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A B S T R A  C T:  I ntri nsi c    m a g n eti c   t o p ol o gi c al   i ns ul at ors   h a v e   e  m er g e d   as   a
pr o  misi n g  pl atf or  m  t o  st u d y  t h e i nt er pl a y  b et w e e n  t h e  t o p ol o gi c al  s urf a c e  st at es
a n d  f err o  m a g n etis  m.    T his  u ni q u e  i nt er pl a y  c a n  gi v e  ris e  t o  a  v ari et y  of  e x oti c
q u a nt u  m  p h e n o  m e n a,  i n cl u di n g  t h e  q u a nt u  m  a n o  m al o us    H all  e ff e ct  a n d  a xi o n
i ns ul ati n g  st at es.    H er e,  utilizi n g    m ol e c ul ar  b e a  m  e pit a x y  (  M B E ),    w e  pr es e nt  a
c o  m pr e h e nsi v e st u d y  of t h e  gr o wt h  of   M n Bi 2 T e 4 t hi n  fil  ms  o n  Si  ( 1 1 1 ),  e pit a xi al
gr a p h e n e, a n d hi g hl y or d er e d p yr ol yti c gr a p hit e s u bstr at es.  B y c o  m bi ni n g a s uit e of
i n  sit u c h ar a ct eriz ati o n  t e c h ni q u es,   w e  o bt ai n  criti c al i nsi g hts i nt o  t h e  n a n os c al e
c o ntr ol  of    M n Bi 2 T e 4 e pit a xi al  gr o wt h.  First,   w e  e xtr a ct t h e fr e e  e n er g y l a n ds c a p e
f or  t h e  e pit a xi al  r el ati o ns hi p  as  a  f u n cti o n  of  t h e  i n- pl a n e  a n g ul ar  distri b uti o n.
T h e n,   b y   e  m pl o yi n g   a n   o pti  miz e d  l a y er- b y-l a y er   gr o wt h,    w e   d et er  mi n e  t h e
c h e  mi c al p ot e nti al a n d   Dir a c p oi nt of t h e t hi n fil  m at di ff er e nt t hi c k n ess es a n d h o w
t his  q u a ntit y  is    m a nif est e d  b y  t h e  d o p a nt  c o  m p e ns ati o n  fr o  m  di ff er e nt  a ntisit e
d ef e cts.   O v er all, t h es e r es ults est a blis h a f o u n d ati o n f or  u n d erst a n di n g t h e gr o wt h ki n eti cs  of   M n Bi 2 T e 4 a n d  p a v e t h e   w a y f or f ut ur e
a p pli c ati o ns  of    M B E- gr o w n t hi n  fil  ms i n  e  m er gi n g t o p ol o gi c al  q u a nt u  m   m at eri als.

K E Y  W  O R  D S:  m ag netic t o p ol ogic al i ns ul at or,   M n Bi 2 Te 4 ,   m olec ul ar  be a  m  e pit a xy,  electr o nic str uct ure,  a ntisite  defect

■ I  N T R  O  D  U C TI  O  N

T h e  e  m er g e n c e  of   m a g n eti c t o p ol o gi c al i ns ul at ors (  M TIs )  h as
cr e at e d a  pr o  misi n g   m at eri al s yst e  m t o e x pl or e t h e i nt er pl a y  of
m a g n eti c   a n d   t o p ol o gi c al   pr o p erti es. 1 −  3 S p e ci fi c all y,    M TI
pr o vi d es a ri c h  pl a y gr o u n d t o r e aliz e  v ari o us t o p ol o gi c al st at es
s u c h as t h e a xi o n i ns ul at or st at es a n d  q u a nt u  m a n o  m al o us   H all
(  Q A  H )   st at es. 4 −  7 E arl y   att e  m pts   t o   r e aliz e   t h es e   e x oti c
q u a nt u  m  st at es  pri  m aril y  i n v ol v e d  t h e  a d diti o n  of  f err o  m a g-
n eti c   d o p a nts   i nt o   ot h er  wis e   n o n  m a g n eti c   t o p ol o gi c al
i ns ul at ors  ( TIs ),  f or  mi n g  s o- c all e d  e xtri nsi c    M TIs  ( e  M TIs )
[ e. g.,   Cr- d o p e d  ( Bi, S b ) 2 T e 3 ].

5 −  9 H o w e v er,  d u e  t o  t h e  s p ati al
i n h o  m o g e n eit y   of    m a g n eti c   d o p a nts,  t h e  r e aliz ati o n   of  t h e
Q A  H e ff e ct i n e  M TIs r e q uir es ultr al o w t e  m p er at ur es ( 3 0   m K ).
A  si g ni fi c a nt  r e c e nt  d e v el o p  m e nt is t h e  dis c o v er y  of  s o- c all e d
i ntri nsi c   M TIs  (i  M TIs ),   w hi c h  h a v e  e n a bl e d t h e r e aliz ati o n  of
t h e   Q A  H e ff e ct at a   m u c h hi g h er t e  m p er at ur e (∼  2   K ). S u c h a n
i  m pr o v e  m e nt  h as l e d t o  a  s ur g e  of i nt er est i n t h es e   m at eri als.
T h e f a  mil y of   M n  −  Bi −  T e c o  m p o u n ds, e. g.,   M n Bi 2 T e 4 (  M B T ),
h as  b e e n t h e s u bj e ct  of  e xt e nsi v e st u d y  as i  M TIs. 9 ,1 0 T h us f ar,
m ost i n v esti g ati o ns  of   M B T  h a v e  b e e n  c arri e d  o ut  usi n g  b ul k-
gr o w n si n gl e cr yst als. 1 1 −  1 3 H o w e v er, t h e  b ul k cr yst al is  h e a vil y
d e g e n er at e n-t y p e   wit h t h e  F er  mi l e v el ( E F ) l o c at e d  ∼  0. 2 5 −  0. 3
e V  a b o v e  t h e    Dir a c  p oi nt  (  D P ),    w hi c h    w o ul d  o bs c ur e  t h e

t o p ol o gi c al  s urf a c e  st at es  d u e  t o  h y bri diz ati o n   wit h  t h e  b ul k
b a n ds.    Alt h o u g h   s u c c essf ul   d e vi c e   f a bri c ati o ns   h a v e   b e e n
a c hi e v e d  o n  e xf oli at e d  si n gl e- cr yst al  fl a k es, t h e   m et h o d is  n ot
s c al a bl e.   T o  o v er c o  m e  t h es e  li  mit ati o ns,  d e v el o pi n g  e pit a xi al
m et h o ds  t o   gr o w  i  M TI  t hi n   fil  ms    wit h   pr e cis e  c o ntr ol   of
t hi c k n ess  a n d  e ff e cti v e t u ni n g  of  el e ctr o ni c  c h e  mi c al  p ot e nti al
is  criti c al.

M ol e c ul ar  b e a  m e pit a x y (  M B E ) is a  p o w erf ul t e c h ni q u e t h at
e n a bl es  t h e   pr e cis e   c o ntr ol   of  l a y er  t hi c k n ess   a n d   d o p a nt
c o n c e ntr ati o n  i n  t h e   gr o wt h   of   el e  m e nt al   a n d   c o  m p o u n d
s e  mi c o n d u ct ors.1 4 ,1 5 T h er ef or e, t h e t e c h ni q u e is e x p e ct e d t o b e
a d o pt e d t o  gr o w t hi n  fil  ms  of   M B T a n d its v ari a nts t o  pr o vi d e
a  s c al a bl e    m at eri al  pl atf or  m.   C o nsi d eri n g  t h at  it  t o o k  s e v er al
d e c a d es  t o  r e fi n e  t h e    M B E  gr o wt h  of  III −  V  c o  m p o u n ds  t o
a c hi e v e   e xtr e  m el y   pr e cis e   c o ntr ol,    w e   a nti ci p at e    m a n y
c h all e n g es  i n  t h e    M B E  gr o wt h   of    M TIs. 1 6 ,1 7 N e v ert h el ess,
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s e v er al gr o u ps h a v e r e p ort e d t h e   M B E gr o wt h of   M B T. 1 8 −  2 6 I n
t h es e pr e vi o us st u di es, t h e   m ai n g o al   w as t o c o ntr ol t h e gr o wt h
p ar a  m et ers t o f or  m   M n,  Bi,  a n d   T e s e pt u pl e l a y ers  ( S L ),   T e −
Bi −  T e −  M n  −  T e −  Bi −  T e,   wit h   mi ni  m al  d ef e cts.

I n   t his    w or k,   b y   c o  m bi ni n g    M B E   gr o wt h    wit h  i n   sit u
c h ar a ct eriz ati o n t o ols,   w e r e v e al s e v er al i  m p ort a nt i nsi g hts i nt o
t h e  n a n os c al e  c o ntr ol  of    M B E  gr o wt h i n    M B T t hi n  fil  ms.    W e
h a v e  c h os e n  t w o  di ff er e nt  s u bstr at es,  Si  ( 1 1 1 )  a n d  e pit a xi al
bil a y er gr a p h e n e ( B L-  Gr ) t o e x pl or e t h e e ff e ct  of l atti c e   m at c h
a n d  i nt erf a ci al  c h e  mi c al  b o n di n g.  S p e ci fi c all y,   w e  e  m piri c all y
e xtr a ct t h e fr e e  e n er g y l a n ds c a p e f or t h e  e pit a xi al r el ati o ns hi p
as a f u n cti o n of i n- pl a n e l atti c e ori e nt ati o n t hr o u g h s p ot- pr o fil e
a n al ysis   of   l o w- e n er g y   el e ctr o n   di ffr a cti o ns.   S u c h   i nsi g ht
pr o vi d es a n i  m p ort a nt  g ui d eli n e f or t h e r e fi n e  m e nt  of e pit a xi al
gr o wt h.    M or e o v er,   b y   usi n g  i n   sit u  s c a n ni n g   t u n n eli n g
mi cr os c o p y  ( S T  M ),    w e  i n v esti g at e  t h e  s urf a c e  str u ct ur e   of
M B T / hi g hl y   or d er e d   p yr ol yti c   gr a p hit e   (  H  O P  G )   o n   t h e
at o  mi c   s c al e   a n d   a c hi e v e  l a y er- b y-l a y er   gr o wt h.   B y   usi n g
s c a n ni n g  t u n n eli n g  s p e ctr os c o p y   ( S T S )   a n d   a n gl e-r es ol v e d
p h ot o el e ctr o n   s p e ctr os c o p y   ( A R P E S ),    w e   i n v esti g at e   t h e
e v ol uti o n   of  t h e  el e ctr o ni c  c h e  mi c al   p ot e nti al  a n d  t h e    D P
fr o  m   w hi c h   w e e xtr a ct t h e i nt er pl a y  of t w o k e y a ntisit e  d ef e cts:
M n Bi as  a  p-t y p e  d o p a nt  a n d  Bi M n as  a n  n-t y p e  d o p a nts.   O ur
st u d y   pr o vi d es   ess e nti al  i nsi g hts  i nt o   gr o wt h   ki n eti cs   a n d
d ef e ct   c o ntr ol,   est a blis hi n g   a   f o u n d ati o n   f or   t h e   f ut ur e
d e v el o p  m e nt  of    M B E  gr o wt h  of i  M TIs  o n  v ari o us  s u bstr at es
a n d  t h eir  h et er ostr u ct ur es,   w hi c h  is  i n fl u e nti al  f or  a d v a n ci n g
t hi n- fil  m  d e vi c e  a p pli c ati o ns.

■ R E S  U L T S   A  N  D   DI S C  U S SI  O  N

C o ntr olli n g   St oi c hi o  m etr y.  E pit a xi al    M B T   fil  ms   ar e
gr o w n  usi n g   M B E  o n  a  Si  ( 1 1 1 )  7  ×  7 r e c o nstr u cti o n s urf a c e
a n d   e pit a xi al    B L-  Gr / Si  C   s u bstr at es.    T h es e   gr o  wt hs   ar e
est a blis h e d  b y  t h e  c o e v a p or ati o n  of    M n,  Bi,  a n d   T e   wit h  a n
a d diti o n al   p ost- a n n e ali n g   pr o c ess   u n d er    T e  a  m bi e nt.   Si n c e
t hr e e   c h e  mi c al   el e  m e nts   ar e   d e p osit e d   o n   t h e   s u bstr at e
si  m ult a n e o usl y,   t h e   p ar a  m et er    wi n d o  w   f or   t h e   o pti  m al
s u bstr at e   t e  m p er at ur e   f or   s elf- ass e  m bl y   is   r at h er   n arr o w.
Als o,  t h e   T e  fl u x is  k e pt  e x c essi v e  d uri n g  gr o wt h  t o i  m pr o v e
cr yst alli nit y  a n d   mi ni  miz e  d ef e ct f or  m ati o n.  F urt h er  d et ails  o n
t h e  gr o wt h  p ar a  m et ers  c a n  b e f o u n d i n  t h e  M et h o ds  s e cti o n.
Fi g ur e  1 a is  a  s c h e  m ati c  s h o wi n g  t h e  cr yst al  str u ct ur e  of  t w o
s e pt u pl e l a y ers  st a c k e d   wit h  a  v a n  d er    W a als  g a p i n  b et w e e n.
A ntisit e  d ef e cts  b et w e e n    M n  a n d   Bi  (  m ar k e d  as    M n Bi a n d
Bi M n )  ar e r o uti n el y  s e e n i n    M B E- gr o w n  fil  ms.

T h e  hi g hl y cr yst alli n e   M B E- gr o w n   M B T  fil  ms ar e c o n fir  m e d
b y   r e fl e cti o n   hi g h- e n er g y   el e ctr o n   di ffr a cti o n   ( R  H E E  D )
p att er ns  s h o w n  i n  Fi g ur e  1 b  o n  Si  (l eft )  a n d  B L-  Gr  (ri g ht )
s u bstr at es.    T h e   bri g ht  a n d  s h ar p  str e a ks   o n   b ot h   p att er ns
i n di c at e   t h at   t h e   s a  m pl e   is   gr o w n   u nif or  ml y    wit h   hi g h
cr yst alli nit y   o n   b ot h   s u bstr at es.    A d diti o n al   str e a ks    m ar k e d
wit h  bl u e arr o ws i n  Fi g ur e  1 b a p p e ar  o nl y  o n t h e   M B T / B L-  Gr
R  H E E  D  p att er ns.   T h e  str e a ks i n di c at e t h e  c o e xist e n c e  of t w o
di ff er e nt  d o  m ai ns   wit h  0 °  a n d  3 0 °  ali g n  m e nts t o t h e s u bstr at e.
F urt h er  a n al ysis   of  t h e  c o e xisti n g   p h as es   usi n g  l o w- e n er g y
el e ctr o n  di ffr a cti o n  ( L E E  D )   will  b e  dis c uss e d l at er.  Fi g ur e  1 c
s h o ws  θ −  2 θ  X-r a y  di ffr a cti o n  ( X R  D )  s c a ns  of  t h e    M B T / Si
(t o p )  a n d   M B T / B L-  Gr  ( b ott o  m )  o n  a li n e ar s c al e.   T h e s a  m e
s c a n  is  pl ott e d  o n  t h e  l o g  s c al e  i n  Fi g ur e  S 1 .    N ot e  t h at  t h e

Fi g ur e  1.  Cr yst al  gr o wt h  of  a f e w    M n Bi 2 T e 4 s e pt u pl e l a y ers.  ( a )  S c h e  m ati c  of t h e  cr yst al  str u ct ur e  of t h e    M n Bi 2 T e 4 s e pt u pl e l a y er   wit h  a ntisit e
d ef e cts o n   M n a n d  Bi sit es,   w hi c h ar e c o  m  m o n d ef e cts s e e n i n   M B E- gr o w n s a  m pl es. ( b )   R  H E E  D i  m a g es of a n   M B T / Si s a  m pl e (l eft ) a n d s u bstr at e
(i ns et ) a n d   R  H E E  D i  m a g es of t h e   M B T / B L-  Gr s a  m pl e (ri g ht ) a n d s u bstr at e (i ns et ). ( c )  Li n e ar s c al e   X R  D   m e as ur e  m e nt  o n   M B T  o n Si (t o p ) a n d
B L-  Gr ( b ott o  m ), i n di c ati n g b ot h s a  m pl es pri  m aril y c o nsist of   M B T ( 1 2 4 ). ( d )   X P S s p e ctr a o n   M B T / B L-  Gr s h o wi n g  hi g h-r es ol uti o n   M n 2 p,  Bi 4f,
a n d   T e  3 d  s p e ctr a.
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s u bstr at e si g n als at  2 5−  3 0 °  f or  Si ( 1 1 1 ) a n d  3 1. 4−  3 7 °  f or  6  H-
Si  C  ( 0 0 0 6 )  ar e  att e n u at e d  b y  a  f a ct or  of  1 0 0  t o  pr e v e nt  t h e
s u bstr at e  p e a k  fr o  m  o v er w h el  mi n g  n e ar b y  p e a ks.   C o  m p ari n g
t h e   X R  D s p e ctr a  of   M B T / Si  a n d   M B T / B L-  Gr, t h e   M B T  fil  m
gr o w n o n t h e  B L-  Gr s u bstr at e h as g e n er all y br o a d er p e a ks t h a n
t h e   fil  m   gr o w n   o n  t h e   Si   s u bstr at e  t hr o u g h o ut  t h e   s c a n.
F o c usi n g  o n t h e ( 0 0 9 )  p e a k, t h e  p e a k   wi dt h  o n t h e   M B T / B L-
Gr s yst e  m is  br o a d er t h a n t h e  p e a k   m e as ur e d  o n t h e   M B T / Si
s yst e  m b y a b o ut a f a ct or of 2.   T his f e at ur e is   m ost li k el y  d u e t o
t h e  c o e xist e n c e  of  t h e  t w o  d o  m ai ns  ori e nt at e d  3 0°  t o  e a c h
ot h er.    Alt h o u g h   t h e   fil  ms   pr e d o  mi n a ntl y   c o nsist   of   t h e
M B T ( 1 2 4 )  p h as e,  a  tr a c e  of    M n T e  r e  m ai ns  a n d  a p p e ars  at
t h e  s h o ul d er   of  t h e   ( 0 0 2 4 )   p e a k.    T his   s u g g ests   a   p arti al
c o ntri b uti o n fr o  m ot h er p h as es of   M B T. 1 8 A dir e ct c o  m p aris o n
of t h e   X R  D p e a ks   wit h v ari ati o ns i n t h e fl u x r ati o a n d s u bstr at e
t e  m p er at ur es  is  s h o w n  i n  Fi g ur e  S 2 .  F urt h er  m or e,  c or e-l e v el
p h ot o el e ctr o n  s p e ctr os c o p y    w as  t a k e n   o n  t h e    M B T / B L-  Gr
s yst e  m   wit h  a n   Al   Kα  s o ur c e  at  h v  =  1 4 8 6. 6  e V  ( Fi g ur e  1 d ),
s h o wi n g  t h e  e x p e ct e d    M n  2 p,  Bi  4f,  a n d    T e  3 d  p e a ks    wit h
mi ni  m al  o xi d ati o n  st at es  t h a n ks  t o  t h e  q u asi  i n  sit u  tr a nsf er
b et w e e n t h e   M B E i n  ultr a hi g h  v a c u u  m  (  U  H V ) t o  a  gl o v e b o x.
T h e  el e  m e nt al  r ati o  of    M n / Bi,  e xtr a ct e d  fr o  m  Fi g ur e  1 d,  is
1: 1. 9 2.   C o  m p ar a bl e   X P S s p e ctr a  o n   M B T / Si a n d cl e a v e d  b ul k
M B T   s a  m pl es   ar e    m e as ur e d   u n d er   t h e   s a  m e   c o n diti o ns,
s h o wi n g t h e  hi g h-r es ol uti o n    M n  2 p,  Bi  4f,  a n d   T e  3 d  s p e ctr a
( Fi g ur es  S 3  a n d  S 4 ).

Fr e e   E n er g y   L a n d s c a p e  f or  I n- Pl a n e    Ori e nt ati o n al
Ali g n  m e nt s.  F or    m ost  e pit a xi all y  gr o w n  s a  m pl es,  t h e l atti c e
m at c hi n g  c o n diti o n  of s u bstr at es t o t h e s a  m pl e  pl a ys  a  criti c al
r ol e.   A  m o n g   m a n y  c a n di d at e   m at eri als f or s u bstr at es, list e d i n
T a bl e   1 ,   Bi2 T e 3 ( B T )   or   B a F 2 pr o vi d es    mi ni  m al   l atti c e

mis  m at c h  (  ∼  1. 2  % )   wit h  t h e    M B T  s a  m pl e.  Si  ( 1 1 1 ),  o n  t h e
ot h er   h a n d,   h as   a   r el ati v el y   l ar g e    mis  m at c h    wit h    M B T
( ∼  1 1. 3  % ).   N e v ert h el ess,  Si  ( 1 1 1 ) is  oft e n  us e d  as  a s u bstr at e.
I n Fi g ur e 2 a, t h e  L E E  D p att er n of   M B T gr o w n o n Si ( 1 1 1 ) 7  ×
7   s h o ws   6-f ol d   s y  m  m etr y,   r e fl e cti n g   a   g o o d   ori e nt ati o n al
ali g n  m e nt.   T h e  f ull   wi dt h  at  h alf-  m a xi  m u  m  ( F  W  H  M )  of  t h e
di ffr a cti o n  s p ots  s h o ws  a n  a n g ul ar   dis p ersi o n  of  σ θ =  1 1 ° ,
pr es u  m a bl y  d u e t o a l ar g e l atti c e   mis  m at c h.   T h e  L E E  D  p att er n
s h o ws   a   6-f ol d   s y  m  m etr y    wit h   n e arl y   e q u al  i nt e nsit y  f or
i n di vi d u al   s p ots.    N ot e,   h o w e v er,   t h at   t h e   s urf a c e   cr yst al
str u ct ur e   of    M B T   br e a ks   t h e   i n v ersi o n   s y  m  m etr y.    T his
s y  m  m etr y  br e a ki n g  s h o ul d  r es ult i n i n e q ui v al e n c e i n i nt e nsit y
b et w e e n  q ⃗a n d  −  q ⃗w h er e  q ⃗is t h e   w a v e v e ct or  of t h e  di ffr a cti o n
s p ot. I n Fi g ur e  2 b,   w e  pr es e nt t h e  L E E  D  p att er n f or  a cl e a v e d
si n gl e   cr yst al   of    M B T    w h er e   s u c h   a n   as y  m  m etr y   c a n   b e
o bs er v e d  fr o  m  t h e   s p ot   pr o fil e   s h o w n   b el o w.    T h e   n e arl y

s y  m  m etri c s p ots f or t h e   M B E- gr o w n   M B T o n Si ( 1 1 1 ) i n di c at e
t h at t h e s urf a c e c o nt ai ns  n e arl y  e q u al  p o p ul ati o ns f or t h e t wi n
d o  m ai ns.    T h e  s p ot   pr o fil e  f or  t h e  si n gl e  cr yst al  s h o ws  a n
a n g ul ar dis p ersi o n of  σ θ = 2. 0 ° .   T his v al u e is sli g htl y l ar g er t h a n
t h e  v al u e  of σ θ =  1. 2 °  o bs er v e d  o n  e pit a xi al  gr a p h e n e  ( Fi g ur e
2 c ),    w hi c h  li k el y  c orr es p o n ds  t o  t h e  r es ol uti o n  li  mit  of  o ur
i nstr u  m e nt.

F urt h er  m or e,  gr a p h e n e  as  a  v a n  d er    W a als  s u bstr at e  ( wit h
h e x a g o n al  b or o n  nitri d e as t h e i ns ul ati n g e q ui v al e nt ),  pr o vi d es
a n  i ntri g ui n g  pl atf or  m  f or  el e ctr o ni c  d e vi c e  f a bri c ati o n.    W e
pr o p os e  a    m et h o d  f or  gr o wi n g    M B T  fil  ms  dir e ctl y  o n  s u c h
s u bstr at es.  B e c a us e  of  t h e  f or  m ati o n  of  di ff er e nt  ali g n  m e nts
b et  w e e n    M B  T   a n d   e pit a xi al   gr a p h e n e,   c o ntr olli n g    M n
i n c or p or ati o n  c a n   b e   p arti c ul arl y  c h all e n gi n g.    H o w e v er,    w e
d e  m o nstr at e d  t h e  a bilit y  t o  c o ntr ol  d o  m ai n  c o n c e ntr ati o n  b y
a dj usti n g t h e   M n a n d  Bi  fl u x r ati o,  hi g hli g hti n g t h e i  m p ort a n c e
of st oi c hi o  m etri c c o ntr ol.   T h e v a n  d er   W a als i nt erf a c e b et w e e n
e pit a xi al  B L-  Gr  a n d    M B T  o ff ers  a n  o p p ort u nit y t o i n v esti g at e
t h e  c o  m p etiti o n  b et w e e n  t h es e  t w o  ori e nt ati o n al  ali g n  m e nts
t hr o u g h   a    L E E  D   p att er n   a n al ysis.    W e   c o n d u ct e d   a
c o  m pr e h e nsi v e  L E E  D  s p ot  pr o fil e  a n al ysis  o n  s a  m pl es  gr o w n

T a bl e  1.  S u bstr at e  L atti c e   M at c hi n g   C o n diti o n   C o  m p ar e d
t o t h e   M n Bi2 T e 4 L atti c e

s yst e  m
a c u bi c
( Å )

a b as al
( Å )

a R 3 0
( Å )

l atti c e   m at c h t o
M n Bi 2 T e 4

M n Bi 2 T e 4 4. 3 3 1. 0 0

Bi 2 T e 3 ( 0 0 0 1 ) 4. 3 8 1. 0 1 2

B a F 2 ( 1 1 1 )   6. 2 0   4. 3 8 1. 0 1 2

G a As  ( 1 1 1 )   5. 6 5   4. 0 0 0. 9 2 3

Si  ( 1 1 1 )   5. 4 3   3. 8 4 0. 8 8 7

S T  O  ( 1 1 1 )   3. 9 1   2. 7 6 ( 3: 2 )  0. 9 5 6

Al 2 O 3 ( 0 0 0 1 ) 4. 7 9 1. 1 0 5

gr a p h e n e 2. 4 6 ( 7: 4 )  0. 9 9 4

4. 2 6   ( √  3 )  0. 9 8 4

Fi g ur e  2.  E v ol uti o n  of t h e  L E E  D  p att er ns.  ( a −  c )  L E E  D  p att er ns  of
M B T / Si at el e ctr o n e n er g y 8 1 e V, b ul k   M B T cr yst al   m e as ur e d at  h v  =
7 6  e V,  a n d  bil a y er  gr a p h e n e  s u bstr at e    m e as ur e d  at  h v  =  1 0 0  e V,
r es p e cti v el y.    C orr es p o n di n g  r a di al  i nt e nsit y  c ut  al o n g  t h e  dir e cti o n
s h o w n i n t h e  p a n el.   T h e  p e a ks   wit h  hi g h er i nt e nsit y  ar e   m ar k e d   wit h
gr e e n b o x es, a n d t h os e   wit h l o w er i nt e nsit y ar e   m ar k e d   wit h r e d b o x es
i n  p a n el  b.  ( d )  S u p erstr u ct ur es  b et w e e n    M B T  ( 1 2 4 )  a n d  e pit a xi al
gr a p h e n e s u bstr at e at  0 °  a n d  3 0 °  r el ati v e r ot ati o ns. ( e )  L E E  D  p att er n
aft er  gr o wt h  at   R T  a n d i  m  m e di at e  a n n e ali n g  at  2 1 7  ° C  (  # 1 ),  p ost-
a n n e al at 2 5 0  ° C f or 1 h (  # 3 ), a n d p ost- a n n e al at 3 0 0  ° C f or 1 h (  # 5 ).
(f )  S el e ct e d  o pti  m al  a n n e ali n g  c y cl e  ( # 3 )   m e as ur e d  at  8 2  e V f or t h e
r a di al c ut. ( g )  F urt h er i  m pr o v e d gr o wt h  of   M B T  d e p osit e d at   R T a n d
a n n e al e d  at  2 5 7  ° C    wit h  0. 3 5    M n / Bi  fl u x  r ati o.  ( h )    A  q u alit ati v e
s k et c h  of t h e  p ot e nti al  e n er g y l a n ds c a p e is  o bt ai n e d  b y i n v erti n g t h e
L E E  D  s p ot  pr o fil e i nt e nsit y  as  a f u n cti o n  of t h e r ot ati o n  a n gl e.
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b y  usi n g t hr e e  di ff er e nt gr o wt h s e q u e n c es.  S e q u e n c e (i ) e nt ails
t h e gr o wt h of   M B T t hi n fil  m o n e pit a xi al gr a p h e n e   wit h a   M n /
Bi  fl u x r ati o  of  0. 5 9,   w hil e s e q u e n c e (ii )  p ert ai ns t o t h e gr o wt h
of   M B T t hi n fil  m o n e pit a xi al gr a p h e n e   wit h a   M n / Bi fl u x r ati o
of 0. 3 5.   A d diti o n all y, s e q u e n c e (iii ),   w hi c h i n v ol v es t h e gr o wt h
of  Bi 2 T e 3 t hi n  fil  m  o n  e pit a xi al  gr a p h e n e, is  dis c uss e d i n  d et ail
i n t h e S u p p orti n g  I nf or  m ati o n .  E a c h  s e q u e n c e  st arts   wit h t h e
d e p ositi o n  of t h e  fil  m  at  n e ar  r o o  m t e  m p er at ur e, f oll o w e d  b y
s u c c essi v e   p ost- a n n e ali n g   c y cl es    wit h   di ff er e nt   a n n e ali n g
t e  m p er at ur es.    T h e   r o o  m   t e  m p er at ur e   d e p ositi o n   l e a ds   t o
r a n d o  ml y  distri b ut e d  ori e nt ati o ns.   T h e  p ost- gr o wt h  a n n e ali n g
pr o c e d ur e  t h e n  all o ws  t h es e  i n di vi d u al  gr ai ns  t o    m er g e  a n d
r e ori e nt  t o w ar d  t h e  fr e e  e n er g y    mi ni  m a.    T h us,  t h e  gr o wt h
pr o c e d ur e   us e d  i n   L E E  D  a n al ysis  is  si  mil ar  t o  s oli d- p h as e
e pit a x y  ( S P E ).    N ot e  t h at  t h e  fil  ms  ar e  a n n e al e d  u n d er    T e
v a p or  pr ess ur e t o  pr e v e nt t h e l oss  of   T e  at o  ms fr o  m t h e  fil  m.
T a bl e 2  s u  m  m ariz es t h e d e p ositi o n a n d a n n e ali n g c o n diti o ns i n

e a c h s e q u e n c e.  B as e d  o n t h e  gr a p h e n e l atti c e  c o nst a nt  of  2. 4 6
Å,  T a bl e  3  pr es e nts  l atti c e    m at c h  c o n diti o ns  f or  B T,    M n T e,

a n d    M B T  a g ai nst  t h e  gr a p h e n e  s u bstr at e  al o n g  t h e  1  ×  1
ori e nt ati o n  ( 0 °  ali g n  m e nt ), f e at uri n g  a  7: 4  c oi n ci d e nt al l atti c e
m at c h   b et w e e n    M B T   a n d   gr a p h e n e.    M or e o v er,  Fi g ur e   2 d

vis u aliz es t h e  ali g n  m e nt  al o n g t h e ×3   3 R 3 0 °  ori e nt ati o n
( R 3 0 °  ali g n  m e nt ),   hi g hli g hti n g   a   n e arl y   1: 1  l atti c e    m at c h
b et w e e n    M B T  a n d  gr a p h e n e  s u bstr at e.

Se q ue nce  (i)  i n v ol v es    M B E- gr o w n    M B T  fil  m   wit h  a    M n / Bi
fl u x  r ati o  of  0. 5 9,  f oll o w e d  b y   m ulti pl e  p ost- a n n e ali n g  c y cl es.
Aft er   d e p ositi o n   at   r o o  m   t e  m p er at ur e   a n d   i  m  m e di at e
a n n e ali n g at  2 1 7  ° C f or  1  h o ur, t h e  d o  m ai ns r e  m ai n r a n d o  ml y
ori e nt e d,  r e fl e ct e d  b y  t h e  n e arl y  i n visi bl e  di ffr a cti o n  p att er n

( Fi g ur e  2 e  # 1 ).  S u bs e q u e nt  a n n e ali n g  at  2 5 0  ° C f or  a n  h o ur
r es ults i n t h e  e  m er g e n c e  of t w o   m aj or  d o  m ai ns  (# 3 )  al o n g  0 °
a n d   3 0 °  ali g n  m e nts.  Fi g ur e   2 f  ill ustr at es  cl e ar er   di ffr a cti o n
p att er ns  f or  c y cl e  # 3    m e as ur e d  at  8 2  e V.    T h e  0 °  d o  m ai ns
dis pl a y  a n  a n g ul ar  dis p ersi o n  of  σ θ =  1 3 °  w hil e  t h e  R 3 0 ° -
d o  m ai ns  e x hi bit  a    m u c h  s h ar p er  a n g ul ar  dis p ersi o n  of  σ θ =
3. 7 ° .   A d diti o n all y,  t h e  i nt e gr at e d  i nt e nsit y  r ati o  b et w e e n  t h e
R 3 0 ° a n d t h e 0 ° d o  m ai ns is 0. 3 1, i n di c ati n g t h at t h e p o p ul ati o n
of t h e  R 3 0 °  d o  m ai ns c o  m pris es a b o ut  3 0  %  of t h e  0 °  d o  m ai ns.
A n n e ali n g  at  a n  e v e n  hi g h er  t e  m p er at ur e  of  3 0 0  ° C l e a ds  t o
fil  m  d e c o  m p ositi o n ( # 5 ).   T h e r es ult  of t h e a n n e ali n g s e q u e n c e
e n a bl es   us  t o   d et er  mi n e  a n   o pti  m al  a n n e ali n g  t e  m p er at ur e
r a n g e  of  2 5 0−  2 7 3  ° C.   T h e  L E E  D i  m a g es  of t h e f ull s e q u e n c e
(i n cl u di n g  # 2  a n d  # 4 )  ar e  s h o w n i n  Fi g ur e  S 5 a .  I n  s e q u e n c e
(i ),    w e   utiliz e   a    M n / Bi   fl u x  r ati o   of   0. 5 9  t o   e ns ur e    M n
i n c or p or ati o n   a n d  i d e ntif y  t h e   b e h a vi or    w h e n  t h e   s a  m pl e
i n v ol v es  a  s u bst a nti al  p o p ul ati o n  of  t h e    M n T e  p h as e.    T his
p h as e  p oss ess es  a  n o ntri vi al l atti c e   mis  m at c h  al o n g  eit h er t h e
0 °  or  R 3 0 °  ( 3 −  4  % )  d o  m ai ns  ( T a bl e  3 ).   T h e  pr es e n c e  of t his
p h as e    mi xt ur e  is  li k el y  t o  i  m p a ct  t h e  ki n eti cs  of  t h e  i n- pl a n e
ali g n  m e nt.

Se q ue nce (ii)  is  d esi g n e d t o a d dr ess t h e i  m p a ct  of t h e   M n / Bi
fl u x r ati o. I n t his s e q u e n c e, a  fl u x r ati o  of  0. 3 5 is  us e d. I nst e a d
of  i nt err u pti n g  t h e  pr o c e d ur e  a n d  t a ki n g  L E E  D  s e q u e nti all y,
w e  i  m  m e di at el y  a n n e al  t h e  fil  m  aft er  t h e  r o o  m  t e  m p er at ur e
d e p ositi o n  at  t h e   o pti  m al  c o n diti o n   of   2 5 7  ° C  ( a n n e ali n g
t e  m p er at ur e )  f or  1  h.   T h e  r es ulti n g  L E E  D  p att er n,  s h o w n i n
Fi g ur e  2 g,  d e  m o nstr at es  dr a  m ati c  i  m pr o v e  m e nt  f or  b ot h  t h e
R 3 0 °  a n d  0 °  d o  m ai ns,  e x hi biti n g  a n  a p p ar e nt  1 2-f ol d r ot ati o n
s y  m  m etr y.   T h e  a n g ul ar  dis p ersi o n  f or  t h e  R 3 0 °  ali g n  m e nt  is
r e  m ar k a bl y  s h ar p,   wit h  σ θ =  2. 6 ° ,  a  v al u e  c o  m p ar a bl e t o σ θ =
2. 0 °  f or  t h e  si n gl e  cr yst al.   T h e  a n g ul ar  dis p ersi o n  f or  t h e  0°
d o  m ai n is  als o si g ni fi c a ntl y  e n h a n c e d,  yi el di n g  a  v al u e  of  σ θ =
4. 5 ° .  I n  c o ntr ast,  Fi g ur e  2 f  dis pl a ys  σ θ =  1 3. 0 °  f or  t h e  0°
ali g n  m e nt  ( # 3 ).   T his  dr a  m ati c i  m pr o v e  m e nt i n t h e  r ot ati o n al
ali g n  m e nt  f or  b ot h  d o  m ai ns  s u g g ests  t h at  fl u x  o pti  miz ati o n
e n h a n c es   t h e   e pit a xi al   ali g n  m e nt   o n   t h e   v a n   d er    W a als
s u bstr at e.    C o ns e q u e ntl y,   t h e  R 3 0 ° / 0 °  d o  m ai n   p o p ul ati o n
r ati o is i  m pr o v e d  t o  0. 4 6.    W e  attri b ut e  t h e i n cr e as e d  r el ati v e
p o p ul ati o n f or  t h e  R 3 0 °  d o  m ai n is  d u e t o t h e  r esi d u al l atti c e

mis  m at c h  of  1. 6  %  al o n g t h e × °R3   3   3 0 dir e cti o n.
B as e d  o n t h e  L E E  D  st u d y,  o n e  c a n  c o nstr u ct  a fr e e  e n er g y

l a n ds c a p e  f or  t h e  ori e nt ati o n al  ali g n  m e nt  b et w e e n    M B T  a n d
e pit a xi al  B L-  Gr as s h o w n i n  Fi g ur e  2 h.   Al o n g t h e  ±  3 0 ° , ±  9 0 ° ,
a n d  ±  1 5 0 °  dir e cti o ns,  t h er e  is  a  s h ar p  a n d  d e e p  l o c al  fr e e
e n er g y   mi ni  m u  m.   O n t h e  ot h er  h a n d,  al o n g t h e  ±  6 0 ° , ±  1 2 0 ° ,
a n d  ±  1 8 0 °  dir e cti o ns,   t h e  l o c al  fr e e   e n er g y    mi ni  m u  m  is
s h all o w er  b ut  br o a d er.   As t his  e x p eri  m e nt  st arts   wit h t h e t hi n
fil  m  b ei n g  d e p osit e d  at  r o o  m  t e  m p er at ur e,  f oll o w e d  b y  p ost-
a n n e ali n g at  2 5 7  ° C,  o n e c a n ass u  m e t h at t h e i niti al  n u cl e ati o n
sit es  h a v e  r a n d o  ml y  distri b ut e d  ori e nt ati o ns.   T h e  s u bs e q u e nt
a n n e ali n g  pr o c e d ur e  dri v es t h e  m t o l o c al fr e e  e n er g y   mi ni  m a.
T h er ef or e,  o ur  r es ults  s u g g est t h at  alt h o u g h t h e l o c al   mi ni  m a
n e ar 6 0 ° ar e s h all o w er a n d br o a d er a n d t h e l o c al   mi ni  m a at 9 0 °
ar e d e e p er a n d n arr o w er, t h e b arri er b et w e e n t h e  m pr e v e nts a n
e ff e cti v e  r e ori e nt ati o n  t o  t h e  s h ar p    mi ni  m u  m.  F urt h er  m or e,
usi n g e v e n  hi g h er a n n e ali n g t e  m p er at ur es ( n e arl y  3 0 0  ° C )   will
n ot  h el p  si n c e it   will l e a d t o t h e  d e c o  m p ositi o n  of    M B T.    W e
n ot e t h at   M B T t hi n  fil  ms  gr o w n  o n  b ot h   m o n ol a y er  (  M L )-  Gr
a n d  B L-  Gr  s u bstr at es  e x hi bit  si  mil ar  ori e nt ati o n al  ali g n  m e nts
( Fi g ur e  S 6 ).  I n  t his  L E E  D  st u d y,  i n cl u di n g  t h e  s p ot  pr o fil e
a n al ysis,   n o ntri vi al  i nf or  m ati o n  is   o ff er e d   o n   t h e  i n- pl a n e
ali g n  m e nt   a n d   t h e   p o p ul ati o n   r ati o   of   di ff er e nt   d o  m ai ns.

T a bl e  2.   Gr o wt h  a n d   A n n e ali n g  P ar a  m et ers f or    M n Bi 2 T e 4

o n  E pit a xi al   Gr a p h e n e a n d   Bi 2 T e 3 o n  E pit a xi al   Gr a p h e n e f or
I n v esti g ati n g t h e  S a  m pl e−  S u bstr at e  E pit a xi al   R el ati o ns hi p

gr o wt h  p ar a  m et er a n n e al  p ar a  m et er

M n Bi 2 T e 4

t e  m p
( ° C )

d e p ositi o n
ti  m e  (  mi n )

M n / Bi
fl u x r ati o

t e  m p
( ° C )

a n n e al ti  m e
(  mi n )

# 1  (s e q u e n c e
1 )

R T   3 0   0. 5 9   2 1 7   6 0

# 2 2 1 7   1 2 0

# 3 2 5 0   6 0

# 4 2 7 3   6 0

# 5 3 0 0   6 0

s e q u e n c e  2    R T   4 5   0. 3 5   2 5 7   6 0

gr o wt h  p ar a  m et er a n n e al  p ar a  m et er

Bi 2 T e 3

t e  m p
( ° C )

d e p ositi o n ti  m e
(  mi n )

t e  m p
( ° C )

a n n e al ti  m e
(  mi n )

# 1  (s e q u e n c e
3 )

R T 3 0 2 5 0   6 0

# 2 2 5 0   1 2 0

# 3 3 0 0   6 0

# 4 3 0 0   1 2 0

T a bl e  3.  L atti c e   Mis  m at c h  b et w e e n    M B T,   B T,    M T  a n d t h e
E pit a xi al   Gr a p h e n e  S u bstr at e

l atti c e   m at c hi n g  c o n diti o n
wit h  a Gr =  2. 4 6   Å  a (  M, B ) T/ 1. 7 5 a gr a (  M, B ) T/ √  3 a gr

a B T 4. 3 8   Å 1. 0 1 7 1. 0 2 8

a M T 4. 1 3   Å 0. 9 5 9 0. 9 6 9

a M B T 4. 3 3   Å 1. 0 0 5 1. 0 1 6
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T hr o u g h  t h es e  t hr e e  s e q u e n c es,    w e   h a v e  g ai n e d  i  m p ort a nt
u n d erst a n di n gs  of  h o w l atti c e   m at c h, t h e   M n / Bi  fl u x r ati o, a n d
t h e gr o wt h / a n n e ali n g t e  m p er at ur e c oll a b or ati v el y i n fl u e n c e t h e
e pit a xi al  q u alit y  of    M n Bi 2 T e 4 o n  gr a p h e n e.

O pti  mi z ati o n  of  L a y er- b y- L a y er    Gr o  wt h.  T h e  di ffr a c-
ti o n   t e c h ni q u es   ( L E E  D,    R  H E E  D,   a n d    X R  D )   pr o vi d e
i  m p ort a nt   i nf or  m ati o n   r e g ar di n g   cr yst alli nit y   a n d   cr yst al
ori e nt ati o ns.    H o w e v er,   t h e y   d o   n ot   pr o vi d e    mi cr os c o pi c
i nf or  m ati o n  r e g ar di n g  t h e  st e p   h ei g ht   distri b uti o ns   or  t h e
distri b uti o ns  of v ari o us  d ef e cts.  F or t h es e s p e ci fi c  o bs er v ati o ns,
t h e  i n  sit u  S T  M  is  a  v al u a bl e  t o ol  f or  pr o vi di n g  i  m p ort a nt
i nsi g ht.

Fi g ur e  3 a  s h o ws  t h e  S T  M  i  m a g e  of  a n  u ni  m pr o v e d    M B T
fil  m   wit h  a  n o  mi n al  t hi c k n ess  of  5. 8  S L  gr o w n  at  a  s u bstr at e
t e  m p er at ur e  of  2 0 0  ° C.    T h e  s urf a c e  c o nt ai ns    m ulti pl e  st e ps
wit h  v ari o us  st e p  h ei g hts,  as  s e e n  i n  t h e  li n e  c ut  a cr oss  t h e
t o p o gr a p h y.   T h e s urf a c e is   m ostl y  c o v er e d  b y fr a cti o n al st e ps,
a n d  o nl y a s  m all  p orti o n  of t h e s urf a c e c o nt ai ns t err a c es   wit h a
c o  m pl et e q ui nt u pl e l a y er (  Q L  ∼  1 n  m ) or s e pt u pl e l a y er ( S L  ∼
1. 3 5 n  m ) st e p h ei g ht.   T w o i ns et at o  mi c i  m a g es i n  Fi g ur e 3 a ar e
a c q uir e d  o n  t h e  t err a c es  of  a  S L  st e p  h ei g ht  (t o p )  a n d  a   Q L
h ei g ht   ( b ott o  m ).   I nt er esti n gl y,   t h e   S T  M  i  m a g es   r es e  m bl e
t h os e  o bt ai n e d  o n  cl e a v e d   M n Bi4 T e 7 si n gl e  cr yst als   w h er e t h e
s urf a c e t er  mi n ati o n  e nt ails  b ot h t err a c es  of   Q L  h ei g ht  a n d  S L
h ei g ht. 2 7 −  2 9 O n  t h e    Q L  t er  mi n at e d  t err a c e,  tri a n g ul ar  d ar k
d ef e cts, i n di c ati v e  of a   M n Bi a ntisit e  d ef e ct, ar e  o bs er v e d.   H er e,

a   M n at o  m r e pl a c es a  Bi at o  m  o n t h e first s u bl a y er, c a usi n g t h e
t hr e e   T e  at o  ms t o  b o n d t o it a n d a p p e ar i n  a  d ar k  d e pr essi o n.
H o w e v er,  it  is  di  ffi c ult  t o  dis c er n  s p e ci fi c  d ef e cts  o n  t h e  S L
t er  mi n at e d   t err a c e.    O n e    w o ul d   o bs er v e   c o  m pl e x   d ef e ct
str u ct ur es    wit h   a n  i n h o  m o g e n e o us   b a c k gr o u n d,   si  mil ar   t o
t h os e   f o u n d   o n   t h e   S L   t er  mi n at e d   cl e a v e d   s urf a c e   of
M n Bi 4 T e 7 .

2 7 −  2 9 T his  i n h o  m o g e n eit y   r e fl e cts   a    mi xt ur e   of
d ef e cts i n  di ff er e nt  s u bl a y ers, i n cl u di n g  Bi M n a n d  Bi T e a ntisit e
d ef e cts.  F urt h er  m or e, t h e st atisti c al  distri b uti o n  of st e p  h ei g hts
is  e xtr a ct e d  fr o  m  a n  e ns e  m bl e  of    m a n y  t o p o gr a p h y  i  m a g es
( Fi g ur e  3 b ).    T h e  fr e q u e n c y  distri b uti o n  hist o gr a  m  s h o ws  a
p arti c ul arl y l ar g e  c o n c e ntr ati o n  of  t h e  f oll o wi n g  st e p  h ei g hts:
0. 3 −  0. 4,  0. 5 −  0. 8,  a n d  1. 0 −  1. 1  n  m.  1. 0 −  1. 1  n  m  c a n s e e  mi n gl y
b e  attri b ut e d t o  B T  q ui nt u pl e l a y ers.   H o w e v er, fr a cti o n al st e p
h ei g hts,  0. 3 −  0. 4 a n d  0. 5 −  0. 8  n  m, ar e li k el y f or  m e d  d u e t o t h e
e xist e n c e  of  u n c o  m bi n e d   M n T e l a y ers as   w ell as c o  m bi n ati o ns
of  a f e w l a y ers  of    M n T e,  B T,  a n d    M B T,  as ill ustr at e d  b y t h e
c art o o n i  m a g es i n  Fi g ur e  S 7 .

B y it er ati n g t h e gr o wt h  p ar a  m et ers   w hil e  utilizi n g t h e r es ults
of  S T  M i n v esti g ati o ns f or f e e d b a c k,   w e a c hi e v e d t h e gr o wt h  of
pristi n e    M B T   fil  ms  at  a  s u bstr at e  t e  m p er at ur e   of   2 2 0  ° C.
Fi g ur e 3 c s h o ws a n e x a  m pl e  of t h e S T  M i  m a g e  of a n i  m pr o v e d
fil  m,    w h er e  fr a cti o n al  st e ps  ar e  si g ni fi c a ntl y    mi ni  miz e d.    T h e
s urf a c e  is  l eft   pri  m aril y    wit h   S L   st e ps   b ut    wit h   a    mi n or
pr es e n c e  of    Q L  st e ps.   A d diti o n al  fr e q u e n c y  distri b uti o ns  f or
t h e o pti  miz e d s a  m pl e ar e s h o w n i n Fi g ur e 3 d.   T his r esi d u al   Q L

Fi g ur e 3.  S T  M, fr a cti o n al st e p a n al ysis. ( a ) S T  M t o p o gr a p h y ( V bi as = 4   V,  It u n. = 5 p A ) of   M B T /  H  O P  G s a  m pl e a n n e al e d at 2 0 0  ° C.   C orr es p o n di n g
pr o fil e c ut e nt aili n g fr a cti o n al st e p h ei g hts l ar g el y distri b ut e d ar o u n d 0. 3 a n d 0. 7 n  m.   At o  mi c i  m a g es of S L ( V bi as = 1   V,  It u n. = 2 0 p A ) a n d   Q L ( V bi as

=  1   V,  It u n. =  2 5  p A ) t er  mi n at e d  s urf a c es   wit h  si g n at ur e  d ef e cts.  ( b )   O c c urr e n c e fr e q u e n c y  of  h ei g hts  v ar yi n g fr o  m  0. 1 t o  1. 6  n  m fr o  m  s a  m pl e
s c a n n e d i n  p a n el  a.  ( c )  S T  M t o p o gr a p h y  (V bi as =  2. 5   V,  It u n. =  1 5  p A )  of t h e    M B T /  H  O P  G  s a  m pl e  a n n e al e d  at  2 2 0  ° C.   C orr es p o n di n g  pr o fil e
c utti n g t hr o u g h  o nl y c o nt ai ni n g   m ostl y S L a n d   Q L. I ns et r e pr es e nts S L t er  mi n ati o n at o  mi c i  m a g e ( V bi as =  −  0. 8   V,  It u n. =  −  2 5  p A ). ( d )   O c c urr e n c e
fr e q u e n c y  of  h ei g hts  v ar yi n g fr o  m  0. 1 t o  1. 6  n  m fr o  m  p a n el  c.
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c o ntri b uti o n i n di c at es t h at t h e  o v er all st oi c hi o  m etr y is still   M n
d e fi ci e nt.   T h e   m ai n  di ff er e n c e  b et w e e n t h e s a  m pl es i n cl u d es  a
sli g htl y el e v at e d gr o wt h t e  m p er at ur e b y 2 0 ° C as   w ell as a p ost-
gr o wt h   a n n e ali n g   pr o c ess   u n d er   a   3 3  %   hi g h er    T e   v a p or
b a c k gr o u n d f or  2 / 3  of  t h e  gr o wt h  ti  m e  ( Fi g ur es  3 a  a n d  3 c ).
M or e o v er,   at   t h e   s a  m e    M n / Bi   fl u x   r ati o,   t h e   r es ulti n g
st oi c hi o  m etr y   is   s u bj e ct   t o   c h a n g e    w h e n   t h e   s u bstr at e
t e  m p er at ur e  is   a dj ust e d.    T h e  i ns et   of  Fi g ur e   3 c   s h o ws   a
z o o  m e d-i n  S T  M  at o  mi c i  m a g e r e v e ali n g t h e   T e  at o  mi c l atti c e
o n t h e  s urf a c e   w h er e l o w- d e nsit y    M n Bi a ntisit e  d ef e cts  c a n  b e
f o u n d.

I nt er pl a y  of   D ef e ct s  a n d  El e ctr o ni c  Str u ct ur e.  T h er e
ar e f o ur t y p es  of  a ntisit e  d ef e cts:  ( a )   M n Bi ,  ( b )  BiM n ,  ( c )  BiT e ,
a n d ( d )   T e Bi .   M nBi a n d  Bi T e ar e p-t y p e d o p a nts,   w hil e  Bi M n a n d
T e Bi ar e  n-t y p e  d o p a nts.   As   w e  dis c uss  b el o w, i n  o ur  s yst e  m,
t h e  d o  mi n a nt  d ef e cts  ar e    M nBi ( p-t y p e )  a n d  Bi M n ( n-t y p e ).
T h e  f or  m ati o n  e n er gi es  of  i ntri nsi c  d ef e cts,  i n cl u di n g  t h es e
f o ur  a ntisit e  d ef e cts,  as  a  f u n cti o n  of  t h e  F er  mi  l e v el  ( v ari e d
fr o  m  t h e    V B  M  t o  t h e    C B  M )  i n    M n Bi2 T e 4 a n d    M n Bi 4 T e 7

u n d er   T e-ri c h  or  c ati o n-ri c h  c o n diti o ns,  h as  b e e n  c al c ul at e d
a n d  r e p ort e d. 3 0 T h e   c al c ul ati o n  s h o ws  t h at  t h e  f or  m ati o n
e n er gi es  of   M n Bi a n d  Bi M n ,  u n d er t h e   T e-ri c h c o n diti o n ( w hi c h
c orr es p o n ds  t o  o ur  gr o wt h  c o n diti o n ),  ar e  si g ni fi c a ntl y l o w er
t h a n  t h os e  of  ot h er  d ef e cts.    T h er ef or e,  t h e    M nBi a n d   Bi M n

d ef e cts   b e c o  m e    m or e   d o  mi n a nt.    W e   first   i n v esti g at e   t h e
v ali dit y   of   t his   t h e or eti c al   pr e di cti o n.   I d e nti fi c ati o n   a n d
q u a nti fi c ati o n   of   di ff er e nt   p oi nt   d ef e cts   ar e  i  m p ort a nt   b ut
als o   c h all e n gi n g  t as ks.   F or    U  H V- cl e a v e d    M n Bi 2 T e 4 si n gl e
cr yst als,  s e v er al  gr o u ps  h a v e  r e p ort e d t h e  o bs er v ati o n  of  Bi T e ,
M n Bi ,  a n d  BiM n a ntisit e  d ef e cts  usi n g  S T  M. 1 3 ,2 7 −  2 9 Fi g ur e  4 a
s h o ws  a n  S T  M i  m a g e  of  a  cl e a v e d    M n Bi 2 T e 4 s urf a c e.  I n  t his
i  m a g e, t h e  BiT e a ntisit e a p p e ars as a  bri g ht  pr otr usi o n (  m ar k e d
b y t h e bl u e d as h e d cir cl es ),   w hil e   M n Bi a p p e ars as a d ar k tri  m er
(  m ar k e d  b y  a  d as h e d  r e d  tri a n gl e ).  I n  t his  1 0  n  m  ×  1 0  n  m
i  m a g e,  o n e  o bs er v es  3  BiT e ( ∼  0. 5  % )  al o n g   wit h  3 5  ±  5    M n Bi

( ∼  5. 5  % ). I n  Fi g ur e  4 b   w e s h o w t h e s a  m e siz e  S T  M i  m a g e f or
a n   M B E- gr o w n s a  m pl e.   H er e, 2  Bi T e ( ∼  0. 3  % ) a n d 1 8  ±  2   M n Bi

( ∼  3  % ) ar e  o bs er v e d. I n a n ot h er r e gi o n, s h o w n i n  Fi g ur e  4 c  of
t h e    M B E- gr o w n  s a  m pl e,  a   hi g h er   n u  m b er   of    M n Bi a ntisit e
d ef e cts,   c o nt ai ni n g   2 8   i n   a   r e gi o n   1 0   n  m  ×  1 0   n  m
( c orr es p o n ds t o  4. 5  % ),  b ut  n o  Bi T e is  o bs er v e d. I n t his  fi g ur e,
o n e  c a n  o bs er v e  t h e  t hr e e  d e pr ess e d  at o  mi c  sit es  ass o ci at e d
wit h   t h e   t hr e e    T e   at o  ms   t h at   ar e   b o n d e d   t o   t h e    M n
u n d er n e at h.    W e  n oti c e  t h at  t h e  d ef e ct  c o n c e ntr ati o n is   m or e
h o  m o g e n e o us  f or  b ul k  si n gl e  cr yst al  t h a n  t h at  f or  t h e    M B E-
gr o w n  s a  m pl e.   T h e  s c ar c er  fr e q u e n c y  f or  t h e  o bs er v ati o n  of
Bi T e is c o nsist e nt   wit h a hi g h er f or  m ati o n e n er g y.  F urt h er  m or e,
w e  n ot e  t h at  S T  M  o bs er v ati o n  of   T e Bi h as  b e e n  r e p ort e d f or
M B E- gr o w n   Bi 2 T e 3 u n d er    T e-ri c h   c o n diti o ns. 3 1 T h e    T e Bi

a ntisit e  a p p e ars  as  a  d ar k  tri  m er  (si  mil ar  t o    M n Bi ),  b ut  t o  a
l ar g er  s p ati al  e xt e nt.    T h e  s e p ar ati o n  fr o  m  t h e  c e nt er  of  o n e
d ar k  s p ot  t o  a n ot h er  d ar k  s p ot  i n  t h e  tri  m er  is  d u e  t o  t w o
l atti c e c o nst a nts f or t h e   T eBi .   O n t h e  ot h er  h a n d, f or   M nBi , t h e
s e p ar ati o n is  o n e l atti c e  c o nst a nt.   D uri n g  o ur i n v esti g ati o n  of
t h e    M B E- gr o w n    M B T  s a  m pl e,    w e   n e v er   e n c o u nt er e d   a n y
f e at ur es  i n di c ati n g  t h e   T eBi a ntisit e  d ef e ct.    W e  t h us  c a n  r ul e
o ut  t h e  i nt erf er e n c e  of    T e Bi i n  o ur  i nt er pr et ati o n  of  d o p a nt
c o  m p e ns ati o n.    T h us,  b as e d  o n  t h e  c al c ul ati o n  of  f or  m ati o n
e n er gi es  a n d  t h e  S T  M  vis u aliz ati o n,    w e  c a n  s af el y  c o n cl u d e
t h at t h e   m ai n  d ef e cts i n   M B E- gr o w n   M B T  fil  m  u n d er   T e-ri c h
c o n diti o ns   w o ul d  b e    M n Bi a n d  Bi M n a ntisit e  d ef e cts.

N e xt,   w e  dis c uss t h e  Bi M n d ef e ct l o c at e d  at t h e   M n l a y er  of
t h e  S L.  Fi g ur e  4 d  s h o ws  a n  S T  M i  m a g e  ( 1 1  n  m  ×  1 1  n  m ),
w h er e  o n e  of t h e  Bi M n is   m ar k e d  b y t h e  gr e e n  d as h e d tri a n gl e.
I n  t his  i  m a g e,   o n e  c a n  i d e ntif y  ∼  1 0  f e at ur es  t h at  c a n   b e
attri b ut e d  t o  t h e  Bi M n a ntisit e  d ef e cts,  c orr es p o n di n g  t o  o nl y
1. 5  % c o n c e ntr ati o n.   H o w e v er, it   w o ul d b e n ai v e t o ass u  m e t h at
all  Bi M n d ef e cts i n t h e c e ntr al l a y er ar e i d e nti fi a bl e i n t h e s a  m e
m a n n er.    T h e    m ai n   o bst a cl e  is  t h at   o nl y  t h os e   Bi M n p oi nt
d ef e cts   wit h o ut  ot h er  d ef e cts  i n  t h e  n ei g h b ori n g  ar e a  c a n  b e
i d e nti fi e d   t his    w a y.    A n   is ol at e d   BiM n a ntisit e   d ef e ct   c a n
i n fl u e n c e  a   m or e  e xt e n d e d  r e gi o n  of t h e  s urf a c e   T e  at o  ms.  It
h as  pr e vi o usl y  b e e n r e p ort e d t h at  a  Bi M n d ef e ct   will r es ult i n  a
tri a n g ul ar  pr otr usi o n,   wit h 4   T e at o  ms  o n e a c h si d e ( n a  m el y, it

Fi g ur e 4.  I d e nti fi c ati o n  of a ntisit e d ef e cts o n   M B E- gr o w n   M n Bi 2 T e 4 ( a )   Cl e a v e d   M B T si n gl e cr yst al s urf a c e i  m a g e d at  V bi as =  −  1. 2   V a n d  It u n. = 3 5
p A, s h o wi n g 3 5   M n Bi a n d 3  Bi T e .   M B E gr o w n s a  m pl e s urf a c e of   M B T i  m a g e d at ( b ) V bi as = 2. 5   V,  It u n. = 2 0 p A a n d ( c )  V bi as =  −  0. 5   V,  It u n. =  −  2 5 p A
i n  di ff er e nt r e gi o ns. ( d )  S T  M t o p o gr a p h y  of   M B E  gr o w n   M B T s urf a c e, i  m a g e d at V bi as =  −  0. 8   V a n d  It u n. =  −  3 5  p A   w h er e  Bi M n c a n  b e  o bs er v e d,
m ar k e d   wit h  a  gr e e n  d as h e d tri a n gl e.  ( e )  S c h e  m ati cs  of  s e pt u pl e l a y er  cr yst al  str u ct ur e i n di c ati n g t h e l o c ati o n   w h er e  Bi M n g ets f or  m e d.
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i  m p a cts 1 0   T e at o  ms o n t h e s urf a c e ).2 9 Fi g ur e 4 e ill ustr at es t h e
Bi M n d ef e ct e  m b e d d e d at t h e c e ntr al l a y er of t h e S L, al o n g   wit h
t h e  p ositi o ns  of  ot h er  a ntisit e  d ef e cts.    C o nsi d eri n g  t h at    w e
h a v e,  o n  a v er a g e,  5  %  of   M n Bi a ntisit e  d ef e cts i n  e a c h  bis  m ut h
s u bl atti c e  a n d  t h er e  ar e  t w o  bis  m ut h  l a y ers  i n  e a c h  S L,  it
r e q uir es  o v er  1 0  %  of  Bi M n a ntisit e  d ef e cts  i n  t h e  c e nt er    M n
l a y er t o   m a k e t h e s a  m pl e  d e g e n er at e  n-t y p e. If   w e  us e  o nl y t h e
i d e nti fi a bl e  BiM n a ntisit e  f e at ur es  i n  t h e  S T  M  i  m a g e,   w e   will
gr ossly  u n deresti  m ate  t h e c o n c e ntr ati o n  of  BiM n a ntisit e  d ef e cts.
T h us,   w e  b eli e v e t h at  b y  usi n g t h e  F er  mi l e v el l o c ati o n r el ati v e
t o t h e   Dir a c  p oi nt  a n d  t h e   m e as ur e d    M nBi c o n c e ntr ati o n,   w e
will  o bt ai n a  b ett er esti  m at e  of t h e  Bi M n a ntisit e c o n c e ntr ati o n.

E v ol uti o n  of   Dir a c  P oi nt  a n d  F er  mi  E n er g y.  I n a n i d e al
M n Bi 2 T e 4 , t h e  e x c h a n g e i nt er a cti o n  of t h e t o p ol o gi c al  s urf a c e
st at es a n d t h e   m a g n eti c  or d er l e a ds t o t h e f or  m ati o n  of a   Dir a c
m ass   g a p   t h at   u n d er pi ns   t h e   n o v el   q u a nt u  m   tr a ns p ort
pr o p erti es   s u c h   as    Q A  H E.    H o w e v er,   u n a  m bi g u o us   e x p er-
i  m e nt al   o bs er v ati o n   of   t h e    Dir a c    m ass   g a p   h as   b e e n
c h all e n gi n g.    Hi g h-r es ol uti o n,  l o w-t e  m p er at ur e    A R P E S    m e as-
ur e  m e nts  o n  cl e a v e d    M B T  si n gl e  cr yst als  h a v e  yi el d e d  r at h er
c o ntr o v ersi al  r es ults. 3 2 −  3 4 C o n v ers el y,  S T S    m e as ur e  m e nts  o n
cl e a v e d   M B T si n gl e  cr yst als c o nsist e ntl y r e p ort t h e  a bs e n c e  of
a    Dir a c    m ass   g a p.    H o w e v er,  i nt er pr et ati o ns  r e g ar di n g  t h e
r e as o ns  f or  t his  a bs e n c e  v ar y  si g ni fi c a ntl y. 1 3 ,2 9 T h er ef or e,  t h e
a bilit y  t o  gr o w  n e arl y i ntri nsi c    M B T  fil  ms  o ff ers  a n  e x c ell e nt
o p p ort u nit y  t o  t a c kl e  t his iss u e.   O ur  r e c e nt  st u d y  h as  s h o w n
t h e  i nt er pl a y  of    m a g n eti c  d ef e cts  a n d  t h e  f or  m ati o n  of  t h e
Dir a c   m ass  g a p  b y  usi n g t h e  ultr at hi n r e gi  m e ( 5  S L  or l ess ). 3 5

T h e  c e ntr al   dis c o v er y   of  t his    w or k  l e v er a g es  t h e   o bs er v e d
l at er al i n h o  m o g e n eit y i n t h e   M B T  fil  m,   w h er e  d ef e ct  d e nsiti es
v ar y fr o  m 2. 5  % t o 9  % a cr oss di ff er e nt pr o bi n g r e gi o ns.   T h e l o w
d ef e ct  d e nsit y  ( < 4  %   M n Bi a ntisit e )  e x hi bits  a  cl e ar   Dir a c   m ass

g a p  at  a l o w t e  m p er at ur e  ( 4   K ),   w hi c h t h e n  v a nis h es  at  7 7   K.
O n  t h e  ot h er  h a n d,   w h e n  t h e    M n Bi a ntisit e  d ef e ct  d e nsit y  is
l ar g e,  t h e  g a p  als o  v a nis h es  b el o w    N e el  t e  m p er at ur e.    T h es e
fi n di n gs  h a v e  b e e n r e p ort e d i n r ef  3 5  a n d   will  n ot  b e r e p e at e d
h er e.

As  t h e    Dir a c    m ass  g a p  dis a p p e ars,   w e  fi n d  t h at  t h e    Dir a c
p oi nt is l o c at e d at  ∼  5 0   m e V  b el o w t h e  F er  mi l e v el ( E F ) i n t h e
ultr at hi n  r e gi  m e.   T his i n di c at es  t h at  t h e  p o p ul ati o n  of  t h e  p-
t y p e  d o p a nt,   M nBi , is  n e arl y c o  m p e ns at e d  b y t h at  of t h e  n-t y p e
d o p a nt,  Bi M n .3 0 O bs er v ati o n  of  t h e  a ntisit e  d ef e cts  usi n g  a n
S T  M  o n  t h e  s urf a c e  is  r el ati v el y  str ai g htf or w ar d.    H o w e v er,
i n di vi d u al  BiM n a ntisit e  d ef e cts  c a n i  m p a ct  a n  arr a y  of  s urf a c e
T e   at o  ms   e xt e n d e d   a cr oss    m a n y   l atti c e   sit es.    H e n c e,
q u a ntif yi n g t h e l o c al  d ef e ct  c o n c e ntr ati o n is  n o ntri vi al  d u e t o
t h e  i nt erf er e n c e   of    m ulti pl e   d ef e cts.    T h er ef or e,  t h e   e n er g y
di ff er e n c e   b et w e e n  E F a n d  t h e    D P    m a y  s er v e  as  a   b ett er
i n di c at or  f or  t h e  d e nsit y  of  t h e  BiM n a ntisit e  d ef e cts.   As  t h e
M B T /  H  O P  G  fil  m t hi c k n ess i n cr e as es,   w e  fi n d t h at t h e s a  m pl e
b e c o  m es  pr o gr essi v el y   m or e  n-t y p e,  as  o bs er v e d i n  Fi g ur e  5 a.
At  a t hi c k n ess  of  1 0  S L, t h e  e n er g y  di ff er e n c e  b et w e e n  E F a n d
D P r e a c h es  ∼  1 5 0   m e V, e nt eri n g t h e  d e g e n er at e  n-t y p e r e gi  m e.
As  a  c o  m p aris o n,    w e  s h o w  S T S    m e as ur e  m e nt  of  t h e    U  H V
cl e a v e d  b ul k  cr yst al  of    M B T,    w h er e  t h e    D P  is  f o u n d  t o  b e
∼  2 8 0   m e V  b el o w t h e  E F v al u e  ( Fi g ur e  5 a ).

I n   a d diti o n   t o   S T S   st u di es,    w e   als o   us e d    A R P E S   t o
i n v esti g at e  t h e  el e ctr o ni c  str u ct ur es  of    M B E  fil  ms.  S h o w n  i n
Fi g ur e   5 b   ar e   t h e    A R P E S   s p e ctr a   of   s e v er al    M B T   fil  ms
( n o  mi n all y  1 0  S Ls )  gr o w n  o n  e pit a xi al  B L-  Gr  a n d  Si  ( 1 1 1 )
s u bstr at es,  r es p e cti v el y.    T h es e  s p e ctr a  ar e  a c q uir e d  at  r o o  m
t e  m p er at ur e   wit h h v  =  2 1. 2  e V. It  h as  b e e n  s h o w n  pr e vi o usl y
t h at at h v  =  2 1. 2 e V, st at es  n e ar t h e   D P ar e  di  ffi c ult t o r es ol v e,
a n d t h e s p e ctr a  al w a ys  e x hi bit  a n  a p p ar e nt  g a p  e v e n   w h e n t h e

Fi g ur e  5.  T hi c k n ess a n d  d ef e ct c o n c e ntr ati o n  d e p e n d e nt   D P e v ol uti o n r el ati v e t o  E F . ( a )  S hift i n   Dir a c  p oi nt r el ati v e t o E F c a n  b e  o bs er v e d i n  d I/
d V  s p e ctr a  o n  3,  5,  7,  1 0  S L   M B T /  H  O P  G, a n d  b ul k   M B T si n gl e cr yst al (r e pr es e nt e d as  1 0 0 0  S L f or c ur v e  fitti n g ). ( b )   A R P E S s p e ctr a  o n  1 0  S L
M B T / B L-  Gr,  1 0  S L   M B T / Si, a n d  b ul k   M B T.  ( c )   A  pl ot  of   D P  −  E F e xtr a ct e d fr o  m  S T S as a f u n cti o n  of t hi c k n ess.   T h e c ur v e is  pl ott e d  b y  fitti n g
S T S  d at a  ( bl u e  s q u ar es ).   D P r e a di n g fr o  m t h e   A R P E S  d at a  s et  (r e d  s q u ar es )  o v erl a ys t h e  fitti n g  c ur v e.
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s urf a c e is  g a pl ess. 3 2 N e v ert h el ess, t h e   D P l o c ati o n  c a n  still  b e
i nf err e d  fr o  m  t h e   A R P E S  s p e ctr a  a n d  r o u g hl y  c oi n ci d es   wit h
t h e   mi ni  m u  m  of t h e  e n er g y  dis p ersi o n  c ur v e  ( E  D  C )  at t h e  Γ
p oi nt.   T h e   A R P E S  r es ults f or t h e  1 0  S L    M B T  fil  m  gr o w n  o n
e pit a xi al   B L-  Gr  s h o w  a    D P  at  −  1 9 0    m e V  (r el ati v e  t o  E F )
( Fi g ur e  5 b ), i n di c ati n g t h at t h e s a  m pl e at t his t hi c k n ess is als o
d e g e n er at e  n-t y p e.    T h e  r es ult  is  cl os e  t o  t h e  S T S  r es ult  of
−  1 5 0   m e V a c q uir e d o n a n o  mi n al 1 0 S L fil  m.   W e als o n ot e t h e
s p e ctr u  m  e x hi bits  a l o w er  si g n al-t o- n ois e  r ati o i n  c o  m p aris o n
t o t h e   A P R E S  d at a  a c q uir e d  o n   M B T  fil  m  gr o w n  o n  Si  ( 1 1 1 )
s urf a c e.   T his is li k el y t h e r es ult of t h e e xist e n c e of t w o d o  m ai ns
f or    M B T  fil  ms  gr o w n  o n  B L-  Gr,  a n d  o n e  of t h e  m  c o nt ai ns  a
l ar g e i n- pl a n e  a n g ul ar  distri b uti o n.   N e v ert h el ess,  as t h e E  vs  k
n e ar  t h e  Γ  p oi nt  is  n e arl y  is otr o pi c,  i d e nti fi c ati o n  of  t h e   D P
r el ati v e  t o  t h e  E F is  still   p ossi bl e.    H o w e v er,   n ot e  t h at  t h e
a p p ar e nt    D P   p ositi o n  is  a    m a cr os c o pi c  a v er a g e,  a n d  t h er e
c o ul d  b e  a l ar g e  fl u ct u ati o n i n t h e   D P  p ositi o n f or i n di vi d u al
gr ai ns.    M or e o v er,   i n   t his   t hi c k n ess   r e gi  m e,   q u a ntif yi n g
t hi c k n ess  dir e ctl y  usi n g  S T  M  is  n ot  f e asi bl e  d u e  t o  t h e  l oss
of  r ef er e n c e  s u bstr at e  i n  t h e  i  m a g e  ( Fi g ur e  S 8 ).    T h us,  t h e
q u ot e d t hi c k n ess is esti  m at e d fr o  m t h e gr o wt h  p ar a  m et ers.  F or
a  si  mil ar  t hi c k n ess  of    M B T  fil  m  gr o w n  o n  Si  ( 1 1 1 )  s urf a c es,
t h e    D P  is  l o c at e d  at  −  2 1 0    m e V  r el ati v e  t o  E F ,  als o  i n  t h e
d e g e n er at e   n-t y p e   r e gi  m e.   I n   c o  m p aris o n,   t h e    A R P E S
m e as ur e  m e nt  of  a   U  H V- cl e a v e d   M B T s urf a c e s h o ws  a  h e a vil y
d e g e n er at e n -t y p e s urf a c e   wit h t h e   D P at −  2 8 0   m e V r el ati v e t o
t h at  of E F .

T h e   c o  m bi n e d   S T S   a n d    A R P E S  st u di es   of    M B E- gr o w n
M B T  fil  ms  o n  b ot h  Si  ( 1 1 1 )  a n d  e pit a xi al  B L-  Gr  s u bstr at es
i n di c at e t h at f or t hi c k  fil  ms   wit h t hi c k n ess gr e at er t h a n  1 0  S Ls,
t h e s a  m pl e is d e g e n er at e n-t y p e, si  mil ar t o t h e c as e f or t h e b ul k
M B T cr yst al.   T h es e r es ults i n di c at e t h at t hi c k   M B T  fil  ms  h ost
l ar g e   c o n c e ntr ati o ns   of    BiM n a ntisit e   d ef e cts,    w hi c h   is
c o nsist e nt   wit h  t h eir  b ul k  c o u nt er p arts.   T h e  e v ol uti o n  of  t h e
D P  −  E F as   a   f u n cti o n   of   t hi c k n ess   b as e d   o n   t h e   S  T S
m e as ur e  m e nt  is  pl ott e d  i n  Fi g ur e  5 c.   As  o n e  c a n  s e e,  i n  a n
ultr at hi n r e gi  m e, t h e  E F is  cl os e t o   D P,  s u g g esti n g t h at t h e  n-
t y p e a n d  p-t y p e  d o p a nts ar e  n e arl y c o  m p e ns at e d.   O n t h e  ot h er
h a n d,   as   t h e   fil  m   t hi c k n ess  i n cr e as es,   t h e   s a  m pl e   r a pi dl y
a p pr o a c h es   d e g e n er at e   n-t y p e,   i n di c ati n g   t h at   t h e   n-t y p e
d o p a nts  ( Bi M n a ntisit e )  f ar  e x c e e d  t h e  p-t y p e  d o p a nt  (  M n Bi )
c o n c e ntr ati o n.    N ot e  t h at  b el o w  5  S L,  o n e  c a n  fi n d  t h e  l o c al
r e gi o n  t h at  e x p os es  t h e  s u bstr at e,  e n a bli n g  a    m or e   pr e cis e
d et er  mi n ati o n  of  t h e  l o c al  fil  m  t hi c k n ess.   A b o v e  1 0  S L,  t h e
s urf a c e is f ull y  c o v er e d   wit h t h e   M B T  fil  m   wit h  a t y pi c al  2−  3
S L  fl u ct u ati o n.   As t h e  S T S is   m e as ur e d i n  a l o c al r e gi o n,  o n e
n e e ds t o  b e  a w ar e t h at t h er e is  a n  u n c ert ai nt y i n t hi c k n ess  of
∼  2  S L.

T h e  e v ol uti o n  of t h e   D P r el ati v e t o  E F as  a f u n cti o n  of  fil  m
t hi c k n ess  hi g hli g hts  t h e  i nt er esti n g  i nt er pl a y  b et w e e n  n-t y p e
Bi M n a n d  p-t y p e   M n Bi d o p a nts.   T h e  pr o gr essi v el y   m or e  n-t y p e

c h ar a ct ers   wit h  a n i n cr e as e i n  fil  m t hi c k n ess i n di c at e t h at t h e
c o n c e ntr ati o n  of  Bi M n d ef e cts is   m or e t h a n t h at is r e q uir e d t o
c o  m p e ns at e f or t h e  p-t y p e    M n Bi d o p a nts.  Fr o  m t his  b e h a vi or,
e ntr o pi c all y    mi xi n g    M n  i n  t h e   Bi  l a y er   a n d   vi c e   v ers a  is
e x p e ct e d.    W h y   d o es   t h e   c o n c e ntr ati o n   of   Bi M n d ef e cts
p ositi v el y  c orr el at e   wit h  t h e  t hi c k n ess?  Pr e vi o us  r e p orts  h a v e
s u g g est e d  t h at  t h er e   e xists   a  t h er  m o d y n a  mi c   dri vi n g  f or c e
t o w ar d t h e f or  m ati o n  of  hi g h  c o n c e ntr ati o ns  of  BiM n a ntisit es
d ef e cts. 3 0 ,3 6 Si n c e   M n T e  h as  a s  m all er l atti c e  c o nst a nt r el ati v e
t o  t h at   of   B T,  t h e  f or  m ati o n   of   BiM n a ntisit e   d ef e cts  c a n
p arti all y  r e d u c e  t h e   mi cr os c o pi c  str ai n  b uilt  u p i n  t h e  c e ntr al
M n   l a y er,   f or  mi n g   a n   i d e al    T e  −  Bi −  T e −  M n  −  T e −  Bi −  T e
s e pt u pl e  l a y er.    T his  t h er  m o d y n a  mi c   dri vi n g  f or c e    m a k es  it
di  ffi c ult  t o   a v oi d   d e g e n er at e   n-t y p e   d o pi n g  i n   b ul k    M B T.
H o  w e v er,   s u c h   a    mi cr os c o pi c   str ai n   is   li k el y   t o   b e
a c c o  m  m o d at e d   b ett er   i n   t h e   ultr at hi n   r e gi  m e.    M or e o v er,
M B E  gr o wt h is  n ot  a t h er  m o d y n a  mi c  e q uili bri u  m  pr o c ess  (i n
c o  m p aris o n  t o  b ul k  cr yst al  gr o wt h ).   B ot h  e ff e cts    m a y  pl a y
i  m p ort a nt r ol es i n  c a usi n g  n e arl y f ull y  c o  m p e ns at e d  d o pi n g i n
t h e  ultr at hi n  r e gi  m e.  S u c h  a  c o nj e ct ur e  c o ul d  b e  t est e d  i n
f ut ur e   st u di es   a n d   c o ul d   pr o vi d e   a   str at e g y   t o   gr o  w
el e ctr o ni c all y  h o  m o g e n e o us  fil  ms  o v er  a    m a cr os c o pi c  l e n gt h
s c al e.

■ C  O  N C L  U SI  O  N S

I n  s u  m  m ar y,   w e  h a v e  i n v esti g at e d  t h e    M B E  gr o wt h  of    M B T
t hi n  fil  ms  o n  Si  ( 1 1 1 ),   B L-  Gr,  a n d    H  O P  G  s u bstr at es.    T h e
M B E   gr o  wt h   is   c o u pl e d    wit h   v ari o us  i n   sit u  s urf a c e
c h ar a ct eriz ati o n  t e c h ni q u es  t o  g ai n  i nsi g ht  i nt o  t h e  at o  misti c
m e c h a nis  m   u n d erl yi n g   t h e   gr o wt h.   B y   usi n g   s p ot   pr o fil e
a n al ysis   of   t h e   L E E  D   p att er ns,    w e    m a p   t h e   fr e e   e n er g y
l a n ds c a p e f or t h e i n- pl a n e  ori e nt ati o n al ali g n  m e nt  b et w e e n t h e
e pit a xi al  fil  m  a n d  t h e  s u bstr at e.  I n  sit u  S T  M  i n v esti g ati o ns
all o w  us t o  o bs er v e t h e  fil  m t o p o gr a p h y a n d  d ef e ct f or  m ati o ns.
T h es e  at o  mi c  d et ails  pr o vi d e  ti  m el y  f e e d b a c k  t h at   w e  us e  t o
o pti  miz e  t h e  gr o wt h  p ar a  m et ers  f or  hi g h- q u alit y  t hi n  fil  ms.
S T S  a n d   A R P E S  ar e  e  m pl o y e d t o i n v esti g at e t h e  e v ol uti o n  of
el e ctr o ni c  c h e  mi c al  p ot e nti al  as  a f u n cti o n  of  t hi c k n ess,  fr o  m
w hi c h   w e  g ai n  i nsi g ht  i nt o  t h e  i nt er pl a y  b et w e e n  t h e  p-t y p e
M n Bi a ntisit e  d ef e cts  a n d  t h e  n-t y p e  Bi M n a ntisit e  d ef e cts.  I n
t hi n- fil  m   d e vi c e  f a bri c ati o n,  f a ct ors  s u c h  as   d ef e ct  c o n c e n-
tr ati o n,   d ef e ct   t y p es,   a n d   d o  m ai n   b o u n d ari es   si g ni fi c a ntl y
i  m p a ct t h e  p erf or  m a n c e.   O ur  dis c ussi o n e x pl or es t h es e as p e cts
i n  d et ail,  pr o p osi n g  gr o wt h  str at e gi es t h at  c o ul d  b e  criti c al t o
e n h a n ci n g   d e vi c e   p erf or  m a n c e,   pri  m aril y   usi n g   s urf a c e-
s e nsiti v e   t e c h ni q u es.    O ur   r es ults   pr o vi d e   a   p at h w a y   t o
i n v esti g at e    m at eri al   c h ar a ct eristi cs   a n d   d e e p e n   t h e   u n d er-
st a n di n g  of t h e  u n d erl yi n g gr o wt h   m e c h a nis  ms.   M or e o v er, t his
a p pr o a c h  e xt e n ds  b e y o n d   M B T,  o ff eri n g  v al u a bl e i nsi g hts i nt o
t h e  e n gi n e eri n g  of  ot h er tri el e  m e nt al t hi n  fil  ms.

T a bl e 4.   Gr o wt h a n d   A n n e ali n g  P ar a  m et ers f or   M n Bi 2 T e 4 o n   H  O P  G f or t h e “ B a d   Gr o wt h ” (  U ni  m pr o v e d ) a n d “  G o o d   Gr o wt h ”
(I  m pr o v e d ) f or  S T  M  St u d y  as    W ell  as   M n Bi 2 T e 4 o n   Bil a y er   Gr a p h e n e  a n d  Si  ( 1 1 1 ) f or   A R P E S    M e as ur e  m e nt

M n  s o ur c e Bi  s o ur c e T e  s o ur c e

T s u bstr at e
( ° C )

T M n
( ° C )

fl u x  ( Å /
5   mi n )

T Bi
( ° C )

fl u x  ( Å /
5   mi n )

M n / Bi  fl u x
r ati o

T T e
( ° C )

fl u x  ( Å /
5   mi n )

Δ  tg
(  mi n )

Δ  ta
(  mi n )

M B T /  H  O P  G
( u ni  m pr o v e d )

2 0 0   2 8 3   1. 4 2   5 2 5   2. 9 0   0. 4 9   2 2 3   1 1. 3 9   4 5   3 0

M B T /  H  O P  G  (i  m pr o v e d )   2 2 0   2 8 2   1. 1 8   5 2 0   2. 4 6   0. 4 8   2 2 8   1 5. 0 5   3 0   2 0

M B T / B L  Gr / Si  C 2 3 9   2 7 9   0. 9 9   5 2 5   2. 9 0   0. 3 4   2 2 7   1 4. 2 3   1 2 0   8 0

M B T / Si ( 1 1 1 ) 2 5 5   2 7 7   0. 8 8   5 2 5   2. 9 0   0. 3 0   2 2 4   1 2. 0 4   1 2 0   8 0

A C S   A p pli e d   N a n o   M at eri al s w  w  w. a c s a n  m. or g Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s a n  m. 4 c 0 4 5 1 8
A C S  A p pl.   N a n o   M at er.  2 0 2 4,  7,  2 1 1 4 9 −  2 1 1 5 9

2 1 1 5 6

https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c04518/suppl_file/an4c04518_si_001.pdf
www.acsanm.org?ref=pdf
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■ M A T E RI A L S   A  N  D   M E T  H  O  D S

M B E    Gr o  wt h   of    M n Bi 2 T e 4 Fil  m s.  M n Bi 2 T e 4 t hi n   fil  ms    w er e
gr o w n i n  a  h o  m e- b uilt   M B E c h a  m b er   wit h  a  b as e  pr ess ur e  of  ∼  1 0 −  1 0

T orr.   Hi g hl y  or d er e d  p yr ol yti c gr a p hit e (  H  O P  G ) a n d bil a y er e pit a xi al
gr a p h e n e  s u bstr at es   w er e  o ut g ass e d  at  ∼  3 0 0  ° C  f or  6  h  b ef or e  t h e
gr o wt h.  Si ( 1 1 1 ) s u bstr at e   w as  pr e p ar e d   wit h t h e st a n d ar d  pr o c e d ur e
of fl as hi n g vi a dir e ct c urr e nt h e ati n g u p t o  ∼  1 2 0 0  ° C f or a n at o  mi c all y
cl e a n  s urf a c e   wit h  a   w ell- d e fi n e d  7  ×  7  r e c o nstr u cti o n.    Hi g h- p urit y
M n  ( 9 9. 9 9  % ),  Bi  ( 9 9. 9 9 9  % ),  a n d   T e  ( 9 9. 9 9 9  % )   w er e  c o e v a p or at e d
fr o  m st a n d ar d   K n u ds e n c ells.  S a  m pl es st u di e d   wit h   A R P E S ar e gr o w n
at 2 4 0  ° C ( o n gr a p h e n e ) a n d 2 5 5  ° C ( o n Si ) a n d p ost- a n n e al e d at t h e
gr o wt h  t e  m p er at ur e i n  a n  e x c ess   T e  a  m bi e nt.  S a  m pl es  st u di e d   wit h
L E E  D   a n d    R  H E E  D    w er e   d e p osit e d   at   r o o  m   t e  m p er at ur e   a n d
p ost a n n e al e d  i n  a n  e x c ess  a  m bi e nt   T e.    D et ail e d  gr o wt h  p ar a  m et ers
f or t h e  S T  M st u d y  ar e  d es cri b e d i n T a bl e  4 .

I n  Sit u  S T  M/ S T S  a n d   A R P E S    M e a s ur e  m e nt s.  Usi n g  a  h o  m e-
b uilt    U  H V   tr a nsf er   s yst e  m    wit h   b as e   pr ess ur e  ∼  1 0 −  1 0 T orr   t o
m ai nt ai n t h e cl e a n n ess  of t h e  fil  m, s a  m pl es   w er e tr a nsf err e d fr o  m t h e
M B E  c h a  m b er  t o  S T  M  ( b as e  pr ess ur e  ∼  1 0 −  1 1 T orr )  a n d    A R P E S
( b as e  pr ess ur e  ∼  1 0 −  1 1 T orr )  c h a  m b ers   wit h o ut  a n y  e x p os ur e  t o  air.
S T  M / S   m e as ur e  m e nts   w er e  c o n d u ct e d  at  4. 3  a n d  7 7   K.   T h e    W  ti p
w as   pr e p ar e d   b y   el e ctr o c h e  mi c al   et c hi n g   a n d   cl e a n e d   b y  i n  sit u
el e ctr o n- b e a  m  h e ati n g.  S T S  d I/ d V  s p e ctr a    w er e    m e as ur e d  usi n g  a
st a n d ar d  l o c k-i n  t e c h ni q u e    wit h  f e e d b a c k   o ff,    w h os e    m o d ul ati o n
fr e q u e n c y  is  4 9 0    Hz.    T h e    A R P E S    m e as ur e  m e nts    w er e  c arri e d  o ut
usi n g  a  h eli u  m l a  m p   wit h  a  b e a  m s p ot  di a  m et er  of  ∼  3 0 0  μ m  usi n g  a
S ci e nt a    R 3 0 0 0  el e ctr o n  e n er g y  a n al yz er.    T h e    m e as ur e  m e nts    w er e
d o n e   wit h   H e I  ( ∼  2 1. 2  e V )  at r o o  m t e  m p er at ur e.

■ A S S  O CI A T E  D   C  O  N T E  N T

*sı S u p p orti n g I nf or  m ati o n
T h e   S u p p orti n g  I nf or  m ati o n  is   a v ail a bl e  fr e e   of   c h ar g e   at
htt ps: / / p u bs. a cs. or g / d oi / 1 0. 1 0 2 1 / a cs a n  m. 4 c 0 4 5 1 8 .

A d diti o n al    X-r a y   di ffr a cti o n    m e as ur e  m e nt   d at a,    X-r a y
p h ot o el e ctr o n s p e ctr os c o p y   m e as ur e  m e nt  d at a,  el e ctr o n
di ffr a cti o n    m e as ur e  m e nt   d at a,    m or p h ol o g y  s c a n,   a n d
st e p  h ei g ht  s ur v e y  (P  D F )

■ A  U T  H  O R I  N F  O R  M A TI  O  N

C orr e s p o n di n g   A ut h or
C hi h- K a n g  S hi h  −  De p art  me nt  of  P hysics,   T he   U ni versity  of

Te x as  at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates;
or ci d. or g / 0 0 0 0- 0 0 0 3- 2 7 3 4- 7 0 2 3 ;  E  m ail: s hi h  @

p h ysi cs. ut e x as. e d u

A ut h or s
H y u ns u e   Ki  m  −  De p art  me nt  of  P hysics,   T he   U ni versity  of

Te x as  at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
M e n g k e  Li u  −  De p art  me nt of  P hysics,   T he   U ni versity of   Te x as

at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
Lis a  Fr a  m  m oli n o  −  De p art  me nt  of  P hysics,   T he   U ni versity  of

Te x as  at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
Y a n xi n g  Li  −  De p art  me nt  of  P hysics,   T he   U ni versity  of   Te x as

at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
F a n  Z h a n g  −  De p art  me nt  of  P hysics,   T he   U ni versity  of   Te x as

at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
W o oj o o  L e e  −  De p art  me nt of  P hysics,   T he   U ni versity of   Te x as

at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates
C h e n g y e   D o n g  −  2  D   Cryst al   C o ns orti u  m,   T he  Pe n nsyl v a ni a

St ate   U ni versity,   U ni versity  P ar k,  Pe n nsyl v a ni a  1 6 8 0 2,
U nite d  St ates

Yi- F a n  Z h a o  −  De p art  me nt of  P hysics,   T he  Pe n nsyl v a ni a St ate
U ni versity,   U ni versity  P ar k,  Pe n nsyl v a ni a  1 6 8 0 2,   U nite d
St ates

G u a n- Y u   C h e n  −  De p art  me nt of  P hysics,   N ati o n al   Tsi ng   H u a
U ni versity,  3 0 0 0 4 4   Hsi nc h u,   T ai w a n

Pi n-J ui   Hs u  −  De p art  me nt  of  P hysics,   N ati o n al   Tsi ng   H u a
U ni versity,  3 0 0 0 4 4   Hsi nc h u,   T ai w a n; or ci d. or g / 0 0 0 0-
0 0 0 2- 5 7 0 4- 6 5 7 4

C ui- Z u   C h a n g  −  De p art  me nt  of  P hysics,   T he  Pe n nsyl v a ni a
St ate   U ni versity,   U ni versity  P ar k,  Pe n nsyl v a ni a  1 6 8 0 2,
U nite d  St ates; or ci d. or g / 0 0 0 0- 0 0 0 3- 3 5 1 5- 2 9 5 5

J os h u a   R o bi ns o n  −  2  D   Cryst al   C o ns orti u  m  a n d   De p art  me nt
of  P hysics,   T he  Pe n nsyl v a ni a  St ate   U ni versity,   U ni versity
P ar k,  Pe n nsyl v a ni a  1 6 8 0 2,   U nite d  St ates; or ci d. or g /
0 0 0 0- 0 0 0 2- 1 5 1 3- 7 1 8 7

Ji a qi a n g  Y a n  −  M ateri als  Scie nce  a n d   Tec h n ol ogy   Di visi o n,
O a k  Ri dge   N ati o n al  L a b or at ory,   O a k  Ri dge,   Te n nessee
3 7 8 3 1,   U nite d  St ates; or ci d. or g / 0 0 0 0- 0 0 0 1- 6 6 2 5- 4 7 0 6

Xi a o qi n  Li  −  De p art  me nt  of  P hysics,   T he   U ni versity  of   Te x as
at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates; or ci d. or g /
0 0 0 0- 0 0 0 2- 2 2 7 9- 3 0 7 8

All a n   H.   M a c  D o n al d  −  De p art  me nt of  P hysics,   T he   U ni versity
of   Te x as  at   A usti n,   A usti n,   Te x as  7 8 7 1 2,   U nite d  St ates

C o  m pl et e  c o nt a ct i nf or  m ati o n is  a v ail a bl e  at:
htt ps: / / p u bs. a cs. or g / 1 0. 1 0 2 1 / a cs a n  m. 4 c 0 4 5 1 8

N ot e s

T h e  a ut h ors  d e cl ar e  n o  c o  m p eti n g  fi n a n ci al i nt er est.

■ A C K  N  O  W L E  D  G  M E  N T S

T his   w or k   w as  pri  m aril y  s u p p ort e d  b y  t h e    N S F  t hr o u g h  t h e
C e nt er  f or    D y n a  mi cs   a n d    C o ntr ol   of    M at eri als:   a n    N S F
M at eri als    R es e ar c h   S ci e n c e   a n d   E n gi n e eri n g    C e nt er   u n d er
c o o p er ati v e  a gr e e  m e nt   n o.    D  M R- 1 7 2 0 5 9 5  a n d  t h e    U S    Air
F or c e  gr a nt  n o.  F A 2 3 8 6- 2 1- 1- 4 0 6 1.   Ot h er s u p p ort is fr o  m t h e
Air  F or c e   O  ffi c e  of  S ci e nti fi c   R es e ar c h gr a nt  n o.  F A 2 3 8 6- 2 1- 1-
4 0 6 7.    W or k  d o n e i n  P e n n  St at e is  s u p p ort e d  b y  2  D  C  C-  MI P
u n d er    N S F   c o o p er ati v e   a gr e e  m e nt    D  M R- 1 5 3 9 9 1 6,    D  M R-
2 0 3 9 3 5 1,    A R  O    A w ar d  (  W 9 1 1  N F 2 2 1 0 1 5 9 ),   as    w ell   as  t h e
s u p p ort  fr o  m   G or d o n  a n d  B ett y    M o or e  F o u n d ati o n’s  E Pi  Q S
I niti ati v e   (  G B  M F 9 0 6 3   t o    C.- Z.  C. ).    W or k   at    O a k    Ri d g e
N ati o n al   L a b or at or y    w as  s u p p ort e d  b y  t h e    U S    D e p art  m e nt
of  E n er g y,   O  ffi c e  of  S ci e n c e,  B asi c  E n er g y  S ci e n c es,    M at eri als
S ci e n c es   a n d   E n gi n e eri n g    Di visi o n.   P.J.  H.   a c k n o wl e d g es
s u p p ort  fr o  m  t h e    N ati o n al  S ci e n c e  a n d   T e c h n ol o g y   C o u n cil
of    T ai w a n  u n d er  gr a nt  n o.    N S T  C- 1 1 2- 2 6 3 6-  M- 0 0 7- 0 0 6  a n d
gr a nt  n o.   N S T  C- 1 1 0- 2 1 2 4-  M- A 4 9- 0 0 8-  M Y 3.

■ R E F E R E  N C E S

( 1 )  Li,   R.;   W a n g, J.;   Qi,   X.- L.;   Z h a n g, S.-  C.   D y n a  mi c al   A xi o n  Fi el d i n
T o p ol o gi c al    M a g n eti c I ns ul at ors.  N at.  P hys.  2 0 1 0 , 6  ( 4 ),  2 8 4 −  2 8 8.
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Vi d al,   R.   C.;   T c a k a e v,   A.;   Z a b ol ot n y y,   V.;    W es c h k e,  E.;   Hi n k o v,   V.;
K a  m p,    M.;   B u c̈ h n er,   B.;   Is a e v a,    A.;   B e nt  m a n n,    H.;    R ei n ert,   F.
M ol e c ul ar  B e a  m  E pit a x y  of   A ntif err o  m a g n eti c (  M n Bi 2 T e 4 ) ( Bi 2 T e

3 )   T hi n  Fil  ms  o n  B a F 2 ( 1 1 1 ).  J.   A p pl.  P hys. 2 0 2 0 , 1 2 8  ( 1 3 ),  1 3 5 3 0 3.
( 2 4 ) S u, S.-  H.;   C h a n g, J.- T.;   C h u a n g,  P.- Y.;   Ts ai,   M.-  C.;  P e n g,  Y.-  W.;

L e e,    M.    K.;    C h e n g,    C.-  M.;    H u a n g,  J.-  C.    A.   E pit a xi al    Gr o wt h  a n d
Str u ct ur al   C h ar a ct eriz ati o ns  of    M n Bi 2 T e 4   T hi n  Fil  ms i n   N a n os c al e.
N a n o  m ateri als  2 0 2 1 , 1 1  ( 1 2 ),  3 3 2 2.
( 2 5 )   C h e n,  P.;  Y a o,   Q.;   X u, J.;  S u n,   Q.;   Gr utt er,   A. J.;   Q u art er  m a n,

P.;  B al a kris h n a n,  P.  P.;   Ki n a n e,   C. J.;   C ar u a n a,   A. J.;  L a n gri d g e,  S.;  Li,
A.;   A c hi n u q,  B.;   H e p p ell,  E.; Ji,  Y.;  Li u,  S.;   C ui,  B.;  Li u, J.;   H u a n g,  P.;
Li u,   Z.;  Y u,   G.;   Xi u,  F.;    H esj e d al,   T.;   Z o u,  J.;    H a n,   X.;   Z h a n g,    H.;
Y a n g,  Y.;    K o u,    X.    T ail ori n g  t h e    M a g n eti c  E x c h a n g e  I nt er a cti o n  i n
M n Bi 2 T e 4   S u p erl atti c es   vi a   t h e   I nt er c al ati o n   of   F err o  m a g n eti c
L a y ers.  N at.  Electr o n.  2 0 2 2 , 6  ( 1 ),  1 8 −  2 7.
( 2 6 )    Z h a o,   Y.- F.;    Z h o u,   L.-J.;    W a n g,   F.;    W a n g,    G.;   S o n g,    T.;

O v c hi n ni k o v,   D.;  Yi,   H.;   M ei,   R.;   W a n g,   K.;   C h a n,   M.   H.   W.;  Li u,   C.-
X.;    X u,    X.;    C h a n g,    C.- Z.  E v e n −  O d d  L a y er-  D e p e n d e nt    A n o  m al o us
H all  Eff e ct i n   T o p ol o gi c al   M a g n et   M n Bi 2 T e 4 T hi n  Fil  ms.  N a n o  Lett.
2 0 2 1 , 2 1  ( 1 8 ),  7 6 9 1 −  7 6 9 8.
( 2 7 )  Li a n g,   Z.;  L u o,   A.; S hi,   M.;   Z h a n g,   Q.;   Ni e, S.;  Yi n g, J. J.;   H e, J.-

F.;   W u,   T.;   W a n g,   Z.;   X u,   G.;   W a n g,   Z.;   C h e n,   X.-  H.   M a p pi n g   Dir a c
F er  mi o ns  i n  t h e  I ntri nsi c    A ntif err o  m a g n eti c    T o p ol o gi c al  I ns ul at ors
(  M n  Bi 2   T e 4 ) ( Bi 2   T e 3 )  n ( n  = 0, 1 ).  P hys.  Re v.  B  2 0 2 0 , 1 0 2  ( 1 6 ),
N o.  1 6 1 1 1 5.
( 2 8 )   W u,   X.;  Li, J.;   M a,   X.-  M.;   Z h a n g,  Y.;  Li u,  Y.;   Z h o u,   C.- S.;  S h a o,

J.;   W a n g,   Q.;   H a o,  Y.-J.;  F e n g,  Y.;  S c h wi er,  E.  F.;   K u  m ar,  S.;  S u n,   H.;
Li u,  P.;  S hi  m a d a,   K.;    Mi y a  m ot o,   K.;   O k u d a,   T.;    W a n g,   K.;   Xi e,    M.;
C h e n,    C.;  Li u,    Q.;  Li u,    C.;    Z h a o,  Y.    Disti n ct    T o p ol o gi c al  S urf a c e
St at es  o n t h e   T w o   T er  mi n ati o ns  of   M n Bi  4   T e  7.  P hys.  Re v.   X  2 0 2 0 ,
1 0  ( 3 ),   N o.  0 3 1 0 1 3.
( 2 9 )    H u a n g,    Z.;    D u,    M.-  H.;   Y a n,  J.;    W u,    W.    N ati v e    D ef e cts  i n

A ntif err o  m a g n eti c    T o p ol o gi c al  I ns ul at or    M n Bi  2    T e  4.  P hys.   Re v.
M ater.  2 0 2 0 , 4  ( 1 2 ),   N o.  1 2 1 2 0 2.
( 3 0 )   D u,   M.-  H.;  Y a n, J.;   C o o p er,   V.   R.;  Eis e n b a c h,   M.   T u ni n g  F er  mi

L e v els   i n   I ntri nsi c    A ntif err o  m a g n eti c    T o p ol o gi c al   I ns ul at ors
M n Bi 2 T e 4   a n d    M n Bi 4 T e 7   b y    D ef e ct   E n gi n e eri n g   a n d    C h e  mi c al
D o pi n g.  A d v.  F u nct.   M ater.  2 0 2 1 , 3 1  ( 3 ),   N o.  2 0 0 6 5 1 6.
( 3 1 )   W a n g,   G.;   Z h u,   X.; S u n,  Y.;  Li,  Y.;   Z h a n g,   T.;   W e n, J.;   C h e n,   X.;

H e,   K.;    W a n g,  L.;    M a,   X.;  Ji a,  J.;   Z h a n g,  S.  B.;   X u e,   Q.   T o p ol o gi c al
I ns ul at or    T hi n   Fil  ms   of   Bi 2 T e 3 wit h    C o ntr oll e d   El e ctr o ni c
Str u ct ur e.  A d v.   M ater.  2 0 1 1 , 2 3  ( 2 6 ),  2 9 2 9 −  2 9 3 2.
( 3 2 )   C h e n,  Y. J.;   X u,  L.   X.;  Li, J.   H.;  Li,  Y.   W.;   W a n g,   H.  Y.;   Z h a n g,

C.  F.;  Li,   H.;    W u,  Y.;  Li a n g,   A. J.;   C h e n,   C.; J u n g,  S.    W.;   C a c h o,   C.;
M a o,  Y.   H.;  Li u, S.;   W a n g,   M.   X.;   G u o,  Y.  F.;   X u,  Y.;  Li u,   Z.   K.;  Y a n g,
L.    X.;    C h e n,   Y.   L.    T o p ol o gi c al   El e ctr o ni c   Str u ct ur e   a n d   Its
T e  m p er at ur e   E v ol uti o n  i n    A ntif err o  m a g n eti c    T o p ol o gi c al  I ns ul at or
M n Bi  2   T e  4.  P hys.  Re v.   X  2 0 1 9 , 9  ( 4 ),   N o.  0 4 1 0 4 0.
( 3 3 )   H a o,  Y.-J.;  Li u,  P.;  F e n g,  Y.;    M a,   X.-  M.;  S c h wi er,  E.  F.;   Arit a,

M.;   K u  m ar,  S.;   H u,   C.;  L u,   R.;   Z e n g,   M.;   W a n g,  Y.;   H a o,   Z.;  S u n,   H.-
Y.;   Z h a n g,   K.;   M ei, J.;   Ni,   N.;   W u,  L.;  S hi  m a d a,   K.;   C h e n,   C.;  Li u,   Q.;
Li u,   C.   G a pl ess  S urf a c e   Dir a c   C o n e i n   A ntif err o  m a g n eti c   T o p ol o gi c al
I ns ul at or    M n Bi  2   T e  4.  P hys.  Re v.   X  2 0 1 9 , 9  ( 4 ),   N o.  0 4 1 0 3 8.
( 3 4 )  Li,   H.;   G a o,  S.- Y.;   D u a n,  S.- F.;   X u,  Y.- F.;   Z h u,   K.-J.;   Ti a n,  S.-J.;

G a o, J.-  C.;  F a n,    W.-  H.;   R a o,   Z.-  C.;   H u a n g, J.- R.;  Li, J.-J.;  Y a n,   D.- Y.;
Li u,   Z.- T.;  Li u,    W.- L.;   H u a n g,  Y.- B.;  Li,  Y.- L.;  Li u,  Y.;   Z h a n g,   G.- B.;
Z h a n g,  P.;   K o n d o,   T.;  S hi n,  S.;  L ei,   H.-  C.;  S hi,  Y.-  G.;   Z h a n g,    W.- T.;
W e n g,    H.-  M.;    Qi a n,    T.;    Di n g,    H.    Dir a c  S urf a c e  St at es  i n  I ntri nsi c
M a g n eti c   T o p ol o gi c al I ns ul at ors  E u S n  2   As  2 a n d   M n Bi  2  n   T e  3  n  +
1.  P hys.  Re v.   X  2 0 1 9 , 9  ( 4 ),   N o.  0 4 1 0 3 9.

A C S   A p pli e d   N a n o   M at eri al s w  w  w. a c s a n  m. or g Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s a n  m. 4 c 0 4 5 1 8
A C S  A p pl.   N a n o   M at er.  2 0 2 4,  7,  2 1 1 4 9 −  2 1 1 5 9

2 1 1 5 8

https://doi.org/10.1126/science.1234414
https://doi.org/10.1038/nmat4204
https://doi.org/10.1038/nmat4204
https://doi.org/10.1103/PhysRevB.65.115212
https://doi.org/10.1103/PhysRevB.65.115212
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1126/science.aax8156
https://doi.org/10.1126/science.aax8156
https://doi.org/10.1103/PhysRevMaterials.3.064202
https://doi.org/10.1039/C9CP05634C
https://doi.org/10.1039/C9CP05634C
https://doi.org/10.1021/acs.nanolett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-0248(87)90409-X
https://doi.org/10.1016/0022-0248(87)90409-X
https://doi.org/10.1002/pssa.2211160202
https://doi.org/10.1002/pssa.2211160202
https://doi.org/10.1063/1.95305
https://doi.org/10.1063/1.95305
https://doi.org/10.1103/PhysRevB.65.205302
https://doi.org/10.1103/PhysRevB.65.205302
https://doi.org/10.1103/PhysRevB.65.205302
https://doi.org/10.1016/j.jcrysgro.2022.126677
https://doi.org/10.1016/j.jcrysgro.2022.126677
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/1361-648X/aba06d
https://doi.org/10.1088/1361-648X/aba06d
https://doi.org/10.1088/1361-648X/aba06d
https://doi.org/10.1088/1361-648X/aba06d
https://doi.org/10.1103/PhysRevMaterials.4.111201
https://doi.org/10.1103/PhysRevMaterials.4.111201
https://doi.org/10.1103/PhysRevMaterials.4.111201
https://doi.org/10.1021/acsnano.1c03936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c03936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c03936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0025933
https://doi.org/10.1063/5.0025933
https://doi.org/10.3390/nano11123322
https://doi.org/10.3390/nano11123322
https://doi.org/10.1038/s41928-022-00880-1
https://doi.org/10.1038/s41928-022-00880-1
https://doi.org/10.1038/s41928-022-00880-1
https://doi.org/10.1021/acs.nanolett.1c02493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.102.161115
https://doi.org/10.1103/PhysRevB.102.161115
https://doi.org/10.1103/PhysRevB.102.161115
https://doi.org/10.1103/PhysRevX.10.031013
https://doi.org/10.1103/PhysRevX.10.031013
https://doi.org/10.1103/PhysRevMaterials.4.121202
https://doi.org/10.1103/PhysRevMaterials.4.121202
https://doi.org/10.1002/adfm.202006516
https://doi.org/10.1002/adfm.202006516
https://doi.org/10.1002/adfm.202006516
https://doi.org/10.1002/adfm.202006516
https://doi.org/10.1002/adma.201100678
https://doi.org/10.1002/adma.201100678
https://doi.org/10.1002/adma.201100678
https://doi.org/10.1103/PhysRevX.9.041040
https://doi.org/10.1103/PhysRevX.9.041040
https://doi.org/10.1103/PhysRevX.9.041040
https://doi.org/10.1103/PhysRevX.9.041038
https://doi.org/10.1103/PhysRevX.9.041038
https://doi.org/10.1103/PhysRevX.9.041039
https://doi.org/10.1103/PhysRevX.9.041039
https://doi.org/10.1103/PhysRevX.9.041039
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


( 3 5 )  Li u,    M.;  L ei,    C.;    Ki  m,    H.;  Li,  Y.;  Fr a  m  m oli n o,  L.;  Y a n,  J.;
M a c d o n al d,   A.   H.;  S hi h,   C.- K.   Vis u alizi n g t h e I nt er pl a y  of   Dir a c   M ass
G a p  a n d    M a g n etis  m  at   N a n os c al e i n  I ntri nsi c    M a g n eti c   T o p ol o gi c al
I ns ul at ors.  Pr oc.    N atl.    Ac a d.   Sci.    U.   S.    A.  2 0 2 2 ,  1 1 9  ( 4 2 ),
N o.  e 2 2 0 7 6 8 1 1 1 9.
( 3 6 )   H o u,  F.;  Y a o,   Q.;   Z h o u,   C.- S.;   M a,   X.-  M.;   H a n,   M.;   H a o,  Y.-J.;

W u,   X.;   Z h a n g,  Y.;  S u n,    H.;  Li u,   C.;   Z h a o,  Y.;  Li u,    Q.;  Li n,  J.   T e-
V a c a n c y-I n d u c e d  S urf a c e   C oll a ps e  a n d   R e c o nstr u cti o n  i n   A ntif err o-
m a g n eti c   T o p ol o gi c al I ns ul at or   M n Bi 2 T e 4.  A C S   N a n o  2 0 2 0 , 1 4  ( 9 ),
1 1 2 6 2 −  1 1 2 7 2.

A C S   A p pli e d   N a n o   M at eri al s w  w  w. a c s a n  m. or g Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s a n  m. 4 c 0 4 5 1 8
A C S  A p pl.   N a n o   M at er.  2 0 2 4,  7,  2 1 1 4 9 −  2 1 1 5 9

2 1 1 5 9

https://doi.org/10.1073/pnas.2207681119
https://doi.org/10.1073/pnas.2207681119
https://doi.org/10.1073/pnas.2207681119
https://doi.org/10.1021/acsnano.0c03149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

