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©  Spin-polarized  electron  emitter  having  semiconductor  opto-electronic  layer  with  split  valence  band. 

00 

©  An  electron  emitting  element  (10)  including  a 
semiconductor  opto-electronic  layer  (18)  having  a 
split  valence  band  and  capable  of  emitting  a  beam 
of  spin-polarized  electrons  from  an  emitting  surface 
(19)  thereof  upon  incidence  of  an  excitation  laser 
radiation  upon  the  emitting  surface,  and  a  reflecting 
mirror  (14)  formed  on  one  of  opposite  sides  of  the 
opto-electronic  layer  remote  from  the  emitting  sur- 
face  and  cooperating  with  the  emitting  surface  to 
effect  multiple  reflection  therebetween  of  the  incident 
laser  radiation.  The  emitting  element  may  be  pro- 
vided  with  a  semiconductor  light  modulator  element 
(114,  150,  170,  216,  280,  298)  for  modulating  the 
intensity  of  the  laser  radiation  incident  upon  the 
opto-electronic  layer.  A  laser  source  (212,  304)  may 
be  formed  integrally  with  the  emitting  element  and 
disposed  on  the  side  of  the  opto-electronic  layer 
remote  from  the  emitting  surface. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

The  present  invention  relates  in  general  to  im- 
provements  in  a  spin-polarized  electron  beam  emit- 
ting  element,  an  electron  source  including  such  an 
element,  and  a  device  including  such  an  electron 
source.  More  particularly,  the  present  invention  re- 
lates  to  such  element  and  source  which  assure 
high  quantum  efficiency  and  beam  density  of  emit- 
ted  electrons,  and  to  such  a  device  which  is  com- 
pact  and  easy  to  handle. 

Discussion  of  the  Related  Art 

A  spin-polarized  electron  beam  in  which  the 
electrons  have  their  spins  aligned  in  one  of  two 
possible  directions  is  utilized  as  effective  means  for 
studying  or  investigating  the  magnetic  properties  in 
the  nucleus  of  atoms  in  the  field  of  experiment  on  a 
high-energy  elementary  or  fundamental  particle, 
and  the  magnetic  properties  near  the  surface  of  a 
material  in  the  field  of  material  science.  Spin-po- 
larized  electrons  are  photo-emitted  from  an  elec- 
tron  emitting  element  including  a  semiconductor 
opto-electronic  layer,  by  laser-exciting  the  opto- 
electronic  layer.  This  semiconductor  opto-electronic 
layer  has  energy  level  splitting  or  difference  in  the 
valence  band,  due  to  a  lattice  mismatch  with  re- 
spect  to  another  semiconductor  layer  on  which  the 
opto-electronic  layer  is  grown. 

Described  more  specifically,  the  electron  emit- 
ting  element  includes  a  heterojunction  structure 
consisting  of  a  GaAs^xPx  (x>0)  semiconductor  lay- 
er,  and  a  so-called  strained  GaAs  semiconductor 
layer  grown  by  epitaxy  on  the  GaAs^xPx  semicon- 
ductor  layer.  The  strained  GaAs  layer  as  the  opto- 
electronic  layer  indicated  above  has  a  smaller  band 
gap  than  the  GaAs^xPx  layer,  and  a  lattice  con- 
stant  slightly  different  from  that  of  the  GaAS^xPx 
layer.  A  lattice  mismatch  between  the  two  layers 
constituting  a  heterostructure  gives  the  GaAs  layer 
a  strain  which  causes  splitting  of  the  valence  band, 
that  is,  a  strain-dependent  energy  level  splitting  or 
difference  of  the  heavy-hole  and  light-hole  bands 
(sub-bands)  of  the  valence  band  relative  to  the 
conduction  band.  The  energy  splitting  or  difference 
makes  it  possible  to  preferentially  excite  one  of  the 
heavy-and  light-hole  sub-bands  of  the  valence 
band  which  has  the  higher  energy  level,  namely, 
which  has  the  smaller  energy  gap  with  respect  to 
the  conduction  band.  Therefore,  by  suitably  tuning 
the  excitation  laser  energy  incident  upon  the  GaAs 
semiconductor  layer  so  as  to  excite  one  of  the  sub- 
bands  of  its  valence  band,  the  electrons  emitted 
from  the  GaAs  layer  can  be  spin-polarized  in  one 
of  the  two  opposite  directions  which  corresponds  to 

the  excited  sub-band. 
Thus,  the  use  of  a  strained  opto-electronic  lay- 

er  assures  improved  spin  polarization  of  electrons 
of  a  beam  photoemitted  from  an  electron  emitting 

5  element.  The  strained  GaAs  semiconductor  layer 
indicated  above  may  be  replaced  by  a  strained 
GaAs^yPy  (y>0)  semiconductor  layer  or  other 
strained  compound  semiconductor  layer  as  dis- 
closed  in  Japanese  Patent  Application  No.  4- 

70  196245  filed  in  the  name  of  the  assignee  of  the 
present  application,  or  by  a  semiconductor  of  chal- 
copyrite  type  which  has  a  split  valence  band  by 
nature. 

However,  the  conventional  spin-polarized  elec- 
75  tron  emitting  element  does  not  assure  spin  po- 

larization  of  emitted  electrons  with  sufficiently  high 
quantum  efficiency  (QE),  that  is,  suffers  from  a 
small  number  of  electrons  emitted  per  excitation 
laser  input.  Accordingly,  the  conventional  emitting 

20  element  requires  a  considerably  long  period  of 
laser  excitation  to  obtain  a  sufficient  amount  of 
electron  beam  intensity,  making  it  difficult  to 
achieve  real-time  observation  or  investigation  of  a 
magnetic  domain  of  a  material,  for  instance.  Al- 

25  though  an  increase  in  the  thickness  of  the  opto- 
electronic  layer  will  increase  the  number  of 
photoemitted  electrons  and  the  quantum  efficiency, 
this  solution  results  in  a  variation  in  the  spin  po- 
larization  of  the  emitted  electrons  due  to  scattering 

30  within  the  semiconductor,  unfavorably  leading  to 
reduced  polarization  percent. 

Further,  the  conventional  spin-polarized  elec- 
tron  emitting  element  is  not  capable  of  adjusting 
the  electron  beam  intensity,  and  therefore  suffers 

35  from  difficulty  in  observing  a  magnetic  domain  near 
the  surface  of  a  magnetic  material,  for  example, 
while  changing  a  relationship  between  the  intensity 
of  the  emitted  electron  beam  and  an  image  ob- 
served  of  the  material  surface,  with  the  electron 

40  beam  intensity  changed  as  a  parameter. 
In  observing  the  magnetic  domain  on  a  mag- 

netic  material  surface  by  exposure  thereof  to  a 
spin-polarized  electron  beam  photoemitted  from 
the  electron  emitting  element  described  above,  the 

45  emitting  element  is  disposed  in  a  vacuum  cham- 
ber,  and  the  opto-electronic  layer  of  the  element  is 
irradiated  by  an  excitation  laser  generated  from  a 
suitable  laser  source,  to  photoemit  a  spin-polarized 
electron  beam.  The  photoemitted  electron  beam  is 

50  conducted  or  directed  to  the  surface  of  the  speci- 
men,  a  magnetic  material,  through  a  transmission 
device  connected  to  the  vacuum  chamber,  as  in  an 
apparatus  disclosed  in  the  above-identified  Japa- 
nese  Patent  Application,  which  is  adapted  to  mea- 

55  sure  the  spin  polarization  percent  of  a  photoemitted 
electron  beam. 
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SUMMARY  OF  THE  INVENTION 

It  is  thereof  a  first  object  of  the  present  inven- 
tion  to  provide  an  element  for  emitting  a  spin- 
polarized  electron  beam,  which  assures  improved 
quantum  efficiency  of  emitted  electron,  without  de- 
teriorating  the  spin  polarization  percent. 

It  is  a  second  object  of  this  invention  to  provide 
a  spin-polarized  electron  beam  source  capable  of 
adjusting  the  intensity  of  the  emitted  electron 
beam. 

It  is  a  third  object  of  the  invention  to  provide  a 
device  for  emitting  a  spin-polarized  electron  beam, 
which  device  is  compact  and  relatively  easy  to 
handle. 

The  first  object  indicated  above  may  be  at- 
tained  according  to  a  first  aspect  of  the  present 
invention,  which  provides  a  electron  emitting  ele- 
ment  including  a  semiconductor  opto-electronic 
layer  having  a  split  valence  band,  the  opto-elec- 
tronic  layer  emitting  a  beam  of  spin-polarized  elec- 
trons  from  an  emitting  surface  thereof  upon  in- 
cidence  of  an  excitation  laser  radiation  upon  the 
emitting  surface,  the  electron  emitting  element 
comprising  a  reflecting  mirror  formed  on  one  of 
opposite  sides  of  the  opto-electronic  layer  remote 
from  the  emitting  surface.  The  reflecting  mirror 
reflects  the  laser  radiation  and  cooperates  with  the 
emitting  surface  to  effect  multiple  reflection  there- 
between  of  the  laser  radiation. 

In  the  electron  emitting  element  of  the  present 
invention  constructed  as  described  above,  the  ex- 
citation  laser  radiation  incident  upon  the  opto-elec- 
tronic  layer  is  subjected  to  multiple  reflection  be- 
tween  the  reflecting  mirror  and  the  emitting  surface 
of  the  opto-electronic  layer,  so  that  the  laser  radi- 
ation  is  passed  through  the  semiconductor  material 
of  the  opto-electronic  layer  several  times,  whereby 
the  amount  of  the  laser  radiation  absorbed  by  the 
opto-electronic  layer  is  increased,  and  the  number 
of  electrons  excited  by  the  laser  radiation  is  ac- 
cordingly  increased,  with  a  result  of  an  increase  in 
the  quantum  efficiency  (QE)  of  the  electrons  emit- 
ted  from  the  emitting  element.  Since  this  increase 
in  the  quantum  efficiency  is  provided  without  an 
increase  in  the  thickness  of  the  opto-electronic 
layer,  the  present  electron  emitting  element  is  sub- 
stantially  free  from  reduction  in  the  spin-polariza- 
tion  percent  of  the  emitted  electrons. 

The  second  object  indicated  above  may  be 
achieved  according  to  a  second  aspect  of  the  in- 
vention,  which  provides  an  electron  source  com- 
prising  an  electron  emitting  element  with  a  semi- 
conductor  opto-electronic  layer  having  a  split  va- 
lence  band,  the  opto-electronic  layer  emitting  a 
beam  of  spin-polarized  electrons  from  an  emitting 
surface  thereof  upon  incidence  of  an  excitation 
laser  radiation  upon  the  opto-electronic  layer,  the 

electron  source  comprising  a  semiconductor  light 
modulating  element  disposed  on  one  of  opposite 
sides  of  the  electron  emitting  element  remote  from 
the  opto-electronic  layer,  for  modulating  an  inten- 

5  sity  of  the  laser  radiation  to  be  incident  upon  the 
opto-electronic  layer. 

In  the  electron  source  constructed  as  de- 
scribed  above,  the  light  modulating  element  is  dis- 
posed  on  the  rear  side  of  the  electron  emitting 

io  element,  that  is,  on  one  of  opposite  sides  of  the 
electron  emitting  element  which  is  remote  from  the 
opto-electronic  layer  from  which  the  spin-polarized 
electron  beam  is  emitted.  In  the  present  of  the  light 
modulating  element,  the  intensity  of  the  excitation 

75  laser  radiation  to  be  incident  upon  the  opto-elec- 
tronic  layer  can  be  modulated  to  suitably  adjust  the 
intensity  of  the  spin-polarized  electron  beam. 
Therefore,  the  present  electron  source  facilitates 
observation  of  a  magnetic  domain  near  the  surface 

20  of  a  magnetic  material,  for  example,  while  changing 
the  intensity  of  the  spin-polarized  electron  beam  as 
a  parameter  to  obtain  respective  images  of  the 
magnetic  domain  in  relation  to  different  intensity 
values  of  the  electron  beam  irradiating  the  material 

25  surface. 
The  semiconductor  light  modulating  element 

may  include  a  pair  of  electrodes,  and  an  active 
layer  or  quantum  well  which  is  disposed  between 
the  electrodes  and  effects  induced  or  stimulated 

30  emission  for  amplifying  or  modulating  the  intensity 
of  the  incident  laser  radiation  upon  application  of  a 
controlled  electric  current  between  the  electrodes, 
such  that  the  electron  beam  intensity  varies  as  a 
function  of  the  electric  current  applied. 

35  The  third  object  indicated  above  may  be  ac- 
complished  according  to  a  third  aspect  of  this 
invention,  which  provides  an  electron  emitting  de- 
vice  including  an  electron  source  having  an  elec- 
tron  emitting  element  with  a  semiconductor  opto- 

40  electronic  layer  having  a  split  valence  band,  and  a 
laser  source  for  generating  an  excitation  laser  radi- 
ation,  the  opto-electronic  layer  emitting  a  beam  of 
spin-polarized  electrons  from  an  emitting  surface 
thereof  upon  incidence  of  the  laser  radiation  upon 

45  the  opto-electronic  layer,  the  laser  source  being 
disposed  in  fixed  positional  relationship  with  the 
electron  source,  and  on  one  of  opposite  sides  of 
the  electron  source  remote  from  the  opto-electronic 
layer,  so  that  the  laser  radiation  generated  by  the 

50  laser  source  is  incident  upon  the  electron  source 
from  the  above-indicated  side  of  the  electron 
source  which  is  remote  from  the  opto-electronic 
layer. 

In  the  present  electron  emitting  device,  the 
55  laser  source  is  disposed  on  one  side  of  the  elec- 

tron  source  remote  from  the  opto-electronic  layer 
so  that  the  laser  radiation  generated  by  the  laser 
source  is  received  by  the  electron  source,  on  the 

3 



5 EP  0  589  475  A1 6 

above-indicated  side  remote  from  the  opto-elec- 
tronic  layer,  to  excite  the  opto-electronic  layer  so 
that  a  beam  of  spin-polarized  electrons  is  emitted 
from  the  emitting  surface  of  the  opto-electronic 
layer  provided  on  the  other  side  of  the  electron  5 
source.  Since  the  laser  source  has  fixed  positional 
relationship  with  the  electron  source,  the  present 
electron  emitting  device  may  be  easily  attached  to 
an  appropriate  testing  or  measuring  apparatus 
adapted  to  observe  a  magnetic  domain  near  the  10 
surface  of  a  magnetic  material  of  a  workpiece  or 
test  specimen,  for  example.  For  the  fixed  positional 
relationship  of  the  laser  source  and  the  electron 
source,  these  two  sources  may  be  fixedly  posi- 
tioned  in  a  suitable  housing  such  that  the  housing  is 
maintains  the  fixed  positional  relationship  and  such 
that  the  emitting  surface  of  the  electron  emitting 
element  of  the  electron  source  is  exposed  to  a 
vacuum  chamber  provided  in  the  measuring  ap- 
paratus  in  which  the  workpiece  is  suitably  posi-  20 
tioned.  The  housing  may  be  constructed  for  easy 
attachment  and  removal  to  and  from  the  apparatus. 
Alternatively,  the  electron  source  and  the  laser 
source  may  be  formed  as  an  integral  structure  in 
which  the  electron  and  laser  sources  are  integrally  25 
bonded  together  for  fixed  positional  relationship 
with  each  other.  In  this  case,  the  integral  structure 
may  be  readily  positioned  in  a  suitable  housing  to 
be  attached  to  the  measuring  apparatus. 

As  described  above,  the  present  electron  emit-  30 
ting  device  is  a  compact  unitary  device  which  is 
easy  to  handle,  namely,  readily  connectable  to  a 
desired  apparatus  designed  for  a  desired  applica- 
tion  such  as  experiment,  observation,  testing  or 
measurement  using  a  spin-polarized  electron  35 
beam.  The  present  device  may  be  used  with  dif- 
ferent  types  of  such  apparatuses  such  as  those  for 
observing  a  magnetic  domain. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS  40 

The  above  and  optional  objects,  features  and 
advantages  of  the  present  invention  will  be  better 
understood  by  reading  the  following  detailed  de- 
scription  of  presently  preferred  embodiments  of  the  45 
invention,  when  considered  in  connection  with  the 
accompanying  drawings,  in  which: 

Fig.  1  is  a  view  illustrating  a  structure  of  an 
electron  element  for  emitting  a  spin-polarized 
electron  beam,  which  includes  a  multilayered  so 
reflecting  mirror  constructed  according  to  one 
embodiment  of  the  present  invention; 
Fig.  2  is  a  graph  indicating  a  relationship  be- 
tween  the  reflectance  of  the  reflecting  mirror 
used  in  the  electron  emitting  element  of  Fig.  1,  55 
and  the  wavelength  of  an  excitation  laser  in- 
cident  upon  the  emitting  element; 

Fig.  3  is  an  apparatus  for  measuring  the  spin 
polarization  percent  of  a  spin-polarized  electron 
beam  emitted  from  an  emitting  element  as 
shown  in  Fig.  1  ; 
Fig.  4  is  a  block  diagram  showing  a  circuit  of  the 
apparatus  of  Fig.  3  for  measuring  the  spin  po- 
larization  percent; 
Fig.  5  is  a  graph  indicating  the  spin  polarization 
percent  and  the  quantum  efficiency  measured 
by  the  apparatus  of  Fig.  3,  as  compared  with 
those  of  a  spon-polarized  electron  beam  emitted 
from  a  known  electron  emitting  element  not 
equipped  with  a  multilayered  reflecting  mirror; 
Fig.  6  is  a  graph  indicating  a  relationship  be- 
tween  the  quantum  efficiency  and  a  distance 
between  the  emitting  surface  and  the  reflecting 
mirror  of  the  emitting  element; 
Fig.  7  is  a  view  showing  a  basic  arrangement  of 
an  electron  emitting  device  equipped  with  a 
spin-polarized  electron  source  according  to  an- 
other  embodiment  of  this  invention; 
Fig.  8  is  a  view  illustrating  an  example  of  a 
housing  of  the  electron  emitting  device  of  Fig.  7; 
Fig.  9  is  a  graph  indicating  a  relationship  be- 
tween  the  current  of  a  spin-polarized  electron 
beam  and  the  exciting  laser  output; 
Fig.  10  is  a  view  showing  a  further  embodiment 
of  the  invention; 
Fig.  11  is  a  view  corresponding  to  that  of  Fig.  7, 
showing  a  still  further  embodiment  of  this  inven- 
tion; 
Figs.  12  and  13  are  views  showing  still  further 
embodiments  of  the  invention; 
Fig.  14  is  a  view  illustrating  a  basic  arrangement 
of  an  electron  emitting  device  constructed  ac- 
cording  to  another  embodiment  of  the  present 
invention; 
Fig.  15  is  a  view  showing  an  example  of  a 
housing  of  the  device  of  Fig.  14; 
Fig.  16  is  a  view  showing  an  electron  emitting 
device  according  to  still  another  embodiment  of 
the  invention  in  which  an  optical  amplifier  and  a 
spin-polarized  electron  source  of  Fig.  14  con- 
stitute  an  integral  structure; 
Fig.  17  is  a  view  illustrating  yet  another  embodi- 
ment  of  the  invention  wherein  all  components  of 
Fig.  16  are  formed  to  provide  an  integral  struc- 
ture; 
Fig.  18  is  a  view  corresponding  to  that  of  Fig. 
14,  showing  a  still  further  embodiment  of  the 
invention; 
Fig.  19  is  a  view  showing  a  yet  another  embodi- 
ment  of  the  invention  wherein  an  optical  modula- 
tor  and  a  spin-polarized  electron  source  of  Fig. 
18  are  formed  to  provide  an  integral  structure, 
which  is  integral  with  a  laser  source  with  a 
quarter-wave  plate  interposed  therebetween; 

4 
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Fig.  20  is  a  view  showing  another  embodiment 
of  the  invention  which  does  not  include  an  op- 
tical  amplifier  of  Fig.  14  and  in  which  an  electron 
source,  a  quarter-wave  plate  and  a  laser  source 
are  formed  to  provide  an  integral  structure; 
Fig.  21  is  a  view  illustrating  a  further  embodi- 
ment  of  the  invention  in  which  a  reflecting  mirror 
on  the  side  of  the  electron  emitting  surface  of 
the  electron  source  of  Fig.  17  is  eliminated; 
Fig.  22  is  a  view  illustrating  a  still  further  em- 
bodiment  of  the  invention  in  which  a  reflecting 
mirror  on  the  side  of  the  electron  emitting  sur- 
face  of  the  electron  source  of  Fig.  14  is  elimi- 
nated;  and 
Fig.  23  is  a  view  depicting  a  modified  form  of  a 
laser  source  used  in  the  electron  emitting  device 
according  to  the  present  invention. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

Referring  first  to  Fig.  1,  an  element  for  emitting 
a  spin-polarized  electron  beam  is  shown  generally 
at  10.  The  electron  emitting  element  10  consists  of 
a  substrate  12,  and  three  semiconductor  layers  14, 
16  and  18  grown  by  epitaxy  in  the  order  of  descrip- 
tion  on  the  substrate  12;  by  using  an  MOCVD 
(metal  organic  chemical  vapor  deposition)  appara- 
tus  well  known  in  the  art.  The  substrate  12  is  a  p- 
GaAs  layer  having  about  350u.m  thickness  as  mea- 
sured  normal  to  (100)  plane,  which  is  doped  with 
Zn  as  an  impurity  to  a  carrier  concentration  of 
about  5  x  1018(cm-3).  The  semiconductor  layer  14 
is  a  multilayered  reflecting  mirror  consisting  of  30 
pairs  of  alternating  67nm-thick  p-AI0.6Ga0.4As  layers 
and  61nm-thick  p-AI0.iGa0.9As  layers.  This  multi- 
layered  reflecting  mirror  14  has  reflectance  which 
varies  with  the  wavelength  (nm)  of  an  excitation 
laser  incident  upon  the  element  10,  as  indicated  in 
the  graph  of  Fig.  2.  The  two  semiconductor  layers 
of  the  reflecting  mirror  14  are  also  doped  with  Zn 
as  an  impurity  to  a  carrier  concentration  of  about  5 
x  1018  (cm-3).  The  thickness  values  of  the  two 
semiconductor  layers  of  the  reflecting  mirror  14 
may  be  suitably  determined  depending  upon  their 
refractive  index  values  and  the  wavelength  of  the 
excitation  laser  to  be  reflected. 

The  layers  16  and  18  formed  on  the  reflecting 
mirror  14  will  be  referred  to  as  first  and  second 
semiconductor  layers,  respectively.  The  first  semi- 
conductor  layer  16  is  a  p-GaAso.83Po.17  layer  having 
about  2.0u.m  thickness  and  doped  with  Zn  to  a 
carrier  concentration  of  about  5  x  1018(cm-3),  while 
the  second  semiconductor  layer  18  is  a  p-GaAs 
layer  having  about  0.085u.m  thickness  and  doped 
with  Zn  to  a  carrier  concentration  of  about  5  x  1018- 
(cm-3).  The  p-GaAs  layer  18  has  a  band  gap 
smaller  than  that  of  the  p-GaAso.s3Po.17  layer  16, 

and  the  two  layers  16,  18  have  different  lattice 
constants  or  a  lattice  mismatch,  whereby  the  sec- 
ond  semiconductor  layer  18  is  strained,  in 
heterojunction  with  the  first  semiconductor  layer  16. 

5  A  strain  due  to  the  lattice  mismatch  of  the  second 
semiconductor  layer  18  causes  splitting  of  the  va- 
lence  band,  that  is,  defines  energy  level  splitting  or 
difference  between  the  heavy-hole  and  light-hole 
sub-bands  of  the  valence  band.  This  energy  split- 

10  ting  makes  it  possible  to  preferentially  excite  the 
heavy-hole  sub-band  having  the  higher  energy  lev- 
el,  by  suitably  tuning  the  excitation  laser  energy  to 
be  incident  upon  the  second  semiconductor  layer 
18.  Thus,  it  is  possible  to  spin-polarize  the  elec- 

15  trons  photoemitted  from  the  layer  18  upon  excita- 
tion  by  the  laser,  such  that  the  emitted  electrons 
have  their  spin  aligned  in  one  of  two  opposite 
directions  corresponding  to  the  heavy-hole  and 
light-hole  sub-bands  of  the  valence  band,  namely, 

20  in  the  direction  corresponding  to  the  excited  heavy- 
hole  sub-band. 

In  the  present  embodiment,  the  second  semi- 
conductor  layer  18  serves  as  an  opto-electronic 
layer  from  which  a  beam  of  spin-polarized  elec- 

25  trons  is  emitted  upon  incidence  of  an  excitation 
laser  radiation.  It  is  noted  that  the  illustration  in  Fig. 
1  does  not  accurately  represent  the  thickness  val- 
ues  of  the  individual  layers  12,  14,  16,  18  of  the 
electron  emitting  element  10.  The  second  semicon- 

30  ductor  layer  or  opto-electronic  layer  18  has  an 
electron  emitting  surface  19,  which  is  not  covered 
with  any  film  such  as  an  oxidation  preventive  film. 
The  reflecting  mirror  14  is  formed  on  one  of  op- 
posite  sides  of  the  opto-electronic  layer  18  remote 

35  from  the  emitting  surface  19. 
Referring  to  Fig.  3,  there  is  shown  an  appara- 

tus  which  incorporates  the  electron  emitting  ele- 
ment  10  and  is  adapted  to  measure  the  spin  pol- 
rization  of  an  electron  beam  emitted  from  the  ele- 

40  ment  10.  The  apparatus  includes  an  electron  emit- 
ting  device  (electron  gun)  20,  a  spin-polarization 
analyzer  22,  and  an  electron  transmission  device 
24  for  conducting  or  directing  the  spin-polarized 
electron  beam  from  the  electron  emitting  device  20 

45  to  the  spin-polarization  analyzer  22. 
The  electron  emitting  device  20  has:  a  vacuum 

housing  30  resistant  to  a  highly  reduced  pressure; 
a  turbo-molecular  pump  32  and  an  ion  pump  34  for 
evacuating  the  vacuum  housing  30  to  about  10-9 

50  torr  within  the  vacuum  housing  30;  a  first  container 
36  and  a  second  container  38;  a  plurality  of  elec- 
trodes  40  for  enabling  the  emitting  element  10  to 
emit  electrons  from  its  emitting  surface  19;  a 
cesium  activator  42  for  emitting  cesium  (Cs)  toward 

55  the  emitting  surface  19  of  the  emiting  element  10; 
an  oxygen  activator  44  for  emitting  oxygen  (O2) 
toward  the  emitting  surface  19;  and  a  laser  gener- 
ator  46  for  irradiating  the  emitting  surface  19  with  a 

5 
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laser  radiation.  The  first  container  36  is  disposed  in 
the  vacuum  housing  30  so  as  to  hold  the  electron 
emitting  element  10  on  its  bottom  such  that  the 
element  10  is  cooled  by  a  liquid  nitrogen  contained 
in  the  container  36.  The  second  container  38  is  an 
annular  container  disposed  so  as  to  surround  a 
lower  portion  of  the  first  container  36.  This  con- 
tainer  38  also  contains  liquid  nitrogen  gas  for  ad- 
sorbing  residual  gases  within  the  vacuum  housing 
30.  The  laser  generator  46  includes  a  tunable  laser 
source  50  capable  of  generating  a  laser  radiation 
whose  wavelength  is  selectable  within  a  range  be- 
tween  700nm  and  900nm,  for  example.  The  laser 
generator  46  further  includes  a  polarizer  52  for 
transmitting  only  linearly  or  plane  polarized  light,  a 
quarter-wavelength  plate  54  for  converting  the  lin- 
early  polarized  light  into  circularly  polarized,  and  a 
mirror  56  reflecting  the  circularly  polarized  light. 
The  laser  generator  46  is  positioned  relative  to  the 
electron  emitting  device  20  so  that  the  circularly 
polarized  light  is  incident  upon  the  electron  emit- 
ting  surface  19  of  the  electron  emitting  element  10 
held  in  the  vacuum  housing  30. 

The  spin-polarization  analyzer  22  has  a  high- 
voltage  chamber  in  the  form  of  a  Mott  scattering 
chamber  64  which  is  disposed  within  a  freon-filled 
tank  60  and  supported  by  a  high-voltage  insulator 
62.  The  Mott  scattering  chamber  64  is  energized 
by  a  high  voltage  of  100kV  applied  thereto  from  an 
anode  63.  The  Mott  scattering  chamber  64  commu- 
nicates  with  a  turbo-molecular  pump  66,  for  evacu- 
ation  of  the  chamber  64  to  about  10-G  torr.  The 
analyzer  22  also  has:  an  accelerator  electrode  68 
disposed  within  the  insulator  62,  for  accelerating 
the  spin-polarized  electron  beam;  a  pair  of  surface 
barrier  detectors  72  disposed  within  the  Mott  scat- 
tering  chamber  64,  for  detecting  the  electrons  scat- 
tered  in  the  direction  of  0  =  120°  by  collision 
against  the  nuclei  of  gold  atoms  of  a  gold  foil  70 
supported  on  a  disk  (not  shown);  a  pair  of  light 
emitting  diodes  74  which  convert  electric  outputs  of 
pre-amplifiers  84  (Fig.  4)  connected  to  the  surface 
barrier  detectors  72,  into  optical  signals;  and  a  pair 
of  photo-detectors  76  which  covert  the  optical  out- 
puts  of  the  light  emitting  diodes  74  into  electrical 
signals. 

Referring  to  the  block  diagram  of  Fig.  4,  there 
is  shown  a  circuit  for  calculating  the  spin-polariza- 
tion  percent  of  the  electron  beam  incident  upon  the 
analyzer  22,  which  is  equipped  with  the  two  surface 
barrier  detectors  72  disposed  in  the  Mott  scattering 
chamber  64,  as  described  above.  The  circuit  has 
two  channels  associated  with  the  respective  two 
surface  barrier  detectors  72.  The  electric  signal 
produced  by  each  surface  barrier  detector  72  is 
amplified  by  the  corresponding  pre-amplifier  84, 
and  the  thus  amplified  electric  signal  is  converted 
by  the  corresponding  light  emitting  diode  74  into 

an  optical  signal.  This  optical  signal  is  converted, 
by  the  corresponding  photo-detector  76,  into  an 
electric  signal  which  is  applied  to  an  arithmetic 
control  unit  through  an  interface  78.  Based  on  the 

5  electric  signals  corresponding  to  the  two  surface 
barrier  detectors  72,  the  arithmetic  control  unit  80 
calculates  the  spin-polarization  percent  of  the  elec- 
trons  of  the  beam  incident  upon  the  gold  foil  70, 
according  to  a  predetermined  equation  stored 

io  therein.  The  unit  80  commands  a  display  82  to 
indicate  the  calculated  spin-polarization  percent. 

Referring  back  to  Fig.  3,  the  electron  transmis- 
sion  device  24  includes:  a  pair  of  tubes  90  which 
have  a  relatively  small  diameter  and  a  relatively  low 

is  conductance  and  partially  define  a  beam  path  con- 
necting  the  vacuum  housing  30  of  the  electron 
emitting  device  20  and  the  Mott  scattering  chamber 
64  of  the  spin-polarization  analyzer  22;  an  ion 
pump  92  communicating  with  a  portion  of  the 

20  beam  path  between  the  two  tubes  90;  a  spherical 
condenser  94  adapted  to  electrostatically  deflecting 
the  electron  beam  emitted  from  the  electron  emit- 
ting  element  10,  through  90°  to  direct  the  beam 
into  the  beam  path  indicated  above.  That  is,  the 

25  direction  of  emission  of  the  electron  beam  from  the 
element  10  is  perpendicular  to  the  direction  of 
extension  of  a  portion  of  the  beam  path  which  is 
partially  defined  by  the  tubes  90;  and  a  Helmholtz 
coil  device  96  adapted  to  magnetically  deflecting 

30  the  electron  beam  through  90  °  to  direct  the  beam 
toward  the  Mott  scattering  chamber  64. 

It  will  be  understood  that  the  spherical  con- 
denser  94  and  the  Helmholtz  coil  device  96  may 
be  eliminated  if  the  vacuum  chamber  30  and  the 

35  Mott  scattering  chamber  64  are  aligned  with  each 
other  for  straight  propagation  of  the  electron  beam 
from  the  electron  emitting  element  10  to  the  mott 
scattering  chamber  64. 

Since  the  electron  emitting  element  10  does 
40  not  have  any  oxidation  preventive  film  covering  the 

emitting  surface  19,  the  element  10  is  stored  in  a 
vacuum  desiccator  immediately  after  the  epitaxial 
growth  of  the  layers  14,  16,  18  on  the  substrate  12, 
and  just  before  the  element  10  is  set  in  the  vacuum 

45  housing  30  of  the  electron  emitting  device  20.  To 
measure  the  spin-polarization  percent  of  electrons 
emitted  from  the  emitting  element  10,  the  element 
is  first  fixed  to  the  underside  of  the  bottom  wall  of 
the  first  container  36,  and  the  vacuum  housing  30 

50  is  then  evacuated  to  about  10-9  torr,  heated  to 
about  420  °  C  and  kept  at  this  elevated  temperature 
for  about  15  minutes  for  cleaning  the  emitting  sur- 
face  19  of  the  element  10.  Subsequently,  the 
cesium  activator  42  and  the  oxygen  activator  44 

55  are  operated  one  after  the  other,  to  emit  cesium 
(Cs)  and  oxygen  (O2)  toward  the  emitting  surface 
19  of  the  element  10,  so  that  trace  amounts  of 
cesium  and  oxygen  are  adsorbed  on  the  emitting 

6 
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surface  19.  This  adsorption  of  cesium  and  oxygen 
establishes  negative  electron  affinity  (so-called 
"NEA")  on  the  emitting  surface  19  of  the  element 
10.  The  negative  electron  affinity  means  a  negative 
energy  gap  corresponding  to  a  difference  between 
the  energy  level  of  an  electron  at  the  bottom  of  the 
conduction  band  and  that  of  an  electron  in  vacuum. 
Then,  the  electron  emitting  element  10  is  irradiated 
with  a  circularly  polarized  laser  radiation  emitted 
from  the  laser  generator  46,  at  the  room  tempera- 
ture  of  the  element  10,  that  is,  without  cooling  of 
the  element  10  by  liquid  nitrogen.  Upon  incidence 
of  the  circularly  polarized  laser  radiation  upon  the 
second  semiconductor  layer  or  opto-electronic  lay- 
er  18  of  the  element  10,  a  group  of  spin-polarized 
electrons  is  emitted  from  the  emitting  surface  19, 
and  a  beam  of  the  electrons  is  directed  by  the 
electrodes  40  toward  the  spherical  condenser  94, 
whereby  the  electron  beam  is  transmitted  to  the 
Mott  scattering  chamber  64  through  the  transmis- 
sion  device  24,  and  is  eventually  incident  upon  the 
gold  foil  70  in  the  chamber  64.  The  spin-polariza- 
tion  percent  of  the  electrons  of  the  incident  beam 
is  measured  by  the  circuit  schematically  illustrated 
in  the  block  diagram  of  Fig.  4. 

The  quantum  efficiency  (QE)  and  the  spin- 
polarization  percent  of  the  electron  beam  emitted 
from  the  present  electron  emitting  element  10  and 
incident  upon  the  gold  foil  70  were  measured  with 
the  wavelength  of  the  excitation  laser  radiation 
changed  over  a  range  of  700-900nm.  The  measure- 
ments  are  indicated  by  solid  lines  in  Fig.  5.  One- 
dot  chain  lines  in  the  same  figure  indicate  the 
measurements  where  the  first  and  second  semi- 
conductor  layers  16,  18  are  grown  directly  on  the 
substrate  12,  without  the  multilayered  reflecting 
mirror  14  interposed  between  the  substrate  12  and 
the  first  semiconductor  layer  16.  It  will  be  under- 
stood  from  the  measurements  that  the  spin-po- 
larization  percent  of  the  electron  beam  emitted 
from  the  electron  emitting  element  10  according  to 
the  present  invention  is  remarkably  high  at  the 
excitation  laser  wavelength  in  the  neighborhood  of 
860nm.  Described  more  specifically,  the  laser  radi- 
ation  whose  wavelength  is  tuned  to  about  860nm 
permits  preferential  excitation  of  the  heavy-hole 
sub-band  of  the  valence  band  of  the  laser-irradi- 
ated  opto-electronic  layer  18,  whereby  the  elec- 
trons  emitted  from  the  emitting  surface  19  have 
their  spins  alinged  in  the  direction  corresponding  to 
the  heavy-hole  sub-band. 

In  the  electron  emitting  element  10  constructed 
according  to  the  principle  of  the  present  invention, 
the  excitation  laser  radiation  incident  upon  the 
emitting  surface  19  is  reflected  by  the  multilayered 
reflecting  mirror  14,  and  about  30%  of  the  laser 
radiation  reflected  by  the  mirror  19  is  reflected  by 
the  emitting  surface  19  of  the  layer  18  back  to- 

wards  the  reflecting  mirror  14.  Thus,  the  incident 
excitation  laser  radiation  is  subjected  to  multiple 
reflection,  namely,  reflected  back  and  forth  several 
times  between  the  reflecting  mirror  14  and  the 

5  emitting  surface  19,  whereby  the  laser  radiation  is 
passed  several  times  through  the  semiconductor 
material  of  the  opto-electronic  layer  18,  with  a 
result  of  an  increase  in  the  amount  of  energy 
absorbed  by  the  opto-electronic  layer  18.  Accord- 

io  ingly,  the  quantum  efficiency  (QE)  is  significantly 
improved  over  a  wavelength  range  of  the  laser 
radiation  reflected  by  the  reflecting  mirror  14,  as  is 
apparent  from  Figs.  2  and  5.  The  wavelength  range 
over  which  the  spin-polarization  of  the  electrons  is 

is  considerably  high  is  covered  by  the  wavelength 
range  in  which  the  reflectance  of  the  reflecting 
mirror  14  is  sufficiently  high.  In  other  words,  the 
wavelength  range  in  the  neighorhood  of  860nm  is 
covered  by  the  wavelength  range  in  which  the 

20  mirror  14  reflects  the  laser  radiation  with  suffi- 
ciently  high  reflectance.  Therefore,  the  excitation  of 
the  electron  emitting  element  10  by  a  laser  radi- 
ation  having  a  wavelength  in  the  neighborhood  of 
860nm  permits  the  element  10  to  emit  highly  spin- 

25  polarized  electrons  with  high  quantum  efficiency. 
Since  the  thickness  of  the  opto-electronic  layer  18 
of  the  present  element  10  is  the  same  as  that  of 
the  comparative  specimen  without  the  reflecting 
mirror  14,  the  spin-polarization  of  the  electrons 

30  emitted  from  the  element  10  is  substantially  the 
same  as  that  of  the  electrons  emitted  from  the 
comparative  specimen. 

It  is  desirable  that  a  distance  d  between  the 
reflecting  mirror  14  and  the  electron  emitting  sur- 

35  face  19  of  the  element  10  be  determined  so  that 
the  excitation  laser  radiation  is  resonated  between 
the  mirror  14  and  the  emitting  surface  19.  This 
resonance  of  the  incident  laser  radiation  was  found 
effective  to  prevent  reduction  of  laser  radiation  due 

40  to  the  interference  during  multiple  reflection  be- 
tween  the  mirror  14  and  the  emitting  surface  19, 
and  promote  absorption  of  the  laser  energy  in  the 
opto-electronic  layer  18  over  a  wavelength  range  in 
the  neighborhood  of  the  resonance  wavelength, 

45  whereby  the  quantum  efficiency  is  accordingly  im- 
proved.  That  is,  the  improvement  in  the  quantum 
efficiency  depends  upon  and  varies  with  the  dis- 
tance  d  between  the  mirror  14  and  the  emitting 
surface  19,  as  indicated  in  the  graph  of  Fig.  6.  The 

50  graph  shows  distances  dn,  dn+1,  dn+2  at  which  the 
condition  to  induce  the  resonance  of  the  laser 
radiation  is  satisfied,  and  at  which  the  quantum 
efficiency  is  relatively  high.  Therefore,  it  is  desir- 
able  to  determine  the  distance  d  to  be  equal  to  dn, 

55  dn+1,  dn+2,  etc.  or  sufficiently  close  to  that  distance, 
on  the  basis  of  the  wavelength  of  the  incident  laser 
radiation  and  the  refractive  index  of  the  opto-elec- 
tronic  GaAs  layer  18.  More  specifically,  the  dis- 

7 
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tance  d  is  desirably  determined  so  that  a  value  2- 
(ti  ni  +  t2n2)  is  a  multiple  of  the  wavelength  of  the 
incident  laser  radiation,  where  ti  and  t2  represent 
the  thickness  values  of  the  first  and  second  semi- 
conductor  layers  16,  18,  respectively,  while  ni  and 
n2  represent  the  refractive  indices  of  the  layers  16, 
18,  respectively.  For  strict  determination  of  the 
distance  d,  it  is  necessary  to  determine  the  reso- 
nance  condition  of  the  laser  radiation,  by  consider- 
ing  an  effect  of  the  distance  of  penetration  of  the 
laser  radiation  into  the  reflecting  mirror  14  past  the 
boundary  with  respect  to  the  first  semiconductor 
layer  16. 

Referring  next  to  Fig.  7,  there  is  shown  a  basic 
arrangement  of  an  electron  emitting  device  con- 
structed  according  to  another  embodiment  of  the 
present  invention.  The  electron  emitting  device  in- 
cludes  a  laser  source  110,  a  quarter-wavelength 
plate  112,  a  semiconductor  light  modulating  ele- 
ment  in  the  form  of  an  optical  amplifier  114,  and  an 
electron  emitting  element  116.  The  optical  amplifier 
114  cooperates  with  the  electron  emitting  element 
116  to  constitute  a  spin-polarized  electron  source 
for  emitting  a  beam  of  spin-polarized  electrons. 
The  components  110,  112,  114  and  116  of  the 
electron  emitting  device  are  formed  independently 
of  each  other  and  fixedly  positioned  relative  to 
each  other  within  a  support  housing  108,  as  shown 
in  Fig.  8,  and  the  housing  108  is  removably  at- 
tached  to  a  vacuum  chamber  106  of  a  testing  or 
measuring  apparatus  which  is  adapted  to  irradiate 
a  magnetic  material  of  a  test  specimen  or  work- 
piece  with  a  beam  of  spin-polarized  electrons,  for 
observing  a  magnetic  domain  of  the  workpiece,  for 
example.  As  described  below,  the  spin-polarized 
electron  beam  is  emitted  from  an  electron  emitting 
surface  118  of  the  emitting  element  116.  The  emit- 
ting  element  116  is  positioned  such  that  the  elec- 
tron  emitting  surface  118  is  exposed  to  the  interior 
of  the  vacuum  chamber  106.  The  housing  108  has 
an  externally  threaded  portion  108a,  and  an  engag- 
ing  portion  108b  which  is  engageable  with  a  suit- 
able  tool  for  screwing  the  housing  108  to  the  vacu- 
um  chamber  106  at  the  externally  threaded  portion 
108a.  The  housing  108  is  provided  with  sealing 
means  for  securing  pressure  tightness  with  respect 
to  the  vacuum  chamber  106. 

The  laser  source  110  may  be  a  semiconductor 
laser  element  constructed  to  generate  a  laser  radi- 
ation  L  having  a  wavelength  of  about  850nm,  for 
example.  The  laser  radiation  L  is  converted  by  the 
quarter-wavelength  plate  112  into  a  circularly  po- 
larized  light,  which  is  then  incident  upon  the  optical 
amplifier  114.  The  laser  radiation  L  whose  intensity 
is  amplified  by  the  optical  amplifier  114  is  used  as 
an  excitation  laser  radiation  incident  upon  the  elec- 
tron  emitting  element  116,  so  that  a  beam  of  spin- 
polarized  electrons  is  emitted  from  the  electron 

emitting  surface  118  of  the  emitting  element  116. 
The  optical  amplifier  114  is  disposed  on  one  of 
opposite  sides  of  the  emitting  element  116  remote 
from  the  emitting  surface  118. 

5  The  optical  amplifier  114  provided  as  a  semi- 
conductor  light  modulating  element,  which  is  simi- 
lar  to  a  double  heterostructure  DBR  (distributed- 
Bragg  reflector)  surface  emitting  laser  diode,  has  a 
multilayered  semiconductor  reflecting  mirror  122, 

io  an  n-GaAs  semiconductor  current  blocking  layer 
124,  a  p-Alo.4Gao.6As  semiconductor  cladding  layer 
126,  a  p-Alo.03Gao.97As  semiconductor  active  layer 
128,  an  n-AI0.4Ga0.6As  semiconductor  cladding  lay- 
er  130,  and  a  multilayered  semiconductor  reflecting 

15  mirror  132,  which  are  grown,  by  an  epitaxial  crystal 
growth  technique  such  as  MOCVD  on  a  p-GaAs 
semiconductor  substrate  120,  on  the  order  of  de- 
scription.  The  reflecting  mirror  122  consists  of  40 
pairs  of  alternating  p-AI0.6Ga0.4As  and  p- 

20  Alo.1Gao.9As  semiconductor  layers  superposed  on 
each  other,  while  the  reflecting  mirror  132  consists 
of  15  pairs  of  alternating  n-AI0.6Ga0.4As  and  n- 
Alo.1Gao.9As  semiconductor  layers  superposed  on 
each  other.  The  thickness  values  of  these  reflecting 

25  mirrors  122,  132  are  determined  depending  upon 
the  refractive  indices  of  their  semiconductor  materi- 
als  and  the  wavelength  of  the  incident  laser  radi- 
ation  L.  The  layers  124,  126,  128  and  130  have 
thickness  values  of  2u.m,  2u.m,  0.1  urn  and  2u.m, 

30  respectively.  Electrodes  134,  136  are  formed  on 
the  rear  surface  of  the  substrate  120  and  the  front 
surface  of  the  reflecting  mirror  132,  respectively. 
With  an  electric  current  applied  between  the  elec- 
trodes  134,  136  in  a  forward  direction,  the  intensity 

35  of  the  incident  laser  radiation  L  is  amplified  owing 
to  induced  or  stimulated  emission  in  the  active 
layer  128.  The  optical  amplification  ratio  of  the 
optical  amplifier  114  varies  with  the  amount  of  the 
electric  current  applied  between  the  electrodes 

40  134,  136.  Accordingly,  the  intensity  of  the  laser 
radiation  L  to  be  incident  upon  the  electron  emit- 
ting  element  116  is  modulated  by  the  electric  input 
in  the  form  of  an  electric  current  applied  to  the 
amplifier  114.  The  current  blocking  layer  and  the 

45  substrate  120  have  respective  central  opening 
formed  by  etching.  The  current  blocking  layer  124 
is  provided  to  permit  a  flow  of  an  electric  current 
through  only  a  central  portion  of  the  optical  am- 
plifier  114. 

50  It  is  noted  that  the  thickness  values  of  the 
individual  semiconductor  components  of  the  am- 
plifier  114,  electron  emitting  element  116,  etc.  in 
the  present  embodiment  and  those  of  the  other 
components  used  in  the  following  embodiments  are 

55  not  accurately  represented  by  the  appropriate  fig- 
ures  such  as  Fig.  7,  but  are  indicated  for  illustrative 
purpose  only. 

8 
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The  electron  emitting  element  116  is  produced 
by  forming  a  first  and  a  second  semiconductor 
layer  142,  144  on  a  semiconductor  substrate  140 
by  an  MOCVD  or  other  epitaxial  crystal  growth 
technique.  As  indicated  above,  the  substrate  140 
has  a  central  opening  formed  by  etching,  so  that 
the  corresponding  central  portion  of  the  second 
semiconductor  layer  142  is  exposed.  The  substrate 
140  is  a  p-GaAs  layer  having  about  350u.m  thick- 
ness  as  measured  normal  to  (100)  plane,  which  is 
doped  with  Zn  as  an  impurity  to  a  carrier  con- 
centration  of  about  5  x  1018(cm-3).  The  first  and 
second  semiconductor  layers  142  and  144  are 
similar  to  the  first  and  second  semiconductor  lay- 
ers  16,  18  shown  in  Fig.  1,  respectively.  Namely, 
the  first  layer  142  is  a  Zn-doped  p-GaAso.s3Po.17 
layer  having  about  2.0u.m  thickness,  while  the  sec- 
ond  semiconductor  layer  144  is  a  Zn  doped  p- 
GaAs  layer  having  about  0.085u.m  thickness.  The 
p-GaAs  layer  144  has  a  band  gap  smaller  than  that 
of  the  p-GaAso.s3Po.17  layer  142,  and  the  two  layers 
142,  144  have  different  lattice  constants  or  a  lattice 
mismatch,  whereby  the  second  semiconductor  lay- 
er  144  is  strained,  in  heterojunction  with  the  first 
semiconductor  layer  142.  A  strain  due  to  the  lattice 
mismatch  of  the  second  semiconductor  layer  144 
causes  splitting  of  the  valence  band  or  defines 
energy  level  splitting  or  difference  between  the 
heavy-hole  and  light-hole  sub-bands  of  the  valence 
band.  This  energy  splitting  makes  it  possible  to 
preferentially  excite  the  heavy-hole  sub-band  hav- 
ing  the  higher  energy  level,  by  suitably  tuning  the 
energy  of  the  excitation  laser  radiation  L  to  be 
incident  upon  the  second  semiconductor  layer  144. 
Thus,  it  is  possible  to  spin-polarize  the  electrons 
photoemitted  from  the  layer  144  upon  excitation  by 
the  laser  radiation  L,  such  that  the  emitted  elec- 
trons  have  their  spin  aligned  in  one  of  two  opposite 
directions  corresponding  to  the  heavy-hole  and 
light-hole  sub-bands  of  the  valence  band. 

In  the  present  embodiment  of  Fig.  7-8,  the 
second  semiconductor  layer  144  serves  as  an 
opto-electronic  layer  having  an  electron  emitting 
surface  118,  and  the  emitting  element  116  and  the 
optical  amplifier  114  cooperate  to  provide  a  source 
for  emitting  a  spin-polarized  electron  beam.  The 
wavelength  of  the  laser  radiation  L  is  selected 
depending  upon  the  opto-electronic  layer  144. 

In  the  electron  emitting  device  of  Fig.  7,  the 
circularly  polarized  laser  radiation  L  from  the  quar- 
ter-wavelength  plate  112  is  received  by  the  elec- 
tron  emitting  element  116  through  the  optical  am- 
plifier  114.  The  density  of  the  electrons  excited  by 
the  laser  radiation  L  can  be  adjusted,  as  indicated 
in  Fig.  9,  for  example,  by  changing  the  electric 
current  applied  to  the  optical  amplifier  114  and 
thereby  modulating  the  intensity  of  the  laser  radi- 
ation  L.  The  adjustment  of  the  density  of  the  elec- 

trons  facilitates  observation  of  a  magnetic  domain 
near  the  surface  of  a  magnetic  material,  for  exam- 
ple,  while  changing  a  relationship  between  the  in- 
tensity  or  magnitude  of  the  emitted  electron  beam 

5  and  an  image  observed  of  the  material  surface, 
with  the  electron  beam  intensity  changed  as  a 
parameter.  The  electron  beam  emitted  from  the 
element  116  may  be  modulated  as  a  pulse  having 
a  pulse  width  of  10u.sec  and  a  duty  cycle  of  1/10, 

10  for  example,  to  which  the  workpiece  material  is 
exposed  for  observation. 

Referring  to  Fig.  10,  another  form  of  a  spin- 
polarized  electron  source  148  will  be  described. 
This  electron  source  148  has  an  integral  semicon- 

15  ductor  structure  consisting  of  the  optical  amplifier 
114  and  the  electron  emitting  element  116  without 
the  substrate  140.  That  is,  the  first  and  second 
semiconductor  layers  142,  144  are  successively 
formed  directly  on  the  reflecting  mirror  132  of  the 

20  optical  amplifier  114,  before  the  electrode  136  is 
formed.  Then,  outer  portions  of  the  layers  142,  144 
are  removed  by  etching  so  as  to  expose  the  cor- 
responding  outer  portion  of  the  reflecting  mirror 
132,  and  the  electrode  136  is  formed  on  the  ex- 

25  posed  surface  of  the  reflecting  mirror  132.  The 
present  electron  source  148  has  the  same  advan- 
tage  as  the  electron  source  114,  116  of  the  elec- 
tron  emitting  device  of  Fig.  7.  In  addition,  the 
integral  semiconductor  structure  assures  easier 

30  handling  of  the  electron  source  148.  In  the  present 
embodiment,  the  elements  122,  124,  126,  130,  132 
formed  on  the  substrate  120  and  the  electrodes 
134,  136  constitute  a  semiconductor  light  modulat- 
ing  element,  while  the  first  and  second  semicon- 

35  ductor  layers  142,  144  serve  as  an  electron  emit- 
ting  element.  The  light  modulating  element  and  the 
electron  emitting  element  cooperate  to  provide  the 
spin-polarized  electron  source  148. 

Reference  is  now  made  of  Fig.  11,  which 
40  shows  a  semiconductor  light  modulating  element  in 

the  form  of  an  optical  modulator  150  equipped  with 
a  multiple  quantum  well  (MQW)  in  place  of  the 
optical  amplifier  114.  The  optical  modulator  150 
includes  an  n-GaAs  semiconductor  substrate  152, 

45  and  an  n-Alo.3Gao.7As  cladding  layer  154  and  an 
MQW  156,  a  p-Alo.3Gao.7As  cladding  layer  158, 
which  are  grown  by  epitaxy  (such  as  MOCVD)  in 
the  order  of  description.  The  substrate  152  has  a 
central  opening  formed  by  etching,  and  electrodes 

50  160,  162  are  formed  on  the  rear  surface  of  the 
substrate  152  and  the  front  surface  of  the  cladding 
layer  158,  respectively.  The  MQW  156  consists  of 
alternating  10nm-thick  GaAs  semiconductor  layers 
and  50nm-thick  Alo.3Gao.7As  semiconductor  layers, 

55  which  are  formed  so  as  to  provide  10  quantum 
wells.  The  cladding  layers  154,  158  each  have  a 
thickness  of  2u.m.  In  the  present  optical  modulator 
150,  application  of  an  electric  current  between  the 

9 
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two  electrodes  160,  162  in  a  forward  direction  will 
cause  induced  or  stimulated  emission  in  the  MQW 
156,  permitting  the  modulation  of  the  intensity  of 
the  laser  radiation  L  incident  upon  the  optical 
modulator  150.  That  is,  the  intensity  of  the  incident 
laser  radiation  L  is  modulated  to  adjust  the  density 
of  the  electrons  emitted  from  the  electron  emitting 
element  116,  depending  upon  the  electric  current 
to  be  applied  to  the  optical  modulator  150,  in  the 
same  manner  as  described  above  with  respect  to 
the  electron  source  shown  in  fig.  7. 

The  embodiment  of  Fig.  11  may  be  modified 
such  that  the  first  and  second  semiconductor  lay- 
ers  142,  144  are  directly  formed  on  the  cladding 
layer  158  of  the  optical  modulator  150,  to  obtain  a 
spin-polarized  electron  source  having  an  integral 
structure  as  in  the  embodiment  of  Fig.  10.  Semi- 
conductor  or  dielectric  multilayered  reflecting  mir- 
rors  may  be  formed  on  the  rear  surface  of  the 
cladding  layer  154  and  the  front  surface  of  the 
cladding  layer  158,  so  that  the  incident  laser  radi- 
ation  L  is  resonated  between  these  reflecting  mir- 
rors.  The  optical  modulator  150  may  have  a  current 
blocking  layer  for  permitting  an  electric  to  flow 
through  only  a  central  portion  thereof. 

Referring  to  Fig.  12,  there  is  shown  a  further 
form  of  a  spin-polarized  electron  source  166,  which 
is  a  modification  of  the  electron  source  148  of  Fig. 
10.  That  is,  the  electron  source  166  does  not  have 
the  reflecting  mirror  132  as  provided  in  the  electron 
source  148,  and  the  electrode  136  is  formed  di- 
rectly  on  the  cladding  layer  130.  In  the  instant 
embodiment,  the  laser  radiation  L  intensity-modu- 
lated  by  the  active  layer  128  is  incident  upon  the 
second  semiconductor  layer  144  of  the  electron 
emitting  element,  with  passing  through  the  reflect- 
ing  mirror  132.  However,  about  30%  of  the  incident 
laser  radiation  L  is  reflected  by  the  electron  emit- 
ting  surface  118,  and  therefore  the  laser  radiation  L 
is  more  or  less  subjected  to  multiple  reflection 
between  the  emitting  surface  118  and  the  reflecting 
mirror  122,  whereby  the  intensity  modulation  of  the 
laser  radiation  L  by  the  active  layer  128  is  am- 
plified,  and  the  amount  of  the  laser  radiation  L 
absorbed  by  the  second  semiconductor  layer  144 
is  accordingly  increased  to  improve  the  quantum 
efficiency  (QE)  of  the  electrons  emitted  from  the 
emitting  surface  118.  The  degree  of  this  improve- 
ment  in  the  quantum  efficiency  varies  with  a  dis- 
tance  d  between  the  emitting  surface  118  and  the 
reflecting  mirror  122.  As  described  above  with  re- 
spect  to  the  electron  emitting  element  of  Fig.  1  by 
reference  to  the  graph  of  Fig.  6,  a  sufficiently  high 
quantum  efficiency  is  obtained  with  the  distance  dn, 
dn+i.  dn+2,  etc.  that  satisfies  the  condition  to  estab- 
lish  the  resonance  of  the  laser  radiation  L.  It  is 
desirable  to  determine  the  distance  d  (i.e.,  total 
thickness  of  the  layers  124,  126,  128,  130,  142  and 

144)  to  be  equal  to  dn,  dn+1,  dn+2,  etc.  or  suffi- 
ciently  close  to  that  distance,  on  the  basis  of  the 
wavelength  of  the  incident  laser  radiation  L,  the 
refractive  index  of  the  opto-electronic  layer  144, 

5  and  the  distance  of  penetration  of  the  laser  radi- 
ation  reflected  by  the  emitting  surface  118  into  the 
reflecting  mirror  122  past  the  boundary  on  the  side 
of  the  current  blocking  layer  124.  In  the  present 
embodiment,  the  substrate  120,  layers  122,  124, 

w  126,  128  and  130  and  electrodes  134,  136  provide 
a  semiconductor  light  modulating  element,  while 
the  first  and  second  semiconductor  layers  142,  144 
serve  as  an  electron  emitting  element. 

Fig.  13  shows  an  optical  amplifier  170  in  place 
is  of  the  optical  amplifier  114  of  Fig.  7.  Namely,  the 

optical  amplifier  170  does  not  have  the  reflecting 
mirror  132.  In  this  arrangement,  the  laser  radiation 
L  intensity-modulated  by  the  active  layer  128  is 
incident  directly  upon  the  first  semiconductor  layer 

20  142,  without  passing  through  the  mirror  132.  Al- 
though  the  reflecting  mirror  132  may  be  eliminated, 
a  front  exposed  surface  172  of  the  optical  amplifier 
170  and  a  exposed  rear  surface  174  of  the  first 
semiconductor  layer  142  are  both  preferably  coat- 

25  ed  with  non-reflective  films,  so  that  the  laser  radi- 
ation  L  is  resonated  between  the  emitting  surface 
118  and  the  reflecting  mirror  122,  so  as  to  amplify 
the  intensity  modulation  of  the  laser  radiation  L  and 
accordingly  increase  the  quantum  efficiency,  as  in 

30  the  embodiment  of  Fig.  12. 
It  is  noted  that  a  reflecting  mirror  may  be 

provided  on  the  rear  surface  of  the  cladding  layer 
154  of  the  optical  modulator  150  of  Fig.  11,  to 
permit  resonance  of  the  laser  radiation  L  between 

35  this  reflecting  mirror  and  the  emitting  surface  118, 
as  in  the  embodiments  of  Figs.  12  and  13. 

Referring  to  Figs.  14  and  15,  there  is  illustrated 
a  spin-polarized  electron  emitting  device  200  con- 
structed  according  to  a  further  embodiment  of  this 

40  invention.  This  electron  emitting  device  200  in- 
cludes  the  quarter-wavelength  plate  112,  optical 
amplifier  114  and  electron  emitting  element  116, 
which  are  used  in  the  embodiment  of  Fig.  7.  The 
electron  emitting  device  200  further  includes  a  la- 

45  ser  source  212  which  is  different  from  the  laser 
source  110  used  in  the  embodiment  of  Fig.  7,  as 
described  below.  The  components  112,  114,  116 
and  212  are  fixedly  positioned  within  the  housing 
108  which  is  removably  attached  to  the  vacuum 

50  housing  106,  as  shown  in  Fig.  15,  in  the  same 
manner  as  described  above  by  reference  to  Fig.  8 
with  respect  to  the  embodiment  of  Fig.  7. 

The  laser  source  212  is  a  DBR  (distributed- 
Bragg  reflector)  surface  emitting  laser  diode  having 

55  a  so-called  "mesa  cap"  structure.  The  laser  source 
212  includes  an  n-GaAs  semiconductor  substrate 
230,  a  multilayered  semiconductor  reflecting  mirror 
232,  an  n-Al0.4Gao.6As  cladding  layer  234,  a  p- 

10 
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Alo.03Gao.97As  active  layer  236,  a  p-AI0.4Ga0.6As 
cladding  layer  238  and  a  p-Alo.1Gao.9As  cap  layer 
240.  The  mirror  232  and  the  layers  234,  236,  238 
and  240  are  formed  by  epitaxy  (e.g.,  MOCVD)  on 
the  substrate  230  in  the  order  of  description.  The 
multilayered  reflecting  mirror  232  consists  of  15 
pairs  of  alternating  n-AI0.6Ga0.4As  and  n-Alo.1Gao.9As 
semiconductor  layers  superposed  on  each  other. 
The  thickness  values  of  the  n-AI0.6Ga0.4As  and  n- 
Alo.1Gao.9As  semiconductor  layers  are  determined 
depending  upon  the  refractive  indices  and  the  de- 
sired  wavelength  of  the  laser  radiation  L  to  be 
generated.  The  layers  234,  236,  238  and  240  have 
thickness  values  of  about  1u.m,  3u.m,  1u.m  and 
0.5u.m,  respectively. 

The  originally  formed  cap  layer  240  and  the 
adjacent  cladding  layer  238  are  subjected  to  an 
etching  process  so  that  an  outer  portion  of  the  cap 
layer  240  is  removed  over  the  entire  thickness 
while  the  corresponding  outer  portion  of  the  clad- 
ding  layer  238  is  removed  through  a  portion  of  its 
thickness.  As  a  result,  the  cap  layer  240  having  the 
original  thickness  is  left  at  the  central  portion  of  the 
laser  source  212.  After  the  etching  process,  a 
ShNu  layer  242  is  formed  by  vapor  deposition,  so 
as  to  cover  the  exposed  outer  portion  of  the  clad- 
ding  layer  238  and  the  cap  layer  240.  The  thick- 
ness  of  this  layer  242  is  equal  to  one  fourth  (1/4)  of 
the  wavelength  X  of  the  laser  radiation  L.  A  central 
portion  of  the  ShN  ̂ layer  242  is  etched  to  form  an 
annular  groove  whose  bottom  is  defined  by  the  cap 
layer  240.  Finally,  a  Zn/Au  electrode  244  is  formed 
so  as  to  cover  the  ShN  ̂ layer  242,  such  that  the 
annular  groove  indicated  above  is  filled  by  the 
material  of  the  electrode  244.  Thus,  the  laser 
source  212  has  a  mesa  construction  defined  by  the 
central  portions  of  the  ShN  ̂ layer  242  and  the 
electrode  244.  These  ShN  ̂ layer  242  and  the 
electrode  244  serve  as  a  reflecting  mirror  as  de- 
scribed  below. 

The  substrate  230  is  etched  to  form  a  central 
recess  through  which  the  corresponding  central 
portion  of  the  reflecting  mirror  232  is  exposed,  so 
as  to  provide  a  path  of  the  laser  radiation  L.  A 
Au/Ge  electrode  246  is  formed  on  the  front  surface 
of  the  substrate  230.  With  an  electric  current  ap- 
plied  between  the  electrodes  244,  246  in  a  forward 
direction,  the  laser  radiation  is  generated  by  in- 
duced  emission  in  the  active  layer  236.  The  laser 
radiation  L  is  resonated  between  the  reflecting  mir- 
ror  232  and  the  electrode  244,  and  is  eventually 
emitted  from  the  reflecting  mirror  232  toward  the 
quarter-wavelength  plate  112  through  the  recess 
formed  in  the  substrate  230. 

In  the  present  electron  emitting  device  200,  all 
components  212,  112,  114  and  116  are  disposed  in 
the  single  housing  108,  in  fixed  positional  relation- 
ship  with  each  other,  so  that  the  laser  radiation  L 

generated  from  the  laser  source  212  is  incident 
upon  the  electron  emitting  element  116  from  its 
rear  side,  and  the  spin-polarized  electron  beam  is 
emitted  from  the  emitting  surface  118  exposed  to 

5  the  interior  of  the  vacuum  chamber  106.  Thus,  the 
present  electron  emitting  device  200  is  compact 
and  relatively  easy  to  handle.  More  specifically,  the 
device  200  can  be  readily  attached  and  removed  to 
and  from  the  vacuum  chamber  106  of  a  measuring 

10  apparatus,  as  shown  in  Fig.  8,  when  a  workpiece  or 
test  specimen  placed  within  the  vacuum  chamber 
106  is  tested  or  investigated  by  means  of  the  spin- 
polarized  electron  beam  emitted  from  the  emitting 
surface  118  of  the  electron  emitting  element  116, 

15  as  in  the  case  of  observation  of  a  magnetic  domain 
of  a  magnetic  material.  The  present  device  200 
facilitates  experiment  or  observation  using  a  spin- 
polarized  electron  beam,  and  can  be  utilized  for 
various  applications,  in  combination  with  different 

20  types  of  measuring  apparatuses. 
In  the  electron  emitting  device  200,  the  laser 

radiation  L  circularly  polarized  by  the  quarter- 
wavelength  plate  112  is  modulated  by  the  optical 
amplifier  114  before  it  is  received  by  the  electron 

25  emitting  element  116.  Thus,  the  intensity  of  the 
laser  radiation  L  incident  upon  the  emitting  element 
116  is  suitably  changed  by  controlling  the  amount 
of  the  electric  current  applied  to  the  optical  am- 
plifier  114,  as  indicated  in  Fig.  9,  whereby  the 

30  density  of  the  spin-polarized  electrons  excited  by 
the  laser  radiation  L  can  be  adjusted  as  needed. 
Consequently,  the  present  device  200  provides  the 
same  advantages  as  described  above  with  respect 
to  the  embodiment  of  Fig.  7. 

35  Referring  to  Fig.  16,  there  is  shown  a  modifica- 
tion  of  the  embodiment  of  Fig.  14,  which  uses  a 
spin-polarized  electron  source  278  identical  with 
the  spin-polarized  electron  source  148  of  Fig.  10. 
Namely,  the  first  and  second  semiconductor  layers 

40  142,  144  of  the  emitting  element  are  formed  di- 
rectly  on  the  reflecting  mirror  132  of  the  optical 
amplifier.  Since  the  electron  source  278  does  not 
include  the  substrate  140,  the  device  of  Fig.  16  is 
more  compact  than  the  device  200  of  Fig.  14. 

45  Fig.  17  shows  a  still  further  embodiment  in 
which  the  laser  source  212,  quarter-wavelength 
plate  112  and  electron  source  278  of  Fig.  16  are 
bonded  together  by  suitable  bonding  means  such 
as  an  electrically  conductive  paste,  to  provide  an 

50  integral  electron  emitting  device  wherein  the  com- 
ponents  have  fixed  positional  relationship  with  each 
other.  This  device  can  be  positioned  in  the  housing 
108  with  increased  ease  and  accuracy. 

A  yet  further  embodiment  of  the  present  inven- 
55  tion  is  illustrated  in  Fig.  18.  This  embodiment  uses 

a  light  modulating  element  in  the  form  of  an  optical 
modulator  280  identical  with  the  modulator  150  of 
Fig.  11. 

11 
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Fig.  19  shows  a  modification  of  the  embodi- 
ment  of  Fig.  18,  which  includes  an  electron  source 
294  in  which  the  first  and  second  semiconductor 
layers  142,  144  of  the  electron  emitting  element 
are  formed  directly  on  the  cladding  layer  158  of  the 
optical  modulator  280.  In  this  respect,  the  electron 
source  294  is  similar  to  the  electron  source  278  of 
Figs.  16  and  17.  This  electron  source  294,  and  the 
quarter-wavelength  plate  112  and  the  laser  source 
212  are  bonded  together  to  provide  an  integral 
electron  emitting  device. 

Fig.  20  shows  another  embodiment  of  this  in- 
vention,  in  which  an  integral  electron  emitting  de- 
vice  consists  of  the  laser  source  212,  quarter- 
wavelength  plate  112  and  electron  emitting  element 
116  which  have  been  described  above.  Namely, 
the  electron  emitting  device  according  to  this  em- 
bodiment  does  not  include  the  optical  amplifier  114 
or  modulator  280  as  used  in  the  embodiments  of 
Figs.  14  and  18.  The  laser  source  212,  quarter- 
wavelength  plate  112  and  electron  emitting  element 
116  may  be  discrete  components  as  in  the  em- 
bodiments  of  Figs.  14,  16  and  18. 

Fig.  21  shows  a  further  embodiment  of  the 
invention,  which  is  a  modification  of  the  embodi- 
ment  of  Fig.  17.  An  integral  electron  emitting  de- 
vice  according  to  this  modified  embodiment  con- 
sists  of  the  laser  source  212  and  the  quarter- 
wavelength  plate  112,  and  an  electron  source  296 
identical  with  the  electron  source  166  of  Fig.  12. 
More  specifically,  the  electron  source  296  does  not 
include  the  multilayered  semiconductor  reflecting 
mirror  132  as  provided  in  the  embodiments  of  Figs. 
10  and  17.  In  this  embodiment  using  the  electron 
source  296,  however,  the  laser  radiation  L  is  reso- 
nated  between  the  reflecting  mirror  122  and  the 
electron  emitting  surface  118,  as  described  above 
with  respect  to  the  embodiment  of  Fig.  12. 

Referring  to  Fig.  22,  there  is  shown  a  yet 
further  embodiment  of  the  invention,  which  is  a 
modification  of  the  embodiment  of  Fig.  14.  That  is, 
an  electron  emitting  device  according  to  this  modi- 
fied  embodiment  uses  an  optical  amplifier  298 
identical  with  the  optical  amplifier  170  of  Fig.  13, 
which  does  not  include  the  multilayered  semicon- 
ductor  reflecting  mirror  132  as  used  in  the  embodi- 
ments  of  Fig.  7,  14  and  16.  As  described  above 
with  respect  to  the  embodiment  of  Fig.  13,  the 
exposed  surfaces  172  and  174  may  be  coated  with 
non-reflective  films,  so  that  the  laser  radiation  L  is 
resonated  between  the  emitting  surface  118  and 
the  reflecting  mirror  122,  so  as  to  amplify  the 
intensity  modulation  of  the  laser  radiation  L  and 
accordingly  increase  the  quantum  efficiency,  as  in 
the  embodiment  of  Fig.  21. 

Referring  next  to  Fig.  23,  there  is  shown  a  laser 
source  304  used  in  place  of  the  laser  source  212 
used  in  the  embodiments  of  Figs.  14  and  16-22. 

This  laser  source  304  is  a  DBR  (distributed-Bragg 
reflector)  surface  emitting  laser  diode  which  uses 
current  blocking  layers  318  and  320  described 
below.  The  laser  source  304  includes  an  n-GaAs 

5  semiconductor  substrate  306,  a  multilayered  semi- 
conductor  reflecting  mirror  308,  an  n-Al0.4Gao.6As 
cladding  layer  310,  a  p-Alo.03Gao.97As  active  layer 
312,  a  p-Alo.4Gao.6As  cladding  layer  314  and  a  p- 
Alo.1Gao.9As  cap  layer  316.  The  mirror  308  and  the 

10  layers  310,  312,  314  and  316  are  formed  by  epi- 
taxy  (e.g.,  MOCVD)  on  the  substrate  306  in  the 
order  of  description.  The  multilayered  reflecting 
mirror  308  consists  of  15  pairs  of  alternating  n- 
Alo.6Gao.4As  and  n-Alo.1Gao.9As  semiconductor  lay- 

15  ers  superposed  on  each  other.  The  thickness  val- 
ues  of  the  n-Alo.6Gao.4As  and  n-Alo.1Gao.9As  semi- 
conductor  layers  are  determined  depending  upon 
the  refractive  indices  and  the  desired  wavelength  of 
the  laser  radiation  L  to  be  generated. 

20  The  originally  formed  cap  layer  316  and  the 
adjacent  cladding  layer  314  are  subjected  to  an 
etching  process  so  that  an  outer  portion  of  the  cap 
layer  316  is  removed  over  the  entire  thickness 
while  the  corresponding  outer  portion  of  the  clad- 

25  ding  layer  314  is  removed  through  a  portion  of  its 
thickness.  As  a  result,  the  cap  layer  316  having  the 
original  thickness  is  left  at  the  central  portion  of  the 
laser  source  304.  After  the  etching  process,  an  n- 
GaAs  current  blocking  layer  318  and  a  p-GaAs 

30  current  blocking  layer  320  are  formed  so  as  to 
cover  the  exposed  outer  portion  of  the  cladding 
layer  314  and  the  cap  layer  316.  These  current 
blocking  layers  318,  320  function  to  permit  an 
electric  current  to  flow  through  only  a  central  por- 

35  tion  of  the  laser  source  304.  The  cap  layer  316  and 
the  p-GaAs  current  blocking  layer  320  are  covered 
by  a  Si02  layer  322  formed  by  vapor  deposition. 
The  thickness  of  this  layer  322  is  equal  to  one 
fourth  (1/4)  of  the  wavelength  X  of  the  laser  radi- 

40  ation  L.  A  central  portion  of  the  Si02  layer  322  is 
etched  to  form  an  annular  groove  whose  bottom  is 
defined  by  the  cap  layer  316.  Finally,  a  Zn/Au 
electrode  324  is  formed  so  as  to  cover  the  Si02 
layer  322,  such  that  the  annular  groove  indicated 

45  above  is  filled  by  the  material  of  the  electrode  324. 
These  Si02  layer  322  and  the  electrode  324  serve 
as  a  reflecting  mirror  as  described  below. 

The  substrate  306  is  etched  to  form  a  central 
recess  through  which  the  corresponding  central 

50  portion  of  the  reflecting  mirror  308  is  exposed,  so 
as  to  provide  a  path  of  the  laser  radiation  L.  A 
Au/Ge  electrode  326  is  formed  on  the  front  surface 
of  the  substrate  306.  With  an  electric  current  ap- 
plied  between  the  electrodes  324,  326  in  a  forward 

55  direction,  the  laser  radiation  is  generated  by  in- 
duced  emission  in  the  active  layer  312.  The  laser 
radiation  L  is  resonated  between  the  reflecting  mir- 
ror  232  and  the  electrode  324,  and  is  eventually 

12 
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emitted  from  the  reflecting  mirror  308,  passing 
through  the  recess  formed  in  the  substrate  306. 

While  the  present  invention  has  been  de- 
scribed  in  detail  in  its  presently  preferred  embodi- 
ments  by  reference  to  the  accompanying  drawings, 
it  is  to  be  understood  that  the  invention  may  be 
otherwise  embodied. 

In  the  illustrated  embodiments,  a  strained  GaAs 
semiconductor  opto-electronic  layer  in  the  form  of 
the  second  semiconductor  layer  18,  144  is  used  in 
the  electron  emitting  element  10,  116  or  electron 
source  148,  166,  278,  294,  296.  However,  the  opto- 
electronic  layer  may  be  any  other  strained  com- 
pound  semiconductor  layer,  or  a  chalcopyrite  type 
semiconductor  layer  which  has  a  split  valence  band 
by  nature.  It  is  noted  that  the  wavelength  of  an 
excitation  laser  radiation  that  provides  for  the  maxi- 
mum  spin-polarization  percent  of  the  emitted  elec- 
trons  depends  on  the  specific  semiconductor  opto- 
electronic  layer  used  in  the  electron  emitting  ele- 
ment  or  electron  source. 

While  the  p-GaAs  substrate  12,  140  is  used  in 
the  embodiments  of  Figs.  1,  7,  11,  13,  14,  16,  18, 
22,  any  other  suitable  semiconductor  substrate  or  a 
silicon  (Si)  substrate  may  be  used.  If  an  AIGaAs  or 
other  transparent  substrate  is  used,  it  is  not  neces- 
sary  to  etch  the  substrate  to  form  a  central  recess 
as  provided  in  the  illustrated  embodiments.  This  is 
also  true  of  the  substrate  of  the  semiconductor  light 
modulating  element  114,  150,  170,  280,  298  or 
electron  source  148,  166,  278,  294,  296,  and  also 
true  of  the  substrate  of  the  laser  source  212,  304. 

Although  the  first  and  second  semiconductor 
layers  16,  142,  18,  144  have  the  thickness  values 
of  about  2u.m  and  0.085u.m,  respectively,  the  thick- 
ness  values  of  these  layers  may  be  changed  as 
needed.  Further,  the  carrier  concentration  of  these 
semiconductor  layers,  that  is,  the  amount  of  an 
impurity  doped  in  these  layers,  and  the  kind  of  the 
impurity  used  may  be  suitably  changed. 

While  the  first  embodiment  of  Fig.  1  uses  the 
multilayered  semiconductor  reflecting  mirror  14, 
this  mirror  semiconductor  mirror  may  be  replaced 
by  a  multilayered  dielectric  mirror  or  an  ordinary 
mirror  formed  on  the  surface  of  the  substrate  12 
remote  from  the  semiconductor  layers  16,  18.  Simi- 
larly,  the  reflecting  mirror  122,  132  used  in  the  light 
modulating  element  114  and  the  electron  source 
278,  for  example,  may  be  modified  as  needed.  For 
instance,  the  mirror  122,  132  may  be  replaced  by  a 
multilayered  dielectric  reflecting  mirror  or  a  metallic 
reflecting  mirror,  or  a  combination  of  such  dielectric 
and  metallic  mirrors.  In  the  embodiments  of  Figs. 
14  and  23,  the  dielectric  Si3N+  layer  242  or  Si02 
layer  322  and  the  metallic  electrode  244  or  324 
cooperate  to  serve  as  a  reflecting  mirror,  any  other 
reflecting  mirror  may  be  used. 

The  optical  amplifier  or  modulator  114,  150, 
170,  280,  298  used  in  the  illustrated  embodiments 
may  be  modified  as  needed,  in  terms  of  the  com- 
positions  and  the  thickness  of  the  individual  con- 

5  stituent  layers.  While  the  amplifier  or  modulator 
114,  150,  170,  280,  298  has  a  double  heterostruc- 
ture,  a  single  heterostructure  may  be  employed. 
Further,  the  laser  source  212,  304  may  also  be 
modified  as  desired.  For  instance,  the  laser  source 

io  may  be  a  semiconductor  laser  diode  of  a  multiple 
quantum  well  type  or  an  edge  emitting  type  in 
which  a  laser  radiation  is  emitted  from  an  edge 
face  of  an  active  layer. 

In  the  embodiments  of  Figs.  7-13,  the  electron 
15  source  (114,  116,  148,  150,  166,  170)  is  also  posi- 

tioned  within  the  housing  108,  together  with  the 
quarter-wavelength  plate  112  and  the  laser  source 
110,  as  indicated  in  Fig.  15.  However,  the  electron 
source  may  be  positioned  within  a  vacuum  cham- 

20  ber  of  a  testing  or  measuring  apparatus,  indepen- 
dently  of  the  plate  112  and  the  laser  source  212 
disposed  in  the  apparatus. 

In  the  embodiments  of  Figs.  14-23,  a  light 
modulating  element  such  as  an  optical  amplifier  or 

25  modulator  is  not  essential,  as  evidenced  by  the 
embodiment  of  Fig.  20.  Further,  an  optical  isolator 
may  be  interposed  between  the  laser  source  212, 
304  and  the  quarter-wavelength  plate  112,  or  be- 
tween  the  quarter-wavelength  plate  112  and  the 

30  optical  amplifier  114  or  modulator  280,  for  example. 
While  the  housing  108  has  the  externally 

threaded  portion  108a  at  which  the  housing  108  is 
screwed  to  the  vacuum  chamber  106  of  the  mea- 
suring  apparatus,  the  housing  may  be  modified  as 

35  needed,  in  terms  of  the  configuration  and  the  con- 
necting  or  fixing  means  with  respect  to  the  vacuum 
chamber  106. 

It  is  to  be  understood  that  the  present  invention 
may  be  embodied  with  various  other  changes, 

40  modifications  and  improvements,  which  may  occur 
to  those  skilled  in  the  art,  without  departing  from 
the  spirit  and  scope  of  the  invention  defined  in  the 
following  claims. 
An  electron  emitting  element  (10)  including  a  semi- 

45  conductor  opto-electronic  layer  (18)  having  a  split 
valence  band  and  capable  of  emitting  a  beam  of 
spin-polarized  electrons  from  an  emitting  surface 
(19)  thereof  upon  incidence  of  an  excitation  laser 
radiation  upon  the  emitting  surface,  and  a  reflecting 

50  mirror  (14)  formed  on  one  of  opposite  sides  of  the 
opto-electronic  layer  remote  from  the  emitting  sur- 
face  and  cooperating  with  the  emitting  surface  to 
effect  multiple  reflection  therebetween  of  the  in- 
cident  laser  radiation.  The  emitting  element  may  be 

55  provided  with  a  semiconductor  light  modulator  ele- 
ment  (114,  150,  170,  216,  280,  298)  for  modulating 
the  intensity  of  the  laser  radiation  incident  upon  the 
opto-electronic  layer.  A  laser  source  (212,  304) 

13 
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may  be  formed  integrally  with  the  emitting  element 
and  disposed  on  the  side  of  the  opto-electronic 
layer  remote  from  the  emitting  surface. 

Claims 

1.  An  electron  emitting  element  (10)  including  a 
semiconductor  opto-electronic  layer  (18)  hav- 
ing  a  split  valence  band,  said  opto-electronic 
layer  emitting  a  beam  of  spin-polarized  elec- 
trons  from  an  emitting  surface  (19)  thereof 
upon  incidence  of  an  excitation  laser  radiation 
upon  said  emitting  surface,  characterised  in 
that: 

a  reflecting  mirror  (14)  formed  on  one  of 
opposite  sides  of  said  opto-electronic  layer 
(18)  remote  from  said  emitting  surface  (19), 
said  reflecting  mirror  reflecting  said  laser  radi- 
ation  and  cooperating  with  said  emitting  sur- 
face  to  effect  multiple  reflection  therebetween 
of  said  laser  radiation. 

2.  An  electron  emitting  element  according  to 
claim  1,  wherein  said  reflecting  mirror  (14)  is  a 
multilayered  reflecting  mirror  consisting  of  a 
plurality  of  pairs  of  alternating  first  and  second 
layers  having  different  semiconductor  compo- 
sitions  grown  by  epitaxy  on  a  semiconductor 
substrate. 

3.  An  electron  emitting  element  according  to 
claim  2,  wherein  said  plurality  of  pairs  of  al- 
ternating  first  and  second  layers  consist  of 
alternating  p-A^Ga^As  layers  and  p- 
AlyGa^yAs  layers. 

4.  An  electron  emitting  element  according  to 
claim  3,  wherein  x  =  0.6  while  y  =  0.1. 

5.  An  electron  emitting  element  according  to  any 
one  of  claims  1-4,  further  comprising  a  first 
semiconductor  layer  (16)  grown  by  epitaxy  on 
said  reflecting  mirror  (14)  and  interposed  be- 
tween  said  reflecting  mirror  and  said  opto- 
electronic  layer  (18)  as  a  second  semiconduc- 
tor  layer,  said  first  and  second  semiconductor 
layers  (16,  18)  having  a  lattice  mismatch  that 
causes  said  second  semiconductor  layer  to  be 
strained  to  give  energy  level  splitting  between 
a  heavy-hole  sub-band  and  a  light-hole  sub- 
band  of  said  valence  band. 

6.  An  electron  emitting  element  according  to 
claim  5,  wherein  said  first  semiconductor  layer 
(16)  is  a  p-GaAsP  layer  while  said  second 
semiconductor  layer  (18)  as  said  opto-elec- 
tronic  layer  is  a  p-GaAs  layer. 

7.  An  electron  emitting  element  according  to 
claim  5  or  6,  wherein  a  distance  (d)  between 
said  emitting  surface  (19)  of  said  opto-elec- 
tronic  layer  (18)  and  said  reflecting  mirror  (14) 

5  is  determined  so  as  to  permit  resonance  of 
said  excitation  laser  radiation  between  said 
emitting  surface  and  said  reflecting  mirror. 

8.  An  electron  emitting  element  according  to 
io  claim  7,  wherein  said  distance  (d)  is  deter- 

mined  such  that  a  value  2(ti  ni  +  t2n2)  is  a 
multiple  of  a  wavelength  of  said  laser  radiation, 
wherein  ti  and  t2  represent  thickness  values  of 
said  first  and  second  semiconductor  layers 

is  (16,  18),  respectively,  while  ni  and  n2  repre- 
sent  refractive  indices  of  said  first  and  second 
semiconductor  layers,  respectively. 

9.  An  electron  source  comprising  an  electron 
20  emitting  element  (116,  142,  144)  with  a  semi- 

conductor  opto-electronic  layer  (144)  having  a 
split  valence  band,  said  opto-electronic  layer 
emitting  a  beam  of  spin-polarized  electrons 
from  an  emitting  surface  (118)  thereof  upon 

25  incidence  of  an  excitation  laser  radiation  upon 
said  opto-electronic  layer,  characterised  by 
further  comprising: 

a  semiconductor  light  modulating  element 
(114,  150,  170,  120-136,  152-162)  disposed  on 

30  one  of  opposite  sides  of  said  electron  emitting 
element  (116,  142,  144)  remote  from  said 
opto-electronic  layer  (144),  said  light  modulat- 
ing  element  modulating  an  intensity  of  the  la- 
ser  radiation  (L)  to  be  incident  upon  said  opto- 

35  electronic  layer. 

10.  An  electron  source  according  to  claim  9, 
wherein  said  semiconductor  light  modulating 
element  includes  a  pair  of  electrodes  (134, 

40  136),  and  an  active  layer  (128)  which  effects 
induced  emission  upon  application  of  an  elec- 
tric  current  between  said  pair  of  electrodes,  to 
thereby  amplify  the  intensity  of  an  incident 
laser  radiation  before  said  incident  laser  radi- 

45  ation  is  incident  upon  said  opto-electronic  layer 
(144),  such  that  said  intensity  varies  with  an 
amount  of  said  electric  current. 

11.  An  electron  source  according  to  claim  10, 
50  wherein  said  semiconductor  light  modulating 

element  further  includes  a  pair  of  reflecting 
mirrors  (122,  132)  on  opposite  sides  of  said 
active  layer  (128). 

55  12.  An  electron  source  according  to  claim  10, 
wherein  said  semiconductor  light  modulating 
element  further  includes  a  reflecting  mirror 
(122)  disposed  on  one  of  opposite  sides  of 

14 
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said  active  layer  (128)  remote  from  said  elec- 
tron  emitting  element  (142,  144),  so  that  said 
incident  laser  radiation  is  resonated  between 
said  emitting  surface  (118)  and  said  reflecting 
mirror  (122). 

13.  An  electron  source  according  to  claim  9, 
wherein  said  semiconductor  light  modulating 
element  includes  a  pair  of  electrodes  (160, 
162),  and  a  multiple  quantum  well  (156)  which 
effects  induced  emission  upon  application  of 
an  electric  current  between  said  pair  of  elec- 
trodes,  to  thereby  modulate  the  intensity  of  an 
incident  laser  radiation  before  said  incident  la- 
ser  radiation  is  incident  upon  said  opto-elec- 
tronic  layer  (144),  such  that  said  intensity  var- 
ies  with  an  amount  of  said  electric  current. 

ic  layer  (144)  having  a  split  valence  band,  and 
a  laser  source  (212,  304)  for  generating  an 
excitation  laser  radiation  (L),  said  opto-elec- 
tronic  layer  emitting  a  beam  of  spin-polarized 

5  electrons  from  an  emitting  surface  (118)  there- 
of  upon  incidence  of  said  laser  radiation  upon 
said  opto-electronic  layer,  characterised  in 
that: 

said  laser  source  (212,  304)  is  disposed  in 
io  fixed  positional  relationship  with  said  electron 

source  (114,  116,  278,  280,  294,  296,  298), 
and  on  one  of  opposite  sides  of  said  electron 
source  remote  from  said  opto-electronic  layer 
(144),  so  that  the  laser  radiation  generated  by 

is  said  laser  source  is  incident  upon  said  electron 
source  from  said  one  of  opposite  sides  of  said 
electron  source. 

14.  An  electron  source  according  to  any  one  of 
claims  9-12,  wherein  said  electron  emitting  ele- 
ment  (116)  and  said  semiconductor  light  mod- 
ulating  element  (114,  150,  170)  are  formed 
independently  of  each  other  and  fixedly  posi- 
tioned  relative  to  each  other. 

15.  An  electron  source  according  to  claim  14, 
wherein  said  electron  emitting  element  (116) 
includes  a  semiconductor  substrate  (140),  a 
first  semiconductor  layer  (142)  grown  by  epi- 
taxy  on  said  substrate,  and  said  opto-electronic 
layer  (144)  as  a  second  semiconductor  layer 
formed  by  epitaxy  on  said  first  semiconductor 
layer,  said  first  and  second  semiconductor  lay- 
ers  (142,  144)  having  a  lattice  mismatch  that 
causes  said  second  semiconductor  layer  to  be 
strained  to  give  energy  level  splitting  between 
a  heavy-hole  sub-band  and  a  light-hole  sub- 
band  of  said  valence  band. 

16.  An  electron  source  according  to  claim  15, 
wherein  said  substrate  has  a  central  opening  to 
expose  a  corresponding  central  portion  of  said 
first  semiconductor  layer  (142). 

17.  An  electron  source  according  to  any  one  of 
claims  9-13,  wherein  said  electron  emitting  ele- 
ment  (142,  144)  is  formed  on  said  semicon- 
ductor  light  modulating  element  (120-136)  so 
as  to  provide  an  integral  structure,  such  that 
said  laser  radiation  (L)  modulated  by  said  light 
modulating  element  is  incident  upon  said  opto- 
electronic  layer  (144),  on  a  side  of  said  opto- 
electronic  layer  remote  from  said  emitting  sur- 
face  (118). 

18.  An  electron  emitting  device  including  an  elec- 
tron  source  having  an  electron  emitting  ele- 
ment  (116)  with  a  semiconductor  opto-electron- 

19.  An  electron  emitting  device  according  to  claim 
20  18,  further  comprising  a  housing  (108),  and 

wherein  said  electron  source  (114,  116,  278, 
280,  298)  and  said  laser  source  (212,  304)  are 
positioned  relative  to  each  other  in  said  hous- 
ing  such  that  said  housing  maintains  fixed  po- 

25  sitional  relationship  of  said  electron  source  and 
said  laser  source. 

20.  An  electron  emitting  device  according  to  claim 
19,  wherein  said  electron  source  (114,  116, 

30  278,  280,  298)  consists  of  said  electron  emit- 
ting  element  (116),  and  a  semiconductor  light 
modulating  element  (114,  278,  280,  298)  dis- 
posed  between  said  electron  emitting  element 
and  said  laser  source  (212,  304),  for  modulat- 

35  ing  an  intensity  of  the  laser  radiation  received 
from  said  laser  source  before  the  laser  radi- 
ation  is  incident  upon  said  electron  emitting 
element,  and  wherein  said  housing  (108)  main- 
tains  fixed  positional  relationship  of  said  elec- 

40  tron  emitting  element,  said  light  modulating 
element  and  said  laser  source. 

21.  An  electron  emitting  device  according  to  claim 
18,  wherein  said  electron  source  (278,  298, 

45  116,  296)  and  said  laser  source  (212,  304)  are 
bonded  together  to  provide  an  integral  struc- 
ture. 

22.  An  electron  emitting  device  according  to  claim 
50  21,  wherein  said  electron  source  (278,  294, 

296)  consists  of  said  electron  emitting  element 
(116),  and  a  semiconductor  light  modulating 
element  (278,  294,  296)  disposed  between 
said  electron  emitting  element  and  said  laser 

55  source  (212,  304),  for  modulating  an  intensity 
of  the  laser  radiation  received  from  said  laser 
source  before  the  laser  radiation  is  incident 
upon  said  electron  emitting  element,  and 

15 
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wherein  said  electron  emitting  element,  said 
light  modulating  element  and  said  laser  source 
are  bonded  together  to  provide  an  integral 
structure. 

5 
23.  An  electron  emitting  device  according  to  any 

one  of  claims  18,  19  and  21,  wherein  said 
electron  source  (114,  116,  278,  280,  294,  296, 
298)  consists  of  said  electron  emitting  element 
(116),  and  a  semiconductor  light  modulating  10 
element  (114,  278,  280,  294,  296,  298)  dis- 
posed  between  said  electron  emitting  element 
and  said  laser  source  (212,  304),  for  modulat- 
ing  an  intensity  of  the  laser  radiation  received 
from  said  laser  source  before  the  laser  radi-  is 
ation  is  incident  upon  said  electron  emitting 
element,  said  light  modulating  element  includ- 
ing  a  pair  of  electrodes  (134,  136  160,  162). 

24.  An  electron  emitting  device  according  to  claim  20 
23,  wherein  said  light  modulating  element  fur- 
ther  includes  an  active  layer  (128)  which  ef- 
fects  induced  emission  upon  application  of  an 
electric  current  between  said  pair  of  electrodes 
(134,  136),  to  thereby  amplify  the  intensity  of  25 
the  laser  radiation  received  from  said  laser 
source  (212,  304)  such  that  said  intensity  var- 
ies  with  an  amount  of  said  electric  current. 

25.  An  electron  emitting  device  according  to  claim  30 
23,  wherein  said  light  modulating  element  fur- 
ther  includes  a  multiple  quantum  well  (156) 
which  effects  induced  emission  upon  applica- 
tion  of  an  electric  current  between  said  pair  of 
electrodes  (160,  162),  to  thereby  modulate  the  35 
intensity  of  the  laser  radiation  received  from 
said  laser  source  such  that  said  intensity  varies 
with  an  amount  of  said  electric  current. 

26.  An  electron  emitting  device  according  to  any  40 
one  of  claims  18-25,  wherein  said  laser  source 
(212,  304)  consists  of  a  distributed-Bragg  re- 
flector  surface  emitting  laser  diode. 

27.  An  electron  emitting  device  according  to  claim  45 
26,  wherein  said  surface  emitting  laser  diode 
includes  an  active  layer  (236),  a  pair  of  elec- 
trodes  (244,  246,  324,  326)  disposed  on  op- 
posite  sides  of  said  active  layer,  and  a  reflect- 
ing  mirror  (232,  308)  disposed  between  said  so 
active  layer  and  one  of  said  pair  of  electrodes, 
said  laser  radiation  is  generated  by  induced 
emission  of  said  active  layer  upon  application 
of  an  electric  current  between  said  pair  of 
electrodes,  said  laser  radiation  being  resonated  55 
between  said  reflecting  mirror  and  the  other  of 
said  pair  of  electrodes. 

28.  An  electron  source  according  to  any  one  of 
claims  18-27,  wherein  said  electron  emitting 
element  (116)  includes  a  semiconductor  sub- 
strate  (140),  a  first  semiconductor  layer  (142) 
grown  by  epitaxy  on  said  substrate,  and  said 
opto-electronic  layer  (144)  as  a  second  semi- 
conductor  layer  formed  by  epitaxy  on  said  first 
semiconductor  layer,  said  first  and  second 
semiconductor  layers  (142,  144)  having  a  lat- 
tice  mismatch  that  causes  said  second  semi- 
conductor  layer  to  be  strained  to  give  energy 
level  splitting  between  a  heavy-hole  sub-band 
and  a  light-hole  sub-band  of  said  valence 
band. 

16 
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