  (16) 

Z0 is mainly real, and Ro is proportional to N ~ ,  Xo to 
H ~ .  In the field range in which 

( I I ~ / H ) ~ < I ~ / L ~ ,  (17) 

but 
q . L ~ 1 ,  (18) 

Ro and Xo become equal and increase in proportion to 
H. At still stronger fields, where q,L-1, the classi- 
cal ~ i s c h e r - ~ a o "  effect begins; that is, the surface 
resistance reaches a maximum and then begins to de- 
crease, and the reactance approaches a constant val- 
ue. 

In the second case, opposite to (15), when the con- 
dition q&- 1 is satisfied within the range (16), spatial 
dispersion substantially affects the Fischer-Kao effect. 
The reactance Xo increases in proportion to H 3  in the 
range q,L >> 1 and in proportion to H4 in the range where 
q,L <4 1 but 

a ( H L / H ) X L , i .  (19) 

Here Ro remains much larger than Xo and increases 
as H 2  over the whole range (19). At a value of H cor- ' 
responding to the condition 

a ( H & / H )  'L=l ,  (20) 

Ro and Xo become equal. In the vicinity of this point, 
Ro reaches a maximum and then decreases, whereas 
Xo increases monotonically, approaching a constant 
limit. 

The variation of the surface resistance Ro and reac- 
tance Xo with the value of H in the two cases con- 
sidered is represented in Fig. 4. The dotted curves 
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FIG. 4. Graphs of the surface resistance Ro (Curves 1 and 3) 
and reactance Xo (Curves 2 and 4) of a plate as functions of the 
magnetic field. x:') is the limiting valw of Xo for H- -. The 
dash-dot straight line is the graph of R and X for a semi-infin- 
ite metal. 

represent the graphs of Ro and Xo in the case of a nor- 
mal skin effect [the second term in square brackets in 
(13) is small in comparison with the first over the 
whole range of fields represented]. The solid curves 
correspond to the limiting case d<< lo. They have been 
plotted over the field range where q,L << 1. For con- 
venience, the magnetic-field unit has been taken as 
the value HM corresponding to the position of the max- 
imum of Ro. The values of H, in the cases d>> lo and 
d<< lo are different and are, respectively, 

Hx=O.23d[a/ (LouL) ]"HZ, (21) 

Hm= (ad /uL)  "HL, (22) 

where u, is the displacement of resonance electrpns 
when H=HL (at H,;H,, therefore, q,L- l go r  the dot- 

E 

ted curves, but q,L << 1 for the solid). The dependence 
of HM on the frequency of the exciting field w is the 
same in both cases: H a  a; but the temperature de- 
pendent of lo and consequently of temperature when 
d << lo and is inversely proportional to no when d>> lo. 

We note that the solid curves of Ro and Xo intersect 
at the point H = H,, whereas the dotted curves diverge 
in the field range H>0.7 HM. Therefore according to 
(10) the amplitude of the GKO in R,, for d >> lo vanishes 
over a field range whose upper limit is the value 0.7 HM 
and whose lower limit is determined by the inequality 
(17). But in the case d << lo, the amplitude of the GKO 
vanishes only at the point H= HM. 

It follows from (10) and (11) that'in strong fields, 
where the resistance KO is falling while the rectance Xo 
remains constant, the amplitude of the GKO in R,, de- 
creases with increase of the field more slowly than in 
X,,. Here the product HU, directly determines the 
dependence of the amplitude of the function e,,(L) on H. 

Finally, we notice the difference between the GKO in 
the two circular polarizations. Change of phase of the 
factor 2; in (5) and (7) leads to the appearance of a 
difference between the phases of the GKO in opposite 
polarizations, which, with increase of H, increases to 
the value 28. For different models of the Fermi sur- 
face, the value of the phase shift may differ from 2n, 
i f  the initial phase of the GKO depends on the magnetic 

field. Thus in the case of the corrugated-cylinder 
model, the tot& phase difference of GKO in opposite 
polarizations reaches the value 3a. As a result, the 
periods of GKO in 2, and 2, should differ somewhat. 

If we start  from the fact that Doppler-shifted cyclo- 
tron resonance in molybdenum is due to holes, then the 
theoretical conclusions obtained are  in good agreement 
with the experimental results. This applies, first, to 
the behavior of the surface resistance Ro and reactance 
Xo; second, to the presence of a minimum of the en- 
velopes of R,, at the value H= H, at which R, = Xo and 
of a maximum of the envelopes of 4, in the vicinity of 
this value of H; third, to the change of phase of the os- 
cillations of R,. by r on passage through the value H,; 
fourth, to the small increase of the period of the os- 
cillations of 2- in molybdenum in relation to the period 
of 2,. Comparison of theory with experiment enables 
us to draw the conclusion that the oscillations of the 
impedance of molybdenum in minus polarization are 
caused by a Gantmakher-Kanar "wave," whereas the 
oscillations in plus polarization represent a super- 
position of doppleron oscillations and GKO. 

The sharp increase of the oscillations of R,, and also 
of R, and X,,, in fields H>4.15 W e  i s  due to the ex- 
citation of a hole doppleron, whose amplitude reaches 
a maximum at a value H w 6 W e  and then drops rap- 
idly. In this range, GKO grow with H, but according to 
(10) and (11) their contribution to X,, is much smaller 
than to ;R,. TMs explains the presence of a maximum 
of the eifvelopes of X,, and R,, in fields Hw 6 and 8 W e  
and of a minimum of the envelopes of X,, at a field H 
w 10 kOe. 

All the above-enumerated properties of oscillations 
in linear and circular polarizations should make it pos- 
sible to identify doppleron oscillations and GKO un- 
ambiguously in other cases also, when their amplitudes 
are commensurate. 

In conclusion, we note that the character of the graphs 
of Xo and Ro in Fig. 1 and also the form of the envelopes 
of R,, in the vicinity of its minimum indicate a notice- 
able influence of spatial dispersion on the Fischer- 
Kao effect. This is natural, because in our experi- 
ments the value of lo is comparable with d and the in- 
equality (15) is not satisfied. As a result, the ob- 
served shift of the maximum of Ro on change of tem- 
perature is smaller than in the normal skin effect. Un- 
der these conditions, it i s  very difficult to get informa- 
tion about the length of the free path of the carriers 
from measurements of the Fischer-Kao effect. Such 
an experimental situation is encountered quite often. 
In particular, this apparently applies to experi- 
m e n t ~ ' ~ * ~ ~  the results of which have been processed on 
the assumption that the skin effect was normal. 

The authors are grateful to V.A. Gasparov for pro- 
viding the molybdenum specimens and for discussion 
of the results of the research. 
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Instabilities in the spin system of optically oriented 
electrons and nuclei in semiconductors 

M. I. D'yakonov, I. A. Merkulov, and V. I. Perel' 
A. F. Ioffe Physicotechnical Institute, USSR Academy of Sciences 
(Submitted 26 July 1979) 
Zh. Eksp. Teor. Fiz. 78, 349-359 (January 1980) 

It is shown that quadmpole splitting of the spin levels of the arsenic nuclei in Ga,AI,-,As solid solutions 
makes possible slow rotation of the field of the dynamically polarized nuclei. These rotations are 
connected not with the rotation of individual nuclear spins, but with the change in the intensity of the 
field produced by the nuclei for which the quadrupole-interaction axes are differently oriented. It is 
shown that this leads, under certain conditions, to instability of the stationary states in the system of 
optically oriented electrons and nuclei of the semiconductor and to the onset of oscillations of the degree 
of polarization of the recombination radiation, with a period determined by the time of the longitudinal 
spin relaxation of the lattice nuclei. The results are compared with the experimenal data. 

PACS numbers: 71.70.Jp, 75.25. + z 

1. INTRODUCTION 

Interband absorption of c i rcu la r ly  polar ized light in 
a semiconductor is accompanied by sp in  orientation of 
the photoexcited electrons, which leads  to dynamic 
polarization of the  crystal- la t t ice  nuclei. The  polari- 
zed  nuclei act in t u r n  on  the  e lec t ron  orientat ion via 
the effective magnetic field produced by the  hyperfine 
interaction. ' Thus, a nonlinear s y s t e m  of coupled elec- 
t r o n  and nuclear  sp ins  is produced. The nonlinearity of 
th i s  sys tem manifests  itself,  f o r  example, i n  hyster- 
esis of the dependence of the d e g r e e  of polarization of 
the  recombination radiation on the ex te rna l  magnetic 
field. '13 A number of s tudies  have revealed phenomena 
that  attest to the onse t  of instabi l i t ies  i n  th i s  sys tem4 

and to the  onse t  of associated self-oscillations. 3' 

These  experiments  w e r e  per formed on  GaJll-Js solid 
solutions, i n  which a n  essen t ia l  r o l e  is played by the 
quadrupole spl i t t ings of the nuclear  sp in  levels,  due to 
local dis turbances of the  cubic symmetry .  2'3'5-8 

The  quadrupole splitting i n  Ga&ll-&s solid solutions 
is part icular ly substant ial  f o r  the a r s e n i c  nuclei, f o r  
which the cubic symmetry  of the  environment is vio- 
la ted even i n  the f i r s t  coordination s p h e r e  if one or  sev- 
eral gallium a toms  in th i s  s p h e r e  are replaced by alum- 
inum atoms.  T h i s  is confirmed by experiments  on op- 
t ical ly  detected nuclear  magnetic resonance. 315.6 The 
quadrupole interact ions manifest  themselves,  i n  par -  
t icular ,  i n  the s t rong  dependence of the shape of the 
Hanle curve  on  the  direct ion of the external  magnetic 
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