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Using laser  radiat ion to produce a h igh photocarr ier  densi ty  in
gernaniurn, we succeeded in observing quantum oscil lations of the
photocurrent as a functi.on of the magnetic f ield. The presence of
such osci l la t ions conf i rms the ex is tence of  a two-phase system, nanely
an e lect ron-hole condensate wi th exci ton "vapor"  [1 ] .  The osci l la-
t ions are apparent ly  due to the heavy holes.  Their  per iod in  terms
of  the rec iprocal  f ie ld determines the carr ier  densi ty  N in the con-
densate and the Fermi  energies Es and E5 of  the e lect rons and holes.

The experiment was perforned in the following rnanner. Ttre germanium samples (p-type,
to ta l  con ten t  o f  e l ec t r i ca l l y -ac t i ve  impur i t i es  abou t  10 r ' cm- ' ,  [ 100 ]  ax i s  no rma l  t o  t he  su r -
face of  p lates measur ing 4x4x0.3 mm) were etched in CP-4A. Two st r ips of  an indium-ga1l ium
alloy were then deposited on each sample in such a way that a band of pure germanium surface,
wi th approximate width 1 mrn,  remained between these e lect rodes.
Sample I  (see Fig.  1) ,  which was f reely  p laced in mount  2 in
the center of a superconducting solenoid, was imnersed
direct ly  in  superf lu id,hel ium (T = 1.5oK).  The bean 4 f rom an
He-Ne laser  ( I  = 6328 A,  approximate power 10 nW) was focused
wi th a shor t - focus ( t  = 7 mm) cy l indr ica l  lens 3 in to a st r ip
approximately 20 p wide that crossed the gap between the elec-
t rodes 6.  A constant  vo l tage V was appl ied to the sanple,  and
the current I was measured as a function of the field H.
Usual ly  I  ranged f rom 0.05 -  0.1 to I  -  2  UA. To compensate
at  least  par t ia l ly  for  the monotonic course of  the I (H)  curve
and to increase the gain thereby,  a s ignal  i  =  oH f rom a Hal l
p ickup,  a lso p laced ins ide the solenoid,  was appl ied to the
x-y recorder  in  ser ies wi th the measured s ignal .  The propor-
t ional i ty  coef f ic ient  o was regulated by the current  through
the p ickup.
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l ig. Z. Dependence of the photocurrent on the nagnetic
f ie ld.  The ver t ica l  scale per ta ins to curves 2 and S
(curves I and 4 were recorded wi.th double the nagnifi-
ca t i on ) .  V  =  I  voL t .  Va r i a t i on  o f  t he  va lue  o f  t he
compensat ing s ignal  nakes i t  possib le to reveal  more
dist inct ly  the extrema i -n d i f ferent  sect ions.  Curves
l ,  2 :  q  =  3 .5x10 -3  U f / k0e ,  cu rve  3 :  q ,  =  9x10 -3  pA /kOe ,
cu rve  4 :  0  =  4 .5x10 -2  uA /kOe .

Figure 2 shows typical
curves obta ined wi th one of  the
three invest igated samples.  Six
dis t inct  n in ima on these curves
are marked by arrows. The accu-
racy wi th which the posi t ions of
the min ima were establ ished is
apparent ly  t  5%. The posi t ions of
the min ima remained constant ,  wi th
the same accuracy, from sample to
sample,  d id not  depend on the
sign and rnagnitude of V in the
range f rom 0.3 to 3 V,  and
remained practically the same when
the i l luminat ion in tensi ty  was
decreased by at  least  a factor  of
30.  Wi th fur ther  decrease of  the
intensi ty ,  the ampl i tude of  the
osci l la t ions decreased and van-
ished,  whi le  thei r  per iod remained
the same. The osci l la t ions van-
ished also when the bean was
defocused into a strip wider than
0 . 5  m m .

The inser t  of  the d iagram
shows c lear ly  the per iodic i ty  of
the minina as a function of the
reciprocal  f ie ld;  devi .at ions for
the per iodi .c i ty  appear only  for
the f i rs t  nunbers.  This indicates
that  the osci l la t ions are connec-

ted with the Landau quantization
tation spectrum in the condensate
n ium [2 ]  and  i n  s i l i con  [3 ] .

of  the photocarr ier  spectrum. Such a quant izat ion of  the exci -
was already observed by spectroscopic nethods both i-n germa-

As is  c lear  f rom_the descr ipt ion of  the exper iment ,  the e lect ron-hole pai rs  were produced
in the sur face layer  of  a very snal l  par t  of  the sample,  the greater  par t  of  the la t ter  serv ing
only as a radiator  to  t ransfer  the heat  to  the hel ium. Observat ion o i  quantum osci l la t ions of
the current  under these condi t ions,  especia l ly  the fact  that  the per iod of  the osci l la t ions is
independent  of  the in tensi ty  of  the l ight ,  is  convinc ing proof  of  the presence of  a two-phase
svstem of  exc i tat ions.  Indeed,  were there no in terphase boundary,  the carr j -er  densi ty  w;u ld
decrease away f rom the ax is  of  the i l luminated st r ip  towards the in ter ior  and a long t i re  sur face.
Then the per iod of  the osci l la t ions,  i f  observed at  a l l ,  would be determined by thJ maxirnum
value of  the concentrat ion near the ax is  of  the st r ip ,  and could therefore be varr ied by vary-
ing the pump. Owing to the presence of  the two-phase system, only  the depth of  the st r ip  octu-
p ied by the condensate changes wi th changing pump, whi le  the Fermi  energy of  the carr ier i ,
which is determined by the thermodynamic relations, remains constant o't"" ttr" entire volume of
the condensate.  The min imum possib le s tq ip th ickness de is  detern ined by the depth of  concen-
t rat ion of  the l ight ,  and a lso by the d i f fus ion of  the; lect rons and of  t i re  t rore i  dur ing the
t ime of  thei r  cool ing.  From the mj .n imum value of  the i l luminat ion,  at  which the osci l la t ions
were observed,  we obta i -n the est imate do -  I  -  2  p.  (We note for  compar ison that  est imates of
the radius of  the e lect ron-ho1e drops g ive values f rom 2 to g y t4] ) . '

Generally speaking, one can inagine two mechanisms through which the Landau quantization
causes osci l la t ions of  the current :  the Shubnikov{e Haas ef fect  (osc i l la t ions of  the bulk con-
duct iv i ty) ,  and phenomena occurr ing in  the region near the contacts,  €.g. ,  osc i l la t ions of  the
probabi-l ity of tunneling through the Schottky barrier. The contact phJnomena should be quite
conplicated in our case, since we have on one side of the boundary t*o d"g"nerate groups of
carr iers wi th d i f ferent  Fermi  quasi levels .  By producing contacts known to be non-ohmic wi t !
the a id of  a conduct ing adhesive based on col lo idal  s i lver ,  we a lso observed osci l la t ions in
f ie lds 20 -  4s kOe,  but  we have seen a lso in termediate min ima in addi t ion to the n in i ,mum noted
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i n  F ig ,2 ,  and  the  en t i r e  p i c tu re  was  l ess  d i s t i nc t .  The  ohn i c  cha rac te r  o f  t he  i nd ium-ga l1 ium
contacts used by us and the complete reproducib i l i ty  of  the curves af ter  repeated heat ing of
the sample to room temperatures and using different samples give grounds, in our opinion, that
the osci l la t ions in  F ig.  2 are due precisely  to the Shubnikov-de Haas ef fect .

There are few experimental facts concerning the parameters of the excitation spectrum and
the condensate.  I t  is  c lear ,  however,  that  th is  spectrum should be c lose to the in i t ia l  spec-
trum of the electrons and holes in germaniun. It cannot be deterrnined beforehand whether the
obse rved  pe r i . od  P  =  1 .3 ' 10 -s  Oe- l  i i  due  to  e lec t rons  o r  heavy  ho les .  Fo r  bo th  va r i an t s ,  i t  i s
possib le to detern ine f i rs t  t [e  Fermi  energy E = f ie /Pmcc of  the carr iers causing"ghe osci l la t ions
(ms is  the cyc lot ron mass at  H l l  [100]) ,  and then thei - r  concentrat ion N = v(2mE) ' t ' /31t '6 '  (v  is
the number of  va l leys and m is  the mass determin ing the densi ty  of  s tates)  and the Ferni  energy
of  the carr iers of  opposi te s ign.  I f  the osci l la t ions were due to e lect rons,  the values obta ined
would not  agree wi th the spectroscopic data [4,  5] .  0n the other  hand,  the assumpt ion that  the
osci l la t ions are determined by holes (m = 0.347m0, rc  = 0.28n0) leads to values that  agree
sp lend id l y  w i t h  [ 4 ,  5 ] :

N  =  l . ?5 .1017  cm- , .  E .  =  2  meY,  E ,  =  3 ,2  rneV .

I t  is  understandable here why no osci l la t ions due to e lect rons are observed,  s ince thei r
period i.s too large to be recorded by such a crude method.

It is known that for the heavy holes in germaniun the magnetic levels corresponding to
small quantun nunbers are not equidistant [6]. The experimental accuracy, however, is insuffi-
c ient  as yet  to  invest igate th is  c i rcumstance.
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ous f ru i t fu l  d iscussion,  to  A.  F.  Di te and V.  G.  Lysenko for  va luable advice,  and to G.  V.
Merz lyakov for  technical  help.
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