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Abstract:	
  
	
  
A new ultrahigh vacuum EPR spectrometer operating at 94 GHz to investigate paramagnetic 

centers on single crystal surfaces is described. It is particularly designed to study 

paramagnetic centers on well-defined model catalysts using epitaxial thin oxide films grown 

on single crystals. The EPR setup is based on a commercial Bruker E600 spectrometer, which 

is adapted to ultrahigh vacuum conditions using a home made Fabry Perot resonator. The key 

idea of the resonator is to use the planar metal single crystal required to grow the single 

crystalline oxide films as one of the mirrors of the resonator. EPR spectroscopy is solely 

sensitive to paramagnetic species, which are typically minority species in such system. Hence, 

additional experimental characterization tools are required to allow for a comprehensive 

investigation of the surface. The apparatus includes a preparation chamber hosting equipment, 

which is required to prepare supported model catalysts. In addition, surface characterization 

tools such as LEED/Auger, TPD and IRAS spectroscopy are available to characterize the 

surfaces. A second chamber used to perform EPR spectroscopy at 94 GHz has a room 

temperature scanning tunneling microscope (STM) attached to it, which allows for real space 

structural characterization. The heart of the UHV adaptation of the EPR experiment is the 

sealing of the Fabry-Perot resonator against atmosphere. To this end it is possible to use a thin 

sapphire window glued to the backside of the coupling orifice of the Fabry Perot resonator. 

With the help of a variety of stabilization measures reducing vibrations as well as thermal 
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drift it is possible to accumulate data for a time span, which is for low temperature 

measurements only limited by the amount of liquid helium. Test measurements show that the 

system can detect paramagnetic species with a density of approximately 5x1011 spins/cm2, 

which is comparable to the limit obtained for the presently available UHV-EPR spectrometer 

operating at 10 GHz (X-band). Investigation of electron trapped centers in MgO(001) films 

show that the increased resolution offered by the experiments at W-band allows to identify 

new paramagnetic species, that cannot be differentiated with the currently available 

methodology.	
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I.	
  Introduction	
  

Motivated	
  by	
  the	
  broad	
  area	
  of	
  application	
  including	
  sensor	
  technology,	
  optoelectronics	
  

or	
   catalysis,	
   the	
   interest	
   in	
   a	
   detailed	
   description	
   of	
   microscopic	
   processes	
   on	
   metal	
  

oxide	
   surfaces	
   has	
   increased	
   continuously	
   in	
   the	
   past.	
   In	
   the	
   field	
   of	
   heterogeneous	
  

catalysis	
   metal	
   oxides	
   are	
   either	
   used	
   as	
   support	
   for	
   an	
   active	
   species	
   -­‐oftentimes	
   a	
  

metal-­‐	
  or	
   they	
   serve	
  as	
   catalysts	
   themselves.	
  An	
  understanding	
  of	
   the	
   catalyst	
   activity	
  

requires	
  insight	
  into	
  the	
  correlation	
  between	
  the	
  catalytic	
  properties	
  and	
  geometric	
  and	
  

electronic	
   structure	
   at	
   the	
   atomic	
   level.	
   In	
   case	
   of	
   complex	
   powdered	
   catalysts	
   this	
  

ambitious	
  goal	
  is	
  beyond	
  todays	
  experimental	
  capabilities.	
  Thus,	
  the	
  quest	
  for	
  solutions	
  

to	
  this	
  problem	
  is	
  still	
  actively	
  pursued	
  in	
  various	
  directions.	
  The	
  development	
  of	
  model	
  

catalysts,	
  which	
  go	
  beyond	
  the	
  investigation	
  of	
  metal	
  single	
  crystal	
  surfaces	
  recognized	
  

by	
   the	
  2007	
  Nobel-­‐Price	
   in	
   chemistry	
   to	
  Gerhard	
  Ertl	
   1	
   play	
   an	
   important	
   role	
   in	
   this	
  

respect	
   as	
   the	
   metal	
   nanoparticles	
   respond	
   to	
   the	
   environment,	
   for	
   example,	
   the	
  

support,	
  which	
  is	
  in	
  turn	
  coupled	
  to	
  their	
  reactivity.	
  Hence,	
  controlling	
  the	
  environment	
  

and	
  understanding	
  the	
  different	
  effects	
  at	
  an	
  atomistic	
  level	
  is	
  an	
  important	
  goal.	
  Model	
  

catalysts	
   based	
   on	
   thin,	
   single	
   crystalline	
   oxide	
   films	
   grown	
   on	
   metal	
   single	
   crystal	
  

surfaces	
   were	
   shown	
   to	
   be	
   a	
   valuable	
   approach,	
   because	
   they	
   allow	
   to	
   grasp	
  

considerable	
   part	
   of	
   the	
   complexity	
   of	
   real	
   catalysts	
   while	
   being	
   suitable	
   to	
  

characterization	
  using	
  the	
  methodology	
  of	
  modern	
  surface	
  science.2-­‐4	
  

The	
  development	
  of	
  suitable	
  model	
  systems	
  is	
  an	
  important	
   ingredient	
  to	
  advance	
  our	
  

understanding	
   of	
   such	
   system.	
   However,	
   the	
   availability	
   of	
   appropriate	
   experimental	
  

techniques	
  to	
  address	
  the	
  various	
  questions	
  at	
  hand	
  is	
  at	
   least	
  of	
  equal	
   importance.	
   In	
  

fact,	
  major	
  advancements	
  of	
  our	
  understanding	
  are	
  associated	
  with	
  the	
  development	
  of	
  

experimental	
   techniques.	
   Scanning	
   tunneling	
   microscopy	
   is	
   perhaps	
   one	
   of	
   the	
   best	
  

examples	
   where	
   a	
   single	
   technique	
   has	
   advanced	
   our	
   perception	
   of	
   surfaces	
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tremendously.5	
   In	
   comparison	
   to	
  metals,	
   oxides	
  have	
   considerably	
  different	
   electronic	
  

properties,	
  which	
   also	
   require	
   different	
  methodologies	
   to	
   probe	
   them.	
   Defects	
   and	
   in	
  

particular	
  point	
  defects	
  may	
  serve	
  as	
  an	
   instructive	
  example.	
  The	
   latter	
  are	
  thought	
  to	
  

play	
   an	
   important	
   role	
   for	
   the	
   properties	
   of	
   oxide	
   surfaces,	
   however,	
   an	
   atomistic	
  

characterization	
   is	
   still	
   challenging.	
   This	
   is	
   the	
   typical	
   scenario	
   where	
   method	
  

development	
   sets	
   in.	
   With	
   respect	
   to	
   point	
   defects	
   in	
   oxides	
   electron	
   paramagnetic	
  

resonance	
  (EPR)	
  spectroscopy	
  was	
  used	
  for	
  decades	
  to	
  characterize	
  these	
  species	
  in	
  the	
  

bulk,	
   due	
   to	
   the	
   paramagnetic	
   nature	
   of	
   some	
   of	
   these	
   sites	
   (e.g.	
   6).	
   For	
   powdered	
  

material	
  also	
  surface	
  species	
  have	
  been	
  studied	
   to	
  quite	
  some	
  extent	
  and	
  combination	
  

with	
  theory	
  proved	
  to	
  be	
  very	
  valuable	
  in	
  assigning	
  the	
  experimental	
  results	
  to	
  specific	
  

species.7-­‐10	
  For	
   such	
  systems	
   it	
   almost	
   impossible	
   to	
   investigate	
   surface	
  centers	
   in	
   the	
  

absence	
  of	
   interacting	
  molecules.	
  This	
  might	
  only	
  be	
  achieved	
  if	
   the	
  powder	
   is	
  created	
  

inside	
  an	
  ultrahigh	
  vacuum	
  (UHV)	
  environment.11	
  	
  The	
  application	
  of	
  EPR	
  spectroscopy	
  

in	
  UHV	
  and	
  its	
  combination	
  to	
  single	
  crystal	
  surfaces	
  is	
  more	
  demanding,	
  but	
  was	
  shown	
  

possible	
   using	
   X-­‐Band	
   (9.5	
   GHz)	
   spectroscopy.	
   12-­‐14	
   These	
   experiments	
   allow	
   the	
  

characterization	
   of	
   paramagnetic	
   surface	
   species	
   in	
   terms	
   of	
   geometric	
   as	
   well	
   as	
  

electronic	
   environment.15-­‐17	
  While	
   cw-­‐EPR	
   spectroscopy	
   at	
   X-­‐band	
   is	
  well	
   established	
  

for	
   the	
   investigation	
   of	
   single	
   crystal	
   surfaces	
   the	
   spectral	
   resolution	
   is	
   sometimes	
  

insufficient	
   to	
   discriminate	
   between	
   different	
   sites.	
   In	
   case	
   the	
   spectral	
   resolution	
   is	
  

limited	
  by	
  g-­‐anisotropy	
  of	
  the	
  species,	
  spectral	
  resolution	
  can	
  be	
  enhanced	
  by	
  increasing	
  

the	
   operation	
   frequency	
   of	
   the	
   spectrometer	
   along	
   the	
   lines	
   pursued	
   in	
   NMR	
  

spectroscopy.	
  In	
  practice,	
  the	
  extension	
  to	
  higher	
  frequencies	
  proved	
  useful	
  not	
  only	
  in	
  

terms	
  of	
  spectral	
  resolution	
  but	
  also	
  in	
  terms	
  of	
  sensitivity.18-­‐20	
  Since	
  the	
  first	
  high	
  field	
  

EPR	
  spectrometer	
   installation	
   in	
  1983	
   21	
   the	
  use	
  of	
   frequencies	
  ≥	
   94	
  GHz	
  has	
   steadily	
  

increased	
  and	
   the	
   first	
   commercial	
  W-­‐band	
  spectrometer	
   (94	
  GHz)	
   in	
  1996	
  made	
   this	
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frequency	
  regime	
  accessible	
  for	
  a	
  larger	
  scientific	
  group.22	
  Within	
  this	
  paper	
  we	
  want	
  to	
  

describe	
   the	
   successful	
   adaptation	
  of	
   such	
  a	
   commercially	
   available	
  W-­‐Band	
   (94	
  GHz)	
  

EPR	
   spectrometer	
   (E600,	
   Bruker)	
   to	
   a	
   multipurpose	
   surface	
   science	
   apparatus.	
   The	
  

increase	
   of	
   the	
   operating	
   frequency	
   and	
   thus	
   the	
   spectral	
   resolution	
   by	
   an	
   order	
   of	
  

magnitude	
   as	
   compared	
   to	
   the	
   existing	
   UHV	
   compatible	
   X-­‐Band	
   spectrometers	
   has	
  

severe	
  implications	
  for	
  the	
  experimental	
  implementation.	
  A	
  simple	
  adaptation	
  of	
  the	
  X-­‐

band	
   design	
   based	
   on	
   a	
   monomodal	
   resonator	
   operating	
   at	
   ambient	
   pressure	
   and	
   a	
  

quartz	
  insert	
  connected	
  via	
  a	
  glass	
  to	
  metal	
  seal	
  to	
  the	
  UHV	
  apparatus	
  to	
  the	
  dimensions	
  

of	
  W-­‐band	
  radiation	
  would	
  lead	
  to	
  sample	
  sizes	
  of	
  a	
   few	
  hundred	
  microns.	
  Apart	
   from	
  

tremendous	
  technical	
  problems	
  in	
  handling	
  samples	
  of	
  that	
  size	
  under	
  UHV	
  conditions,	
  

such	
  samples	
  would	
  be	
  incompatible	
  with	
  most	
  standard	
  surface	
  science	
  tools.	
  However,	
  

EPR	
   spectroscopy	
   is	
   not	
   an	
   inherently	
   surface	
   sensitive	
  method	
   and	
   is	
   limited	
   to	
   the	
  

investigation	
   of	
   paramagnetic	
   species,	
   which	
   are	
   typically	
   minority	
   species	
   on	
   the	
  

surface.	
   	
   Therefore,	
   a	
   proper	
   characterization	
   of	
   the	
   surface	
   by	
   other	
   methods	
   is	
  

mandatory.	
   The	
   key	
   idea	
   to	
   circumvent	
   these	
   complications	
   is	
   to	
   use	
   a	
   multimodal	
  

Fabry-­‐Perot	
  type	
  of	
  resonator,	
  which	
  has	
  been	
  successfully	
  developed	
  and	
  used	
  for	
  W-­‐

Band	
   EPR	
   spectroscopy	
   in	
   various	
   laboratories	
   (e.g.	
   23-­‐25).	
   The	
   planar	
   metal	
   single	
  

crystal	
  used	
  as	
  substrate	
  for	
  the	
  growth	
  of	
  the	
  single	
  crystalline	
  oxide	
  film	
  will	
  serve	
  as	
  

one	
   mirror	
   of	
   the	
   Fabry	
   Perot	
   resonator.	
   The	
   second	
   curved	
   mirror	
   will	
   be	
   used	
   to	
  

connect	
   to	
   the	
   microwave	
   bridge.26	
   While	
   the	
   principle	
   idea	
   is	
   straightforward	
   the	
  

details	
   of	
   the	
   technical	
   realization	
   requires	
   some	
   attention	
   and	
   will	
   be	
   discussed	
   in	
  

detail	
  below.	
  

The	
  paper	
  is	
  structured	
  as	
  follows:	
  Sec.	
  II	
  describes	
  the	
  experimental	
  setup	
  focusing	
  on	
  

the	
   design	
   of	
   the	
   chambers	
   and	
   different	
   techniques	
   implemented	
   to	
   allow	
   for	
   a	
  

comprehensive	
   characterization	
   of	
   the	
   surfaces	
   to	
   be	
   investigated.	
   The	
   details	
   of	
   the	
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implementation	
   of	
   the	
   EPR	
   spectrometer	
   in	
   particular	
   the	
   details	
   of	
   Fabry-­‐Perot	
  

resonator	
   to	
   measure	
   W-­‐band	
   EPR	
   spectroscopy	
   under	
   UHV	
   conditions	
   will	
   be	
  

discussed	
  in	
  Sec	
  III.	
  Sec.	
  IV	
  will	
  present	
  initial	
  experiments	
  on	
  thin	
  MgO(001)	
  films	
  and	
  

discuss	
  the	
  results	
  in	
  light	
  of	
  the	
  experiments	
  obtained	
  at	
  X-­‐band	
  on	
  similar	
  systems.	
  	
  

	
  

II.	
  System	
  Design	
  

The	
  investigation	
  of	
  well-­‐defined	
  model	
  catalysts	
  requires	
  an	
  in-­‐situ	
  preparation	
  of	
  the	
  

sample.	
   As	
   EPR	
   spectroscopy	
   is	
   solely	
   sensitive	
   to	
   paramagnetic	
   species	
   additional	
  

techniques	
   to	
   characterize	
   the	
   properties	
   of	
   the	
   sample	
   are	
   needed	
   to	
   ensure	
   well-­‐

defined	
   surface	
   properties,	
   which	
   are	
   a	
   prerequisite	
   to	
   interpret	
   the	
   EPR	
   data	
  

appropriately.	
   Geometric	
   structure	
   is	
   of	
   particular	
   importance,	
   however,	
   other	
  

information	
  such	
  as	
   the	
  properties	
  of	
   adsorbed	
  gases	
  play	
  an	
   important	
   role,	
   too.	
  The	
  

latter	
   information	
   is	
  not	
  only	
   interesting	
   to	
   investigate	
   the	
   fate	
  of	
  adsorbed	
  molecules	
  

interacting	
   with	
   paramagnetic	
   surface	
   sites	
   being	
   investigated	
   by	
   EPR,	
   but	
   provide	
  

important	
  means	
  to	
  compare	
  to	
  known	
  properties	
  of	
  the	
  systems	
  under	
  consideration.	
  

IR	
  spectroscopy	
   in	
   reflection	
  adsorption	
  geometry	
  and	
  scanning	
   tunneling	
  microscopy	
  

(STM)	
   are	
   available	
   to	
   study	
   these	
   properties.	
   The	
   combination	
   of	
   these	
   techniques	
  

together	
  with	
   the	
   requirements	
  posed	
  by	
   the	
  EPR	
   spectroscopy	
  dictates	
   the	
  design	
  of	
  

the	
   setup.	
   In	
   particular,	
   it	
   is	
   not	
   possible	
   to	
   have	
   both	
   the	
   preparation	
   capabilities	
   as	
  

well	
   as	
   the	
   mentioned	
   analytics	
   within	
   one	
   ultrahigh	
   vacuum	
   chamber.	
   As	
   shown	
   in	
  

Figure	
  1	
  the	
  system	
  is	
  split	
  into	
  two	
  main	
  chambers,	
  the	
  preparation	
  chamber	
  shown	
  on	
  

the	
  right,	
  which	
  also	
  contains	
  the	
  IR	
  spectrometer	
  (blue),	
  and	
  the	
  analysis	
  chamber	
  on	
  

the	
   left,	
  which	
  hosts	
  the	
  EPR	
  spectroscopy	
  (red)	
  and	
  STM	
  (green).	
   In	
  between	
  the	
  two	
  

main	
   chambers	
   a	
   small	
   high-­‐pressure	
   cell	
   with	
   a	
   load	
   lock	
   system	
   is	
   attached	
   and	
  

separated	
  from	
  the	
  other	
  chambers	
  by	
  gate	
  vales	
  (VAT).	
  The	
  entire	
  setup	
  is	
  placed	
  on	
  a	
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2x3	
   m2	
   large	
   non-­‐magnetic	
   optical	
   bench	
   (Newport	
   RS3000),	
   which	
   rests	
   on	
   active	
  

vibration	
  isolation	
  units	
  (HWI	
  Scientific	
  Instruments,	
  AVI	
  400).	
  	
  

	
  

FIG.	
  1.	
  Schematic	
  view	
  of	
  the	
  experimental	
  setup.	
  The	
  preparation	
  chamber	
  is	
  shown	
  on	
  

the	
  right	
   (vertical	
  manipulator	
   is	
  omitted	
   for	
  clarity)	
  and	
   the	
  analysis	
   chamber	
  on	
   the	
  

left.	
  (1)	
  IR	
  spectrometer	
  (blue),	
  (2)	
  transfer	
  rod,	
  (3)	
  STM	
  (green),	
  (4)	
  superconducting	
  

magnet	
  (red),	
  (5)	
  microwave	
  bridge,	
  (6)	
  resonator.	
  

	
  

Within	
   this	
   section	
   we	
   will	
   describe	
   the	
   design	
   of	
   the	
   different	
   parts	
   of	
   the	
   system	
  

starting	
  with	
   a	
   description	
   of	
   the	
   preparation	
   chamber	
   in	
   subsection	
  A	
   followed	
   by	
   a	
  

discussion	
  of	
  the	
  design	
  of	
  the	
  analysis	
  chamber	
  in	
  subsection	
  B.	
  The	
  implementation	
  of	
  

the	
  EPR	
  spectrometer	
  in	
  particular	
  the	
  design	
  of	
  the	
  resonator	
  and	
  the	
  various	
  aspects	
  

that	
  are	
  required	
  for	
  a	
  stable	
  operation	
  of	
  the	
  experiment	
  will	
  be	
  described	
  in	
  Sec	
  III.	
  	
  

	
  

A.	
  Preparation	
  chamber	
  

(4)

(3)

(1)

(5)

analysis
chamber

preparation
chamber

(2)

(6)
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The	
  preparation	
  chamber	
  consists	
  of	
  three	
  levels	
  of	
  flanges	
  and	
  a	
  small	
  IR	
  cell	
  mounted	
  

at	
   the	
   bottom	
   of	
   the	
   chamber	
   shown	
   in	
   Figure	
   2.	
   A	
   vertically	
   mounted,	
   motorized	
  

manipulator	
   (VAb)	
   with	
   600	
   mm	
   travel	
   length	
   (1)	
   allows	
   to	
   transfers	
   the	
   sample	
  

between	
   the	
   levels.	
   The	
  manipulator	
   houses	
   a	
   helium	
   flow	
   cryostat	
   (KONTI	
   Cryostat,	
  

CryoVac).	
  	
  

	
  

FIG.	
  2.	
  Side	
  view	
  of	
  the	
  preparation	
  chamber	
  looking	
  along	
  the	
  transfer	
  rod	
  towards	
  the	
  

analysis	
  chamber	
  (s.	
  Fig.	
  1).	
  (1)	
  vertical	
  manipulator,	
  (2)	
  electron	
  beam	
  evaporators,	
  (3)	
  

quartz	
   microbalance,	
   (4)	
   sputter	
   gun,	
   (5)	
   pin	
   hole	
   doser,	
   (6)	
   LEED/Auger	
   optics,	
   (7)	
  

quadrupole	
  mass	
   spectrometer,	
   (8)	
   turbo	
  molecular	
   pump,	
   (8a)	
   ion	
   getter	
   pump,	
   (9)	
  

magnetic	
  transfer	
  rod,	
  (10)	
  IR	
  spectrometer	
  

	
  

The	
   topmost	
   level	
   of	
   the	
   chamber	
   carries	
   up	
   to	
   three	
   electron	
   beam	
   evaporators	
   (2)	
  

(Omicron,	
  EFM3	
  or	
   triple	
  EFM)	
   for	
  deposition	
  of	
  metals,	
  which	
   can	
  be	
   calibrated	
  by	
  a	
  

quartz	
  microbalance	
  (3)	
  (QMB,	
  Intellemetrics,	
  IL	
  150).	
  An	
  ion	
  gun	
  (4)	
  (DPIG,	
  NGI	
  3000-­‐

Se,	
  LK	
  Technologies)	
  is	
  affixed	
  to	
  clean	
  the	
  single	
  crystal	
  surfaces.	
  A	
  pin-­‐hole	
  gas	
  doser	
  

(5)	
   completes	
   this	
   level.	
   The	
   construction	
   of	
   the	
   pin	
   hole	
   doser	
   is	
   described	
   in	
   detail	
  

elsewhere.27	
   The	
   second	
   level	
   comprises	
   a	
   combined	
   LEED/Auger	
   system	
   (6)	
  

(1)

(8)

(8a)

(7)

(2)

(3)

(5)

(6)

(4)

(9)

(10)
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(Spectaleed,	
   Omicron)	
   to	
   check	
   for	
   long-­‐range	
   order	
   and	
   chemical	
   composition	
   of	
   the	
  

surface.	
  In	
  addition,	
  a	
  quadrupole	
  mass	
  spectrometer	
  (7)	
  (HIDEN,	
  Hal	
  201)	
  is	
  attached,	
  

which	
   allows	
   to	
   control	
   the	
   residual	
   gas	
   composition	
   as	
   well	
   as	
   temperature	
  

programmed	
   desorption	
   experiments.	
   The	
   third	
   level	
   carries	
   the	
   vacuum	
   gauge,	
   the	
  

connection	
  to	
  the	
  pumping	
  stack	
  consisting	
  of	
  turbo	
  molecular	
  (8)	
  (Oerlicon,	
  Turbovac	
  

361),	
  ion	
  getter	
  (8a)	
  (IGP,	
  Varian,	
  300	
  l	
  star	
  cell),	
  and	
  titanium	
  sublimation	
  pump	
  (TSP,	
  

not	
  shown),	
  as	
  well	
  as	
  the	
  magnetic	
  transfer	
  rod	
  (9)	
  (MLRM,	
  VG	
  scientific)	
  to	
  move	
  the	
  

sample	
   between	
   the	
   different	
   chambers.	
   The	
   transfer	
   functionality	
   is	
   based	
   on	
   the	
  

Omicron	
  transfer	
  mechanism	
  as	
  sample	
  plates	
  based	
  on	
  the	
  Omicron	
  design	
  are	
  used	
  to	
  

mount	
  the	
  sample.	
  

A	
  small	
  UHV	
  chamber	
  is	
  attached	
  to	
  the	
  bottom	
  of	
  the	
  preparation	
  chamber	
  to	
  allow	
  for	
  

infrared	
   measurements	
   in	
   reflection	
   absorption	
   geometry.	
   The	
   design	
   has	
   been	
  

described	
   in	
   detail	
   elsewhere.27	
   In	
   short,	
   the	
   UHV	
   chamber	
   comprising	
   two	
   KBr	
  

windows	
   (Korth,	
   Kiel)	
   at	
   an	
   angle	
   of	
   170°	
   is	
   lowered	
   into	
   the	
   internal	
   sample	
  

compartment	
  of	
  the	
  vacuum	
  FTIR	
  system	
  (10)	
  (IFS	
  66v/S,	
  Bruker),	
  which	
  allows	
  to	
  use	
  

the	
  internal	
  MCT	
  detector	
  of	
  the	
  spectrometer.	
  A	
  plate	
  connected	
  to	
  the	
  UHV	
  chamber	
  by	
  

a	
  flexible	
  bellow	
  is	
  used	
  to	
  seal	
  the	
  sample	
  compartment	
  of	
  the	
  FTIR	
  spectrometer.	
  A	
  pin	
  

hole	
  gas	
  doser	
  using	
  the	
  same	
  principle	
  discussed	
  above,	
  however,	
  adapted	
  to	
  the	
  space	
  

requirements	
  imposed	
  by	
  the	
  IR	
  spectrometer	
  is	
  mounted	
  to	
  the	
  UHV	
  chamber	
  to	
  allow	
  

for	
  gas	
  adsorption	
  in	
  the	
  measurement	
  position.	
  Because	
  of	
  the	
  tight	
  space	
  requirements	
  

and	
   the	
   need	
   to	
   minimize	
   the	
   pumped	
   volume	
   of	
   the	
   pin	
   hole	
   doser	
   pneumatically	
  

driven	
  valves	
   (Swagelok,	
  BK	
  series)	
  operated	
  by	
  a	
  home	
  made	
  electronics	
  are	
  used	
   to	
  

control	
  gas	
  inlet	
  and	
  pumping	
  of	
  the	
  doser.	
  	
  

One	
  has	
  to	
  bear	
  in	
  mind	
  that	
  the	
  preparation	
  chamber	
  is	
  situated	
  with	
  less	
  than	
  1.5	
  m	
  

distance	
   to	
   the	
   superconducting	
  magnet	
   typically	
   operated	
   at	
   about	
   3.5	
  T	
   during	
  EPR	
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experiments.	
  As	
  the	
  stray	
   field	
  of	
   the	
  magnet	
  at	
   the	
  site	
  of	
   the	
  preparation	
  chamber	
   is	
  

significant	
   and	
   very	
   inhomogeneous	
   this	
   has	
   consequences	
   for	
   both	
   instrumental	
  

techniques	
  using	
  charged	
  particles	
  such	
  as	
  LEED/Auger	
  or	
  ion	
  gauge	
  as	
  well	
  as	
  technical	
  

equipment	
   such	
   as	
   the	
   turbo	
   molecular	
   pump.	
   These	
   restrictions	
   imply	
   that	
   the	
  

magnetic	
   field	
  used	
   for	
  EPR	
   is	
  only	
   switched	
  on	
   shortly	
  before	
  EPR	
  measurements.	
   In	
  

case	
  the	
  magnetic	
  field	
  is	
  present	
  the	
  TMP	
  has	
  to	
  be	
  switched	
  off	
  and	
  the	
  pressure	
  in	
  the	
  

preparation	
  chamber	
  is	
  maintained	
  by	
  the	
  IGP	
  and	
  the	
  TSP	
  only.	
  The	
  positioning	
  of	
  the	
  

pumps	
  was	
   chosen	
   such	
   as	
   to	
  maximize	
   the	
   distance	
   to	
   the	
   superconducting	
  magnet.	
  

This	
   is	
   particularly	
   important	
   for	
   the	
   IGP	
   as	
   the	
   permanent	
   magnets	
   of	
   the	
   pump	
  

interact	
  with	
   the	
   stray	
   field	
   of	
   the	
  magnet	
   and	
   can	
   cause	
   the	
   He-­‐reservoir	
   inside	
   the	
  

magnet	
  to	
  move	
  and	
  create	
  a	
  thermal	
  leak,	
  which	
  results	
  in	
  a	
  sharp	
  increase	
  of	
  helium	
  

consumption,	
  if	
  placed	
  too	
  close	
  to	
  the	
  magnet.	
  

	
  

B.	
  Analysis	
  chamber	
  

The	
   main	
   purpose	
   of	
   the	
   analysis	
   chamber	
   is	
   to	
   allow	
   EPR	
   as	
   well	
   as	
   the	
   STM	
  

experiment	
  of	
  the	
  prepared	
  samples.	
  The	
  chamber	
  (Pink)	
  shown	
  in	
  Figure	
  3	
  is	
  pumped	
  

by	
  a	
  stack	
  containing	
  a	
  turbo	
  molecular	
  (1)	
  (Pfeiffer	
  TMP260),	
  an	
  ion	
  getter	
  (2)	
  (Varian,	
  

star	
  cell	
  300l),	
  and	
  a	
  titanium	
  sublimation	
  pump	
  attached	
  to	
  the	
  bottom	
  of	
  the	
  chamber.	
  

The	
   TMP	
   can	
   be	
   separated	
   from	
   the	
   chamber	
   by	
   a	
   pneumatically	
   driven	
   gate	
   valve	
  

(MDC)	
  and	
   is	
  surrounded	
  by	
  a	
  magnetically	
  soft	
   iron	
  housing	
  to	
  shield	
  the	
  pump	
  from	
  

the	
   stray	
   field	
   of	
   the	
  magnet	
   and	
   allows	
   operating	
   the	
   pump	
  with	
   the	
  magnetic	
   field	
  

being	
  present.	
  The	
  chamber	
  further	
  contains	
  a	
  leak	
  valve	
  for	
  background	
  dosing	
  and	
  an	
  

ion	
   gauge	
   for	
   pressure	
   reading	
   (not	
   shown).	
   A	
   filament	
   for	
   annealing	
   and	
   electron	
  

bombardment	
  (3)	
  is	
  mounted	
  on	
  a	
  rotation	
  feed	
  through	
  (not	
  shown)	
  to	
  place	
  it	
  in	
  front	
  

of	
  the	
  sample.	
  	
  Viewports	
  assure	
  safe	
  sample	
  handling.	
  The	
  sample	
  is	
  moved	
  in	
  and	
  out	
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of	
   the	
  analysis	
   chamber	
  by	
   the	
   transfer	
   rod	
  attached	
   to	
   the	
  preparation	
  chamber	
   (see	
  

Sec.	
   II	
   A).	
   The	
   sample	
   is	
   transferred	
   onto	
   the	
   horizontally	
   mounted	
   manipulator	
   (4)	
  

(Pink)	
   with	
   700	
   mm	
   traveling	
   length,	
   which	
   houses	
   a	
   specially	
   configured	
   He	
   flow	
  

cryostat	
  (KONTI	
  Cryostat,	
  CryoVac).	
  The	
  sample	
  is	
  placed	
  in	
  a	
  sample	
  holder	
  mounted	
  at	
  

the	
   end	
   of	
   the	
   He-­‐cryostat	
   such	
   that	
   the	
   surface	
   to	
   be	
   investigated	
   is	
   oriented	
  

perpendicular	
   to	
   the	
   long	
   axis	
   of	
   the	
   manipulator.	
   A	
   variable	
   temperature	
   scanning	
  

tunneling	
  microscope	
   (5)	
   (VT	
   STM,	
   Omicron),	
  which	
   has	
   a	
   storage	
   carousel	
   for	
   up	
   to	
  

nine	
   samples	
   and	
   tips,	
   is	
   attached	
   to	
   the	
   side	
   of	
   the	
   chamber.	
   The	
   current	
  

implementation	
  only	
  allows	
  room	
  temperature	
  measurements	
  due	
  to	
  the	
  requirements	
  

of	
   the	
   sample	
   setup.	
   The	
   sample	
   that	
   is	
  mounted	
   on	
   standard	
  Omicron	
   sample	
   plates	
  

made	
   out	
   of	
   molybdenum	
   is	
   transferred	
   between	
   the	
   STM,	
   storage	
   carousel	
   and	
  

manipulator	
  by	
  a	
  pincer-­‐grip	
  wobble	
  stick	
  from	
  Omicron	
  (6).	
  

	
  

FIG.	
  3.	
  Top	
  view	
  of	
  the	
  analysis	
  chamber.	
  (1)	
  turbo	
  molecular	
  pump,	
  (2)	
  ion	
  getter	
  pump,	
  

(3)	
   filament	
   for	
  electron	
  bombardment	
  of	
   the	
  sample,	
   (4)	
   long	
   travel	
  manipulator,	
   (5)	
  

scanning	
   tunneling	
   microscope,	
   (6)	
   pincer	
   grip	
   wobble	
   stick,	
   (7)	
   resonator	
   housing	
  

made	
  out	
  of	
  Macor,	
  (8)	
  superconducting	
  magnet,	
  (9)	
  titanium	
  tube	
  

	
  

The	
  traveling	
  length	
  of	
  the	
  manipulator	
  was	
  chosen	
  such	
  that	
  sample	
  transfer	
  from	
  the	
  

preparation	
   chamber	
   and	
   the	
   positioning	
   of	
   the	
   sample	
   in	
   the	
   center	
   of	
   the	
  

(9)

(7)

(8)

(6)

(5)

(4)

(1)
(2)

(3)

to preparation
chamber
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superconducting	
   magnet	
   (8)	
   during	
   measurements	
   is	
   possible.	
   The	
   housing	
   of	
   the	
  

Fabry-­‐Perot	
  resonator	
  (7)	
  is	
  made	
  out	
  of	
  Macor	
  and	
  attached	
  to	
  a	
  Ti-­‐tube	
  (9).	
  The	
  latter	
  

is	
  mounted	
   to	
   the	
   chamber	
   opposite	
   of	
   the	
  manipulator	
   and	
   can	
   be	
   inserted	
   into	
   the	
  

horizontal	
   bore	
   (ID	
   60	
  mm)	
   of	
   the	
   superconducting	
   magnet,	
   whose	
  magnetic	
   field	
   is	
  

oriented	
  horizontally	
  and	
  orthogonal	
  to	
  the	
  long	
  axis	
  of	
  the	
  titanium	
  tube.	
  Titanium	
  was	
  

chosen	
   here	
   to	
   ensure	
   a	
   low	
   relative	
   magnetic	
   permeability	
   (µr<	
   1.001)	
   for	
   the	
   tube	
  

being	
  located	
  in	
  the	
  center	
  of	
  the	
  magnet.	
  The	
  Fabry-­‐Perot	
  resonator	
  resides	
  at	
  the	
  very	
  

end	
  of	
  the	
  tube.	
  The	
  details	
  of	
  resonator	
  design	
  will	
  be	
  discussed	
  later	
  (Sec	
  III).	
  At	
  this	
  

point	
  it	
  is	
  important	
  to	
  realize	
  that	
  pressures	
  in	
  the	
  low	
  10-­‐10	
  mbar	
  range	
  -­‐	
  necessary	
  to	
  

study	
  surfaces	
  under	
  well-­‐defined	
  conditions	
  -­‐	
  require	
  the	
  chamber	
  to	
  be	
  baked	
  to	
  100-­‐

150	
   °C.	
   Heating	
   the	
   chamber	
   cannot	
   be	
   done	
   inside	
   the	
   cryo-­‐magnet.	
   Therefore,	
   the	
  

magnet	
  is	
  located	
  on	
  a	
  rail	
  system,	
  which	
  allows	
  a	
  high	
  precision	
  linear	
  motion	
  such	
  that	
  

the	
   entire	
   UHV	
   chamber	
   is	
   outside	
   the	
  magnet	
   during	
   bake	
   out	
   and	
   the	
   resonator	
   is	
  

positioned	
  in	
  the	
  center	
  of	
  the	
  magnet	
  during	
  the	
  measurements.	
  While	
  this	
  sounds	
  like	
  

a	
   simple	
   task,	
   technically	
   it	
   requires	
   some	
   effort,	
   because	
   of	
   the	
   tight	
   space	
  

requirements	
  imposed	
  by	
  the	
  60	
  mm	
  wide	
  bore	
  of	
  the	
  magnet.	
  To	
  maximize	
  the	
  space	
  

inside	
  the	
  Ti-­‐tube	
  it	
  has	
  a	
  54	
  mm	
  outer	
  and	
  50	
  mm	
  inner	
  diameter.	
  This	
  implies	
  that	
  the	
  

alignment	
  of	
  magnet	
  and	
  chamber	
  needs	
  to	
  be	
  better	
  than	
  0.1°	
  if	
  the	
  symmetry	
  axis	
  of	
  

both	
   the	
   Ti	
   tube	
   and	
   bore	
   of	
   the	
   magnet	
   are	
   aligned	
   better	
   than	
   1	
   mm	
   in	
   both	
  

dimensions.	
  As	
  the	
  guiding	
  tube	
  of	
  the	
  manipulator,	
  which	
  houses	
  the	
  He-­‐cryostat,	
  has	
  

an	
  outer	
  diameter	
  of	
  44	
  mm,	
   it	
  also	
  requires	
  that	
  the	
   long	
  axis	
  of	
  the	
  manipulator	
  and	
  

the	
  Ti-­‐tube	
  axis	
  have	
  to	
  have	
  a	
  relative	
  inclination	
  smaller	
  than	
  0.1°.	
  In	
  addition,	
  to	
  the	
  

precision	
  of	
  the	
  Ti	
  tube	
  and	
  the	
  manipulator,	
  it	
  also	
  poses	
  particular	
  requirements	
  with	
  

respect	
  to	
  the	
  parallelism	
  of	
  the	
  flanges	
  (better	
  than	
  0.1°	
  with	
  respect	
  to	
  each	
  other)	
  to	
  

which	
  the	
  manipulator	
  and	
  the	
  titanium	
  tube	
  are	
  connected.	
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The	
   performance	
   of	
   the	
   EPR	
   spectroscopy	
   is	
   strongly	
   governed	
   by	
   the	
   mechanical	
  

properties	
   of	
   the	
   setup.	
   Apart	
   of	
   the	
   alignment	
   of	
   the	
   sample	
   the	
   stability	
   against	
  

vibrations	
   plays	
   a	
   crucial	
   role.	
   The	
   sample	
   is	
  mounted	
   at	
   the	
   end	
   of	
   the	
   He	
   cryostat,	
  

which	
  is	
  moved	
  by	
  700	
  mm	
  into	
  the	
  center	
  of	
  the	
  superconducting	
  magnet.	
  This	
  creates	
  

a	
   long	
   lever,	
   which	
   is	
   prone	
   to	
   pick	
   up	
   vibrations	
   present	
   in	
   the	
   system.	
   While	
   the	
  

system	
  is	
  isolated	
  against	
  vibrations	
  of	
  the	
  floor	
  by	
  the	
  active	
  vibration	
  isolation	
  system,	
  

acoustic	
  noise	
  is	
  an	
  issue.	
  To	
  reduce	
  the	
  impact	
  of	
  vibrations	
  a	
  sample	
  setup	
  as	
  shown	
  in	
  

Figure	
  4	
  was	
  installed.	
  	
  

	
  

	
  

FIG.	
  4.	
  Configuration	
  of	
  the	
  sample	
  setup	
  on	
  the	
  manipulator	
  in	
  the	
  analysis	
  chamber.	
  (1)	
  

sample	
  on	
  sample	
  plate,	
  (2)	
  sample	
  holder,	
  (3)	
  bronze	
  spring,	
  (4)	
  cooling	
  shield	
  of	
  the	
  

He-­‐cryostat	
  connected	
  with	
  the	
  secondary	
  heat	
  exchanger,	
  (5)	
  Cu-­‐tube	
  used	
  as	
  cooling	
  

shield	
  and	
  stabilization	
  element,	
  (6)	
  electrode	
  to	
  ensure	
  proper	
  alignment	
  of	
  the	
  sample	
  

inside	
  the	
  Ti	
  tube.	
  

	
  

As	
  mentioned	
   above	
   the	
   sample	
   (1)	
   is	
   mounted	
   onto	
   the	
   face	
   side	
   of	
   the	
   long	
   travel	
  

manipulator	
   by	
   means	
   of	
   a	
   Mo	
   sample	
   holder	
   (2)	
   connected	
   to	
   the	
   primary	
   heat	
  

exchanger	
  of	
  the	
  He	
  cryostat.	
  The	
  sample	
  is	
  pressed	
  onto	
  the	
  Mo	
  sample	
  holder	
  by	
  Mo-­‐

springs.	
   The	
   vibration	
   isolation	
   of	
   the	
   long	
   lever	
   is	
   achieved	
   by	
   means	
   of	
   a	
   circular	
  

bronze	
  spring	
  (3)	
  attached	
  via	
  a	
  Cu-­‐tube	
  (5)	
  to	
  the	
  secondary	
  heat	
  exchanger	
  of	
  the	
  He-­‐

(5)(3)(1)

(4)

(6)(2)
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cryostat	
   (4)	
  and	
   fixed	
  against	
   the	
   sample	
  holder	
  by	
   set	
   screws.	
  The	
  bronze	
   spring	
   fits	
  

into	
  the	
  Macor	
  body	
  used	
  as	
  a	
  housing	
  for	
  the	
  Fabry	
  Perot	
  resonator	
  discussed	
  in	
  detail	
  

below.	
  Because	
  of	
   the	
  very	
  poor	
   thermal	
   conductivity	
  of	
  Macor	
   the	
   thermal	
   contact	
  of	
  

the	
   cooled	
   bronze	
   spring	
   has	
   no	
   measurable	
   effect	
   on	
   the	
   sample	
   temperature.	
   In	
  

addition,	
  a	
  metal	
  electrode	
  (5)	
  electrically	
  isolated	
  from	
  the	
  rest	
  of	
  the	
  setup	
  is	
  mounted	
  

to	
  the	
  Cu-­‐tube.	
  This	
  electrode	
  is	
  used	
  to	
  probe	
  the	
  positioning	
  of	
  the	
  cryostat	
  inside	
  the	
  

Ti-­‐tube.	
  To	
  this	
  end	
  the	
  resistance	
  between	
  the	
  electrode	
  and	
  the	
  chamber	
  is	
  controlled	
  

while	
   the	
   sample	
   is	
   transferred	
   into	
   the	
   measurement	
   position.	
   This	
   is	
   particularly	
  

crucial	
  as	
  there	
  is	
  no	
  direct	
  visual	
  access	
  into	
  the	
  Ti	
  tube	
  from	
  the	
  outside.	
  

	
  	
  

III.	
  Implementation	
  of	
  the	
  EPR	
  spectrometer	
  

A.	
  The	
  design	
  of	
  the	
  Fabry	
  Perot	
  resonator	
  

As	
  mentioned	
  in	
  the	
  introduction	
  the	
  key	
  design	
  idea	
  of	
  the	
  current	
  experiments	
  is	
  the	
  

use	
  of	
  the	
  metal	
  single	
  crystal	
  being	
  the	
  substrate	
  for	
  the	
  heterogeneous	
  model	
  catalyst	
  

as	
   one	
   mirror	
   of	
   a	
   Fabry-­‐Perot	
   resonator	
   while	
   the	
   other	
   side	
   is	
   a	
   curved	
   mirror	
  

connected	
   through	
   a	
   coupling	
   orifice,	
   and	
   subsequent	
   wave	
   guide	
   elements	
   to	
   the	
  

microwave	
  bridge.	
  It	
  is	
  the	
  design	
  of	
  this	
  resonator,	
  which	
  determines	
  the	
  performance	
  

of	
  the	
  experiment	
  crucially.	
  A	
  key	
  problem	
  that	
  has	
  to	
  be	
  addressed	
  is	
  the	
  compatibility	
  

of	
   cw-­‐EPR	
   spectroscopy	
   and	
   ultrahigh	
   vacuum	
   conditions.	
   Cw-­‐EPR	
   spectroscopy	
   is	
  

typically	
   detected	
   using	
   lock-­‐in	
   technology.	
   Therefore	
   the	
   static	
   magnetic	
   field	
   is	
  

modulated	
  e.g.	
  by	
  a	
   set	
  of	
  Helmholtz-­‐coils.	
  The	
  requirement	
   to	
  couple	
  an	
  AC	
  magnetic	
  

field	
   into	
   the	
   UHV	
   impedes	
   the	
   use	
   of	
   a	
   metal	
   chamber.	
   Figure	
   5	
   shows	
   the	
  

implementation	
  of	
   the	
  FP	
  resonator	
  schematically.	
  The	
  FP-­‐resonator	
  assembled	
   in-­‐situ	
  

by	
  the	
  sample	
  (1)	
  and	
  the	
  Cu-­‐mirror	
  (2)	
  is	
  placed	
  inside	
  of	
  a	
  Macor	
  block	
  (3),	
  which	
  is	
  

mounted	
  to	
  the	
  end	
  of	
  the	
  Ti-­‐tube	
  (4)	
  being	
  attached	
  to	
  the	
  analysis	
  chamber	
  (s.	
  Sec	
  II	
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B).	
  The	
   sample	
  with	
  a	
  diameter	
  of	
  12	
  mm	
   is	
  mounted	
  on	
  an	
  Omicron	
   sample	
  plate	
   to	
  

ensure	
  compatibility	
   to	
   the	
  STM.	
  The	
  size	
  of	
   the	
  sample	
   is	
   limited	
  by	
   the	
  sample	
  plate	
  

and	
  the	
  space	
  required	
  to	
  ensure	
  a	
  proper	
  transfer	
  of	
  the	
  sample	
  plate.	
  The	
  sample	
  plate	
  

is	
   inserted	
   into	
   the	
   sample	
  holder	
   (5),	
  which	
   is	
   connected	
   to	
   the	
  He-­‐cryostat	
   (6).	
  This	
  

design	
  allows	
  for	
  a	
  cooling	
  of	
  the	
  sample	
  to	
  approximately	
  50-­‐70	
  K.	
  The	
  lowest	
  possible	
  

temperature	
  is	
  determined	
  by	
  the	
  surrounding	
  radiation	
  field	
  and	
  depend	
  on	
  the	
  details	
  

of	
  the	
  sample	
  set	
  up.	
  The	
  sample	
  plate	
  is	
  electrically	
  isolated	
  against	
  ground	
  by	
  means	
  of	
  

a	
  sapphire	
  plate	
  placed	
  within	
  the	
  sample	
  holder,	
  which	
  ensures	
  good	
  thermal	
  contact	
  at	
  

low	
  temperature.	
  The	
  isolation	
  allows	
  to	
  put	
  the	
  sample	
  onto	
  a	
  voltage	
  if	
  the	
  sample	
  is	
  

e.g.	
   to	
  be	
  bombarded	
  with	
  electrons.	
  The	
  outer	
  part	
  of	
   the	
  Cu-­‐body	
   is	
  used	
  as	
  a	
   flange	
  

and	
  sealed	
  against	
  atmosphere	
  by	
  means	
  of	
  a	
  Viton	
  ring	
  (7)	
  residing	
  in	
  a	
  corresponding	
  

notch	
   of	
   the	
   Cu-­‐body.	
   A	
  Viton	
   seal	
   is	
   also	
   used	
   for	
   the	
   connection	
   to	
   the	
  Ti-­‐tube.	
   The	
  

inner	
  part	
  of	
  the	
  Cu-­‐body	
  with	
  a	
  diameter	
  of	
  28	
  mm	
  is	
  used	
  to	
  create	
  the	
  curved	
  mirror	
  

of	
   the	
   FP-­‐resonator.	
   	
   A	
   pair	
   of	
   Helmholtz	
   coils	
   (8)	
   (Müller	
   Spulenwickeltechnik,	
  

Reichshof)	
  glued	
  onto	
  the	
  outer	
  walls	
  of	
  the	
  Macor	
  body	
  is	
  used	
  for	
  modulating	
  the	
  static	
  

magnetic.	
  Due	
  to	
  the	
  large	
  distance	
  in	
  comparison	
  with	
  the	
  possible	
  size	
  of	
  the	
  coils	
  the	
  

modulation	
   field	
   on	
   the	
   sample	
   is	
   restricted	
   to	
   a	
   few	
   Gauss,	
   without	
   significant	
  

perturbation	
  due	
  to	
  microphonic	
  noise.	
  

	
  

	
  

waveguide
to mw bridge

UHV

(9)

(2)

(3)

(8) (7)(7)

(1)(5)(6)

(4)
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FIG.	
  5.	
  Schematic	
  drawing	
  of	
   the	
  Fabry	
  Perot	
  resonator.	
  (1)	
  sample;	
  (2)	
  Cu-­‐mirror;	
  (3)	
  

Macor	
   body;	
   (4)	
   Ti-­‐tube	
   connected	
   to	
   the	
   UHV	
   chamber;	
   (5)	
   sample	
   holder;	
   (6)	
   He-­‐

cryostat;	
   (7)	
   Viton	
   sealing;	
   (8)	
   Helmholtz	
   coils	
   for	
   modulation	
   of	
   the	
   static	
   magnetic	
  

field;	
  (9)	
  Peltier	
  element	
  

	
  	
  

The	
  target	
  pressure	
  for	
  the	
  experiments	
  in	
  the	
  analysis	
  chamber	
  is	
  1·10-­‐10	
  mbar.	
  While	
  

this	
   can	
   be	
   achieved	
   by	
   the	
   Viton	
   seals	
   described	
   above	
   the	
  most	
   critical	
   part	
   is	
   the	
  

sealing	
  of	
  the	
  microwave	
  source	
  in	
  an	
  UHV	
  compatible	
  manner.	
  During	
  the	
  development	
  

of	
  this	
  machine	
  different	
  approaches	
  have	
  been	
  explored.	
  The	
  first	
  approach	
  was	
  based	
  

on	
  using	
  a	
  quartz	
  window	
  inside	
  the	
  resonator	
  to	
  decouple	
  the	
  UHV	
  from	
  atmosphere.	
  

This	
   approach	
   is	
   inspired	
   by	
   the	
   implementations	
   at	
   X-­‐Band	
   where	
   a	
   quartz	
   tube	
  

inserted	
  into	
  a	
  standard	
  cavity	
  operating	
  at	
  atmospheric	
  pressure	
  is	
  used.	
  Such	
  a	
  design	
  

benefits	
  from	
  the	
  excellent	
  vacuum	
  properties	
  of	
  quartz.	
  At	
  W-­‐band	
  the	
  situation	
  is	
  more	
  

complex	
  as	
  quartz	
  absorbs	
  microwave	
  radiation	
  at	
  94	
  GHz.	
  Hence	
  the	
  window	
  has	
  to	
  be	
  

chosen	
  as	
  thin	
  as	
  possible	
  to	
  reduce	
  dielectric	
  losses	
  (150	
  µm;	
  diameter	
  30	
  mm).	
  A	
  thin	
  

quartz	
   window,	
   however,	
   is	
   mechanically	
   not	
   stable	
   enough	
   to	
   withstand	
   the	
   force	
  

imposed	
  by	
  atmospheric	
  pressure.	
  Hence,	
  the	
  backside	
  of	
  the	
  window	
  and	
  the	
  rest	
  of	
  the	
  

Fabry	
  Perot	
  resonator	
  have	
  to	
  be	
  situated	
  in	
  at	
   least	
  fine	
  vacuum	
  (p	
  <	
  1	
  mbar).	
   	
  These	
  

requirements	
   render	
   the	
   operation	
   of	
   the	
   setup	
   complicated.	
   In	
   particular,	
   pumping	
  

down	
   and	
   venting	
   of	
   the	
   apparatus	
   requires	
   particular	
   care	
   as	
   pressure	
   differences	
  

beyond	
  a	
  few	
  mbar	
  lead	
  to	
  destruction	
  of	
  the	
  window.	
  More	
  importantly,	
  the	
  presence	
  of	
  

a	
   window	
   inside	
   the	
   Fabry	
   Perot	
   resonator	
   causes	
   severe	
   problems	
   with	
   the	
  

reproducibility	
   of	
   the	
  measurements,	
  which	
  were	
   traced	
  back	
   to	
   small	
   changes	
   in	
   the	
  

geometric	
  structure	
  of	
  the	
  Fabry	
  Perot	
  resonator	
  beyond	
  the	
  mechanical	
  precision	
  of	
  the	
  

components	
  available.	
  For	
  subsequent	
  measurements	
  changes	
  in	
  the	
  background	
  of	
  the	
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resonator	
  occur,	
   if	
   the	
   sample	
  was	
   removed	
   from	
   the	
  measurement	
  position,	
  which	
   is	
  

necessary	
  to	
  perform	
  subsequent	
  preparation	
  steps,	
  and	
  placed	
  at	
  nominally	
   the	
  same	
  

position.	
   This	
   impedes	
   the	
  measurement	
   of	
   small	
   EPR	
   signals	
   from	
   thin	
   film	
   samples,	
  

because	
   of	
   the	
   small	
   number	
   of	
   paramagnetic	
   sites	
   expected	
   for	
   such	
   samples.	
  

Background	
   stability	
   is	
   a	
   key	
   factor	
   for	
   these	
   investigations	
   as	
   EPR	
   signals	
   from	
   the	
  

sample	
   have	
   to	
   be	
   discriminated	
   from	
   background	
   signals	
   of	
   the	
   setup	
   by	
   proper	
  

correction	
  of	
  the	
  data.	
  	
  

Despite	
   the	
   difficulties	
   in	
   terms	
   of	
   background	
   stability	
   the	
   coupling	
   structure	
   of	
   the	
  

resonator	
  using	
  an	
  antenna	
  with	
  an	
  optimized	
  coupling	
  orifice,	
  which	
  was	
  developed	
  for	
  

the	
  quartz	
  sealed	
  resonator,	
  turned	
  out	
  to	
  be	
  stable	
  and	
  robust.	
  Therefore	
  the	
  coupling	
  

structure,	
  which	
  has	
  been	
  adapted	
  from	
  a	
  development	
  at	
  48	
  GHz	
  reported	
  in	
  literature,	
  

should	
   be	
   preserved.28	
   The	
   right	
   side	
   of	
   Figure	
   6	
   shows	
   the	
   very	
   end	
   of	
   the	
   current	
  

design.	
   It	
   consist	
   of	
   the	
  Macor	
   body	
   (1)	
   and	
   the	
   Cu-­‐Mirror	
   (2)	
   together	
  with	
   a	
   brass	
  

fitting	
  (3),	
  which	
  is	
  inserted	
  into	
  the	
  Cu-­‐mirror.	
  The	
  brass	
  fitting	
  is	
  made	
  of	
  a	
  short	
  piece	
  

of	
  WR28	
   (1.27×2.54	
  mm2)	
  waveguide	
   (4)	
   ending	
   in	
   a	
  modified	
  UG387/U	
   flange.	
  Thus	
  

the	
  fitting	
  allows	
  to	
  connect	
  the	
  Cu-­‐mirror	
  with	
  the	
  microwave	
  bridge	
  which	
  is	
  realized	
  

by	
  an	
  oversized	
  waveguide	
  of	
  approximately	
  1	
  m	
  length	
  to	
  reduce	
  losses	
  of	
  the	
  transfer	
  

line.	
  

The	
  coupling	
  of	
  the	
  microwave	
  is	
  achieved	
  by	
  means	
  of	
  an	
  antenna	
  made	
  out	
  of	
  60	
  µm	
  

thick	
   Au	
  wire.	
   The	
   antenna	
   is	
  mandatory	
   to	
   couple	
  microwave	
   radiation	
   through	
   the	
  

small	
  rectangular	
  coupling	
  orifice	
  with	
  an	
  opening	
  of	
  200	
  x	
  900	
  µm2.	
  The	
  wire	
  is	
  pressed	
  

between	
  the	
  end	
  of	
  the	
  Brass	
  fitting	
  and	
  the	
  Cu-­‐mirror.	
  The	
  distance	
  between	
  the	
  wire	
  

and	
   the	
   coupling	
   orifice	
   is	
   λ/4	
   to	
  maximize	
   the	
   pickup	
   of	
   the	
   displacement	
   currents,	
  

which	
   are	
   used	
   to	
   transmit	
   the	
   radiation	
   into	
   the	
   resonator.	
   The	
   structure	
   in	
   the	
   Cu	
  

mirror	
  consists	
  of	
  a	
  rectangular	
  hole	
  to	
  fit	
  the	
  WR	
  28	
  waveguide	
  part	
  of	
  the	
  brass	
  fitting,	
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the	
  piece	
  with	
  a	
  length	
  of	
  λ/4	
  and	
  the	
  inner	
  dimensions	
  of	
  a	
  WR	
  28	
  waveguide	
  as	
  well	
  as	
  

the	
   coupling	
   orifice.	
   All	
   these	
   have	
   to	
   be	
   manufactured	
   with	
   very	
   high	
   precision	
   to	
  

ensure	
   a	
   proper	
   press	
   fit	
   of	
   the	
   coupling	
   wire,	
   a	
   perfect	
   alignment	
   of	
   the	
   waveguide	
  

pieces	
   (brass	
   and	
   copper)	
   and	
   an	
  orifice	
  with	
   as	
   small	
   a	
  wall	
   thickness	
   as	
  possible	
   to	
  

reduce	
  losses.	
  	
  

	
  	
  

	
  

FIG.	
  6.	
  Detailed	
  view	
  on	
  the	
  coupling	
  orifice	
  and	
  the	
  vacuum	
  sealing.	
  (1)	
  Macor	
  body;	
  (2)	
  

Cu-­‐Mirror;	
   (3)	
   Brass	
   fitting;	
   (4)	
   WR	
   28	
   waveguide;	
   (5)	
   sapphire	
   plate;	
   (6)	
   coupling	
  

antenna	
  made	
  out	
  of	
  60	
  µm	
  Au	
  wire	
  

	
  	
  	
  

Based on the experience with the quartz window it is clear that the vacuum sealing of the 

microwave source has to be shifted outside of the resonator. To this end the options are very 

limited as the coupling orifice in the curved mirror is too small to allow for efficient pumping 

of any volume that might be enclosed behind it. Therefore the seal has to be placed directly on 

the backside of the coupling orifice. A 1.1 x 2.3 mm2 large and 150 µm thick sapphire plate 

(Dopa GmbH, Berlin) fitting into a WR28 waveguide is glued onto the backside of the Cu 

mirror using a UHV compatible glue (Varian TorrSeal, Agilent Technologies). The Au 

antenna is fed into the resonator by two 300 µm wide holes separated by 300 µm, which have 

(3)(3)

(2) (1)

(5)

(6)

(2)

(4)

1 mm
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to be centered inside the coupling orifice as shown on the left hand side of Figure 6. TorrSeal 

is used to glue the antenna into the holes of the sapphire window. The glue has to be used 

with care as TorrSeal absorbs microwaves strongly. Glue should be used thinly and be 

restricted to the backside of the orifice and the holes, respectively. Extra pieces of glue lead to 

a strong reduction of the available microwave power inside the resonator. This setup of the 

coupling structure is mechanically robust and results in a very good reproducibility of the 

spectra as will be discussed in the next section in more detail. It turned out that the coupling, 

however, degraded over periods of months in particular if the system was heated several 

times. This observation was interpreted as a loss of conductivity between the walls of the 

waveguide (brass/copper interface) and the antenna due to oxidation. It is believed that this 

process is particularly rapid during bake-out of the system, where the components are heated 

to 100 - 150 °C. Therefore, a pumping port was designed, which encloses the atmospheric 

side of the resonator (copper mirror (2) and brass fitting (3) in Fig. 6) after removing the other 

waveguide parts and is evacuated to 10-2 mbar during bake-out. This procedure results in a 

stable setup. 

	
  

	
  

FIG. 7. Drawing of a three-screw coupler. (1) UG387/U flange, (2) adjustable brass rods, (3) 

WR 28 waveguide, (4) piezo motor (Attocube ANPz51). 

  

Optimal coupling of the microwaves into the resonator requires an impedance matching 

between the resonator and the microwave line. For a collinear arrangement of waveguide and 

(3)
(2)

(4)

(1)
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resonator a so-called three-screw tuner can realize that. Figure 7 shows the design of the 

current implementation, which can be mounted directly onto the Cu-mirror by the UG387/U 

flange (1). Three screws (2) lined up along the longitudinal direction of the waveguide (3) are 

used. The distance between the screws used in literature vary between 3λwg/8 and 5λwg/8.29 

Due to the small dimensions of the WR 28 waveguide a distance of 5λwg/8 was chosen. Metal 

rods of 0.25 and 0.5 mm diameter and a length of up to 1.25 mm turned down from M1 brass 

screws were used to adjust the coupling. The optimal dimensions for the stubs are determined 

experimentally. In a first step M1 threads were tapped into the wall of the W-band waveguide. 

The tolerance of the thread gives rise to mechanical instabilities, which were reduced by 

Viton tubes between the screw heads and the waveguide acting as spring loads. It was found 

that the optimum set of screws (diameter, length of the stubs) depend on the details of the 

antenna used. Therefore the tuner setup is adjusted for every new antenna. In most cases the 

influence of one screw onto the coupling was highest. A complication arises from the fact that 

the details of the coupling depend on the position of the magnet, which is due to small 

mechanical changes induced by moving the heavy magnet on the optical bench. However, the 

screws are not accessible if the magnet is in the measurement position. Therefore one screw 

was replaced by a rod mounted to a linear piezo motor (4), which allows a precision 

movement with the magnet in measurement position. For the current design with a 60 µm Au 

antenna and a 150 µm thick sapphire window the resonator is only slightly undercritically 

coupled. Hence, the effect achieved by the coupler on the resonator performance is small and 

the coupler can also be omitted.  

	
  

B.	
  Characterization	
  of	
  the	
  resonator	
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For	
  a	
  Fabry	
  Perot	
  resonator	
  operated	
   in	
  a	
  TEM00n	
  mode	
  the	
  radius	
  of	
  curvature	
  of	
   the	
  

mirrors	
  controls	
  the	
  size	
  of	
  the	
  Gaussian	
  beam	
  waist.	
  In	
  the	
  design	
  with	
  one	
  planar	
  and	
  

one	
   curved	
   mirror	
   the	
   beam	
   waist	
   is	
   located	
   on	
   the	
   surface	
   of	
   the	
   planar	
   mirror.	
  

Therefore,	
   it	
   is	
   desirable	
   to	
   maximize	
   the	
   size	
   of	
   the	
   Gaussian	
   beam	
   waist	
   if	
  

paramagnetic	
  species	
  on	
  the	
  planar	
  mirror	
  should	
  be	
  investigated.	
  Increasing	
  the	
  size	
  of	
  

the	
   beam	
   waist,	
   however,	
   reduces	
   the	
   Q	
   factor	
   of	
   the	
   resonator	
   and	
   will	
   reduce	
   the	
  

sensitivity	
   of	
   the	
   setup.	
   In	
   a	
   first	
   set	
   of	
   experiments	
  mirrors	
   with	
   different	
   radius	
   of	
  

curvature	
   were	
   tested.	
   In	
   literature	
   a	
   variety	
   of	
   Fabry	
   Perot	
   resonators	
   have	
   been	
  

reported.	
   In	
   these	
   setups	
   radii	
   of	
   curvature	
   in	
   the	
   range	
   of	
   15	
   to	
   17	
  mm	
  were	
   used.	
  

These	
   radii	
   were	
   chosen	
   to	
   avoid	
   the	
   high	
   mode	
   degeneracy	
   that	
   is	
   expected	
   for	
   a	
  

confocal	
   or	
   in	
   this	
   case	
   semi-­‐confocal	
   arrangement	
  of	
   the	
  mirrors.	
   Characterization	
  of	
  

such	
  resonators	
  have	
  shown	
  that	
   the	
  beam	
  waist	
   (the	
  radius	
  at	
  which	
   the	
  B1	
   field	
  has	
  

dropped	
  to	
  1/e	
  of	
  its	
  initial	
  value)	
  in	
  the	
  center	
  of	
  the	
  resonator	
  is	
  about	
  3	
  mm,	
  which	
  

can	
  serve	
  to	
  estimate	
  the	
  probed	
  sample	
  surface.24	
  As	
  a	
  starting	
  point	
  we	
  have	
  chosen	
  a	
  

radius	
  of	
  curvature	
  of	
  17	
  mm	
  as	
  it	
  allows	
  to	
  place	
  the	
  resonator	
  in	
  a	
  near	
  semi-­‐confocal	
  

arrangement,	
  which	
  maximizes	
  the	
  beam	
  waist	
  on	
  the	
  planar	
  mirror.	
  The	
  performance	
  

of	
  resonators	
  employing	
  mirrors	
  with	
  different	
  radius	
  of	
  curvature	
  was	
  tested	
  using	
  EPR	
  

spectra	
   taken	
   at	
   room	
   temperature	
   for	
   a	
   DPPH	
   (2,2’-­‐diphenyl-­‐1-­‐picrylhydrazil,	
   Sigma	
  

Aldrich)	
  sample	
  prepared	
  on	
  an	
  aluminum	
  disc	
  (diameter	
  12	
  mm).	
  The	
  measurements	
  

were	
  done	
  under	
  atmospheric	
  conditions.	
  An	
  important	
  prerequisite	
  of	
  the	
  sample	
  is	
  the	
  

homogeneous	
  distribution	
  of	
  the	
  spins	
  on	
  the	
  surface	
  of	
  the	
  disc	
  to	
  ensure	
  that	
  a	
  change	
  

of	
  the	
  microwave	
  distribution	
  and	
  corresponding	
  possible	
  changes	
  of	
  the	
  signal	
  can	
  be	
  

related	
   to	
   the	
   area	
   sensitivity	
   of	
   the	
   setup.	
   The	
   sample	
  was	
   prepared	
   by	
   spin	
   coating	
  

from	
   a	
   DPPH	
   solution	
   at	
   a	
   rotating	
   speed	
   of	
   2000	
   rpm.	
   The	
   total	
   amount	
   of	
   spins	
  

dropped	
  onto	
  the	
  surface	
  was	
  1*1016	
  spins/cm2,	
  however,	
  the	
  density	
  of	
  molecules	
  has	
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not	
  been	
  determined	
  quantitatively	
  and	
  significant	
   losses	
  are	
  expected	
  due	
  to	
  the	
  spin	
  

coating	
   process.	
   Figure	
   8	
   shows	
   the	
   signal	
   to	
   noise	
   ratios	
  measured	
   for	
   four	
  mirrors	
  

with	
  radius	
  17,	
  20,	
  25,	
  and	
  30	
  mm	
  using	
  the	
  same	
  sample	
  prepared	
  as	
  described	
  above.	
  

Each	
  mirror	
  was	
  equipped	
  with	
   its	
  own	
  antenna	
  and	
   tests	
  with	
  different	
  antennas	
   for	
  

each	
  mirror	
  were	
  done	
  independently	
  to	
  reduce	
  the	
  error	
  that	
  may	
  arise	
  from	
  the	
  fact	
  

that	
  the	
  antenna	
  arrangement	
  deviates	
  for	
  each	
  setup.	
  As	
  seen	
  from	
  Figure	
  8	
  the	
  signal	
  

to	
  noise	
  ratio	
  is	
  found	
  to	
  be	
  lowest	
  for	
  the	
  mirrors	
  with	
  a	
  radius	
  of	
  30	
  mm	
  and	
  increases	
  

by	
  about	
  a	
  factor	
  of	
  3	
  if	
  the	
  radius	
  is	
  reduced	
  to	
  20	
  mm.	
  The	
  mirror	
  with	
  a	
  radius	
  of	
  17	
  

mm	
  shows	
  a	
  slightly	
  reduced	
  signal	
  to	
  noise	
  ratio.	
  However,	
  the	
  10	
  %	
  difference	
  is	
  not	
  

significant	
   given	
   the	
   experimental	
   uncertainties	
   discussed	
   above.	
   The	
   observed	
   S/N	
  

ratios	
  scale	
  well	
  with	
  the	
  quality	
  factor	
  of	
  the	
  resonator	
  indicating	
  that	
   losses	
  due	
  to	
  a	
  

larger	
   beam	
  waist	
   cannot	
   be	
   compensated	
   for	
   by	
   an	
   increased	
   beam	
  waist,	
   hence	
   an	
  

increased	
  number	
  of	
  paramagnetic	
  centers	
  being	
  irradiated	
  on	
  the	
  surface.	
  From	
  these	
  

results	
   it	
   is	
  concluded	
  that	
  radii	
  of	
  curvature	
  around	
  20	
  mm	
  are	
  optimal	
   for	
   the	
  given	
  

sample	
  size	
  of	
  12	
  mm.	
  

	
  

	
  FIG.	
  8.	
  Signal	
  to	
  noise	
  ratio	
  as	
  determined	
  for	
  a	
  DPPH	
  sample	
  on	
  a	
  12	
  mm	
  diameter	
  Al	
  

disc.	
  Spectra	
  are	
  taken	
  under	
  atmospheric	
  conditions	
  at	
  room	
  temperature.	
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For	
   a	
   given	
  mirror	
   the	
   performance	
   of	
   the	
   resonator	
   depends	
   also	
   on	
   the	
   resonance	
  

mode.	
   Typical	
   Q	
   values	
   between	
   2500	
   and	
   3000	
   are	
   achieved	
   with	
   this	
   setup.	
   The	
  

highest	
   sensitivity	
   is	
   found	
   for	
   a	
   distance	
   of	
   about	
   9.5	
   mm	
   between	
   the	
   mirrors	
  

corresponding	
  to	
  a	
  TEM006	
  mode.	
  Adjacent	
  modes	
  with	
  both	
  larger	
  and	
  smaller	
  mirror	
  

distances	
   were	
   found	
   to	
   show	
   reduced	
   signal	
   to	
   noise	
   ratios	
   for	
   the	
   test	
   samples	
  

described	
  above.	
  	
  

As	
  discussed	
  in	
  Sec.	
  II	
  B	
  the	
  sample	
  is	
  mounted	
  at	
  the	
  end	
  of	
  a	
  He	
  flow	
  cryostat	
  while	
  the	
  

curved	
  Cu-­‐mirror	
   is	
   rigidly	
   connected	
   to	
   the	
  UHV	
   chamber.	
   This	
   results	
   in	
   a	
   different	
  

thermal	
   coupling	
   of	
   the	
   two	
   mirrors	
   with	
   the	
   laboratory	
   environment.	
   In	
   turn	
  

temperature	
  changes	
  in	
  the	
  laboratory	
  cause	
  a	
  displacement	
  of	
  the	
  Cu-­‐mirror	
  relative	
  to	
  

the	
   sample	
   due	
   to	
   thermal	
   expansion	
   of	
   the	
   Ti-­‐tube.	
   Using	
   the	
   thermal	
   expansion	
  

coefficient	
  of	
  Ti	
  (8.5	
  μm/(m	
  ·	
  K)	
  at	
  room	
  temperature)30	
  and	
  a	
  length	
  of	
  the	
  Ti	
  tube	
  of	
  50	
  

cm	
   a	
   displacement	
   of	
   425	
   nm	
   is	
   expected	
   for	
   a	
   temperature	
   change	
   of	
   0.1	
   K.	
   This	
  

corresponds	
  to	
  a	
  shift	
   in	
   frequency	
  of	
  about	
  4	
  MHz.	
  While	
  such	
  a	
  displacement	
  can	
  be	
  

compensated	
   by	
   the	
   automatic	
   frequency	
   control	
   (AFC)	
   of	
   the	
   microwave	
   bridge	
  

(dynamic	
  range	
  of	
  6	
  MHz)	
  slightly	
  larger	
  displacements	
  will	
  exceed	
  the	
  dynamic	
  range	
  of	
  

the	
  AFC,	
  which	
  causes	
  significant	
  problems	
  with	
  the	
  stability	
  of	
  the	
  spectrometer.	
   	
  For	
  

the	
   sample	
   being	
   at	
   room	
   temperature	
   the	
   dynamic	
   range	
   of	
   the	
   AFC	
   is	
   sufficient	
   to	
  

stabilize	
  the	
  system	
  on	
  the	
  time	
  scale	
  of	
  minutes.	
  This	
  time	
  decreases	
  significantly	
  if	
  the	
  

sample	
   is	
   cooled	
   by	
   liquid	
   helium.	
   The	
   time	
   scale	
   of	
   stable	
   operation	
   is	
   considerably	
  

shorter	
  than	
  the	
  one	
  required	
  for	
  the	
  measurements	
  of	
  paramagnetic	
  species	
  of	
  the	
  thin	
  

oxide	
  film	
  samples.	
  For	
  samples	
  with	
  less	
  than	
  1013	
  spins/cm2	
  the	
  accumulation	
  time	
  of	
  

the	
   spectra	
   required	
   to	
   have	
   sufficient	
   signal	
   to	
   noise	
   ratio	
   is	
   typically	
   several	
   hours.	
  

Hence,	
  a	
  stabilization	
  mechanism	
  for	
  the	
  resonator	
  is	
  required.	
  	
  



	
   24	
  

Controlling	
   the	
   temperature	
   of	
   the	
   laboratory	
   to	
   the	
   degree	
   required	
   for	
   a	
   stable	
  

operation	
  of	
  the	
  resonator	
  is	
  beyond	
  reach.	
  Hence,	
  the	
  distance	
  between	
  sample	
  and	
  Cu-­‐

mirror	
  needs	
  to	
  be	
  actively	
  controlled.	
  This	
   involves	
  two	
  aspects.	
  On	
  the	
  one	
  hand	
  the	
  

distance	
  has	
  to	
  be	
  changed	
  and	
  on	
  the	
  other	
  hand	
  it	
  needs	
  to	
  be	
  measured	
  and	
  both	
  has	
  

to	
  be	
  done	
  with	
  accuracy	
  in	
  the	
  range	
  of	
  less	
  than	
  100	
  nm.	
  A	
  variety	
  of	
  approaches	
  have	
  

been	
   tested	
   to	
  change	
   the	
  distance	
  between	
   the	
  mirrors	
   including	
  an	
  active	
  control	
  of	
  

the	
  sample	
  position	
  on	
  the	
  cryostat	
  head	
  using	
  piezo	
  driven	
  motors.	
  The	
  most	
  reliable	
  

solution	
  is	
  shown	
  in	
  Figure	
  9.	
  The	
  strategy	
  is	
  to	
  actively	
  control	
  the	
  length	
  of	
  the	
  Ti	
  tube	
  

(1)	
  by	
  changing	
  its	
  temperature.	
  To	
  this	
  end	
  a	
  Peltier	
  element	
  (2)	
  is	
  connected	
  to	
  the	
  Ti	
  

tube	
  by	
  means	
  of	
   an	
  Al-­‐collar	
   (3).	
  Water	
   (4)	
   is	
  used	
   to	
   thermalize	
   the	
  Peltier	
  element	
  

from	
   the	
   other	
   side.	
   	
   Due	
   to	
   the	
   heat	
   capacities	
   of	
   the	
   components	
   involved	
   the	
   time	
  

constant	
  of	
  this	
  device	
  is	
  tens	
  of	
  seconds.	
  It	
  was	
  already	
  indicated	
  that	
  the	
  thermal	
  drift	
  

observed	
  in	
  the	
  measurements	
  without	
  active	
  control	
  involves	
  time	
  scales	
  in	
  that	
  range	
  

rendering	
  this	
  approach	
  applicable.	
  	
  

	
  

FIG.	
  9.	
  Schematics	
  of	
  the	
  Peltier	
  element	
  used	
  to	
  control	
  the	
  length	
  of	
  the	
  Ti	
  tube.	
  (1)	
  Ti-­‐

tube,	
  (2)	
  Peltier	
  element,	
  (3)	
  Al	
  collar,	
  (4)	
  water	
  cooling	
  

	
  

Still	
   the	
  dynamic	
   range	
  of	
   this	
  device	
   is	
   limited	
   and	
   the	
   system	
  has	
   to	
  be	
   close	
   to	
   the	
  

thermal	
  steady	
  state	
  for	
  this	
  compensation	
  device	
  to	
  work	
  properly.	
  This	
  is	
  particularly	
  

important	
   for	
  measurements	
  at	
   low	
  temperature,	
  because	
   thermal	
  equilibration	
  of	
   the	
  

sample	
  position	
  requires	
  considerably	
  more	
  time	
  than	
  cooling	
  down	
  the	
  sample.	
  While	
  

(2)

!T !l

(4)

(1)

(3)
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the	
  operating	
  temperature	
  at	
  the	
  cryostat	
  head	
  is	
  typically	
  reached	
  within	
  30	
  minutes,	
  it	
  

takes	
  about	
  two	
  hours	
  for	
  the	
  cryostat	
  to	
  reach	
  its	
  steady	
  state.	
  	
  

As	
  mentioned	
   above	
   the	
   second	
   aspect	
   is	
   to	
  measure	
   and	
   control	
   the	
   distance	
   of	
   the	
  

mirrors.	
  To	
  this	
  end	
  it	
  turned	
  out	
  that	
  using	
  the	
  AFC	
  signal	
  of	
  the	
  microwave	
  bridge	
  is	
  

the	
  simplest	
  way	
  to	
  achieve	
  this.	
  The	
  AFC	
  signal	
   is	
  provided	
  via	
  an	
  auxiliary	
  output	
  on	
  

the	
  backside	
  of	
   the	
  X-­‐band	
  bridge	
  and	
   is	
   fed	
   into	
  a	
  PID	
  controller	
  realized	
   in	
  software	
  

using	
  Labview.	
  A	
  careful	
   choice	
  of	
   the	
  PID	
  parameters	
  allows	
  stabilizing	
   the	
  AFC	
   level	
  

for	
  tens	
  of	
  hours,	
  provided	
  that	
  the	
  temperature	
  at	
  the	
  primary	
  heat	
  exchanger	
  of	
  the	
  He	
  

cryostat	
   is	
   stable,	
   too.	
   Routinely	
   data	
   acquisition	
   for	
   time	
   spans	
   only	
   limited	
   by	
   the	
  

amount	
  of	
  liquid	
  helium	
  available	
  to	
  cool	
  the	
  sample	
  can	
  be	
  realized	
  using	
  this	
  setup.	
  

	
  

IV.	
  Measurements	
  under	
  UHV	
  conditions	
  

Initial	
  tests	
  of	
  the	
  set	
  up	
  under	
  UHV	
  conditions	
  were	
  done	
  using	
  di-­‐tert-­‐butyl	
  nitroxide	
  

(DTBN)	
   a	
   stable	
   volatile	
   nitroxide	
   radical.	
   A	
   20	
   ML	
   thick	
   MgO(001)	
   film	
   grown	
   on	
   a	
  

Mo(001)	
  single	
  crystal	
  surface	
  was	
  chosen	
  as	
  the	
  substrate	
  to	
  avoid	
  suppression	
  of	
  the	
  

EPR-­‐signal	
  of	
  molecules	
   in	
  direct	
  contact	
   to	
   the	
  metal	
  surface,	
  which	
   leads	
   to	
  a	
   loss	
  of	
  

the	
  EPR	
  signal	
  due	
  to	
  spin	
  exchange	
  with	
  the	
  conduction	
  electrons.31,	
  32	
  Quenching	
  of	
  an	
  

unknown	
  amount	
  of	
  adsorbed	
  molecules	
  would	
  hamper	
  the	
  estimation	
  of	
  the	
  sensitivity	
  

of	
  the	
  Fabry-­‐Perot	
  resonator.	
  It	
  was	
  shown	
  for	
  an	
  alumina	
  film	
  grown	
  on	
  NiAl(110)	
  that	
  

a	
   5	
   Å	
   thick	
   film	
   is	
   already	
   sufficient	
   to	
   decouple	
   the	
   unpaired	
   electron	
   from	
   the	
  

conduction	
  band	
  electrons	
  at	
   the	
  Fermi	
   level	
  and	
  observe	
   	
  submonolayer	
  quantities	
  of	
  

DTBN.33	
  The	
  experiments	
  were	
  performed	
  at	
  a	
  base	
  pressure	
  <	
  2	
  ×10−10	
  mbar	
  cooling	
  

the	
   sample	
   to	
  70	
  K	
  as	
  measured	
  with	
  a	
   type	
  C	
   thermocouple.	
  Liquid	
  DTBN	
  purchased	
  

from	
   Aldrich	
   (300721,	
   melting	
   point	
   -­‐6	
   °C,	
   purity	
   90	
   %)	
   stored	
   in	
   a	
   glass	
   vial	
   was	
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attached	
   to	
   the	
   chamber	
   via	
   leak	
   valve.	
   Prior	
   to	
   use	
  DTBN	
  was	
  purified	
   using	
   several	
  

freeze-­‐thaw	
  cycles.	
  	
  

DTBN	
   reacts	
   readily	
  with	
   the	
  walls	
   of	
   the	
   chamber.	
   Therefore	
   the	
   UHV	
   chamber	
  was	
  

passivated	
   by	
   backfilling	
  with	
   DTBN	
   at	
   a	
   pressure	
   of	
   1×10−7	
  mbar	
   for	
   600	
   s	
   prior	
   to	
  

adsorption	
  on	
  the	
  MgO	
  surface.	
  	
  Afterwards	
  the	
  EPR	
  cryostat	
  was	
  cooled	
  down	
  to	
  helium	
  

temperature.	
   Prior	
   to	
   the	
   experiment	
   the	
   MgO-­‐film	
   was	
   annealed	
   to	
   700	
   K	
   in	
   the	
  

preparation	
   chamber	
   to	
   remove	
   remaining	
   adsorbates	
   and	
   then	
   transferred	
   into	
   the	
  

analysis	
   chamber.	
   The	
   top	
   spectrum	
   in	
   Fig.	
   10	
   shows	
   the	
   EPR	
   spectrum	
   taken	
   after	
  

adsorption	
  of	
  3	
  L	
  of	
  DTBN	
  at	
  70	
  K.	
  The	
  spectrum	
  is	
  dominated	
  by	
  a	
  single	
  line	
  centered	
  

at	
  g	
  =	
  2.006	
  with	
  a	
  peak	
  to	
  peak	
  line	
  width	
  of	
  1.8	
  mT.	
  After	
  this	
  spectrum	
  was	
  taken	
  the	
  

sample	
  was	
  transferred	
  back	
  to	
  the	
  preparation	
  chamber	
  and	
  heated	
  to	
  700	
  K,	
  beyond	
  

which	
  no	
  desorption	
  of	
  molecular	
  fragments	
  was	
  observed	
  by	
  mass	
  spectrometry	
  in	
  line	
  

with	
   results	
  on	
  an	
  alumina	
   film	
  grown	
  on	
  NiAl(110).33	
  After	
   transfer	
   into	
   the	
  analysis	
  

chamber	
  0.38	
  L	
  DTBN	
  were	
  dosed	
  and	
  spectrum	
  (b)	
  was	
  obtained.	
  The	
  spectrum	
  shows	
  

a	
   line	
  at	
   slightly	
  higher	
   field	
   (g	
  =	
  2.0054),	
  which	
  exhibits	
  a	
  significantly	
   increased	
   line	
  

width	
  of	
  3.4	
  mT.	
  Finally,	
   the	
  annealing	
   step	
   in	
   the	
  preparation	
   chamber	
  was	
   repeated	
  

and	
  a	
  background	
  spectrum	
  (c)	
  was	
  recorded,	
  which	
  lacks	
  the	
  signal	
  related	
  to	
  DTBN.	
  	
  

	
  100 G B
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(b)
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FIG.	
  10.	
  W-­‐band	
  EPR	
  spectra	
   taken	
   for	
  DTBN	
  adsorbed	
  on	
  20	
  ML	
  MgO(001)/Mo(001).	
  

(a)	
  3	
  L	
  DTBN	
  @	
  70K,	
  50	
  scans,	
  (b)	
  sample	
  from	
  (a)	
  heated	
  to	
  700	
  K	
  and	
  adsorption	
  of	
  

0.38	
  L	
  DTBN	
  @	
  70	
  K,	
  200	
  scans,	
  (c)	
  sample	
  from	
  (b)	
  after	
  heating	
  to	
  700	
  K,	
  200	
  scans	
  

(for	
  details	
  see	
  text).	
  	
  

	
  

The	
  g-­‐value	
  of	
   the	
   line	
  observed	
  after	
  absorption	
  of	
  3	
  L	
  DTBN	
  agrees	
  well	
  with	
  values	
  

found	
  in	
  literature	
  (2.0056	
  on	
  alumina	
  34,	
  2.0058	
  on	
  oxidized	
  copper	
  35).	
  The	
  line	
  width	
  

is	
  governed	
  by	
  exchange	
  narrowing,	
  which	
  depend	
  on	
  the	
  arrangement	
  of	
  the	
  molecules	
  

on	
  the	
  surface	
  as	
  demonstrated	
  by	
  the	
  strong	
  temperature	
  dependence	
  of	
  the	
  line	
  width	
  

observed	
   for	
   multilayer	
   adsorption	
   of	
   DTBN	
   on	
   a	
   thin	
   alumina	
   film	
   under	
   UHV	
  

conditions.33	
   At	
   X-­‐band	
   line	
   widths	
   ranging	
   from	
   1	
   to	
   3.5	
   mT	
   have	
   been	
   observed	
  

depending	
   on	
   the	
   preparation	
   conditions,	
   which	
   agrees	
   well	
   with	
   the	
   observed	
   line	
  

width	
  of	
  1.8	
  mT.	
  

The	
  broadening	
  of	
   the	
  signal	
   for	
  0.38	
  L	
  coverage	
  cannot	
  be	
  attributed	
   to	
   temperature,	
  

instead	
  the	
  reduction	
  of	
  the	
  exchange	
  interaction	
  is	
  due	
  to	
  the	
  reduced	
  absolute	
  number	
  

of	
   molecules	
   interacting	
   on	
   the	
   surface	
   and	
   a	
   resulting	
   change	
   of	
   the	
   intermolecular	
  

interactions,	
   which	
   can	
   also	
   account	
   for	
   the	
   observed	
   g-­‐shift	
   as	
   compared	
   to	
   the	
  

spectrum	
  at	
  higher	
  coverage.	
  The	
  number	
  density	
  of	
  DTBN	
  molecules	
  on	
  the	
  surface	
  can	
  

be	
  determined	
  using	
  kinetic	
   gas	
   theory	
   leading	
   to	
  4.55×1014	
   and	
  5.69×1013	
   spins/cm2	
  

for	
   3	
   L	
   and	
   0.38	
   L,	
   respectively.	
   Comparing	
   these	
   number	
   densities	
   to	
   the	
   density	
   of	
  

oxygen	
   sites	
   on	
   the	
   surface	
   of	
  MgO(001)	
   (1.12×1015	
   O-­‐atoms/cm2)	
   indicates	
   that	
   the	
  

small	
  amount	
  of	
  DTBN	
  corresponds	
  to	
  almost	
  1/20	
  of	
  a	
  monolayer.	
  For	
  submonolayer	
  

quantities	
   it	
   is	
   reasonable	
   to	
   assume	
   that	
   exchange	
   interaction	
   between	
  molecules	
   is	
  

reduced	
   in	
   comparison	
   to	
   the	
   multilayer	
   leading	
   to	
   reduced	
   spin-­‐spin	
   interactions.	
  

Double	
   integration	
   of	
   the	
   EPR	
   signal	
   taking	
   the	
   small	
   background	
   contribution	
   into	
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account	
  gives	
  an	
   intensity	
  ratio	
  between	
  the	
  coverages	
  of	
  5:1.	
  This	
   is	
  smaller	
   than	
  the	
  

ratio	
  of	
  8:1	
  expected	
  based	
  on	
  the	
  nominal	
  exposure	
  of	
  the	
  molecules.	
  The	
  discrepancy	
  

may	
  in	
  part	
  be	
  explained	
  by	
  the	
  uncertainty	
  of	
  the	
  precise	
  shape	
  of	
  the	
  baseline,	
  which	
  

becomes	
   more	
   important	
   the	
   smaller	
   and	
   wider	
   the	
   signal	
   gets.	
   Additionally,	
   it	
   is	
  

possible	
  that	
  DTBN	
  does	
  react	
  with	
  the	
  pristine	
  MgO(001)	
  surface,	
  which	
  is	
  supported	
  

by	
   the	
   observation	
   that	
   inverting	
   the	
   order	
   of	
   adsorption	
   (small	
   dosage	
   first,	
   large	
  

dosage	
   second)	
   leads	
   to	
   no	
   or	
   an	
   almost	
   vanishing	
   EPR	
   signal	
   for	
   the	
   small	
   dosage.	
  

However,	
  reactions	
  with	
  the	
  chamber	
  walls	
  cannot	
  be	
  excluded	
  despite	
  the	
  passivation	
  

procedure	
  performed	
  prior	
  to	
  the	
  initial	
  adsorption.	
  All	
  of	
  these	
  processes	
  decrease	
  the	
  

number	
  of	
  spins	
  on	
  the	
  surface	
  such	
  that	
  the	
  given	
  spin	
  densities	
  are	
  an	
  upper	
  limit	
  for	
  

the	
  amount	
  being	
  present	
  on	
  the	
  surface.	
  The	
  adsorption	
  of	
  the	
  small	
  amount	
  of	
  DTBN	
  

already	
   proves	
   that	
   the	
   setup	
   is	
   sensitive	
   to	
   detect	
   submonolayer	
   quantities	
   of	
  

paramagnetic	
  species	
  on	
  well-­‐defined	
  single	
  crystal	
  surfaces.	
  A	
  comparison	
  of	
   the	
  EPR	
  

line	
  of	
  DTBN	
  observed	
  here	
  with	
  measurements	
  at	
  X-­‐band	
  mentioned	
  above	
  shows	
  that	
  

the	
  sensitivity	
  of	
  setup	
  observed	
  here	
  is	
  comparable	
  with	
  that	
  of	
  the	
  X-­‐band	
  setup.	
  For	
  

the	
   latter	
  a	
  sensitivity	
  of	
  5x1011	
  spins/cm2	
  was	
   found,	
  which	
  renders	
   the	
  method	
  well	
  

suited	
  to	
  detect	
  defect	
  species	
  at	
  low	
  concentrations	
  as	
  required	
  to	
  work	
  with	
  defects	
  to	
  

be	
  considered	
  a	
  small	
  perturbation	
  of	
  a	
  surface.36	
  	
  

The	
  measurements	
  presented	
  above	
  were	
  obtained	
  from	
  a	
  resonator	
  setup,	
  which	
  uses	
  a	
  

quartz	
   window	
   in	
   the	
   resonator	
   to	
   separate	
   UHV	
   from	
   the	
   atmosphere.	
   While	
   the	
  

sensitivity	
  of	
  this	
  setup	
  is	
  already	
  very	
  good	
  the	
  small	
  background	
  signals	
  found	
  in	
  the	
  

shaded	
   regions	
   in	
   Figure	
   10	
   show	
   considerable	
   difference	
   for	
   the	
   different	
  

measurements.	
   	
  Qualitatively,	
  the	
  regions	
  behave	
  differently.	
  The	
  lines	
  at	
   low	
  and	
  high	
  

field	
   differ	
   rather	
   strongly	
   between	
   the	
   measurements.	
   Even	
   more	
   importantly,	
   the	
  

phase	
   of	
   the	
   signals	
   is	
   changing	
   between	
   measurements	
   indicating	
   that	
   the	
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corresponding	
   centers	
  are	
  not	
   associated	
  with	
  paramagnetic	
   species	
  on	
   the	
   surface	
  of	
  

the	
  oxide	
  film.	
  The	
  two	
  signals	
  close	
  to	
  the	
  DTBN	
  line	
  are	
  well	
  reproduced	
  in	
  terms	
  of	
  

signal	
  position	
  and	
  phase,	
  but	
  the	
  intensity	
  of	
  the	
  features	
  are	
  changing	
  significantly	
  for	
  

the	
   various	
   measurements.	
   It	
   is	
   important	
   to	
   note	
   that	
   the	
   observed	
   changes	
   of	
   the	
  

background	
  signals	
  were	
  also	
  observed	
  after	
  removing	
  the	
  sample	
  and	
  bringing	
  it	
  back	
  

to	
  nominally	
  the	
  same	
  position.	
  For	
  systems	
  with	
  considerably	
  smaller	
  number	
  of	
  spin	
  

centers	
  and	
  line	
  width	
  in	
  the	
  same	
  range	
  as	
  the	
  background	
  signal	
  this	
  is	
  detrimental	
  in	
  

terms	
   of	
   a	
   reliable	
   interpretation	
   of	
   the	
   results.	
   It	
   is	
   this	
   lack	
   of	
   background	
   stability,	
  

which	
  led	
  to	
  the	
  development	
  of	
  the	
  resonator	
  sealing	
  the	
  UHV	
  directly	
  at	
  the	
  coupling	
  

orifice	
  as	
  described	
  in	
  Sec.	
  III.	
  

For	
  comparison	
  Fig.	
  11	
  shows	
  the	
  EPR	
  spectra	
  obtained	
  for	
  a	
  resonator	
  with	
  a	
  sealing	
  on	
  

the	
   backside	
   of	
   the	
   coupling	
   orifice.	
   The	
   spectrum	
   taken	
   at	
   50	
   K	
   from	
   a	
   30	
  ML	
   thick	
  

MgO(001)-­‐film	
  grown	
  at	
  room	
  temperature	
  on	
  Ag(001)	
  (red	
  trace)	
   is	
  compared	
  to	
  the	
  

spectrum	
   taken	
   from	
   the	
   same	
   film	
   after	
   the	
   sample	
   has	
   been	
   transferred	
   to	
   the	
  

preparation	
   chamber,	
  bombarded	
  with	
  electrons	
  of	
  100	
  eV	
  and	
  a	
   current	
  of	
  5	
  mA.	
  To	
  

demonstrate	
   the	
   level	
   of	
   baseline	
   reproducibility	
   three	
   sections	
   of	
   the	
   spectra	
   are	
  

enlarged.	
   It	
   is	
   seen	
   that	
   the	
   correspondence	
   of	
   the	
   spectra	
   prior	
   and	
   after	
   electron	
  

bombardment	
   is	
   almost	
   perfect	
   over	
   the	
   entire	
   range.	
   Because	
   of	
   the	
   perfect	
  

correspondence	
  between	
  the	
  two	
  spectra	
   it	
   is	
  now	
  reliable	
  to	
  use	
  the	
  red	
  spectrum	
  as	
  

the	
   background	
   for	
   the	
   black	
   one	
   and	
   interpret	
   the	
   resulting	
   difference	
   spectrum	
   in	
  

terms	
  of	
  paramagnetic	
  centers	
  that	
  were	
  produced	
  by	
  the	
  electron	
  bombardment	
  of	
  the	
  

thin	
  MgO-­‐film.	
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Fig.	
   11.	
  W-­‐band	
  EPR	
   spectra	
   of	
   a	
   30	
  ML	
   thick	
  MgO(001)	
   film	
   grown	
  on	
  Ag(001).	
   Red	
  

trace:	
  spectrum	
  of	
  the	
  pristine	
  film;	
  black	
  trace:	
  spectrum	
  after	
  electron	
  bombardment.	
  

	
  

From	
   the	
   spectra	
   in	
   Figure	
   11	
   it	
   is	
   readily	
   seen	
   that	
   electron	
   bombardment	
   of	
   the	
  

MgO(001)	
   film	
   creates	
   new	
   signals	
   around	
   the	
   free	
   electron	
   g-­‐value.	
   The	
   most	
  

prominent	
   line	
   is	
  observed	
  at	
  a	
  g-­‐value	
  of	
  2.0028.	
   In	
  addition	
  to	
  that	
  signal,	
  additional	
  

lines	
  are	
  also	
  found	
  at	
  higher	
  as	
  well	
  as	
  lower	
  g-­‐values.	
  While	
  the	
  additional	
  intensity	
  on	
  

the	
  low	
  field	
  side	
  is	
  readily	
  seen	
  the	
  high	
  field	
  contribution	
  results	
  in	
  a	
  broadening	
  of	
  the	
  

signal.	
  The	
  first	
  question	
  to	
  be	
  addressed	
  is	
  whether	
  the	
  observed	
  signals	
  correspond	
  to	
  

surface	
  species.	
  Experiments	
  trying	
  to	
  modify	
  these	
  centers	
  chemically	
  by	
  reaction	
  with	
  

molecular	
   oxygen,	
   or	
   N2O,	
   both	
   proven	
   to	
   react	
   readily	
   with	
   paramagnetic	
   surface	
  

centers	
  on	
  MgO(001)	
  surfaces	
  created	
  by	
  electron	
  bombardment,	
  were	
  unsuccessful.17	
  

Hence,	
   it	
   is	
   concluded	
   that	
   the	
  paramagnetic	
   centers	
  observed	
  here	
  are	
   located	
   in	
   the	
  

volume	
  of	
   the	
  MgO-­‐films.	
  The	
   latter	
  statement	
   is	
   further	
  substantiated	
  by	
  experiments	
  

on	
  the	
  clean	
  Ag	
  surface	
  not	
  shown	
  here.	
  This	
  is	
  in	
  line	
  with	
  observations	
  for	
  MgO(001)	
  

films	
  prepared	
  at	
  RT	
  on	
  Mo(001)	
  taken	
  at	
  X-­‐band.	
  After	
  electron	
  bombardment	
  a	
  large	
  

signal	
  with	
  a	
  line	
  width	
  of	
  about	
  0.7	
  mT	
  is	
  observed.	
  	
  

g-value

2.005 2.000 1.995
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FIG.	
  12.	
  Background	
  corrected	
  W-­‐band	
  EPR	
  spectrum	
  obtained	
  from	
  subtraction	
  of	
  the	
  

spectra	
   in	
  Fig.	
  11	
  (black	
  trace);	
   fit	
   to	
  the	
  data	
  assuming	
  5	
  Lorentzian	
   lines	
  (red	
  trace);	
  

inset:	
  X-­‐band	
  EPR	
  spectrum	
  of	
  a	
  20	
  ML	
  MgO(001)/Mo(001)	
  prepared	
  at	
  300	
  K	
  annealed	
  

to	
  1100	
  K	
  after	
  bombarded	
  with	
  electrons	
  of	
  100	
  eV.	
  

	
  

This	
   signal	
   is	
   shown	
   in	
   the	
   inset	
  of	
  Figure	
  12.	
  The	
  signal	
   is	
  a	
   slightly	
  asymmetric	
   line,	
  

however,	
   the	
   resolution	
   at	
   X-­‐band	
   is	
   insufficient	
   to	
   resolve	
   different	
   components	
   that	
  

may	
  cause	
  the	
  signal	
  asymmetry.	
  In	
  contrast	
  to	
  that	
  the	
  W-­‐band	
  spectrum	
  observed	
  for	
  

the	
  MgO(001)	
  film	
  on	
  Ag(001)	
  clearly	
  resolves	
  different	
  spectral	
  components.	
  Together	
  

with	
  the	
  measured	
  signal	
  shown	
  in	
  black	
  a	
  fit	
  to	
  the	
  spectrum	
  (red	
  trace)	
  is	
  shown.	
  From	
  

the	
   fitting	
   it	
   is	
   found	
   that	
   apart	
   from	
   the	
   central	
   line	
   already	
  discussed	
  above	
  at	
   least	
  

four	
   extra	
   components	
   are	
   required	
   to	
   describe	
   the	
   observed	
   line	
   shape.	
   These	
  

components	
  have	
  different	
  g-­‐values	
  as	
  compared	
  to	
  the	
  central	
  line	
  ranging	
  from	
  2.0035	
  

to	
  2.0018.	
  While	
  these	
  lines	
  can	
  be	
  resolved	
  at	
  W-­‐band	
  the	
  difference	
  of	
  the	
  g-­‐values	
  are	
  

too	
  small	
   to	
  be	
  resolved	
  at	
  X-­‐band	
  hence	
  an	
  unresolved	
  superposition	
  of	
   these	
   lines	
   is	
  

observed.	
   It	
  was	
  previously	
  shown	
  that	
  paramagnetic	
  defects	
   in	
   the	
  bulk	
  of	
  MgO	
   films	
  

are	
  trapped	
  electrons	
  located	
  at	
  domain	
  boundaries	
  of	
  the	
  films	
  37,	
  however,	
  a	
  detailed	
  

1 mT

2 mT
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discussion	
  of	
  the	
  different	
  components	
  comprising	
  the	
  spectrum	
  and	
  its	
  comparison	
  to	
  

defect	
  centers	
  on	
  MgO(001)	
  films	
  grown	
  on	
  Mo(001)	
  go	
  beyond	
  the	
  scope	
  of	
  the	
  article	
  

and	
   will	
   be	
   discussed	
   in	
   detail	
   elsewhere.	
   It	
   is,	
   however,	
   important	
   to	
   note	
   that	
   the	
  

result	
   presented	
   here	
   clearly	
   proves	
   that	
   the	
   current	
   experimental	
   setup	
   is	
   not	
   only	
  

capable	
   to	
   acquire	
   W-­‐band	
   EPR	
   spectra	
   of	
   well-­‐defined	
   oxide	
   films,	
   but	
   also	
   show	
  

improved	
  spectral	
  resolution,	
  which	
  allows	
  to	
  distinguish	
  different	
  sites	
  that	
  cannot	
  be	
  

differentiated	
  by	
  currently	
  available	
  X-­‐band	
  spectroscopy.	
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