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Discovery of ferromagnetism in MBEDiscovery of ferromagnetism in MBE--grown grown 
MnMn--doped IIIdoped III--VV--based DMSbased DMS

Growth “phase diagram” of Ga1-xMnxAs

T. Hayashi, M. Tanaka, J. Cryst. Growth, ‘97 H. Ohno et al., JMMM, ‘99

Curie temperature of Ga1-xMnxAs



Y. Ohno et al., Nature ‘99

• GMR devices
• Non-volatile memories
• New logic circuits
• New devices utilizing spin injection 

- Circularly polarized LED
- Magnetization control by spin current

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

GaAs Ga1-xMnxAs



TC of Mn-doped semiconductors
in p-d exchange mechanism

300 K

T. Dietl et al. Science ‘00

Stability of magnetic states in DMS
in double-exchange mechanism

Ferromagnetic

Paramagnetic

K. Sato et al. JJAP ‘00.

Wide-gap semiconductors such as ZnO, GaN, and TiO2 are promising 
host materials for room-temperature ferromagnetic DMS. 

Theoretical prediction of roomTheoretical prediction of room--temperature temperature 
ferromagnetism in DMSferromagnetism in DMS

R
oom

Tem
perature



RomRom--temperature ferromagnetic DMStemperature ferromagnetic DMS

• 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

Ti1-xCoO2 Ga1-xMnxNCdGeP2:Mn

Zn1-xMnxOZn1-xCoxO …..Zn1-xCrxTe



XX--ray magnetic circular dichroism (XMCD)ray magnetic circular dichroism (XMCD)
in corein core--level xlevel x--ray absorption spectra (XAS)ray absorption spectra (XAS)

Element-specific

spin sum rule

orbital sum rule

Mn 2p
core level

Mn 3d
valence level

hν

spin-orbit splitting

spin-orbit 
splitting

Magnetism-selective
Contamination-insensitive

XAS

XMCD

Chemical environment-specific

Drawback: Surface sensitivity B. T. Thole et al., PRL ’01, P. Carra et al., PRL  ‘93



M = Mdia + Mferro + Mpara

Ferromagnetic, paramagnetic and nonFerromagnetic, paramagnetic and non--magnetic magnetic 
components in XMCD components in XMCD vsvs SQUID signalsSQUID signals

SQUID data of a DMS thin film sample

XMCD signals, 
chemically decomposed

M-T curveM-H curve
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MCD装置

ARPES装
置

SC magnet H <5 T
T >10 K
Angle dependence

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

XMCD experiment at BL11XMCD experiment at BL11--A of Photon A of Photon 
Factory (previous)Factory (previous)



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

To Beamline

Kicker magnet

Electron orbit

Undulator I Undulator II
Fast switching

(future)
SR light

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

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



MCD装置

ARPES装
置

XMCD endstation at JAEA beamline BLXMCD endstation at JAEA beamline BL--23SU 23SU 
of SPringof SPring--88

Helical undulator with phase modulation

Superconducting magnet, up to 10 T
Low temperature,  down to ~6 K
High energy resolution and brightness

monochromator

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



NSRRC, Taiwan

XMCD endstation at the Dragon XMCD endstation at the Dragon beamlinebeamline
BLBL--11A at NSRRC11A at NSRRC

Bending magnet
Electro-magnet, up to 1 T
Low temperature down to 20 K
Total-electron-yield (TEY) and total-
fluorescence-yield (TFY) mode detections

C.T. Chen and F. Sette, Rev. Sci. Instr. 60, 1616 (1989) 



Ga1-xMnxAs
Ti1-xCoxO2

Zn1-xCrxTe
Zn1-xTxO (T=Mn, Co, Fe)

Outline Outline 



Ga1-xMnxAs



Effects of lowEffects of low--temperature posttemperature post--annealingannealing
in Gain Ga11--xxMnMnxxAs As 

S.J. Potashnik et al., APL ‘01

Change of TC by post-annealing

T. Hayashi et al., APL ‘01

As Ga

S.C. Erwin and A.G. Petukhov PRL ‘02

Molecular dynamic calculation

Mn first enters interstices then substitutes Ga.

@250oC



semi ins. GaAs(001)

GaMnAs

As cap

20 nm
1 nmGaAs

TC ~ 60 K

GaGa11--xxMnMnxxAs samplesAs samples

Sample: as grown Ga1-xMnxAs XAS and XMCD spectra

x =0.042, 0.078

e
hν

Post-annealed: x =0.04, @270oC, 2 h
TC ~ 120 K

As-grown:

A

SPring-8 BL23SU



20K

70K

100K

150K

XMCD intensity XMCD intensity vsvs HH & & TT in asin as--grown Gagrown Ga11--xxMnMnxxAsAs

Residual 
magnetizatio

n

Slope

XMCD intensity

Y. Takeda et al., PRL ’08

AFM coupling?

150K

100K

150K extrinsic
150K

extrinsic
20K

Paramagnetic component of XMCD Paramagnetic component of XMCD vsvs TT
in asin as--grown Gagrown Ga11--xxMnMnxxAsAs



Paramagnetic component of XMCD Paramagnetic component of XMCD vsvs TT
in asin as--grown Gagrown Ga11--xxMnMnxxAsAs

20K

70K

100K

150K

Residual 
magnetizatio

n

Slope

extrinsic
150K

extrinsic
20K

Ferromagnetic component of XMCD Ferromagnetic component of XMCD vsvs TT
in asin as--grown Gagrown Ga11--xxMnMnxxAsAs

XMCD intensity

Y. Takeda et al., PRL ’08

AFM coupling?

Distribution of Tc

Short-range 
FM order?

Reduced magnetization

FM

A. Kaminski and S. Das Sarma, PRL ’02

Magnetic polarons?



Y. Takeda et al.,

Effects of post annealing on XMCD intensities  Effects of post annealing on XMCD intensities  
vsvs TT & & H H in Gain Ga11--xxMnMnxxAsAs

Post-annealed

As-grown

Post-annealed

As-grow
n Long/short-range

FM order at higher T

Susceptibility increases

Magnetization
increases

Magnetization
increases

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



Effects of lowEffects of low--temperature posttemperature post--annealingannealing
on XAS and XMCD of Gaon XAS and XMCD of Ga11--xxMnMnxxAs As 

Y. Takeda et al.,

extrinsic
(Mn2+ oxide)

Post annealing expels interstitial Mn ions to surface



Zn1-xCrxTe



Diluted ferromagnetic semiconductor ZnDiluted ferromagnetic semiconductor Zn11--xxCrCrxxTeTe

H. Saito et al., PRL ‘03

M-H curves

VIS-UV MCD MCD vs H



Doping effects in ZnDoping effects in Zn11--xxCrCrxxTeTe

N. Ozaki et al., PRL ‘06

I-doping: Electron-doped
N-doping: Hole-doped



Doping effects in ZnDoping effects in Zn11--xxCrCrxxTe: XMCDTe: XMCD

Y. Yamazaki et al.

XMCD intensity vs H

I-doped

undoped

N-doped

heavily N-doped
FM



Inhomogeneous distribution of Cr in ZnInhomogeneous distribution of Cr in Zn11--xxCrCrxxTeTe

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

Spinodal decomposition in high-TC DMS’s

S. Kuroda et al., Nat. Mater. ‘07

Energy-dispersive X-ray spectroscopy image

I-doped N-doped

non-uniformuniform
TC highTC low



Cr-Cr pair formation energy

Cr valence Cr valence vsvs inhomogeneous distribution of Crinhomogeneous distribution of Cr
in  Znin  Zn11--xxCrCrxxTeTe

Y. Yamazaki et al. S. Kuroda, T. Dietl et al., Nat. Mater. ‘07

Cr2+

Heavily N-doped

Cr 2p XAS of Zn1-xCrxTe

I-doped
undoped
N-doped

Cr2+

Cr3+

Inhomogeneous 
distribution



Ti1-xCoxO2



RoomRoom--temperature ferromagnetism in Titemperature ferromagnetism in Ti11--xxCoCoxxＯＯ22

TEM

No precipitation

T. Fukumura, New J. Phys. ‘08

SQUID

Y. Matsumoto et al., Science ’01

UV-VIS MCD

“Phase” diagram

10-4 Torr

PO2 = 10-8 Torr

Anatase

Anatase

Rutile

Rutile



(a) Co L2,3-edge XAS
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(b) Co L2,3-edge XMCD
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Y.J. Kim et al. PRL ‘03 

“Ferromagnetism is due to segregated Co metal.”

Co 2Co 2pp corecore--level XAS and XMCD of Tilevel XAS and XMCD of Ti11--xxCoCoxxＯＯ22: : 
Effect of highEffect of high--TT annealing in vacuumannealing in vacuum

~400oC ~400oC

Anatase

XAS                          XAS (σ+ - σ-)                       XMCD



Co 2Co 2pp corecore--level XMCD of Tilevel XMCD of Ti11--xxCoCoxxＯＯ2 2 
without highwithout high--TT annealingannealing
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Ferromagnetism is 
due to Co2+ ion

K. Mamiya et al. APL ‘06

Rutile type

However, moment
is very small:
~ 0.13 μB/Co
cf. SQUID ~ 1 μB/Co



Fluorescence

Auger electron

probing depth ~ 3-5nm

probing depth ~ 100nm ~ sample thickness

Total fluorescence yield (TFY) mode

Total electron yield (TEY ) mode

SurfaceSurface-- and bulkand bulk--sensitive modes of XAS and sensitive modes of XAS and 
XMCD measurementsXMCD measurements

Transmitted light

Bulk
Prohibited by ~mm thik substrate

Transmission mode

Dragon beamline @NSSRC



Co 2Co 2pp XAS and XMCD of TiXAS and XMCD of Ti11--xxCoCoxxOO22
measured by bulkmeasured by bulk--sensitive TFY modesensitive TFY mode

V.R. Singh et al. submitted to PRL

Rutile



XMCD intensity and magnetization XMCD intensity and magnetization vsvs HH for for 
TiTi11--xxCoCoxxOO22

V.R. Singh et al. submitted to PRL

T = 300 K

Large 
FM component

TFY: bulk-sensitive
TEY: surface sensitive



Suppression of AHE for Ti1-xCoxO2-δ films

thinner

Surface dead layer on TiSurface dead layer on Ti11--xxCoCoxxOO2 2 filmfilm

T. Fukumura et al., submitted to APL

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

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

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



ZnO-based DMS



TC of Mn-doped semiconductors
in p-d exchange mechanism

300 K

T. Dietl et al. Science ‘00

Stability of magnetic states in DMS
in double-exchange mechanism

Ferromagnetic

Paramagnetic

K. Sato et al. JJAP ‘00.

R
oom

Tem
perature

Wide-gap semiconductors such as ZnO, GaN, and TiO2 are promising 
host materials for room-temperature ferromagnetic DMS. 

Theoretical prediction of roomTheoretical prediction of room--temperature temperature 
ferromagnetism in DMSferromagnetism in DMS



ZnZn0.980.98MnMn0.020.02O films prepared under NO films prepared under N22
atmosphereatmosphere

Sample A: PN2 = 1.5 x 10-4 mbar
Sample B: PN2 = 4.0 x 10-4 mbar

Magnetization O 1s XAS spectra

Holes on oxygen

ZnO

T = 300 K

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



Sample A: PN2 = 1.5 x 10-4 mbar
Sample B: PN2 = 4.0 x 10-4 mbar

Magnetization

T = 300 K

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

XMCD intensity and magnetization XMCD intensity and magnetization vsvs H H 
in Nin N--doped Zndoped Zn0.980.98MnMn0.020.02O filmsO films

T. Kataoka et al. 

Comparison of magnetization
and XMCD intensity

Small but finite
FM signal



MnMn 22pp XAS and XMCD of NXAS and XMCD of N--doped doped 
ZnZn0.980.98MnMn0.020.02O filmsO films

T. Kataoka et al. 

Mn 2p XAS spectra Mn 2p XMCD spectra

Mn2+

Mn3+,4+

Mn 2p 3d



MnMn and Co 2and Co 2pp corecore--level XAS and XMCD of level XAS and XMCD of 
ZnZn11--2x2xMnMnxxCoCoxxO nanoO nano--particlesparticles

T. Kataoka et al. Paramagnetic, unfortunately.

Mn3+
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MnMn and Co 2and Co 2pp corecore--level XAS and XMCD of level XAS and XMCD of 
ZnZn11--2x2xFeFexxCoCoxxO nanoO nano--particlesparticles

T. Kataoka et al. 



XMCD intensity XMCD intensity vsvs HH of Znof Zn11--2x2xFeFexxCoCoxxOO
nanonano--particlesparticles

T. Kataoka et al. Magnetic field (T)
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ConclusionConclusion

• XMCD of measurements as a function of T and H provide unique 
and important information about dilute magnetism in semiconductors.

• Ga1-xMnxAs:
– Interstitial Mn are AFM-coupled to substitutional Mn.
– Low-temperature annealing expels interstitial Mn toward surface and 

increase the FM moment in bulk.
• Ti1-xCoxO2: 

– Co2+ ions are responsible for the large FM moment.
– There exists a magnetically dead layer of ~5 nm thickness.

• Zn1-xCrxTe
– 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.



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

To Beamline

Kicker magnet

Electron orbit

Undulator I Undulator II
Fast switching

(future)
SR light

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

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



軟X共鳴散乱の測定配置

CoCo(4ML)/Pt(10ML)(4ML)/Pt(10ML)多層膜に対する予備実験結果多層膜に対する予備実験結果

Co 2p edge
1st order reflect

XMCD2θ scan at Co 2p edge

小出，朝倉



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

Spinodal decomposition in high-TC DMS’s
S. Kuroda et al., Nat. Mater. ‘07

Energy-dispersive X-ray spectroscopy image

I-doped N-doped

non-uniformuniform
TC highTC low

Inhomogeneous chemical and electronic Inhomogeneous chemical and electronic 
states in highstates in high--TTCC DMSDMS

J.M. De Teresa et al., Nature ‘97

Small angle neutron scattering 
from La2/3Ca1/3MnO3

→Cr2+とCr3+を分離した空間分布, ナノ粒子の電子構造分布

Ferromagnetic nano-particles




