
and a determination of the probability of intervalley 
scattering and of the presence of a correlation between 
the number of the electrons before and after reflection 
with an intervalley transition. The sensitivity of the 
EF to the crystallographic structure of the surface 
uncovers new methodological possibilities of the EF. 
It is of interest in this connection to  use E F  for the 
study of "brittle" two-dimensional structures on me- 
tallic surfaces. It is  known that a t  helium tempera- 
tures and a t  very small degrees of coating (less than 
one monolayer) two-dimensional crystalline structures 
of impurity atoms a re  produced on the surfaces of 
metals. In a number of cases they have small defect- 
formation energies and a r e  destroyed even when bom- 
barded with slow electrons. From the Bragg condition 
nh=d cose it follows that to observe the diffraction of 
the electrons incident on the surface from the outside, 
the electron wavelength A should be less than d,  and 
consequently the electron energy 2 10 eV. The use of 
conduction electrons a s  a probe in these cases has ob- 
vious advantages, inasmuch as in E F  the excitation 
energy of the focused electrons can be of the order of 
several degrees (-lo4 eV). 

Interest attaches also to the possibility of deter- 
mining with the aid of E F  the crystallographic struc- 
ture of the surface under a layer of adsorbed impurity 
atoms and molecules, whose presence does not inter- 
fere with the measurements, since the "irradiation" 
of the surface takes place "from the inside." Simi- 
larly, the EF  can be used to determine the crystallo- 
graphic structure of the interphase boundary. 

The authors a re  grateful to E. I. Rashba and 

V. G. Peschanskii for helpful discussions and to 
V. G. Peschanskii for  valuable remarks concerning the 
construction of the theory of the considered phenomena. 
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Resonant changes of optical orientation of electrons in 
anti-intersection of the spin levels of the nuclei of a 
semiconductor lattice 

R. I. Dzhioev, B. P. Zakharchenya, M. N. Tkachuk, and V. G. FleYsher 

A. E Zoffe Physicotechnical Institute. USSR Academy of Scences 
(Submitted 27 November 1979) 
Zh. Eksp. Teor. Fiz. 78,2056-2063 (May 1980) 

We investigate the circular polarization of the luminescence of GaAlAs crystals under conditions of optical 
orientation of the electrons and mixing of the spin states of the lattice nuclei. This mixing is the result of local 
violation of the crystal cubic symmetry, and depends on the crystal orientation in the external magnetic field. 
Optical detection of NMR transitions at the triple Larmor frequency without change of the magnetic 
quantum number (Am = 0) demonstrates the mixing of the states x +,,, and x -,,, of the As7' nuclei in a 
narrow angle range corresponding to anti-intersection of the spin levels. The change of the mixing with 
change of the crystal orientation in a magnetic field is resonant and leads to the onset of a region with two 
stable polarization states of the spin system near the anti-intersection point. Optical NMR detection in the 
anti-intersection region has made it possible to determine the electric-field-gradient asymmetry parameter 
(11 10.06). 

PACS numbers: 76.60. - k, 78.55.Hx, 78.20.L~ 

Optical orientation of electrons in semiconductors in ence on the behavior of oriented nuclei on account of 
interband absorption of circularly polarized light is the hyperfine intera~tion."~ The effective field H, of 
accompanied by dynamic polarization of the nuclei.' the nuclei, which acts on the average electron spin 
In turn, the polarized nuclei can exert a strong influ- (S), is determined by various factors. By studying the 
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recombination transitions of oriented electrons we can 
obtain information on the structure of the optically in- 
duced hyperf ine field in a semiconductor. 

In 111-V semiconductors, the degree p of the circular 
polarization is equal to the projection ( S , )  of the aver- 
age electron spin on the propagation direction of the ex- 
citing light (the z axis). The field HN when added or 
subtracted from the external field, changes the rate of 
the magnetic depolarization of the radiation (the Hanle 
effect). The p(H,)  dependence turned out to be a con- 
venient indicator of the optical cooling of the nuclear 
spin With decreasing spin temperature of 
the nuclei, their thermodynamic-equilibrium polariza- 
tion along the external field is  increased. 

Interesting features of the hyperfine-field structure 
manifest themselves in the case of local violation of the 
cubic symmetry of the ~rysta l ."~ This situation arises,  
for example, in solid solutions based on gallium arse-  
nide, which a r e  in fact our topic here. Thus, when 
some of the Ga atoms a r e  replaced by A1 the cubic 
symmetry i s  violated and electric field gradients (EFG) 
appear. If only one atom adjacent to an As atom is 
replaced Fig. l a ,  the EFG has axial symmetry (if the 
more remote neighbors a r e  not taken into account). 
The spin of As75 is 1 =3/2. The quadrupole interaction 
splits the $ and $ levels by an amount A =~e2q,~,lQ, 
where e is the electron charge e q , ~ , ~  is the component 
of the EFG tensor with principal axis z' along the As-A1 
bond, and Q is the quadrupole moment of the As75 nu- 
cleus. 

In the case of a magnetic field with arbitrary orien- 
tation, for which gIH<<A (gI is the magnetic moment 
of the As75 nucleus), the optical-pumping scheme cor- 
responds to Fig. lc.  The eigenstates 

I +)- I +I/,) cos 6+ 1 - ' / 1 )  sin 6 ,  1 -)=-I +'la) sin 6+ I -I/,) cos 6 

a r e  superpositions of the states I +$) and 1 -$). Mixing 
is  produced under the influence of the external-field 
component perpendicular to the z' axis of the quadrupole 
in te ra~ t ion .~  The quantity 6 is  determined by the angle 
8 between the external field and the z' axis; if H (It', 
then 6 =O and the pure states 1 ++) and 1 -+) a r e  rea- 
lized. 

Electron-hole flipflop transitions in optical orienta- 
tion of electrons a r e  accompanied by an  increase of the 

FIG. I. Experimental setup. a)  Dynamic polarization of  AS'^ 
nuclei under conditions of anti-intersection of the spin levels 
H It [1101, the As-A1 bond is in the (110) plane). b) Transition 
scheme of the ~s~~ nuclei pumped by cr+ light under anti-inter- 
section conditions (Fig. la). c) Transition scheme of  AS'^ 
nuclei pumped by a+ light far from the anti-intersection point 
H1[1101. 

populations of the - $ levels in the case when right- 
circular polarized light (a+) is absorbed. Similarly, 
when left-circular polarized light (o-) i s  absorbed the 
population of the +$ levels is increased. Optical pump- 
ing of the *$ levels leads to the appearance of a com- 
ponent HOP! of the hyperfine field HN, directed along the 
z: axis.' Slnce the substituting A1 atom can occupy one 
of four equivalent positions in the unit cell, there a r e  
four preferred quadrupole-interaction axes that coin- 
cide with the threefold axes. 

Dynamic polarization of the nuclei in the considered 
crystals is  produced mainly because of their contact 
interaction with electrons localized on shallow donor 
centers. The field HQZI is  then determined by the com- 
bined action of all  those As75 nuclei within the limits 
of the Bohr radius of the donor, for which the As-A1 
bond lies along the z :  axis. 

Experiment and calculations show that the change of 
the populations of the + and - levels under optical 
pumping plays a relatively minor role. The resultant 
nuclear field H, produced by quadrupole interaction 
a t  the electrons can then be represented in the form 

where ni is  a unit vector along the z :  axis, and a is  a 
coefficient that depends on the external magnetic field. 

The magnetic depolarization of the electrons under 
conditions of optical orientation is  described by the 
Bloch equation 

where So is the average spin of the electrons at the in- 
stant of the excitations, and T,, 7, and ye a re  the life- 
time of the orientation and the lifetime and gyromag- 
netic ratio of the electrons; &PN is the instantaneous 
value of the field of the nuclei. 

It follows from (2) that the field H, =a(S)  that enters 
in &PN should not manifest itself in experiments on 
magnetic depolarization of nuclei. However, if the 
equivalence of the optical polarization of the nuclei 
along the different threefold axes is violated, then the 
vector H, does not coincide with (S) in direction and 
alters the electron-spin precession rate in accordance 
with (2 ). 

The fact that the dynamic polarization of the nuclei 
a s  a result of quadrupole effect is not the same along 
the different axes z!, i s  the result of the magnetic 
anisotropic mixing of the states x+,/, and X-,I,. This 
effect is  particularly strongly pronounced when the di- 
rection of the external magnetic field coincides with 
the normal to  one o r  two axes of the quadrupole inter- 
action (6' = a/2). 

In the zeroth approximation in the parameter ~ , H / A  
the levels *$ a re  randomly degenerate. This de- 
generacy is  lifted if account is  taken of the interaction 
due to the admixture to the states x,,,, of the states 
I*$). The presence of this admixture is unequivocally 
confirmed by NMR observations a t  the triple Larmor 
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frequency of the As75 

f,=3yrH cos 8'. 

The alternating magnetic field HI causes transitions be- 
tween the *% levels and equalizes the population dif- 
ference produced by the light. The change of the cor- 
responding component of the hyperfine field H,,; leads 
to deviation of the vector H, from the direction (S), a 
fact easily detected optically by the change of the 
luminescence polarization. 

The admixture of the I*;) states to the xi,,, states 
can be due either to  the H component normal to the z' 
axis, in the higher-order approximations in the pa- 
rameter P,H/A, or  to the EFG non-axiality due to the 
substitution of Ge by A1 in the third and more remote 
coordination spheres. In the former case the states 
x+,/, and x-,/, a re  mixed respectively with the states 
1 +$) and I-$), and in the latter with 1-4) and I +$). 

Our optical detection of NMR in a longitudinal field 
(3 to 18 Oe) has shown that the mixing of states in weak 
fields is due to nonaxiality of the EFG. The experi- 
ments were performed with n-type Alo.,Ga0,$\s crys- 
tals a t  4.2 K. 

The presence of ~2 admixtures to the * g  levels 
gives rise to an interaction between levels, which lifts 
the random degeneracy a t  the point 8 = n/2 in an ex- 
ternal magnetic field, and anti-crossing of the levels 
sets in.' When account is  taken of the anti-crossing, 
the Zeeman energies of the i $ levels a re  determined 
for  an arbitrary angle 8 by the expression 

where I VI is the matrix element of the interaction with 
the magnetic field between the states * -$ . At B = n/2 
we have 21 VI =3p,Hqsin8, where q is the EFG asym- 
metry parameter. 

The wave functions & and I), of the stationary states 
1 + 2 ) and 1-2 ) are  of the form 

$,=x+% cos a+x-v, sin a, g,=-x+, sin a+ X-Y, cos a. (4 ) 

Here xi,/, a re  the wave functions of the pure states and 

cos 2a='I,p,H cos Oill ha 1 .  (5) 

The relative contribution of the states x+,/, and x-,/, 
is determined by the equation 

Expression (6) has a resonant character. At 8, - n/2, 
tana-  1, and in the range of angles 8, for which 
I V1 << $ pIHcos B,, the states $, and & turn out to be 
practically pure 1 *$ ) . 

Thus, complete mixing of the *2 states takes place 
in the anti-intersection point a t  Bi = n/2. The wave 
functions Ji and a r e  the half-sum and half-difference 
of the pure states 152 ). It is shown on the level 
scheme of Fig. l b  that near the quasi-intersection 

point, owing to the mixing of the *$ levels under the 
influence of a' light, transition take place with popula- 
tion of levels corresponding both to the I), states and 
t o  the 4 states, with the field HQsi! - 0. 

Figure la correspond to an experimental geometry 
in which half of the As75 nuclei with one substituted 
neighboring atom a re  under conditions of anti-inter- 
section of the spin levels. This takes place in the case 
when the field H is directed along the [I101 axis and is 
perpendicular to the plane that includes two quadrupole- 
interaction axes. 

Under anti-intersection conditions, characteristic 
features a r e  observed in the behavior of polarized 
luminescence, namely, a strong anisotropy appears 
and regions appear with two stable states or undamped 
polarization  oscillation^.^ 

Figures 2b and 2c show the changes in the width of 
the hysteresis loop on the magnetic-depolarization 
curve a s  functions of the angle cp between the vector H 
and the [I101 axis in the (001) plane. The measure- 
ments were made with an Al0~,,Ga,,&s crystal excited 
along a fourfold axis a t  77 K. The degree p of the cir-  
cular polarization of the luminescence was determined 
by the method of two-channel counting of the "left- 
hand" and "right-hand"  photon^.'^ As seen from Fig. 
2c, which shows the angular dependence of the width 
AH of the region with two stable states, a non-single- 
valued dependence of p on H i s  observed only in a rela- 
tively narrow range of angles near the anti-intersection 
point (cp = 0, 8,, = n/2). 

The shift of the maximum of the plot of AH relative 
to the point cp = O  is  attributed to  the influence of the 
field He of the optically oriented electrons on the nu- 
clei. Since the vector He - (S ) is inclined to the (001) 
plane, a true anti-intersection should be observed in a 
certain inclined external field H a t  which the vector 
H +He is perpendicular to the z :  axis. Nonetheless, 
the data in Fig. 2c illustrates the resonant character 
of the manifestation of the hysteresis phenomena when 

FIG. 2. Magnetic depolarization of luminescence in the region 
of anti-intersection of the spin levels. a )  Angular dependence 
of the distribution of the a$ levels in a magnetic field. b, d) 
Depolarization of the luminescence in a transverse magnetic 
field at 9= 3" (b) and 9 = 5.5" (d). c)  Dependence of the width 
of the region with two stable states on p. 
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the states x+,/, and X-,I, in the scheme of the quad- 
rupole-split spin levels of Fig. 2a a r e  mixed. 

Thus, by varying the orientation of the crystal in the 
magnetic field, we can equalize the populations of the 
*$ levels and effect a situation similar to the satura- 
tion of an NMR line a t  triple the Larmor frequency. 
This allows us to call the observed effect an orienta- 
tional resonance or  resonance a t  zero frequency. 

The strong anisotropy of the optical orientation of the 
electrons under conditions of anti-intersection of nu- 
clear spin levels makes possible sensitive registration 
of NMR a t  low frequency. Thus, partial mixing of the 
states x+,/, and X-,I, near the anti-intersection de- 
creases the corresponding components HPlil of the 
nuclear field. 

By applying an alternating magnetic field of resonant 
frequency we can additionally decrease these com- 
ponents, equalizing the number of the As7= nuclei in 
the states Ji and A. It has turned out that this i s  ac- 
companied by a change in the condition for the stability 
of the bound electron-nuclear spin system. 

Figure 3 illustrates the changes of the states of the 
polarization of the optically oriented spin system of a 
semiconductor acted upon by an alternating low-fre- 
quency magnetic field. Figure 3a shows schematically 
the A - B transition between two stable polarization 
states, while Fig. 3b shows automatically recorded 
plots of such transitions in a constant field H = 5 7  Oe 
at  alternating-field frequencies f equal to 7 kHz (curve 
1) and 12 kHz (curve 2). Figure 3d illustrates the de- 
pendence of transition times t ,  on f. This dependence 
has a resonant character with a minimum at 7 kHz. 
The level splitting (see Fig. 2a) due to the non-axiality 
of the EFG a t  the anti-intersection point, amounts to 
3g1Hq. A resonant frequency kHz corresponds to an 
estimate 7 Q 2xfi/3 yIH=0.06,  

When the angle cp is increased from 0° ,  the region 

FIG. 3. Optical detection of NMR by means of the change of 
the states of the spin system near the level anti-intersection 
region. a) Transition between two stable states under NMR 
conditions. b) Dependence of the polarization on the time after 
turning on an alternating field of frequency 7 kHz (1) and 12  
kHz (2). c) Termination of the self-oscillations when Hi, is 
turned on a t  the instant of time marked by the arrow. d) De- 
pendence of the time of the A - B  transition on the alternating- 
field frequency. 

with two stable states goes over into a region where the 
spin-system polarization is unstable and self-oscil- 
lations of this polarization a r e  observed? Inasmuch a s  
the region of the undamped oscillations corresponds to 
smaller angles 8, the mixing of the states x,, ,, and 
x-,/, in this region i s  smaller than in the hysteresis 
region, and the field HQ is larger. By decreasing this 
field under NMR conditions it i s  possible to take the 
spin system out of the self-oscillating regime, a s  illus- 
trated in Fig. 3c for the two angles cp =5" and cp =6". 
When an alternating field is  turned on a t  the instants 
of time marked by the arrows, the undamped polariza- 
tion oscillations end. Thus, NMR can be registered 
near the region of anti-intersection of the spin levels 
of nuclei by observing the qualitative change that takes 
place in the state of the spin system and manifests it- 
self in large changes in the degree of circular polariza- 
tion of the luminescence of the semiconductor. 

Finally, direct proof of the appearance of the mixing 
of the states x+,/, and x-,/, can be obtained with the aid 
of NMR in a longitudinal alternating field. The transi- 
tions that correspond to the selection rule Am = O  are  
produced between the states & and $, on account of the 
mixing of x+,,, and x-,/, in each of these states (the 
* j -*< ). ~Obviously, the closer the anti-intersection 
point, the larger the probability of a transition with the 
selection rule Am = O  compared with the transitions 
Am =* 1 in an alternating field perpendicular to the 
quadrupole interaction axis. 

The matrix element M of the transition between the 
states Jl, and Jl, under the influence of a field Hut 
parallel to the quadrupole axis is of the form 

3 t g a  ~(e,)=---HI,;. 
2 i+tgaa 

The value of tancu varies a t  resonance with the angle Bi 
in accord with Eq. (6), and consequently the NMR in- 
tensity, which is proportional to @(Bi), increases re- 
sonantly a s  the anti-intersection point i s  approached. 
It is convenient to observe this effect by comparing the 
results of the change of the luminescence polarization 
under the influence of a longitudinal and a transverse 
alternating field. 

Figure 4 shows the dependence, on the angle cp, of 
the &ti0 H , , / H , ,  of the amplitudes of the alternating 

FIG. 4. Relative effectiveness of A m =  0 transitions near the 
anti-intersection point (dependence of the amplitude ratio 
Hi,/H,, on the angle cp). 
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fields that a r e  applied along the constant field H and 
along the z  axis and lead to the same result when their 
frequency corresponds to the transition h = JLL. The 
constant field H is close to the direction of the [110] 
axis. The alternating low-frequency equalizes the 
populations of the spin levels of the As75 nuclei, for 
which the z;  axes coincide with the axes [l i l l  and 
[ill] of the crystal. The alternating field HI, gives 
rise to transitions & = JLL corresponding to  Am =* 1, 
on account of the admixture of the states I ri)  to the 
states x,,,,, as a result of non-axiality of the EFG. 
Those components of the field HI, which a r e  parallel 
to  the z ;  axes give rise t o  Am =O transitions if the 
states x+,/, and X-, I ,  a r e  mixed. 

As seen from Fig. 4, in a narrow region of angles cp 
the field Hi, is much more effective than the field HI,, 
this being proof of the mixing of the states x+,/, and 
x-,/,. The shift of the maximum on the curve of Fig. 4 
relative to the point cp = O  is  determined by the field of 
the electrons, 

The mixing of the states x+,/, and x-,/, at an  orien- 
tation H along the [I101 axis turns off part of the field 
of the As75 nuclei with one substituted neighboring 
atom. The direction of the summary nuclear field due 
to  the quadrupole interaction differs in this case from 
the direction of the vector (S). A consistent allowance 
for the effect of mixing of the spin wave function i s  
made in the theory of D'yakonov, Merkulov, and Perel', 
who explained the sharp magnetic anisotropy and the 
onset of the ambiguity of the polarization following 
optical orientation a s  being due to the influence of the 

level anti-crossing. 

The described experiments confirm the validity of the 
premises and of'the conclusions of this theory. 

The authors thank M. I, D'yakonov, A. I. Merkulov, 
and V. I. Perel' for  a discussion. 
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We evaluate the (first and second) viscosity coefficients and the thermal conductivity coefficient of an 
arbitrary two-dimensional (nonsuperfluid) liquid. The kinetic coefficients are mainly produced by the 
contribution of the long-wavelength thermal fluctuations and can be expressed completely in terms of 
thermodynamic functions. We find a thermodynamic inequality, the violation of which must lead to a 
singularity in the kinetic coefficients. We evaluate the sound absorption coefficient in a one-dimensional 
liquid. 

The existence of long-wavelength weakly damped 
thermal fluctuations (of sound waves, and also of en- 
tropy and viscous waves) in liquids causes the occur- 
rence of a number of non-local kinetic effects." In 
particular, power-law '6tails" appear in the expressions 
for the damping in space or time of such excitations 
which a re  usually characterized by exponential damping 
laws. 

In the literature, a large of amount of special attention 
has been paid to a study of the power-law decrease in 
time of the auto-correlation function of the particle 

velocity in a liquid, which was detected by Alder and 
Wainwright6 a s  the result of a numerical calculation, 
and which, a s  was shown in Refs. 2 t o  5, is caused by 
long-wavelength fluctuations. This law is s o  slow that 
there appear (see Refs. 2,4, 5,7) formal divergences 
of the coefficients in the Barnett correction terms to the 
Navier-Stokes equation (in the three-dimensional case) 
and of the viscosity coefficients (in the two- and one- 
dimensional cases). 

The present has shown that the system of 
equations which describes the dynamic properties of a 
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