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The ~o~ol~ubov-~itro~ol'skii averaging method is used to solve the two-band equation in the Kane 
model of a semiconductor and to investigate the quasienergy spectrum of electron-hole excitations in the 
field of a strong circularly polarized electromagnetic wave whose frequency w is closed to the band gap e, 
of the semiconductor. The main feature of the spectrum is that the electromagnetic wave lifts the spin 
degeneracy of the levels due to free electrons and holes. One of the split dispersion curves is shifted only 
slightly compared with the curve for a free particle and the other exhibits-under certain conditions-a 
discontinuity of the order of pc, (p is a parameter proportional to the electric field of wave). The gap in 
the spectrum appears for O<w-% <p%; the overlap of the quasienergy bands closes the gap for 
w-cK> peg but discontinuities of the dispersion curves remain. The absorption coefficient of a weak 
electromagnetic wave of frequency w, is calculated. It is shown that creation of electron-hole excitations 
at levels without a discontinuity in a strong field results in considerable absorption near the frequency 
0, = w. 

PACS numbers: 71.25.C~. 71.35. +z 

1. INTRODUCTION ta t ions . 

A s t rong  electromagnet ic  field act ing on a semicon- 
ductor  not only hea t s  the  carriers but c a n  also c a u s e  
m o r e  fundamental dynamic changes in  the electron-hole 
subsystem, deforming and modifying its energy s p e c -  
t ~ m . ~ ' - ~ '  Distor t ions of the  s p e c t r u m  are part icular ly 
l a rge  i n  var ious  resonance s i tuat ions,  f o r  example,  i n  - 
the case of cyclotron r e s ~ n a n c e , ~ ~ ~ ~ '  when a semicon- 
ductor  is subjected t o  electromagnet ic  radiation of f r e -  
quency c lose  to  the width of the band gap (forbidden 
band)C61 or of the  gap between two conduction bands.17' 
It is important to note that under  resonance conditions 
even a weak interact ion may alter radically thewenergy 
spec t rum of the s y s t e m  (see ,  f o r  example,  Oleinik's 
paper)F4] Physical ly ,  a change i n  the energy spec t rum 
of a part ic le  under  the  action of a n  electromagnet ic  
wave implies  the  appearance of collective excitations of 
the "particle (electron or hole)+ photons" type, which 
are states of e lec t rons  and holes  s t rongly coupled t o  
the electromagnetic wave field. In electromagnet ic  
fields causing rad ica l  changes i n  the energy spec t rum 
and,  consequently, a l t e r ing  the v e r y  nature of the e lec -  
t r o n  and hole motion, the behavior of the  s y s t e m  could 
be  described ent i rely i n  t e r m s  of these  collective exci- 

We s h a l l  u s e  the ~ o ~ o l ~ u b o v  - ~ i t r o ~ o l ' s k i i  averaging 
methodc8] to solve the two-band equation i n  the Kane 
model of a semiconductor  (Sec. 2) and we sha l l  inves- 
t igate  the  quasienergy s p e c t r u m  of electron-hole exci- 
tat ions i n  the  field of a s t rong  c i rcu la r ly  polarized 
electromagnet ic  wave descr ibed  by the potential1) 

A=a (cos kx, sin kz, 0) , 

where a =  cons t>  0 is the amplitude of the potential; 
k = (k,/c, 0 , 0 ,  k,) is the wave four  v e c t o r  of a photon; 
k,= c-I E ' ' ~  ko; e = const  is the permit t ivi ty  of the med- 
dium. We sha l l  cons ider  the  case of a p a r a m e t r i c  res - 
onance when the frequency of a n  electromagnet ic  wave 
w = ko is related t o  the band gap e, of a semiconductor  

by 

We sha l l  define a s t r o n g  electromagnet ic  field by the 
inequality 

where  52 is the frequency of t ransi t ions between the 
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electron and hole (conduction and valence) bands under 
the action of an external field; w,,,, is the frequency of 
carr ier  collisions with one another, and also with pho- 
nons and impurity atoms. The condition (3) means 
that in a time between two consecutive relaxation events 
an electron can undergo many transitions between the 
bands. Naturally, in this case the main interaction 
governing the behavior of the system is the interaction 
of the electron-hole subsystem with the electromagne- 
tic field, which should be included even in the zeroth 
appro~imation.'"~' Ignoring the momentum of the elec- 
tromagnetic field, we find that the following relation- 
ships a re  obeyed in the problem under consideration 
(they a re  given in the standard units): 

where m is the effective mass of an electron or a hole; 
E is the intensity of the electric field of the electro- 
magnetic wave. For typical values of the parameters 
of a semiconductor (E, - 1 eV, rn = O.lm,) and for 
E -  lo5 ~ / c m  the value of p reaches lo-'. 

The results obtained (Sec. 3) indicate that the quasi- 
energy spectrum of the electron-hole subsystem has 
the following characteristics. The electromagnetic 
field lifts the spin degeneracy of the energy levels of 
free electrons and holes,c101 and one of the dispersion 
curves (a= 1, where a is the spin variable) is only 
slightly displaced (by an amount of the order of p2&,) 
and the second (u= -1) may, under certain conditions, 
have a discontinuity of the order of PC,. Consequently, 
a quasienergy band formed by the a= -1 levels splits 
into two subbands (denoted by A and B in Fig. 1). For 

an energy gap forms between the subband Band the min- 
imum of the a= 1 band; this gap is 

If A> A,, the a=  1 band partly overlaps the B subband. 

The appearance and properties of this energy gap 
a r e  considered elsewherec6101 on the basis of a  differ^. 
ent, non-Kane model. This gives  result^^"'^^ which 
differ from ours, based on the Kane model, in the fol- 

0 P 

FIG. 1. Electron part of the quasienergy spectrum of elec- 
tron-hole excitations in a semiconductor interacting with a 
circularly polarized electromagnetic wave. Here, E and p ,  
are the quasienergy and the z component of the quasimomen- 
turn. The continuous and dashed curves represent, respec- 
tively, the u=-1 and u =  1 dispersion curves for various values 
of P, and P,. 

lowing respect: 1) in our case the discontinuity of the 
dispersion curves and the gap width a r e  independent 
of the angle between the particle quasimomentum p and 
the electric field E; 2) the gap vanishes for A> A, but 
the discontinuities of the dispersion curves remain; 
3) for fixed values of the transverse momentum p, 
= (P:+P;)~'~ the discontinuities appear only in the a= -1 
dispersion curves; the a= 1 dispersion curves differ 
from the corresponding results for a free particle only 
by a slight displacement and weak distortion. 

The absorption coefficient K =  K(o,) of a weak elec - 
tromagnetic wave of frequency w, indident on a semi- 
conductor subjected to a strong electromagnetic wave 
of frequency w is discussed in Sec. 4. It is shown there 
that the appearance of a gap in the spectrum modifies 
the dependence of K on w, in such a way that maxima 
appear at w, = pw and w, = (1 + p)w and a minimum (neg- 
ative absorption) is observed at w, (1 -p)w. Creation 
of electron-hole excitations at  the u =  1 levels makes 
the absorption coefficient large also near the frequency 
w, = o. It is interesting to note that a resonance ampli- 
fication peak of electromagnetic radiation appears at a 
frequency w, =&,-ipw, which lies within the forbidden 
band of the semiconductor in the absence of a strong 
electromagnetic field. 

2. SOLUTION OF THE TWO-BAND EQUATION 

The solution of the equation 

where y, a r e  the Dirac matrices describing the behav- 
ior of a semiconductor in an external field A in Eq. ( I ) ,  
can be represented in the following form in the Kane 
model: 

where 

We shall now assume that 1-&sZ/c2> 0. The function 
@(6)  satisfies an equation which is identical in form 
with the secular Schrijdinger equation in which time is 
represented by the quantity L: 

HOE-%-/IZ+lofo-ajr+ (% ws T,+% sin  fat 
V= (% cos 2t+ sin 26) p, ~k-7s'fr (i=z, g, z), 

We have introduced above the following four -vectors 

The function Q(5) can be expanded in terms of the com- 
plete set  of bispinors u, which diagonalize the matrix 
H,: 
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The bispinors u,  a r e  defined by 

Substituting the expansion (10) into Eq. (9) and forming 
a bispinor q from the quantities pm=qm(5) ,  we obtain 

where 

a, is the Pauli matrix, 

Vt=p[iyuAl+(y, cos cp,+iy, sin cp,)A,], 

B V,  = -[yo-B(T, cos 2f+iy, sin 2f)  Icos(25-cp,), 
2a;" 

A.=f.(fl'+f,Y)-" (n-I, 2). B = (a>-fo) (fl'+f?t)-". 

y ~ - i y ~ ~ . ~ ~ y . ,  B=2pfz. 

We shall be interested in the following values of the 
parameters f, and p: 

In this case the right-hand side of Eq. (12) is propor- 
tional to a small parameter and, consequently, this 
equation can be solved by the ~ o ~ o l y u b o v - ~ i t r o ~ o l ' s k ;  
method However, before applying this averaging 
method, we shall carry  out an additional transformation 
of Eq. (12) which allows us to include the main part of 
the interaction described by the vector V ,  (I V,I >> I V,( ) 
even in the zeroth approximation. Representing the 
solution of Eq. (12) in the form 

where cp:n)exp(-ivn5) a re  the solutions of Eq. (12) for 
V,= 0, we obtain the following system of equations: 

We shall now give the explicit expressions for v, and 
cp(n). 

0 .  

0 

q") - P 
- cn ( - A. ( v  - 2 - ~ " t )  , c,. = [pz + (v, - 2 - a(,'")~-%, 

As (v, - 2 - %'I.) exp (icp,) , 
- ,  

n = i ,  3, 
P 
0 

Al (v, + 2 - a,'/') 

It follows from the inequalities (13) that the quantities 
a and v, can be described by the following expressions: 

where n, is an integer. If we assume that 

we find from Eq. (15) that 

According to the ~ o ~ o l y u b o v  -~i t ropol ' skG averaging 
method, the solution of the system (19) has the follow- 
ing form in the first approximation: 

where the quantities gp' satisfy the following system of 
the algebraic equations 

A are  the roots of the determinant of this system, and 
f &) a r e  the coefficients of the Fourier expansion 

Using X, (n = 1,2,3 ,4)  to denote the roots of the deter- 
minant of the system (21) and g::) for the corresponding 
values of g p ' ,  we find from the system (21) (always re-  
taining only the principal terms) 

' 
I f  l 2  

~ . = A , , + A ~ ' ) + x , ,  X .  = L!L.- 
In-& ' 

I** n) 

1 for k=n 

f A -  for n ~ k '  

Here, for simplicity, we have used fkk., to denote 
f :inNkk" ( fR;# = fk'k). 
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The expressions (22) for x, and g::' with n= 1 o r  3 
a re  valid only if I A, I >> If,, ( . We can easily obtain the 
corresponding expressions also for I A, 1 s I fl,l but for 
reasons of space we shall not give them here. 

Combining Eqs. (8), (lo), (14), (18), and (20) and in- 
t roducing the notation 

and the quasienergyquasimomentum four-vector 
p sp(n) 

9 

we obtain the solutions of the two-band equation (7) in 
the form (c,, is the normalization constant) 

where the quantity 7 ,  is defined a s  follows: 

for a >  1, 

-1 for n c i . 2 .  
%- { i  for n = 3 , 4 *  

for a < 1 ,  

-1 for n=1.4 1, for n=2,3 . 

The quasienergy spectrum, i.e., the dependence of the 
quasienergy pp' on the quasimomentum p, is given by 

The wave functions corresponding to the electron 
*;' ( r , t )  and hole 9:;' ( r , t )  states a r e  found by applying 
the boundary condition 

YE' (r, t )+  d.f' (r, t )  for a-0, 

where *::'(r,t) a re  the electron and hole wave functions 
in the absence of the external field A and o =  *l i s  the 
spin index. Using the above boundary condition, we ob- 
tain the following expressions: 

The normalization constants in c,, in Eq. (25) a re  
found using the identity 

and the equation of continuity for the electric current 
density 

where 

which can be used to calculate quite easily the normali- 
zation constant. If the wave functions a r e  normalized 
by the condition 

j dr yf;, (r, t )  I, (r, t )  = (2n)' 6 (P'-P) 6..., 

it is found that 

3. QUASIENERGY SPECTRUM 

It follows from the preceding section that the disper- 
sion curves describing the dependence of the quasien- 
ergy Po on the quasimomentum p are given by the fol- 
lowing equations for electron and hole states r5*"1 

where 

The equality p:'+ pLm'= 0 implies symmetry of the 
electron and hole branches of the spectrum relative to 
the origin of the coordinate system. The application of 
the expressions in Eq. (22) shows readily that in the 
range of the parameters described by Eq. (13) the dis- 
persion curves a r e  deformed only slightly by the inclu- 
sion of the quantities x, and A'," (n= 1 o r  2) and, there- 
fore, these quantities can be ignored in investigations 
of the spectra. 

For simplicity, we shall neglect the momentum of the 
incident electromagnetic wave and assume that & = 0. 
Introducing EF' (p) for the quasienergy of a particle in 
a state 9::' and assuming that the condition (2) is satis-  
fied, we obtain the following dispersion equations from 
Eq. (29): 

&+' (p) -L/re,(l+pz/me,+'/~p"), 

c' (p) [1+ (pz+ (I/&) ')'" (1-1/46+1/,pz) sign 61, (30) 
6-a-i=-2A/e,+2pa/me,+pz. 

According to Eq. (30), the curve a =  1 is a parabola 
displaced by an amount $p2&, relative to the dispersion 
curve for a free electron. The behavior of the o =  -1 
dispersion curve is more complex. Generally speaking, 
this curve has three extrema: one a t  the point p,= 0 
and two at  the points where the equality 6 = p2 is satis-  
fied. This equality gives 

These relationships lead to the equality 
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Since 

where c > 0, 6,= 6 1 ,,, we find that there a re  three 
ranges of the value of A: 

a)  ~/C,<p,~/m&,-in this range the dispersion curve 
has a single minimum at the point p,= 0; 

b) p,2/m&, < A/&, <pL2/m&, + +p2-we now have amax- 
imum at p,= 0 and two minima at  pa= *pel separated by 
a barrier whose maximum height is f6&,p3; 

c) A/E,>P,~/~E,+ gp2-in this range there a r e  three 
minima located a t  the points p,= 0 and kp,,, the corres- 
ponding energies being 

The dispersion curve has a discontinuity a t  6 = 0, i.e., 
at 

Then, 

It follows from the above relationships that the dis- 
continuity of the dispersion curve in respect of the 
quasienergy is pz, and the depth of the minima lying 
above the a= 1 curve is 1- &,p3. If A/&, <p12/m~, + bp2, 

16 
the a =  -1 dispersion curve lies above the a= 1 curve 
(at a fixed value of p,). If ~ / & , > p , ~ / m ~ , +  ip2, the 
a =  -1 curve has a discontinuity and part of this curve 
corresponding to 6 > 0 lies above a= 1, whereas the re-  
mainder is below this curve. For different values of 
p, the a dispersion curves form quasienergy bands, 
which we shall call the a bands. The a =  -1 band splits 
into two parts,  one of which (subband A) lies above the 
a =  1 curve corresponding top,= 0 and the minimum of 
the other (subband B) lies below the a =  1 band. If the 
condition (5) is satisfied, the a =  1 band is separated by 
a gap 2 from the B subband [see Eq. (6)]. When the 
opposite condition is satisfied, there is a partial w e r -  
lap between the B subband and the a= 1 band. The quan- 
tity E:-', which is the upper limit of the B subband, is 
independent of the transverse momentum p,. The di-  
mensions (Ap,) and (4,) of the B subband (in the 
I A I >> p2&,) case are: 

where the value of x ( x >  1) is given by 

The quasienergy spectrum is analyzed above ignoring 
the momentum k of the incident electromagnetic wave. 
Using the dispersion equation (29), which is valid for 
k# 0, we can see how important a re  the distortions of 
the dispersion curves resulting from neglect of the 

wave momentum. We shall not give the full analysis 
but mention that the deformation of the a =  1 dispersion 
curves due to the wave momentum is negligible. The 
displacement of the a =  -1 dispersion curves is much 
greater but even in the most interesting range A<p&,, 
where the energy gap is formed and the width of the 
split-off subband B is of the same order of magnitude 
a s  the gap, the corrections to the dispersion curves 
due to the electromagnetic wave momentum are  always 
small and can be ignored. 

4. ABSORPTION COEFFICIENT 

We shall consider the absorption of photons from a 
weak electromagnetic wave of frequency w, by an elec- 
tron-hole system interacting with a strong electromag- 
netic wave described by Eq. (1) and we shall assume 
that the condition (3) is satisfied by the strong wave. 
As usual, we shall define the absorption coefficient K 
by 

where r, is the damping of the weak-wave phonons ab- 
sorbed in the semiconductor. If we use the results of 
the preceding sections and calculate r, to within terms 
of the second order in respect of the interaction with 
photons of frequency o,, we obtain 

sZ - 
K:~:' (r) = a' -J dp pzF.., (p) L ,  ( r )  8 (E."' (p) -E:-' (p) f r o ~ o , ) ,  

E%O' 

where [we shall give only the principal coefficients 
L@'tl(~)l 

F,., = I - fbt'- f::), f:' -[exp($(~!+' ( p ) ~  + i]-', 
b= (kT)-', a'-e2/4xc, 

L,, (0) =e:+ev2, L,, -, (0) =L-,, ' ( 0 )  =e:(A~+'/rl8 ()/2Ar, ' 
L.,. - , (0)  =(e."+e,') [ (A2+'la161)12A~1', L-s, -i(-i)-'l~(p/Ar)~E, 

e is the polarization vector of the absorbed photons, 
and p is the chemical potential. In the derivation of 
the first expression in the system (33) we have ignored 
the photon momentum of the strong field, which de- 
forms the energy spectrum of electrons and holes, and 
of the weak field, s o  that the absorption coefficient is 
entirely due to interband transitions. The quantities 
K::; ( Y )  and K::: ( r )  describe, respectively, the absorp- 
tion and emission of a photon of frequency w, accom- 
panied by the creation of an electron-hole pair in such 
a way that the created electron and hole excitations are  
in the a and a, bands, respectively. The terms in the 
sum over r in Eq. (33) for r < 0 ( r >  0) correspond to the 
absorption (emission) of I r 1 of strong-field photons. 
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We shall confine our attention to the absorption of 
photons of frequency w, lying within the following two 
intervals : 

i )  1 mi-&,I < E ~  ii) ~ ' E ~ C O I ~ E I .  (35) 

In this case, the sum over r in Eq. (33) consists only 
of contributions of the terms with r = 0, -2 (interval i) 
and with r = -1 (interval ii). Introducing 

we shall represent the law of conservation of quasien- 
ergy, corresponding to the absorption (upper sign) o r  
emission (lower sign) of a photon of frequency w,, in 
the form 

where, in accordance with the inequalities of Eq. (35), 
we have p%,<< lz] <<E#. 

Applying the above expressions we can easily show 
that the quantities q:), K!:;, and K::!, vary smoothly 
with w,, whereas the dependence of K:,t!, on w, is of 
resonance nature. In fact, i t  follows from the relation- 
s hip 

where 

pi= ( m ~ , )  "(6,/2+6/~,) ", 61=2 (9'/02-pa) "i, 

that the coefficient K!:)-, has a singularity a t  6, = p2. 
Therefore, the quantity K::! ,,(0)- K!;!-,(-2) has a max- 
imum at w, x (1 + p)w and a minimum (negative absorp - 
tion) a t  W, = (1 -p)w. The limit K- i - is reached a t  
frequencies w,* (1 ip)w because we have ignored dissi- 
pative processes, for example, the interaction between 
the electron-hole subsystem with phonons. Allowance 
for this interaction imparts a finite half-width r to the 
electron and hole states. As a result, the quantity 
1 6,-p21 , in the resonance range, which is in the de- 
nominator of Eq. (36), assumes a finite value y pro- 
portional to the half-width r. It should be noted that in 
the interval i of the frequencies a, the value of IT::' (Y) 

differs from zero, whereas 

K_'~,(o)-K.!;!.,(-2)=0 for ( i - - p ) o < o l < ( i + p ) m ,  

K!? (0) = K::), (O)= 0 for (1 - 'I*p)o c ol < ( i  + I/%p) W. 

The absorption coefficient can be estimated for 
A=$@,, In this case the energy gap between the a =  1 
band and B subband is a@, . The calculations will be ca r  - 
ried out for  the following parameters: E,= 1 eV, rn 
= O.lrn,, & = 16, and E = lo5 ~ / c m .  For these values of 
the parameters, we have p = lo-'. Assuming addition- 
ally that F,,,(p) = 1 and y = (the latter corresponds 
to the case when the half-width r due to the electron- 
phonon interaction is of the order of 10" sec-'), we 
find that 

KI.,,,,+P,Y=-KIY,no-p,y-lOA(e.'+e,P) cm- I .  

Far from the resonance region and for I w,-wI <<&,, 

we have 

K-lO'cm- 1. 

A sharp peak of the absorption coefficient appears also 
a t  w, = pw, where K 1 ,,,,, - lo4 cm-'. It is interesting 
to note that the absorption coefficient in the w, << o - .. 
range is dominated by the processes creating electrons 
and holes in the u =  -1 band. In fact, calculations indi- 
cate that (-1)-g:!, (-1)-K!:: (-1)- cm-l, 
whereas K!:)-, (-1)- lo2 -lo3 cm-' (far from the reso- 
nance region). In the range I w, - w 1 << w and far from 
the resonance peak a l l  the quantities K,,,(O) (a, a, = i 1 )  
a re  of the same order of magnitude (-lo2 -lo3 cm-I). 

According to our estimates, the quantity K$!-, (0) 
-K!,:'-, (-2) considered as a function of w, behaves near 
w,= o in the same way as the absorption coefficient for 
the case of an isotropic gap.[12' However, if the spec- 
trum includes the u= 1 quasienergy levels, which do 
not have a discontinuity but a re  shifted slightly by the 
strong field, the behavior of the total absorption coef- 
ficient is not affected in any basic manner: the coeffi- 
cient is fairly high also in the E, < w, < (1 + p)w range 
because of creation of pairs a t  the a= a,= 1 levels 
(compare with the results of ~ r o k h i n ~ ' ~ '  and Klimonto- 
vich and ~ogorelova)  .[I4' 

The following characteristic feature should also be 
noted: electromagnetic waves traveling along the z 
axis a r e  absorbed and amplified mainly in the range 
w, * (1 k p)w, whereas in the range w, = pw there is no 
preferred direction along which photons a re  absorbed 
more strongly. It is worth noting also the circumstance 
that the resonance amplification peak appears a t  
w, = &,-$ow, i.e., at a frequency within the forbidden 
gap of the semiconductor not subjected to a strong 
electromagnetic field. 

l ) ~ h e  four-dimensional notation is used here:  qx = g o t  - q . r i s  
the scalar  product of the four-vectors q = (q,/c, q) and x = (ct, r). 
The system of units in which ti= 1 i s  employed. 
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Features of antiferromagnetic ordering in the garnet 
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The specific heat and the magnetic properties are investigated in the garnet Mn,Cr,Ge,O,,, in which the 
weakly interacting a and c sublattices are completely filled by magnetic ions. Independent 
antiferromagnetic ordering of the manganese and chromium sublattices is observed at temperatures 3.0 
and 5.1 K, respectively. It is shown that the magnetic symmetry of this garnet is responsible for the 
peculiarities of its magnetic properties, in particular the nonlinear field dependence of the magnetization 
below T,. A calculation carried out in the molecular-field approximation, with use of the exchange- 
interaction parameters of the corresponding "single-sublattice" garnets, gives good agreement with 
experimental data. 

PACS numbers: 75.50.Ee, 75.40. -s, 75.30.Et 

1. INTRODUCTION tudes. Such a situation occurs ,  f o r  example, i n  yt t r ium 
i r o n  g a r n e t s  with a sufficiently high concentration of 

In compounds with the garnet  s t ruc ture ,  the magnetic diamagnetic ions i n  the a and d sublattices. In a paper  
ions may occupy t h r e e  types of crystal lographic sites of PlakhtiK et al.c2' it w a s  shown that i n  such substituted 
(sublattices): dodecahedra1 {c), oc tahedra l [a l ,  and tet- garne t s ,  the t ransi t ion f r o m  f e r r i -  to antiferromagnet- 
rahedral  (d). The  c h a r a c t e r  of the magnetic o rder ing  of i s m  o c c u r s  over  a qui te  appreciable  range of concen- 
garne t s  is determined to a significant degree  by  the re- t ra t ions  with a c lus te r  type of magnetic ordering. - 

lation between the magnitudes of the ant i ferromagnet ic  
intra-  and intersublat t ice  exchange interactions: in  
i ron garnets ,  the s t rong  intersublattice a-d interact ion 
s u p p r e s s e s  the considerably weaker  intrasublat t ice  in- 
teract ions and c a u s e s  fe r r imagne t i sm of these  com- 
pounds below T, = 550 K, by  diamagnetic substitution, 
i t  i s  possible to  weaken o r  even completely el iminate  
the a-d interaction, and then t h e r e  is observed i n  the 
garnet,  a t  sufficiently low tempera tures  (TN-10 K), an- 
tiferromagnetic ordering of the remaining magnetic 

' 

sublattice. The propert ies  of such  antiferromagnetic or 
"single-sublattice" garnets ,  in  which the magnetic 3d o r  
4f ions completely occupy one of the th ree  types of c rys -  

Another var ian t  of s y s t e m s  that  have comparable val- 
u e s  of the intra-  and intersublat t ice  exchange interac-  
t ions is g a r n e t s  i n  which the weakly interacting c and a 
sublat t ices  are completely filled by  magnetic ions. T h e  
f e a t u r e s  of the magnetic ordering of one of these  com- 
pouds, {M~I&F~,]G~~o, , ,  have already been  dis-  

The  presen t  paper  repor t s  the resu l t s  of 
measurements  of the specific heat  and magnetic proper- 
ties of the garne t  ( M ~ ) I C ~ , ] G ~ , O ~ ,  (MnCrG), in  which 
the antiferromagnetic o rder ing  h a s  an unusual charac-  
ter.c5'6' We shal l  a l s o  consider  a s imple  model, which 
enables  us  to give a qualitative interpretat ion of the 

tallographic sites, have been investigated qui te  thor- 
oughly (see, f o r  example, the review by  Belov and So- 
kolovC1 '). TABLE I. Lattice parameters (ao) ,  N6el temperatures ( TN), 

paramagnetic Curie points (Op), values of the susceptibility 
In o r d e r  to obtain information about the complex (x) a t  T ST,, spin-flip fields ( H E ) ,  and exchange-interaction 

mechanism of indirect  exchange interactions, which oc- integrals for first and second nearest neighbors (J , ,  Jz), for 

cur  in  garne t s  through one, two, o r  even th ree  inter-  single-sublattice chromium and manganese garnets. 

mediate l inks (two oxygen ions and a nonmagnetic ca- X. LC$ 

tion), it is of in te res t  to study magnetic phase t ran-  <.arnet / ,,o, A 1 T\ L I - e p ,  / emu I J i l ( T 1 k ~ c I  - I , ,*  ( - l i . K  

si t ions in  garnets  i n  which the intra-  and intersublat t ice  
CdCG 1 12205 1 11.8 / 3 . 5  / 0 11 I ?M ij 2) I 1 0 2 i  

exchange interact ions have approximately equal magni- nrnAlG ii.894 6 65 0.38 210 (J O) o 12 
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