MBI RO L0 S - EF-SaA ERANVE-RE - RERFORAE]
ERM21E11817~ 18 B, XKIZEEELHEIETHRAIL

BXBESAZA%ICKIRE A2 EHOHE

o3 S
RRAXFEZFRMRH

HHARE

FEFESR, Vijay Raj Singh, W&, /MAIER (R K- #FEE)

INEERE, FIEXRE, ME—8(MEMPF)

MTHEERS

F.-H. Chang, C.-S. Yang, L. Lee, H.-J. Lin, D.-J. Huang, C.T. C

o
H A HEBA
1B XA

 FEIRE X, KRN, TR (RFHE)

K& A, I7LF LA (BBKXI)Ga, ,MnAs

L HEF

K.V. Rao, M. Kapilashrami, L. Belova (Royal Inst Tech, Swedem) Zn, Mn, OE[%

, BJIIBA—EBB, 5k I (BURAME L) Zn, Cr,Te

IR BB, B AT, DB R (ALK 2B - WPIAT &) Ti, ,Co,0,

nen (NSRRC, Ta

wan)

D. Karmakar (BARC), S.K. Mandal, T.K. Nath (lIT Kharagpur), |. Dasgupta (IACS)
Zn, FeO, Zn, (Fe, C0),0, Zn, (Mn, Co),0 }/HiF

i

B # (GRKEmME) LERAR, V5R3—FE



Discovery of ferromagnetism in MBE-grown
Mn-doped llI-V-based DMS

VOLUME 63, NUMBER 17

PHYSICAL REVIEW LETTERS

23 OCTOBER 1989

Diluted Magnetic III-V Semiconductors

H. Munekata, H. Ohno,® S. von Molnar, Armin Segmiiller, L. L. Chang, and L. Esaki
IBM T. J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

(Received & August 1989)

Growth “phase diagram” of Ga, Mn,As Curie temperature of Ga, ,Mn As
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T. Hayashi, M. Tanaka, J. Cryst. Growth, ‘97

H. Ohno et al., JMMM, ‘99



Diluted magnetic semiconductors (DMS):
Expected for future spintronics applications

Ga, ,Mn As a

GaMnAs (p)

GaAs spacer (i) h d

InGaAs (i)
GaAs (i)
GaAs buffer (n)

GaAs substrate (n)

o

* GMR devices g

» Non-volatile memories g |

* New logic circuits 5T e N

* New devices utilizing spin injection 125 130 135 140 145 150 155 1.60
- Circularly polarized LED Energy (eV)

- Magnetization control by spin current
Y. Ohno et al., Nature ‘99

Polarization (%6)



Theoretical prediction of room-temperature
ferromagnetism in DMS

T of Mn-doped semiconductors Stability of magnetic states in DMS
in p-d exchange mechanism in double-exchange mechanism
- r z S e
Ge | —
AP | 3
AlAs | @
GaN| | S
GaP | — £ o4t
GaAs | 3|8 5
GaSb | 8> 2 _
InP l o S _gost TM concentration
InAs | c w 5% + 20%
zZno | O 10% X 25% Paramagnetic
ZnSe | -0.12] |* 15% \/
ZnTe | — . _
P ————y v \ Cr Mn Fe Co Ni
10 100 300K 1000
Curie temperature (K)
T. Dietl et al. Science ‘00 K. Sato et al. JUAP ‘00.

Wide-gap semiconductors such as ZnO, GaN, and TiO, are promising
host materials for room-temperature ferromagnetic DMS.



Rom-temperature ferromagnetic DMS

zation]/Co]
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 Are they intrinsic DMS?
— No ferromagnetic contamination such as Fe metal?
— No precipitation of second phases, etc?

 To answer these questions:
— SQUID measurements are not sufficient
— Anomalous Hall effect is useful but controversial



X-ray magnetic circular dichroism (XMCD)
in core-level x-ray absorption spectra (XAS)

2p3/2 XAS
S_
5 g+
=1 2p1/2
/_ E
o sample <
spin-orbit splitting
Photon Energy
:/ : )
¥ XMCD spin sum rule
t W Mn 3d :? 0 /A_K
SR valence leve a
% A1
spin-orbit hv .
splitting I Mn2p 77 Photon Enerav

core level

Element-specific
Chemical environment-specific

Contamination-insensitive

Magnetism-selective
Drawback: Surface sensitivity B. T. Thole et al., PRL '01, P. Carra et al., PRL ‘93



Magnetization (15/Co)

Ferromagnetic, paramagnetic and non-magnetic
components in XMCD vs SQUID signals

SQUID data of a DMS thin film sample

M-H curve M-T curve

Magnetization (145/Co)

N
I I I ]

10 05 0 0.5 10 "0 50 100 150 200 250 300
Magnetic Field (T) Temperature (K)
M= Mg, +II\/IferrO + MpariIﬁXMCD signals,

e — . —. — chemically decomposed



XMCD experiment at BL11-A of Photon
Factory (previous)

Transverse
y Geometry
\\A SUPERCOND. MAGNET
i
: o SAMPLE
8 adjustment Slde V|eW M1/M2 Mt

B

Longitudinal , e )
Geometry _ = 2um-5mm
o |
Source Beam1 i
L )
Poin Shutter \?\Eﬁid
Top View
' ! I M1/M2 b ’:i.
Mo M MO" Spherical YLS PG Toridal
Cylindrical Cylindrical
} 6.7 | 9.1 | 52 | 30 | 3.0 [15[1.5[m)

SCmagnet H<5T
T>10K
Angle dependence

T. Koide et al. Rev. Rev. Sci. Instr. 63, 1462 (1992)




XMCD endstation at BL-16A of Photon Factory
(present)

XMCD apparatus

| ]
|

Superconducting magnet, upto 5T
Low temperature down to ~10 K
Angular-dependent XMCD (L, T)

T. Koide et al. Rev. Rev. Sci. Instr. 63, 1462 (1992)

Electron orbit I
\_I{I?%I To Beamline
/ Undulator | Undulator Il

Fast switching

Kicker magnet Ol‘—’ OII ISR light (future)




XMCD endstation at JAEA beamline BL-23SU
of SPring-8

fast closing
gate valve

Rl inspection

beam-transport pipe
fast closing
gate va

Rl inspection
fast closing port 2

beam shutter

Actinide

absorber

variebly- o sl}\ y-stopper Qaie\\..ralve Sciepce
polarizing % i"\\ entrance slit  exit slit | XY slit _-|_Station
undulatar el ) 5 ST | ~

=i e = x (—1 (e H—

) e ) T
4.,;«'/&’ / m ~ M MM | M S/ g
—— \/ ¥ h | beam Vg / fluore-
~ beam position monitor / fluorescence VLSPG monitor” scence

SCIe6I Surface Photo-

| screen
hutch for optics |

Chemistry Station /
- 1 I I~ _‘-,;-‘ﬁ"
Experimental Hall [ Biological
Rl =i | Application
L e Station Hot Sample Area
0 10 20 30 40 50 60 70 80 a0 100 110 120 130 140

Distance from source (m)

Helical undulator with phase modulation

Superconducting magnet, upto 10 T

Low temperature, down to ~6 K

High energy resolution and brightness
monochromator

Y. Saitoh et al., Nucl. Instrum. Meth. A ‘01



XMCD endstation at the Dragon beamline
BL-11A at NSRRC

NSRRC, Taiwan

Bending magnet

Electro-magnet, upto 1 T

Low temperature down to 20 K
Total-electron-yield (TEY) and total-

C.T. Chen and F. Sette, Rev. Sci. Instr. 60, 1616 (1989)
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Effects of low-temperature post-annealing
in Ga,_ Mn,As

Change of T by post-annealing Molecular dynamic calculation
35 r
—— as grown
30 —a— 10 min
—0— 30 min
—a—2hr A
25 —O—5hr £
—&—10hr Z
—— 24 hr 5

above dim

@250°C |

M (emu/cm’)

stance

10K

T Mn first enters interstices then substitutes Ga.

S.J. Potashnik et al., APL ‘01

S.C. Erwin and A.G. Petukhov PRL ‘02
T. Hayashi et al., APL ‘01 rwin an etuxhov



Ga,_ Mn,As samples

Sample: as grown Ga, Mn As

semi ins. GaAs(001

x =0.042, 0.078
To~60 K

As-grown:

Post-annealed: x =0.04, @270°C, 2 h

To~120 K

SPring-8 BL23SU

XAS, MCD (arb. units)

XAS and XMCD spectra

2 { Xx=0042 |

B=1T,T=20K

x=0.078

Ga, MnAs

1 | | |
635 640 645 650 655 660

Photen Energy (eV)




Mg (ug/Mn atom)

Paramagnetic component of XMCD vs T

in as-grown Ga,_, Mn,As

XMCD intensity

r = 0.042
(Te ~60 K)

extrinsic

20K

150K extrinsi¢

25

F——f 1504

1 2 3 4 5 6

Magnetic Field (T)

R Residual
— e 20 magnetizatio ]

o
< = 15 F W\ Tc42%) -
+ - A\ ¢ —o— 4.2%
T<s 10 _ & —-- 7.8% ]
““C"O’ --Eh 0 5 IC(T.SD/D) E |
= = extrinsic

. 0-0 i LI EUTTIOT A T YTTTTTITLL (T I isusvas =

-~ ~ N

AFM coupling? Tc(4.2

T /

7.8%

N

-
s

Q

intrinsic

H>05T

Susceptibility (ug/Te
o
|

AMS
AH

-----
ea
.........
e

o
o

50 100 150

Temperature (K)
Y. Takeda et al., PRL ’08

o



Ferromagnetic component of XMCD vs T
in as-grown Ga,_, Mn,As

Magnetic polarons?

A. Kaminski and S. Das Sarma, PRL '02

AMg

Mg (H>0T)

AFM coupling? TC(4 2%) \ Slope

H>05T
Susceptibility (u B/Te

AH

(ug/Mn atom)

W

Distribution of Tc

2.5
2.0
1.5
1.0

05 I

nn

U

N
o

N
o

o
o

N I |
‘'  Residual 1
Reduced magnetization

1T (4.2%)
: E," - e 42%
| Short-range
1 FM order?
extrinsic \

] E.Eh @E 6\ L IO

—— 4.2% <
- 7.8%

intrinsic _

0 50

100 150

Temperature (K)
Y. Takeda et al., PRL '08



Effects of post annealing on XMCD intensities
vs T & Hin Ga, ,Mn,As

2.5

2.0

1.5

MS (uB per Mn)

1.0

0.5

of)

Ga, Mn As x ~0.04
Magnetization =1T 7

increases

[ [ 1

Long/short-range
FM order at higher T

0.0
0

|
100
Temperature (K)

150 200 250

Ga, Mn As x ~ 0.04
T=6K

2 3 4 5 6
Magnetic Field (T)

Post annealing diminishes AF interaction by
reducing the number of interstitial Mn ions.

Y. Takeda et al.,



Intensity (arb. units)

2.0

1.5

1.0

0.5

0.0}

0.4
0.0
0.4
0.8

Effects of low-temperature post-annealing
on XAS and XMCD of Ga, ,Mn As

I I I
as-grown
Ga, Mn As x ~0.04
T.~65K
XAS = (u+ )/ 2

ot

\ _ - T=6KH=6T

\N

I I I I I

A S

T=6K,H=6T 1
— XMCD =p*-p 7

Photon Energy (eV)

2
635 640 645 650 655 660 665

Intensity (arb. units)

extrinsic

2.0-——# (Mn?* oxide) — |

post-annealed

1.5+ Ga,_Mn As x~0.04
T.~120K
101 ]\+ XAS‘(ILl +w)l2
051 I\\ T=6K H=6T-
0.0 ‘J \\ —
0.4 -
0.0} A A _
' T=6K H=6T -
0-4__ — XMCD = p* - p 7
0.8F -

Photon Energy (eV)

Post annealing expels interstitial Mn ions to surface

Y. Takeda et al.,

2
635 640 645 650 655 660 665



Zn, Cr.Te
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Diluted ferromagnetic semiconductor Zn,_Cr, Te

Magnetization M (pup/Cr)
(—]

[ %]

M-H curves
L B B L L
Zn,_,CrxTe T=20K
x=0.20 —
~ 200K

1
(]

/ 300K
1 1 / P !
20K
100K
= 200K
300K
L s H/M
-1.0 -0.5 0.0 0.5 1.0

Magnetic field poH (T)

—
10 kdeg./cm

VIS-UV MCD

d’) WH=1T

I'=20K : 3'
B
2 3 4
Photon energy (eV)

- MCD (kdeg./cm )

]
>

[
[—

—
=)

-20

MCD vs H
e
- ZnyCr,Te T=20K -

x=0.20
| E=22¢V i
293K

=

-1.5 -10 -05 00 05 1.0
Magnetic field poH (T)

H. Saito et al., PRL ‘03



Doping effects in Zn,_Cr, Te

2
-
@
'--..m 1
SN
S 0
=
<
X
*g -1
= f T=2K
S H 1 plane
- L1 [ 1 l [ 1 L1 [ ] 1 [ ] 1 I [] 1 [] 1
=z
-1.0 -0.5 0.0 0.5 1.0

Magnetic Field [T]

|-doping: Electron-doped
N-doping: Hole-doped

N. Ozaki et al., PRL ‘06



XMCD Intensity (arb. units)

200

150

100

50

-50

200

150

100

50

-50

Doping effects in Zn,_Cr,Te: XMCD
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P’ I

] 1
Lightly N-d
[ Cr2p XAS

-1T -

e xmvcp | Cr2p XAS

| | 1 1
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Magnetic moment (L1,/Cr)
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XMCD intensity vs H
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Y. Yamazaki et al.



Inhomogeneous distribution of Cr in Zn,_Cr, Te

Energy-dispersive X-ray spectroscopy image

= . 5

uniform <«——— non-uniform

TC low « > 7-C hlgh S. Kuroda et al., Nat. Mater. ‘07

Spinodal decomposition in high-T.DMS’s

K. Sato et al., JUAP '05
T. Fukushima et al., JJAP ‘06



Cr valence vs inhomogeneous distribution of Cr
in Zn,_Cr,Te

Intensity (arb.units)

Cr 2p XAS of Zn, Cr,Te

I I I I
I,—Ieavily N-doped T=20K

P
o

575 580 585
Photon energy (eV)

590

Y. Yamazaki et al.

Energy (meV)

Cr-Cr pair formation energy

100

|
I
I
I
-50 |
| ]
| |
| |
-100 | | ‘
| | |
I :
_ |
150 Crﬂ Cr1+ Cr2+ Cr3+ Cré+
Inhomogeneous
distribution

S. Kuroda, T. Dietl et al., Nat. Mater. ‘07
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Room-temperature ferromagnetism in Ti,_ Co, O,

Magnetization{u./Co]

SQuID

015 F

Anatase -

Anatase

10nm

No precipitation

Y. Matsumoto et al., Science '01

Electron density (cm‘3)

UV-VIS MCD

x=0.10
2x10%' cm-

Rutile

—_

o

Hall resistivity (u€2 cm)

300K
3 (RERE

Hlplane

rC 1 (i

|
3]

] |
l [an]
Magnetization (ug/Co)

|
3]

-2 -1

0 1
uoH(T)

2

“Phase” diagram

3 I
® 300K ®
1022

ol ©

1020;_ O [ |

R S
" Rutile

I I I
Ferromagnetic

Paramagnetic

Py, =108 Torr
;

104 Torr

|
0 0.02 0.

04 0.06 0.08

x in Ti1.xCoxO2.5
T. Fukumura, New J. Phys. ‘08

0.1



Co 2p core-level XAS and XMCD of Ti,_,Co0,0,:
Effect of high-T annealing in vacuum

(snun -quy) Aususyul

XAS

XAS (c,-0)

XMCD

-(a)Co Ly 3-edge XAS
Anatase

|(b) Co Ly3-edge XMCD —

(C) P+—pP-

““““““““““““

780 790 800
Photon Energy (eV)

780 790 800 810
Photon Energy (eV)

800 810
Photon Energy (eV)

780 790

“Ferromagnetism is due to segregated Co metal.”

Y.J. Kim et al. PRL ‘03



= p,—[L)

XMCD (Au

Co 2p core-level XMCD of Ti,_,Co,O,
without high-T annealing

Photon energy (eV)

---u(N)

Ferromagnetism is
due to Co?* ion

1 1 1
— Tiy 970 030,55

—— Co metal (x0.06) |

However, moment
is very small:

~ 0.13 ug/Co

{cf. SQUID ~ 1 pg/Co

| . [ T I
| ¥C [M0.97C00.0302.5 1 800 100
Rutile type
| B scale =1 80
D T=300K|q 600 § 3
B B=+1T Q -~ 60
sclie | T— (M o I
1 400 (@) ~
— 1- «M) r=781 = ) 40
+— I+ )do § §
4200 & ~ 5
0
>
1 -
= -
g 1.0
Q 3
L I -1
2 3
2 o
o O
o = -3
X
4
]
780 790 800 778

780
Photon energy (eV)

782 784

786
K. Mamiya et al. APL ‘06



Surface- and bulk-sensitive modes of XAS and
XMCD measurements

Total electron yield (TEY ) mode
probing depth ~ 3-5nm

Auger electron \

Dragon beamline @NSSRC

Transmitted light

Transmission mode

Bulk
Total fluorescence yield (TFY) mode Prohibited by ~mm thik substrate

Fluorescence

probing depth ~ 100nm ~ sample thickness



Intensity (arb. units)

Co 2p XAS and XMCD of Ti,_Co,0O,
measured by bulk-sensitive TFY mode

(a)l -l;ill-xcnxbz.w dﬂ Lzl; IAS‘
— " TFY, 300k

—_— —]

| by
x =003, high-3

by
x =0.05, low-5

X=0.10, high-3

780 790
Photon Energy (eV)

Intensity (arb. units)

T T | T
70 L0 XAS x=0.05, high-3_
TFY, 300K
or c | Rutie -
50 - BE D ]
40 |- -

| | | |

776

778 780 782 784
Photon Energy (eV)

Electron density (cm'a)

V.R. Singh et al. submitted to PRL

1 023

1 022

1 02‘I

1 020

1019

18

_(d) ]
o Ferromagnetism

= PY —

O -
O | |

B O Paramagnetic |

] ] ] I |
0 0.02 0.04 0.06 0.08 0.10
X in Tiy,C0o,05 5




Magnetic moment (ug / Co)

XMCD intensity and magnetization vs H for

2.0

1.5

1.0

0.5

1.5

1.0

0.5

0

Ti,_Co,0,

| I | |
(a) x = 0.03, high-5

| T=300K; 1pv

Large

FM component

a

| | ]

T 1
(b) x = 0.05, low-5

TFY +

SQUID

TEY

[ T I I
(c) x=0.05, high-3

SQUID

[

——

(d) x =0.10, high-5 TFY

(o e Wl

T

Electron density (cm'a)

0 02 04 06 08 10 0O 02 04 06 08 1.0

Magnetic field (T)

TFY: bulk-sensitive
TEY: surface sensitive

| | | | |
@ Feromag netism’ |

10% |- o -

20| O H H
10 |~ ]

10717 O Paramagnetic |
18 ] ] ] ] ]
0 0.02 0.04 0.06 0.08 0.10
X in Tiy,C0o,05 5

V.R. Singh et al. submitted to PRL



Surface dead layer on Ti,_C0,0, film

Total fluorescence yield (TFY) mode (probing depth ~ 100nm)

- Strong XMCD intensity
Total electron yield (TEY ) mode (probing depth ~ 3-5nm)

- Weak XMCD intensity
Suppression of AHE for Ti, ,Co, O, _;films
Tio.9C00.102-5 300K

102 T T I ZH':% ' ' ' t[nm]

55 8

| | |
100 200 300
T. Fukumura et al., submitted to APL

Surface layer of ~5 nm is magnetically dead due to carrier depletion.



Zn0O-based DMS
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Theoretical prediction of room-temperature
ferromagnetism in DMS

T of Mn-doped semiconductors Stability of magnetic states in DMS
in p-d exchange mechanism in double-exchange mechanism
- r z S e
Ge | —
AP | 3
AlAs | @
GaN| | S
GaP | — £ o4t
GaAs | 3|8 5
GaSb | 8> 2 _
InP l o S _gost TM concentration
InAs | c w 5% + 20%
zZno | O 10% X 25% Paramagnetic
ZnSe | -0.12] |* 15% \/
ZnTe | — . _
P ————y v \ Cr Mn Fe Co Ni
10 100 300K 1000
Curie temperature (K)
T. Dietl et al. Science ‘00 K. Sato et al. JUAP ‘00.

Wide-gap semiconductors such as ZnO, GaN, and TiO, are promising
host materials for room-temperature ferromagnetic DMS.



Zn, osMn, 4,0 films prepared under N,

atmosphere
Magnetization O 1s XAS spectra
e 0.3 1 ' 1 02—
= SQUID = Pre-peak
= 3
= 0.15F 7=300K S
3 < Sample A =—
_E 0 g Sample B ===
g E0.1F
*q:_; 015 | ET‘ Holes on oxygen
5o ® Sample A >
§ A Sample B -
-0.3F - 2
1 I 1 G
e

L a1
-1 -05 0 05 1
Magnetic field (T)

Sample A: Py, = 1.5 x 10* mbar
Sample B: Py, = 4.0 x 10* mbar

cf) P. Sharma et al., Nature Mater ‘03.

0 1 I 1 1 I
524 526 528 530
Photon energy (eV)

T. Kataoka et al.



XMCD intensity and magnetization vs H
in N-doped Zn; ogMn, ,,0 films

Magnetization Comparison of magnetization
03 ————— and XMCD intensity
G} SQUID _ ———
= = SQUID
= 0.15F 7=300K = 0oL |
3 & Sample A O
= 0 3 Sample B A
S - _
s O
N =
©-0.15 . N i
gﬁ ® Sample A = 0.1
A Sample B &
= 03k e 1
1 I 1 I 1 I 1 z XM(»D
-1 -05 0 05 1 zampieg :
Magnetic field (T) Oklzmp : =

Sample A: P, = 1.5 x 10* mbar  Small but finite : |
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Mn and Co 2p core-level XAS and XMCD of
Zn, , Mn,Co,O nano-particles
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Mn and Co 2p core-level XAS and XMCD of
Zn, , Fe Co,O nano-particles
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XMCD intensity vs H of Zn, ,,Fe,Co, O
nano-particles
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Conclusion

XMCD of measurements as a function of T and H provide unique
and important information about dilute magnetism in semiconductors.
Ga,,Mn As:

— Interstitial Mn are AFM-coupled to substitutional Mn.

— Low-temperature annealing expels interstitial Mn toward surface and
increase the FM moment in bulk.

Ti,,C0,0,:
— Co?* ions are responsible for the large FM moment.
— There exists a magnetically dead layer of ~5 nm thickness.

Zn, Cr.Te
— Cr2* drives inhomogeneous distribution of Cr ions and thereby increases
Tc.
ZnO-based DMS:
— Films: Hole doping creates FM component.
— Nano-particles: Valence of TM ions increases in the surface region.
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Current detected by photodiode (pA)

Co(4ML)/Pt(10ML)Z BIRICX TS P RRERIER

EXLRREDORNEEE

AR (AYLFg=a)
i E.1

% ‘,'_ A& —
E,:'ff’?"-.f' A,
(AULF4=41) @‘
Co
! ]
20 scan at Co 2p edge
000 F | ———pi2; 4 ]
E — pl2, - 3
bt
10F »
v =T74.4 eV,
il Insidence agle 6 = 16°
Eil | |
10 -5 0 5

26 relative to Oth order diffraction (deq)

Intensity (/.. /)

YA2NI A}

[-1

A= (

1.0x10™ T T T T 1 =

I Co2pedge |

— L(P2:-) t 1st order reflect

06 -
0.4
0.2
0.0
0.05
0.00

20.05 .

-0.10 | | 1 1 | | T

750 760 770 780 790 800 810
Photon Energy (eV)
IZNG, AR



(AV/V)(H)HAV/V)g

Inhomogeneous chemical and electronic
states in high-T. DMS
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