
R
EV

IE
W

 a
nd

EF
FE

C
TS

O
F

C
O

M
PE

TI
N

G
FE

R
R

O
-A

N
D

A
N

TI
-F

ER
R

O
M

A
G

N
ET

IC
IN

TE
R

A
C

TI
O

N
S

IN
M

A
G

N
ET

IC
 S

EM
IC

O
N

D
U

C
TO

R
S

To
m

as
z 

D
ie

tl

In
st

itu
te

 o
f P

hy
si

cs
, P

ol
is

h 
A

ca
de

m
y 

of
 S

ci
en

ce
s,

 
La

bo
ra

to
ry

 fo
r C

ry
og

en
ic

 a
nd

 S
pi

nt
ro

ni
c

R
es

ea
rc

h

In
st

itu
te

 o
f T

he
or

et
ic

al
 P

hy
si

cs
, W

ar
sa

w
 U

ni
ve

rs
ity



FE
R

R
O

M
A

G
N

ET
IC

 D
M

S
FE

R
R

O
M

A
G

N
ET

IC
 D

M
S

To
m

as
z

D
IE

TL
–

W
ar

sa
w

co
lla

bo
ra

to
rs

: 
T.

 A
nd

re
ar

cz
yk

, H
. K

ęp
a,

 P
. K

os
sa

ck
i, 

M
. S

aw
ic

ki
  –

W
ar

sa
w

F.
 M

at
su

ku
ra

, H
. O

hn
o

–
Se

nd
ai

J.
 C

ib
er

t, 
D

. F
er

ra
nd

, S
. T

at
ar

en
ko

–
G

re
no

bl
e

T.
 J

un
gw

irt
h,

 J
. K

ön
ig

, A
. M

ac
D

on
al

d
–

Pr
ag

ue
/B

oc
hu

m
/A

us
tin

K
. E

dm
on

ds
, C

.T
. F

ox
on

, B
.L

. G
al

la
gh

er
, K

.Y
. W

an
g 

–
N

ot
tin

gh
am

L.
W

. M
ol

en
ka

m
p,

 G
. S

ch
m

id
t –

W
ue

rz
bu

rg
D

.K
ec

hr
ak

os
, N

.P
ap

an
ik

ol
ao

u,
 K

. N
. T

ro
hi

do
u

--
A

th
en

s

re
vi

ew
s:

M
R

S 
B

ul
le

tin
, O

ct
ob

er
 2

00
3,

 p
. 7

14
Eu

ro
ph

ys
. N

ew
s 

 3
4 

(2
00

3)
 2

16
; c

on
d-

m
at

/0
40

85
61

su
pp

or
t:

FE
N

IK
S,

 A
M

O
R

E 
--

EC
 p

ro
je

ct
s;

 P
ol

on
iu

m
 P

ro
je

ct
O

hn
o

Se
m

ic
on

du
ct

or
 S

pi
nt

ro
ni

cs
 E

R
A

TO
 P

ro
je

ct
 o

f J
ST

H
um

bo
ld

t F
ou

nd
at

io
n



O
U

TL
IN

E
/I

SS
U

ES
O

U
TL

IN
E

/I
SS

U
ES

1.
   

   
W

hy
 fe

rr
om

ag
ne

tic
 s

em
ic

on
du

ct
or

s?

2.
U

nd
er

st
an

di
ng

 o
f c

ar
rie

r-
co

nt
ro

lle
d 

di
lu

te
d 

fe
rr

om
ag

ne
tic

 s
em

ic
on

du
ct

or
s

3.
   

  N
an

os
ca

le
flu

ct
ua

tio
ns

--
el

ec
tr

os
ta

tic
 d

is
or

de
r 

--
m

ag
ne

tic
 d

is
or

de
r 

4.
   

 N
an

os
ca

le
ph

as
e 

se
pa

ra
tio

ns



IC
T 

-w
ay

s 
to

 g
o

IC
T 

-w
ay

s 
to

 g
o

•
im

pr
ov

in
g 

ex
is

tin
g 

te
ch

no
lo

gi
es

•
di

sr
up

tiv
e 

te
ch

no
lo

gi
es

m
an

y 
id

ea
s 

ar
ou

nd
 …

.
w

hi
ch

 w
ill

 w
in

 –
un

kn
ow

n 
…



SP
IN

TR
O

N
IC

S 
ex

pl
oi

tin
g 

sp
in

, n
ot

 o
nl

y 
ch

ar
ge

SP
IN

TR
O

N
IC

S 
ex

pl
oi

tin
g 

sp
in

, n
ot

 o
nl

y 
ch

ar
ge

•
S

to
rin

g 
an

d 
pr

oc
es

si
ng

 a
nd

 tr
an

sf
er

rin
g 

of
 

cl
as

si
ca

l i
nf

or
m

at
io

n
--

m
an

ip
ul

at
io

n 
w

ith
 m

ag
ne

tiz
at

io
n

•
S

to
rin

g 
an

d 
pr

oc
es

si
ng

 a
nd

 tr
an

sf
er

rin
g 

of
 

qu
an

tu
m

 in
fo

rm
at

io
n

--
m

an
ip

ul
at

io
n 

w
ith

 s
in

gl
e 

sp
in

s
el

ec
tr

on
ic

 a
nd

/o
r 

nu
cl

ea
r 

sp
in

s

Lo
w

 p
ow

er
 m

em
or

ie
s,

 p
ro

ce
ss

or
s,

 a
nd

 in
te

rc
on

ne
ct

s

I to
t
= 

0

di
ss

ip
at

io
n

le
ss

 c
ur

re
nt

s
cf

.J
oh

n 
Sc

hl
ie

m
an

n





M
at

er
ia

ls
st

ra
in

ne
w

 o
xi

de
s 

ne
w

 c
ha

nn
el

s III
-V



Sp
in

tr
on

ic
s 

 --
m

at
er

ia
ls

 a
sp

ec
t

Sp
in

tr
on

ic
s 

 --
m

at
er

ia
ls

 a
sp

ec
t

W
hy

 to
 d

o 
no

t c
om

bi
ne

 c
om

pl
em

en
ta

ry
 re

so
ur

ce
s 

of
 

fe
rr

om
ag

ne
ts

an
d 

se
m

ic
on

du
ct

or
s?

fe
rr

om
ag

ne
tic

 m
et

al
 / 

se
m

ic
on

du
ct

or
 h

yb
rid

 s
tr

uc
tu

re
s

fe
rr

om
ag

ne
tic

 s
em

ic
on

du
ct

or
s 

–
m

ul
tif

un
ct

io
na

l m
at

er
ia

ls

To
pG

aN



•
A

nt
ife

rr
om

ag
ne

tic
su

pe
re

xc
ha

ng
e

do
m

in
at

es
in

 m
ag

ne
tic

 in
su

la
to

rs
 a

nd
 s

em
ic

on
du

ct
or

s 
no

 s
po

nt
an

eo
us

 m
ag

ne
tis

at
io

n
N

iO
, M

nS
e,

 E
uT

e,
 …

•
Ex

ce
pt

io
ns

--
fe

rr
im

ag
ne

ts
(tw

o 
io

ns
 o

r t
w

o 
sp

in
 s

ta
te

s 
co

-e
xi

st
)

N
iO

(F
e 2

O
3)

, M
n 4

N
, …

   
   

--
do

ub
le

 e
xc

ha
ng

e 
(tw

o 
ch

ar
ge

 s
ta

te
s 

co
-e

xi
st

)
La

M
nO

3
La

1-
xS

r xM
nO

3 
(h

ol
es

 in
 d

 b
an

d)

--
fe

rr
om

ag
ne

tic
 s

up
er

ex
ch

an
ge

do
m

in
at

es
E

uO
, Z

nC
r 2

S
e 4

, …
   

T C
≈

10
0 

K
  I

B
M

, M
IT

, T
oh

ok
u,

 …
‘6

0-
’7

0

Se
ar

ch
 fo

r f
er

ro
m

ag
ne

tic
 s

em
ic

on
du

ct
or

s

M
n+

3
M

n+
4

M
n 

 S
e

M
n



no
w

: D
ilu

te
d 

M
ag

ne
tic

 S
em

ic
on

du
ct

or
s 

(D
M

S
)



D
ilu

te
d 

m
ag

ne
tic

 s
em

ic
on

du
ct

or
s 

(D
M

S)

G
ał
ąz

ka
(W

ar
sa

w
) I

C
PS

‘7
8

III
-V

II-
VI

A
l  

   
   

P 
   

   
C

r  
   

   
Zn

   
   

  S
   

   
 C

r

G
a 

   
  A

s 
   

 M
n 

   
   

C
d 

   
   

Se
   

  M
n

In
   

   
Sb

   
  

Fe
   

   
  H

g 
   

   
Te

   
  F

e

•
La

rg
e 

so
lu

bi
lit

y 
of

 M
n

in
 II

-V
I’s

•
A

F 
su

pe
re

xc
ha

ng
e

in
 (I

I,M
n)

VI
ra

nd
om

 a
nt

ife
rr

om
ag

ne
ts



D
et

er
m

in
at

io
n 

of
 s

p-
d 

ex
ch

an
ge

 in
te

gr
al

s 
I

-g
ia

nt
 s

pl
itt

in
g 

of
 e

xc
ito

n
st

at
es

D
et

er
m

in
at

io
n 

of
 s

p-
d 

ex
ch

an
ge

 in
te

gr
al

s 
I

-g
ia

nt
 s

pl
itt

in
g 

of
 e

xc
ito

n
st

at
es

G
aj

et
 a

l.;
Tw

ar
do

w
sk

ie
t a

l.
(W

ar
sa

w
)

g e
ff

> 
10

2

σ
-

σ
-

σ
+

σ
+

ENERGY

v.
b.

c.
b. --

p-
d:

 I p
d

≡
βN

o
≈

-1
.0

eV

la
rg

e 
p-

d
hy

br
id

iz
at

io
n

an
d 

la
rg

e 
in

tr
a-

si
te

 H
ub

ba
rd

 U
 =

> 
ki

ne
tic

 p
-d

 e
xc

ha
ng

e 
(T

.D
. ’

80
, …

, P
. K

ac
m

an
, S

ST
’0

1)

--
s-

d:
 I s

d
≡

α
N

o
≈

0.
2

eV
 

no
 s

-d
 h

yb
rid

iz
at

io
n

=>
 p

ot
en

tia
l s

-d
 e

xc
ha

ng
e 

   
   

   
   

   
   

   
   

   
 

∆E
 ~

 M
 ~

 B
S
(H

)



H
yb

rid
 o

pt
ic

al
 is

ol
at

or
s 

of
 D

M
S

H
yb

rid
 o

pt
ic

al
 is

ol
at

or
s 

of
 D

M
S

•
ab

so
rp

tio
n 

α
(σ

+ )
 >

 α
(σ

- ) 
m

ag
ne

tic
 c

irc
ul

ar
 

di
ch

ro
is

m
la

rg
e 

Fa
ra

da
y 

ro
ta

tio
n

•
op

tic
al

 is
ol

at
or

s:

la
se

r
C

dM
nT

e

m
ag

ne
t

fib
er

Θ
F

= 
π/

4

G
aj

 e
t a

l. 
(W

ar
sa

w
) S

SC
’7

8

Pu
re

m
at

 (A
. M

yc
ie

ls
ki

) –
w

or
ld

-w
id

e 
m

on
op

ol
e 

on
 p

ur
e 

M
n



M
ak

in
g

D
M

S 
fe

rr
om

ag
ne

tic
M

ak
in

g
D

M
S 

fe
rr

om
ag

ne
tic

lo
ng

-r
an

ge
 c

ar
rie

r-
m

ed
ia

te
d 

fe
rr

om
ag

ne
tic

 e
xc

ha
ng

e

IV
-V

I:
p-

P
b 1

-x
-y

M
n x

S
n y

Te
St

or
y 

et
 a

l. 
(W

ar
sa

w
) P

R
L’

86

III
-V

:I
n 1

-x
-M

n x
A

s 
  O

hn
o

et
 a

l. 
(IB

M
) P

R
L’

92

G
a 1

-x
-M

n x
A

s
O

hn
o

et
 a

l. 
(T

oh
ok

u)
 A

PL
’9

6

T C
≈

10
0 

K
 fo

r x
= 

0.
05

II-
VI

:p
-C

d 1
-x

M
n x

Te
/C

d 1
-x

-y
Zn

xM
g y

Te
:N

 Q
W

 
H

au
ry

et
 a

l. 
(G

re
no

bl
e,

 W
ar

sa
w

) P
R

L’
97

p-
Zn

1-
xM

n x
Te

:N
 F

er
ra

nd
et

 a
l.

(G
re

no
bl

e,
 W

ar
sa

w
)P

R
B

’0
1

p-
B

e 1
-x

M
n x

Te
:N

 H
an

se
n

et
 a

l. 
(W

ue
rz

bu
rg

, W
ar

sa
w

) A
PL

’0
1)

III
-V

 a
nd

 II
-V

I D
M

S:
qu

an
tu

m
 n

an
os

tr
uc

tu
re

s
an

d 
fe

rr
om

ag
ne

tis
m

 c
om

bi
ne



Ef
fe

ct
 o

f a
cc

ep
to

r d
op

in
g 

on
 m

ag
ne

tic
 

su
sc

ep
tib

ili
ty

 in
 Z

n 1
-x

M
n x

Te
:P

0
5

10
15

012345

p 
≈ 

5×
10

18
 c

m
-3

p 
≈ 

10
17

 c
m

-3

p
x 

= 
0.

02
3

p  -Z
n 1-

xM
n xTe

χ
-1

  [ a.u. ]

T
em

p
er

at
ur

e 
 [ 

K
 ]

 

T C
W

Sa
w

ic
ki

et
 a

l. 
(W

ar
sa

w
) p

ss
’0

2
K
ęp

a
et

 a
l. 

(W
ar

sa
w

, O
re

go
n)

 P
R

L’
03

χ-
1

vs
. T



Fe
rr

om
ag

ne
tic

 te
m

pe
ra

tu
re

in
 p

-(Z
n,

M
n)

Te
Fe

rr
om

ag
ne

tic
 te

m
pe

ra
tu

re
in

 p
-(Z

n,
M

n)
Te

Fe
rr

an
d

et
 a

l. 
(G

re
no

bl
e,

W
ar

sa
w

)P
R

B
’0

1
Sa

w
ic

ki
et

 a
l. 

(W
ar

sa
w

)p
ss

’0
2

110

11030
30
Ferromagnetic Temp. TF/ xeff(K)
10

17
10

18
10

19
10

20
5x

10
20

H
ol

e 
co

nc
en

tr
at

io
n 

(c
m

-3
)

(Z
n

,M
n

)T
e:

P

(Z
n

,M
n

)T
e:

N

In
su

la
tin

g
M

et
al

lic

•
fe

rr
om

ag
ne

tis
m

di
sa

pp
ea

rs
 in

 th
e 

ab
se

nc
e 

of
 h

ol
es

•
fe

rr
om

ag
ne

tis
m

on
 b

ot
h

si
de

s 
of

 m
et

al
-in

su
la

to
r t

ra
ns

iti
on



G
a 1

-x
M

n x
As

: r
es

is
ta

nc
e 

vs
. t

em
pe

ra
tu

re
 a

nd
 C

ur
ie

 
te

m
pe

ra
tu

re
 v

s.
 x

0
10

0
20

0
30

0

10
-2

10
-1

10
0

10
1

IN
S

U
LA

TO
R

M
E

TA
L

   
 x

0.
01

5
0.

02
2

0.
07

1
0.

03
5

0.
04

3
0.

05
3

RESISTIVITY (Ωcm)

T
E

M
P

E
R

A
T

U
R

E
 (

K
)

0.
00

0.
04

0.
08

0408012
0

Tc (K)

x

M
at

su
ku

ra
et

 a
l. 

(T
oh

ok
u)

 P
R

B
’9

8

G
a 1

-x
M

n x
As

: r
es

is
ta

nc
e 

vs
. t

em
pe

ra
tu

re
 a

nd
 C

ur
ie

 
te

m
pe

ra
tu

re
 v

s.
 x

•
fe

rr
om

ag
ne

tis
m

 o
n 

bo
th

 s
id

es
 o

f m
et

al
-in

su
la

to
r t

ra
ns

iti
on

s
•

fe
rr

om
ag

ne
tis

m
 d

is
ap

pe
ar

s 
in

 th
e 

ab
se

nc
e 

of
 h

ol
es



C
ar

rie
r-

in
du

ce
d 

fe
rr

om
ag

ne
tis

m
 in

 D
M

S
C

ar
rie

r-
in

du
ce

d 
fe

rr
om

ag
ne

tis
m

 in
 D

M
S

•
fe

rr
om

ag
ne

tis
m

on
 b

ot
h

si
de

s 
of

 m
et

al
-in

su
la

to
r 

tr
an

si
tio

ns

•
co

ex
is

te
nc

e 
of

 p
hy

si
cs

 o
f: 

 

--
st

ro
ng

ly
 c

or
re

la
te

d 
m

et
al

s
--

di
so

rd
er

ed
 m

ag
ne

tic
 in

su
la

to
rs

--
hi

gh
ly

 d
op

ed
 s

em
ic

on
du

ct
or

s
(A

nd
er

so
na

-M
ot

tl
oc

al
iz

at
io

n,
 s

el
f-c

om
pe

ns
at

io
n)

A
 n

um
be

r o
f t

he
or

et
ic

al
 p

ro
po

sa
ls

 …
.



W
he

re
 d

o 
M

n
d 

le
ve

ls
 a

nd
 h

ol
es

 re
si

de
?



W
he

re
 d

o
M

n 
d 

le
ve

ls
 a

nd
 h

ol
es

 re
si

de
?

Tw
o 

po
ss

ib
ili

tie
s:

--
M

ot
t-H

ub
ba

rd
 in

su
la

to
r  

   
   

   
   

 
--

ch
ar

ge
 tr

an
sf

er
 in

su
la

to
r

[m
an

ga
ni

de
s

La
1-

xS
r x

M
nO

3]
   

   
   

   
  [

cu
pr

at
es

La
2-

xS
r x

C
uO

4
]

c.
b.

 (s
 o

rb
ita

ls
)

d 
TM

 b
an

d

v.
b.

 (p
 o

rb
ita

ls
)

c.
b.

v.
b.

d 
TM

 b
an

d

E

D
O

S



M
n-

de
riv

ed
 s

ta
te

s 
in

 s
em

ic
on

du
ct

or
s

-1
2

-1
0-8-6-4-20

II-
VI

iz
oe

le
ct

ro
ni

c
III

-V
ac

ce
pt

or

SiC
Si

Ge

InSb
GaSb

InAs
AlSb

GaAs
AlAs

InP
GaP

AlP
InN
GaN

AlN

ZnO
ZnS

CdS
ZnSe
CdSe

ENERGY (eV)

HgTe
CdTe
ZnTe

IV
do

ub
le

 
ac

ce
pt

or
M

n
d

U
H

B

Ph
ot

oe
m

is
si

on
:F

uj
im

or
ie

t a
l. 

(T
ok

yo
), 

PR
B

’0
2,

 P
R

B
’0

4
B

an
d 

ed
ge

s 
co

m
pi

le
 b

y:
Va

n 
de

 W
al

le
(U

C
SB

) N
eu

ge
ba

ue
r(

D
us

se
ld

or
f),

 N
at

ur
e’

04
B

an
d-

ga
p 

st
at

es
 c

om
pi

le
 b

y:
 T

.D
. e

t a
l.,

PR
B

’0
2

5
6

M
n

d
LH

B

5
4

M
n:

 3
d5 4

s2

C
on

tr
ad

ic
ts

LS
D

A
 

SI
C

, L
SD

A
 +

U
, .

..
cf

.P
au

l K
oe

nr
aa

d



M
od

el
lin

g 
of

 c
ar

rie
r-

co
nt

ro
lle

d 
fe

rr
om

ag
ne

tis
m

 in
 D

M
S



M
ea

n-
fie

ld
 Z

en
er

/R
K

K
Y 

m
od

el
 o

f h
ol

e-
co

nt
ro

lle
d 

fe
rr

om
ag

ne
tis

m
 in

 D
M

S

k E F
D

riv
in

g 
fo

rc
e:

 
lo

w
er

in
g 

of
 th

e 
ho

le
 e

ne
rg

y 
du

e 
to

 re
di

st
rib

ut
io

n 
be

tw
ee

n 
ho

le
 s

pi
n 

su
bb

an
ds

sp
lit

 b
y 

p-
d 

ex
ch

an
ge

 in
te

ra
ct

io
n

T.
D

. e
t a

l.,
’9

7-
M

ac
D

on
al

d 
et

 a
l. 

(A
us

tin
) ’

99
-

M
E

ss
en

tia
l i

ng
re

di
en

t: 
C

om
pl

ex
ity

 o
f t

he
 v

al
en

ce
 b

an
d 

st
ru

ct
ur

e
ha

s 
to

 b
e 

ta
ke

n 
in

to
 a

cc
ou

nt

N
o 

ad
ju

st
ab

le
 p

ar
am

et
er

s
T C

= 
T F

−
T A

F;
 T

F
~ 
I p

d2 ρ
(s

) D
O

S



M
n-

ba
se

d 
p-

ty
pe

 D
M

S 
to

 w
hi

ch
 p

-d
 Z

en
er

m
od

el
 

ha
s 

be
en

 fo
un

d 
to

 a
pp

ly

10
10

0

Cd
Te

In
Sb

Zn
Te

In
AsG

aS
b

G
aA

s
G

e

Cu
rie

 te
m

pe
ra

tu
re

 (K
)

30
0

x M
n

= 
5%

p
= 

3.
5x

10
20

cm
-3

•T
C

≈
Θ

C
W

•T
C

(p
,x

)c
on

si
st

en
t w

ith
p-

d 
Ze

ne
rm

od
el

•
no

td
ou

bl
e 

ex
ch

an
ge

Th
eo

ry
:T

. D
 e

t a
l. 

(W
ar

sa
w

, T
oh

ok
u,

 G
re

no
bl

e)
 S

ci
en

ce
’0

0,
 P

R
B

’0
1

Ju
ng

w
irt

h
et

 a
l. 

(A
us

tin
, P

ra
gu

e,
 P

R
B

’0
2)

, a
ls

o 
U

C
SD

, N
R

L,
 …

Su
pp

or
tL

SD
A

+U
, L

SD
A

+S
IC

  (
O

sa
ka

, J
ue

lic
h,

 U
pp

sa
la

, P
ra

gu
e,

 G
ol

de
n 

, O
ak

 R
id

ge
...

.)
Ex

pl
.:

To
ho

ku
, K

an
ag

aw
a,

 T
ok

yo
, G

re
no

bl
e,

 P
SU

, N
R

L,
 N

ot
re

 D
am

e,
 U

C
SB

, N
ot

tin
gh

am
, …



p-
d 

Ze
ne

rm
od

el
 fo

r p
-ty

pe
 D

M
S

•
th

e 
m

od
el

ex
pl

ai
ns

/p
re

di
ct

ed
:

--
T C

(x
, p

, n
), 

 s
pi

n 
po

la
riz

at
io

n,
 M

(T
,H

), 
m

ag
ne

tic
 a

ni
so

tro
py

--
m

ag
ne

tic
 s

tif
fn

es
s 

(d
om

ai
n 

w
id

th
, s

pi
n 

w
av

e 
sp

ec
tru

m
)

--
an

om
al

ou
s 

H
al

l e
ffe

ct

--
a.

c.
 c

on
du

ct
iv

ity
 a

nd
 m

ag
ne

tic
 c

irc
ul

ar
 d

ic
hr

oi
sm

--
m

ag
ne

to
re

si
st

an
ce

(W
LR

) a
nd

 a
ni

so
tro

pi
c 

m
ag

ne
to

re
si

st
an

ce

--
…

cf
.C

ar
st

en
 T

im
m

T.
D

. e
t a

l.,
’9

7-
A

.H
. M

ac
D

on
al

d 
et

 a
l. 

’9
9-

•
(G

a,
M

n)
A

s,
 p

-(C
d,

M
n)

Te
, …

 e
m

er
ge

 a
s 

m
od

el
 fe

rr
om

ag
ne

ts
•

ba
si

s 
fo

r m
ag

ne
tis

at
io

n 
m

an
ip

ul
at

io
n

cf
. H

id
eo

 O
hn

o



Ex
am

pl
es

 o
f e

ffe
ct

s 
of

 n
an

os
ca

le
flu

ct
ua

tio
ns

 
in

 fe
rr

om
ag

ne
tic

 D
M

S

•
(II

I,M
n)

V
el

ec
tr

os
ta

tic
 d

is
or

de
r c

au
se

d 
by

 io
ni

se
d 

M
n

ac
ce

pt
or

s 
an

d 
co

m
pe

ns
at

in
g 

do
no

rs

•
(II

,M
n)

VI
m

ag
ne

tic
 d

is
or

de
r c

au
se

d 
by

 c
om

pe
tin

g 
A

F 
an

d 
FM

 
in

te
ra

ct
io

ns
cf

. G
eo

rg
es

 a
nd

  R
ic

ha
rd

 B
ou

ze
ra

r



El
ec

tr
os

ta
tic

 d
is

or
de

r



s-
d 

ex
ch

an
ge

 e
ne

rg
y 

 α
N

o
in

 (I
II,

M
n)

V

EP
R

-K
or

rin
ga

W
ol

os
  e

t a
l.

(W
ar

sa
w

) A
PL

’0
3

Ex
pe

rim
en

ta
l v

al
ue

s 
of

 s
-d

 e
xc

ha
ng

e 
en

er
gy

--
M

n+
1

fr
ee

 io
n:

  α
N

o
= 

39
6 

m
eV

--
in

 (I
I,M

n)
VI

:  
α

N
o

= 
22

0 
±

50
 m

eV

Ex
pe

rim
en

ta
l v

al
ue

s 
in

 (I
II,

V)
M

n
--

n-
G

a 1
-x

M
n x

N
 

α
N

o
= 

|1
4 

±
4|

 m
eV

0.
01

%
 <

x 
 <

 0
.2

%

--
G

a 1
-x

M
n x

A
s

 

α
N

o
= 

23
 m

eV
x 

= 
0.

1%

α
N

o
= 

-9
0

±
30

 m
eV

x 
<

0.
03

%

3d
5

4s
1

SF
R

S
H

ei
m

br
od

t e
t a

l.
(M

ar
bu

rg
) P

hy
si

ca
E’

01

Ti
m

e-
re

so
lv

ed
 K

er
r M

ye
rs

 e
t a

l.
(S

t. 
B

ar
ba

ra
) c

on
d-

m
at

/0
50

21
15



M
od

el
 fo

r a
pp

ar
en

ts
-d

 e
xc

ha
ng

e 
en

er
gy

  
α

N
o

in
 (I

II,
M

n)
V

|Ψ
|2

M
n

M
n

M
n

E
le

ct
ro

n 
re

pu
ls

io
n 

by
 M

n 
ac

ce
pt

or
s 

an
d 

at
tra

ct
io

n 
by

 d
on

or
s:

re
du

ce
s:

  |
Ψ

|2
at

 M
n 

sp
in

-s
pl

itt
in

g 
ap

pa
re

nt
 α

N
o

ef
fe

ct
 la

rg
e 

at
 s

m
al

l x

C
. Ś

liw
a,

 T
.D

. (
W

ar
sa

w
) c

on
d-

m
at

/0
50

51
26



R
ed

uc
tio

n 
of

ap
pa

re
nt

 α
N

o
ta

ki
ng

 in
to

 
ac

co
un

t C
ou

lo
m

b 
re

pu
ls

io
n 

by
 M

n 
ac

ce
pt

or
s

C
. Ś

liw
a,

 T
.D

. (
W

ar
sa

w
) c

on
d-

m
at

/0
50

51
26



M
ag

ne
tic

 d
is

or
de

r



M
od

ul
at

io
n-

do
pe

d 
(C

d,
M

n)
Te

 q
ua

nt
um

 w
el

ls

(C
d,

M
g)

Te
:N

(C
d,

M
g)

Te
:N

(C
d,

M
n)

Te

cf
. J

oë
lC

ib
er

t

σ-
σ-

σ+
σ+

ENERGY

∆E
 ~

 M

•
w

ea
k 

di
so

rd
er

•
Is

in
g

sy
st

em



Sp
on

ta
ne

ou
s 

sp
lit

tin
g 

of
 P

L 
lin

e 
in

 
p-

(C
d,

M
n)

Te
 Q

W

1
6

8
0

1
7

0
0

1
7

2
0

H
 =

 0

Photoluminescence

4
.2

K
 

2
.7

K
2

.4
K

2
.1

K
1

.8
K

1
.4

K
1

.2
K

0
.8

K
0

.6
K

E
n

e
rg

y
 [

 m
e

V
 ]

K
os

sa
ck

ie
t a

l.
(W

ar
sa

w
, G

re
no

bl
e)

 P
hy

si
ca

E’
00



Pr
ob

in
g 

co
m

pe
tin

g 
A

F 
an

d 
FM

 in
te

ra
ct

io
ns

by
 

in
el

as
tic

 n
eu

tr
on

 s
ca

tte
rin

g
in

 p
-(Z

n,
M

n)
Te

 
Pr

ob
in

g 
co

m
pe

tin
g 

A
F 

an
d 

FM
 in

te
ra

ct
io

ns
by

 
in

el
as

tic
 n

eu
tr

on
 s

ca
tte

rin
g

in
 p

-(Z
n,

M
n)

Te
 

K
ęp

a
et

 a
l. 

(W
ar

sa
w

, O
re

go
n)

 P
R

L’
03

Zn
0.

95
M

n 0
.0

5T
e

in
el

as
tic

 n
eu

tro
n 

sc
at

te
rin

g
of

 n
.n

.M
n

pa
irs

la
rg

e 
si

ng
le

 c
ry

st
al

s 
of

Zn
0.

95
M

n 0
.0

5T
e:

P

p
= 

5x
10

18
cm

-3
, T

C
W

= 
2 

K
In

su
la

to
r s

id
e 

of
 th

e 
M

IT

H
in

t
= 

-2
(J

A
F

+ 
J h

)S
iS

j

J A
F

< 
0 

su
pe

r-
ex

ch
an

ge
J h

> 
0 

 h
ol

e-
in

du
ce

d



H
ol

e 
in

du
ce

d 
co

nt
rib

ut
io

n
H

ol
e 

in
du

ce
d 

co
nt

rib
ut

io
n

em
pt

y 
do

ts
 -

no
 h

ol
es

, f
ul

l d
ot

s 
–

w
ith

 h
ol

es

δE
= 

2J
h

= 
0.

03
 ±

0.
00

6 
m

eV
2J

hR
K

K
Y

= 
0.

02
0

m
eV



M
ea

n 
fie

ld
T C

 =
 T

F
-T

A
F

vs
. x

an
d 

p
in

 
p-

C
d 1

-x
M

n x
Te

 Q
W

ro
le

 o
f d

is
or

de
r: Γ

0.
0

0.
5

1.
0

1.
5

-10123

x 
 =

 4
.2

%
Γ 

= 
1.

7 
m

eV

H
ol

e 
de

ns
ity

 [1
011

 c
m

-2
]

0
2

4
6

8
10

-20246

T C -T
AF

T F

A
F =

 2
.1

Curie temperature ( TF  - TAF)  [ K ]

M
n 

co
nt

en
t x

  [
 %

 ]

Γ
> 

0

B
ou

ka
ri

et
 a

l. 
(G

re
no

bl
e,

 W
ar

sa
w

) P
R

L’
02

M
FA

 d
es

cr
ib

es
 T

C
bu

t …
.



-5
00

-2
50

0
25

0
50

0
-1

.0

-0
.50.
0

0.
5

1.
0

-1
4

-70714

4π Magnetization [ Gs ]

   

 σ
 -

 σ
 +

(w1-w2)/(w1+w2)

M
ag

ne
tic

 F
ie

ld
 [ 

O
e 

]

T
=

1.
53

K

O
pt

ic
al

ly
 d

et
er

m
in

ed
 M

(H
) f

or
 H

al
on

g 
ea

sy
 a

xi
s

K
os

sa
ck

i e
t a

l. 
(W

ar
sa

w
, G

re
no

bl
e)

Ph
ys

ic
a 

E’
02

σ+ σ-

•
no

 h
ys

te
re

si
s

•
la

rg
e 

sa
tu

ra
tio

n 
fie

ld



M
od

el
 a

nd
 a

pp
ro

ac
h

M
od

el
 a

nd
 a

pp
ro

ac
h

M
on

te
 C

ar
lo

 s
im

ul
at

io
ns

of
 c

ou
pl

ed
 h

ol
e

an
d 

M
n 

sp
in

 s
ys

te
m

s
in

 (C
d,

M
n)

Te
 Q

W

•h
ol

e 
en

er
gi

es
 c

al
cu

la
te

d
at

 e
ac

h 
M

on
te

 C
ar

lo
 s

w
ee

p

•A
F 

in
te

ra
ct

io
ns

 ta
ke

n 
in

to
ac

co
un

t 

D
ec

hr
ak

os
et

 a
l.

(A
th

en
es

, W
ar

sa
w

)P
R

L’
05

C
om

pe
tin

g 
lo

ng
-r

an
ge

 
FM

 a
nd

 s
ho

rt
-r

an
ge

 A
F 

pr
od

uc
es

 n
an

os
ca

le
 

18
0o

do
m

ai
ns

pr
ev

io
us

 M
C

 s
im

ul
at

io
ns

 o
f D

M
S:

 
J.

 S
ch

lie
m

an
n 

et
 a

l.,
 E

. D
ag

ot
to

 e
t a

l.,
 L

. B
re

y 
et

 a
l.,

 …



C
om

pa
ris

on
 o

f M
FA

 a
nd

 M
on

te
 C

ar
lo

re
su

lts
w

ith
A

F 
an

d 
w

ith
 n

o 
A

F 
in

te
ra

ct
io

ns
C

om
pa

ris
on

 o
f M

FA
 a

nd
 M

on
te

 C
ar

lo
re

su
lts

w
ith

A
F 

an
d 

w
ith

 n
o 

A
F 

in
te

ra
ct

io
ns

no
 A

F
M

FA M
C

w
ith

A
F

M
C

M
FA

D
ec

hr
ak

os
et

 a
l.

(A
th

en
es

, W
ar

sa
w

)P
R

L’
05

w
ith

A
F

no
 A

F

•
or

de
rin

g 
te

m
pe

ra
tu

re
 T

C
> 

T F
–

T F
A

•
m

ac
ro

sc
op

ic
 s

po
nt

an
eo

us
 m

ag
ne

tis
at

io
n 

re
du

ce
d



N
an

os
ca

le
flu

ct
ua

tio
ns

 -
su

m
m

ar
y

•
(II

I,M
n)

V
el

ec
tr

os
ta

tic
 d

is
or

de
r c

au
se

d 
by

 io
ni

se
d 

M
n

ac
ce

pt
or

s 
an

d 
co

m
pe

ns
at

in
g 

do
no

rs
 re

du
ce

s 
ap

pa
re

nt
s-

d
an

d 
en

ha
nc

es
 a

pp
ar

en
tp

-d
ex

ch
an

ge
 

in
te

gr
al

 a
t l

ow
x

•
(II

,M
n)

VI
m

ag
ne

tic
 d

is
or

de
r c

au
se

d 
by

 c
om

pe
tin

g 
A

F 
an

d 
FM

 
in

te
ra

ct
io

ns
 in

cr
ea

se
s 

T C
= 

T F
–

T F
A

an
d 

di
m

in
is

he
s 

sp
on

ta
ne

ou
s 

m
ag

ne
tis

at
io

n



N
an

os
ca

le
 p

ha
se

 s
ep

ar
at

io
n

C
an

 w
e 

pu
sh

 T
C

hi
gh

er
?



St
ra

te
gi

es

•
Tw

o 
st

ra
te

gi
es

 fo
r i

nc
re

as
in

g 
T C

--
in

cr
ea

si
ng

p
an

d/
or

 x
in

 e
xi

st
in

g 
fe

rr
om

ag
ne

tic
 D

M
S

--
se

ar
ch

in
g 

fo
r D

M
S 

w
ith

 g
re

at
er

 c
ou

pl
in

g 
co

ns
ta

nt
 β

2 ρ
(E

F)

T.
D

. e
t a

l. 
(W

ar
sa

w
, T

oh
ok

u,
 G

re
no

bl
e)

 S
ci

en
ce

’0
0



St
ra

te
gi

es

•
Tw

o 
st

ra
te

gi
es

 fo
r i

nc
re

as
in

g 
T C

--
in

cr
ea

si
ng

p
an

d/
or

 x
in

 e
xi

st
in

g 
fe

rr
om

ag
ne

tic
 D

M
S

--
se

ar
ch

in
g 

fo
r D

M
S 

w
ith

 g
re

at
er

 c
ou

pl
in

g 
co

ns
ta

nt
 β

2 ρ
(E

F)
ni

tr
id

es
 a

nd
 o

xi
de

s
•

O
bs

ta
cl

es
--

se
lf-

co
m

pe
ns

at
io

n

--
so

lu
bi

lit
y 

lim
its

--
tig

ht
 b

in
di

ng
 o

f h
ol

es
 b

y 
TM

 io
ns

 
(Z

ha
ng

-R
ic

e 
po

la
ro

n)

T.
D

. e
t a

l. 
(W

ar
sa

w
, T

oh
ok

u,
 G

re
no

bl
e)

 S
ci

en
ce

’0
0



1/
χ

-1
0

1
2

3

-0
.0

5

0.
00

0.
05

0.
10

T 
= 

17
5 

K

T 
= 

17
2 

K
8%

 (G
a,

M
n)

As

 

M[110](T) / MSat(5K)   [ r.u. ]

M
ag

ne
tic

   
Fi

el
d 

  [
 O

e 
]

 

W
an

g 
et

 a
l. 

(N
ot

tin
gh

am
, W

ar
sa

w
)

re
m

an
en

tm
ag

ne
tis

at
io

n 
an

d 
1/

χ
vs

. T
hy

st
er

es
is

lo
op

s

14
0

15
0

16
0

17
0

18
0

19
0

REMSpontaneous 

Te
m

pe
ra

tu
re

  [
 K

 ]

 

8%
 (G

a,
M

n)
A

s

M
R

EM

T C
= 

17
3 

K

T C
≈

Θ
C

W

W
he

re
 d

o 
w

e 
st

an
d?

Pr
og

re
ss

 d
ue

 to
 c

on
tr

ol
 o

ve
r s

el
f-c

om
pe

ns
at

io
n

cf
.N

iti
n 

Sa
m

ar
th



(G
a,

M
n)

A
s 

–
gr

ow
th

 p
ha

se
 d

ia
gr

am

0.
02

0.
04

0.
06

0.
08

10
0

15
0

20
0

25
0

30
0

35
0

Growth temperature (oC)

M
n 

co
nt

en
t x

ph
as

e 
se

pa
ra

tio
n

G
aA

s
+ 

M
nA

s

LT
 G

a 1
-x

M
n x

A
s:

M
n I

ro
ug

he
ni

ng
po

ly
cr

ys
ta

l af
te

r M
at

su
ku

ra
an

d 
O

hn
o

(T
oh

ok
u)



G
aA

s
+ 

M
nA

s
pr

ec
ip

ita
te

s
G

aA
s

+ 
M

nA
s

pr
ec

ip
ita

te
s

si
ze

 a
nd

 s
tr

uc
tu

re
 d

et
er

m
in

ed
 b

y 
gr

ow
th

 c
on

di
tio

ns
co

nt
ro

l m
ag

ne
tic

 p
ro

pe
rt

ie
s 

   
  D

e 
B

oe
ck

et
 a

l. 
(IM

EC
) A

PL
’9

6

he
x

M
nA

s

G
aA

s

T C
≈

32
0 

K
T C

≈
35

0 
K

H
(O

e)

zb
M

nA
s

G
aA

s

•s
pi

no
da

ld
ec

om
po

si
tio

n
•s

up
er

pa
ra

m
ag

ne
tic

lim
it 

no
t r

ea
ch

ed
M

or
en

o 
et

 a
l. 

(B
er

lin
) J

A
P’

02



O
th

er
 s

ys
te

m
s



Ze
ne

rm
od

el
 p

re
di

ct
io

n 
of

 T
C

fo
r s

em
ic

on
du

ct
or

s 
co

nt
ai

ni
ng

 5
%

 M
n

d5
, p

= 
3.

5×
10

20
cm

-3

10
10

0
10

00
Cd

TeIn
Sb

C

Zn
O

Zn
Te

Zn
Se

In
As

In
P

G
aS

b

G
aP G
aA

s

G
aN

Al
As

Al
P

G
e

Si

Cu
rie

 te
m

pe
ra

tu
re

 (K
)

Li
gh

t e
le

m
en

ts
:

•s
tr

on
g 

p-
d 

hy
br

id
is

at
io

n

•w
ea

k 
sp

in
-o

rb
it 

in
te

ra
ct

io
n

T.
 D

. e
t a

l. 
(W

ar
sa

w
, T

oh
ok

u,
 G

re
no

bl
e)

 S
ci

en
ce

’0
0,

 P
R

B
’0

1



Se
m

ic
on

du
ct

or
 m

at
er

ia
ls

 s
ho

w
in

g 
hy

st
er

es
is

an
d 

sp
on

ta
ne

ou
s 

m
ag

ne
tis

at
io

n 
at

 3
00

 K
w

z-
c-

(G
a,

M
n)

N
, (

In
,M

n)
N

, (
A

l,M
n)

N
, (

G
a,

C
r)

N
, (

A
l,C

r)
N

, (
G

a,
G

d)
N

,

(G
a,

M
n)

A
s,

 (I
n,

M
n)

A
s,

 (G
a,

M
n)

Sb
, (

G
a,

M
n)

P:
C

(Z
n,

M
n)

O
, (

Zn
,N

i)O
, (

Zn
,C

o)
O

, (
Zn

,V
)O

, (
Zn

,F
e,

C
u)

O
(Z

n,
C

r)
Te

(T
i,C

o)
O

2, 
(T

i,V
)O

2, 
(S

n,
C

o)
O

2,
 (S

n,
Fe

)O
2, 

(H
f,C

o)
O

2

(C
d,

G
e,

M
n)

P 2
, (

Zn
,G

e,
M

n)
P 2

, (
C

d,
G

e,
M

n)
A

s 2
, (

Zn
,S

n,
M

n)
A

s 2
(G

e,
M

n)
, (

G
e,

M
n,

Fe
)

(L
a,

C
a)

B
6, 

C
, C

60
, H

fO
2, 

…

cf
. K

la
us

 P
lo

og

In
 m

an
y 

ca
se

s 
hi

gh
 T

C
 

co
ns

is
te

nt
 w

ith
 

ab
 in

iti
o

co
m

pu
ta

tio
ns

 
w

ith
in

 L
SD

A



H
ig

h 
T C

fe
rr

om
ag

ne
tic

 s
em

ic
on

du
ct

or
s

G
ro

w
th

 p
ha

se
 d

ia
gr

am
s 

un
kn

ow
n 

M
ic

ro
sc

op
ic

 m
ec

ha
ni

sm
 u

nd
er

ly
in

g 
fe

rr
om

ag
ne

tic
 

re
sp

on
se

 u
nk

no
w

n
LS

D
A

 la
rg

el
y 

ov
er

es
tim

at
es

 te
nd

en
cy

 to
w

ar
ds

 fe
rr

om
ag

ne
tis

m

Ea
ch

 s
ys

te
m

 b
rin

gs
 n

ew
 c

ha
lle

ng
es

--
ne

w
 u

ni
fo

rm
 fe

rr
om

ag
ne

tic
 s

em
ic

on
du

ct
or

? 
  

-l
on

g-
ra

ng
e 

fe
rr

om
ag

ne
tic

 c
ou

pl
in

g 
w

ith
 n

o 
ba

nd
 c

ar
rie

rs
?

--
na

no
sc

al
e

ph
as

e 
se

pa
ra

tio
n?

-s
tr

uc
tu

ra
l:

pr
ec

ip
ita

te
s 

of
 k

no
w

n 
or

 n
ew

 fe
rr

o/
fe

rr
im

ag
ne

ts
?

-a
to

m
ic

:m
ag

ne
tic

 a
to

m
 s

eg
re

ga
tio

n 
 (s

pi
no

da
ld

ec
om

po
si

tio
n)

?
-e

le
ct

ro
ni

c?
-m

ag
ne

tic
?

--
ro

le
 o

f d
ef

ec
ts

 a
nd

 c
on

ta
m

in
at

io
n?



C
O

N
C

LU
SI

O
N

S
A

N
D

 O
U

TL
O

O
K

(G
a,

M
n)

A
s,

 p
-(C

d,
M

n)
Te

, …
 e

m
er

ge
 a

s 
th

e 
be

st
 

un
de

rs
to

od
 m

od
el

 fe
rr

om
ag

ne
ts

B
eg

in
ni

ng
 o

f t
he

 ro
ad

 fo
r h

ig
h 

te
m

pe
ra

tu
re

 
fe

rr
om

ag
ne

tic
 s

em
ic

on
du

ct
in

g
sy

st
em

s
-n

an
os

ca
le

 p
ha

se
 s

ep
ar

at
io

ns
?

Is
 h

ig
h 

te
m

pe
ra

tu
re

 fe
rr

om
ag

ne
tis

m
 w

ith
ou

t 
m

ag
ne

tic
 io

ns
 p

os
si

bl
e?

   
(lo

w
 T

C
: Q

H
FM

, o
rg

an
ic

 m
at

er
ia

ls
)

-
de

fe
ct

s 
ba

nd
s,

 z
in

c-
bl

en
de

m
et

al
s

(C
aA

s,
 …

),
…

? 
  


	REVIEW and EFFECTS OF COMPETING FERRO- AND ANTI-FERROMAGNETIC INTERACTIONS IN MAGNETIC SEMICONDUCTORS Tomasz Dietl Instit
	FERROMAGNETIC DMS
	OUTLINE / ISSUES
	ICT - ways to go
	SPINTRONICS          exploiting spin, not only charge
	Spintronics  --  materials aspect
	
	Determination of sp-d exchange integrals I - giant splitting of exciton states
	Hybrid optical isolators of DMS
	
	
	Ferromagnetic temperature in p-(Zn,Mn)Te
	Ga1-xMnxAs: resistance vs. temperature and Curie temperature vs. x
	Carrier-induced ferromagnetism in DMS
	
	Where do Mn d levels and holes reside?
	Mn-derived states in semiconductors
	
	Mean-field Zener/RKKY model of hole-controlled ferromagnetism in DMS
	Mn-based p-type DMS to which p-d Zener model has been found to apply
	p-d Zener model for p-type DMS
	Examples of effects of nanoscale fluctuations in ferromagnetic DMS
	
	s-d exchange energy ??No in (III,Mn)V
	Model for apparent s-d exchange energy ??No in (III,Mn)V
	Reduction of apparent ??No taking into account Coulomb repulsion by Mn acceptors
	
	
	Spontaneous splitting of PL line in  p-(Cd,Mn)Te QW
	Probing competing AF and FM interactions by inelastic neutron scattering in p-(Zn,Mn)Te
	Hole induced contribution
	Model and approach
	Comparison of MFA and Monte Carlo results withAF and with no AF interactions
	Nanoscale fluctuations - summary
	
	Strategies
	Strategies
	Where do we stand?
	(Ga,Mn)As – growth phase diagram
	GaAs + MnAs precipitates
	
	Zener model prediction of TC for semiconductors containing 5% Mn d5, p = 3.5?1020 cm-3
	Semiconductor materials showing hysteresis and spontaneous magnetisation at 300 K
	High TC ferromagnetic semiconductors
	CONCLUSIONS  AND OUTLOOK

