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Table 5.6. Parameters used for calculation of Faraday rotation spectrum

Photon energy (eV)

transition woem™ ! (eV) ~aem™'  fx10® site

t1(r) —e* 20170 (2.50) 1800  0.25 tet
ta(m) —e* 21620 (2.68) 1800  0.40 tet
tou(w) — t3, 23110 (2.86) 1800 1.8 oct
tiu(m) — t3, 25600 (3.17) 2700 3.1 oct
t1(m) — t5 27400 (3.40) 2500 5.5 tet
ta(m) — t5 29120 (3.61) 2500 5.5 tet

o« ARIJMLDEFE )\
— (;4=300cm,
— (p=50cm for YIG —
— (p=2000cm* for Biy Y, 71G

K.Shinagawa:Magneto-Optics, eds. Sugano, Kojima, : 0.4 0.5 0.6
Springer, 1999, Chap.5, 137 Wavelength (um)
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A=810nm
Pulse=150fs
P=600mW
LD pump | 2=532nm |[Ti: sapphire|rer80MHz \Mirror
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Analyzer — -! Iens polarizer

Filter=_" [ Photon counting

Photon counter Computer
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Electromagnet
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The curves show a shift for two
opposite directions of magnetic field
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Experimental set-up at BESSY |

Polychromatic X-Radiation
e.g. L, (Fe): A=1.76nm (E=706eV)

Monochromator
Pinhole d=20um

Mask B-Field <80mT

//’
—_
P

,..r“",/

~ —
J__'_,_,.- -~ —
- -

Micro Zone Plate
dr =40nm, Eff. 9.1%

Circular Polarized Light
P ~60%
Condensor Zone Plate

D=9mm Monochromaticity AJAA = D/2d =225
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1. 75v9 X% Bongers et al., Berger et al.,
Larson et al.

2. &HEEAE L von Philipsborn
3. S ABE%E % von Neida, lizuka, Wehmeier

Wehmeier method: J. Crysyt. Growth 5 (1969)26.
CdCr,Se,(s)+3CdCl,(v)=4Cd(v)+2Se(v)+2CrCl;(v) endothermic
Addition of excess Se: to prevent decomposition at 750° C
Transport T,=800° C—T,=700" C for 10-30 days
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Photo by |. Nakada
From Bunshi-level no
Kessho-seicho, Agne,
1995
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lazx?/ fE1E N v R CVT: Bias ik, W 1 E KK
IRy AN ¥rv7 RIEE (°C) (nm)
(eV)
ZnCr,S, AF, T =13K Open tube 0.9974
Liquid transport CrCl;+ZnS
CdCr,S, FM, 1.8(0K) Open tube Cd+CrCl;+S, 1.0244
T.=86K 1.57(RT) H+Cl, 1100—1030,
c™ Cl,, 825—775; 825—775; 1000—750
CrCl,, 950—900, 1000—950, 1000—750
HgCr,S, Heli, 0.98(0K) Cl,, 1.0206
T =40K 1.42(RT) 900—850
FeCr,S, Ferri, Cl,, H+Cl, 950—875 0.997
T.=177K Open tube
CrCl, on FeS

HCI, 800—725




AERIL (DDF)

L&Y 52348 N v R CVT: Bk, e 72 (nm)
Frv7 RIRE (°C)
MnCr,S, Ferri, AICl;, 1000—900 1.0045
T.=71K
CoCr,S, Ferri, NH,Cl, 1150—1000 0.990
C Lig. transport CrCl,+CoS 1070—1020
CuCr,S, FM, 0 HCI, 800—725 0.9629
T.=400K
ZnCr,Se, Spiral AF, 1-;&0@ 1.0443
T\=23K 29RD
CdCr,Se, FM, 1.15(0K) Cl,, 825—780 1.0755
T.=130K 1.32(RT) CdCl,, Cdl,
CrCl,,, 1000—750, 800—700, 800—750
HgCr,Se, FM, 0.32(0K) CrCl,, 745—670, 700—670 1.0753
0.84(RT) 3
T.=110K ' AICl,, Al+ClI, 650—625
CuCr,Se, FM, 0 AICI, 1.0357
T.=426K
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o {EERTEE: 3L A& NaCl f8x&
. /“Fﬁﬁ%ﬂf Oh®-Fm3m

=84 (2000° CLLE)
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dA—AEDLAILATFAR

ft&  XKHo @R g E T v s ¥l —
& (°C) ¥ A T = Te(K) U4 AR
Xy v &ﬂi @p (K)
E, (eV)
EuO 5% 2015+  5.144 1.12 G mge M, 68 76
8
EuS & >2320  5.968 1.65 G 17
P:,16.2
EuSe 53 >2320 6.195 1.78 A 4 K 4.6
EuTe S >2250  6.598 1.06 Pz B 6




EuSOH/N\IILIRE

« BEEREIWFIZELARLERE
(Nakayama et al. Bulletin of Jpn. Soc. Appl. Phys. 39
(1970) 492) 2000°C, 300atm Ar

o B AK-
(Schafer : J. Appl. Phys. 36 (1965) 1145)

¢ ﬁ*ﬁ B L/f
(E. Kaldis, J. Cryst. Growth 3-4 (1968) 146)

Al
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T, T, AT l, Rate Size
(°C) (°C) (°C) (mg/- (mg/h) (mm)
cm3)
EuTe+l, 1722 1627 95 1.35 18.6 9x8x3
EuTe 2000 1857 143 - 14.7 5x4x2
EuSe+l, 1687 1619 68 1.0 9.3 4x4x3
EuS 2050 1950 96 - 16 2x2x2
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[I-VI DMS D #% fa Rl &= &4 Bl £ B

Material Crystal Range of
structure Composition
Zn, Mn.S ZB 0<x<0.10
WZ 0.10<x<0.45
Zn, . Mn Se ZB 0<x<0.30
WZ 0.30<x<0.57
Zn, ,Mn Te ZB 0<x<0.86
Cd, Mn.S wZz 0<x<0.45

Material Crystal Range of
structure Composition

Cd, ,Mn Se Wz 0<x<0.50

Cd, Mn Te ZB 0<x<0.77

Hg, ,Mn,S ZB 0<x<0.37

Hg, , Mn. Se /B 0<x<0.38

Hg, Mn Te /B 0<x<0.75
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Cd, Mn TeD/\ LUK

o Tk
— Starting materials: elements of Cd, Mn, Te
— Sealed In vacuum into quartz ampoule

— Crucible i1s descended vertically in a furnace at a rate of 4
mm/h
— Melting point: 1100° C

— Twinning defects generated by the phase change from WZ
(high temp phase) to ZB (low temp phase) during cooling
process

o WEDIEWMEERE : Te-BFEIAJLMARRMAEELLY
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Spin-injection through junction

s Electrical control of magnetism
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MnAs(-1100)/GaAs(001) heterostructure
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=-Tc #EFE(R

CdGeP,-Mn FM @RT (TUAT, 2000)

ZnO:Mn FM:Tc=290-380 K (Osaka U., 2000)
ZNnO:NI Superpara@300K(Osaka Pref. U., 2000)
T10,:Mn FM @RT (Tokyo Inst. Tech., 2000)
ZnGeAs, FM@RT (Northwestern U.,2000)
ZnGeP,-Mn FM:Tc¢>350K (TUAT, 2001)
GaN:Mn FM Tc>740K (ULVAC, 2001)
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Si, Ge
Diamond structure

GaP

Zincblende structure O

CdGeP2
Chalcopyrite structure
@ 6 O

collce P



O 5 10 5 20 x10°(cmi)

I-11-V1, AILANASA D
EITR

« CUAIS,: TA
TA is Incorporated into I-111-VI,
chalcopyrite lattice less than a few %
except for Fe

 CuAl_FeS, (0=<x1)
x<0.14 paramagnetic, black-color
x>0.14 antiferromagnetic, gold-color

PHOTON ENERGY (eV)




CdGeP, & ZnGeP, DftRiBELE YT

CdGeR, e ZnGeP,

D,4(1420d) * D, (142d)

a=0.5741 nm e a=0.5465 nm
c=1.0775 nm e ¢c=1.0771 nm
T..=790° C e T.=1025" C
E,=1.72eV * E;=2.34¢eV
1,=1500 cm?/V/s o 1.=-Cm?/\Vs

1#,=80 cm?/\/s * 1,=20 cm?/Vs




1-1V-V, & &

CdGeP,{112}

Directional freezing of
the stoichiometric melt
In a quartz ampoule or
graphite crusible

Rate: 4deg/h for 48h
Highly compensated n-
type

Prepared at loffe Inst.

ZnGeP,(001)

Vertical bridgeman
technique

Bulk ingot of 28mmd¢
and 150mm in length
Highly compensated p-
type

Prepared at Siberian
Physico-Technical Inst.



I-IV-V, BfE@ R

CdGeP,{112}

Directional freezing of
the stoichiometric melt
In a quartz ampoule or
graphite crusible

Rate: 4deg/h for 48h
Highly compensated n-
type

Prepared at loffe Inst.

ZnGeP,(001)

Vertical bridgeman
technique

Bulk ingot of 28mmd¢
and 150mm in length
Highly compensated p-
type

Prepared at Siberian
Physico-Technical Inst.



Cd, Mn GeP,DfEmEE
. BifES:

— loffe Institute by directional freezing;
rectangular shape (3xb5) flat plate

—(112) surface etched using Br-methanol

e MN¥FE: MBEFxT2/\—@380° C
—&E: 1.4x108 Torr
— Mn FEJE 300A

¢ Fo--Jl @800 ¢ 20 op




o a4 0D 314

e In-situ RHEED#{ %X

e XRD 7\3—>
—HIILaNALSA B4
-2t EYPDESBETL

e EDX *#
— Mn RFIFZ—HRIZH
— Mn/CdZ&RE EE 3R 53.7%

— FEHEE B = Average 20% for effective
thickness of 0.5um




RHEED /33—>
TDHEE

/

e Before Mn-deposition
* During Mn-deposition/

o After annealing at
500°C for 30 min




XRD 7\32— (log-scale)
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XRD of CdGeP,:Mn (RINT RAPID)

Spots: chalcopyrite
Ring: MnP



XRD from the ring pattern in
CdGeP,:Mn by RINT RAPID

2001 GdGeP2-1-28sc]
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M (emu)
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0o
00°,

in plane
perpendicular
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0.0004 l
(b)
0.0002
= 0 L
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p=
-0.0002 L
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perpendicular
-0.0004 l !
-10000 0 10000
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« Hc~0.4kOe, Hs~2kOe for in-plane magnetization

 Ms=3.5x10“*emu, if all 30nm Mn atoms are incorporated
V=3mmx5mmx0.03um=4.5x10-"cm3 —0.956x10-2° emu/atom

. gS=1.03 —1.03p, (S=1/2)@RT
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Photoluminecence at 20K
Excitation: 325nm (3.8eV)
initial crystal 1st depos. 2nd depos.

CdGeP Cd Mn GeP_. Cd Mn GeP
2 1-x X 2 1-y 2
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Photon energ

Band gap becomes larger by incorporation of Mn
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* g=n%=12.1 using the value of n =3.48 at A=800 nm. @, =-in, =-
10.12 deg at A=800 nm— @_/I is estimated as 5.2x10* deg/cm.



Preparation

11-1V-V, single crystal

Host crystal: CdGeP,, ZnGeP,

Mn

11-IV-V, single crystal Mn deposition
T..=RT t0 400° C

Mn-diffused layer
11-1V-V, single crystal

Mn diffusion
@T=300-500° C




ZnGeP_-Mn® /£ &

 Single crystals (Siberian Physico-Technical
Inst)
— The vertical Bridgman technique

— single crystal ingots with a size of 28 mm In
diameter and 150 mm in length

— Single crystal plates with a required
crystallographic orientation were cut from the
Ingots. Typically Smmx5mmx1lmm

— Surface polished by CMP technique



ZnGeP.,-Mn (DD F)

Mn was deposited on the ZnGeP, at RT-400" C
Surface was monitored in situ using RHEED

In the case of T,,=400° C, RHEED pattern is
subjected to a change of diffraction image as the

diffusion proceeds:

— Spot (single crystal)— Streaky (flat surafce) — Spotty
(rough surface)

In the case of T, ,=RT: No RHEED spots appear

— Subsequent annealing leads to spotty pattern due to
precipitation of extraneous phases (eg. MnP)



XRD using 4-axis goniometer

ZnGePZ:Mn

(008)

ZnGePZ:Mn

w
o
=
=
=
w
c
4]
-
=

Intensity (cps)

0
70.23''70.24 \70.25 '70.26 '70.27 '70.28 , 28.45

20 (degree) 20 (degree)




RHEED patterns

ZnGeP, After Mn depo.



RHEED patterns during Mn deosition
Tsub.=R.T. Tsub. = 400°C

ZnGeP,

[ S ——

v

During depo.

[ —

A 4

After depo. |

After annealing
550°C30min.

[ S —




Deposition of Mn on ZnGeP, at 400°C

Before :
deposition

Before
deposition

v

Mn evap. 60s Mn evap. 180s
. .




Before deposition

Mn deposition 300-1800s

Mn evap. 300s ._

Mn evap. l After deposition




After deposition

No Mn coverage Mn-diffused area



XRD of ZnGeP,:Mn by RINT RAPID
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AFM/MFM (ZnMnGeP,, deposited at

0. 00 Ll

Ja{)l5 : 01502003 . xqd
J42F 1: Sample
T4k 2
J42k 3

AFM

RT and annealed at 500° C)

B o o e

Ll

.
-132. 831 [deg] -133.505

Jp1l43 : 01502004 . xgp
122+ 1: Sample

J20 2

JAk 3¢

MFM



AFM/MEM
ZnMnGeP,, deposited at 400° C)

L pwind - [ pimd
[
Cinimd -173. 306

[deqg] -173. 007

{)l42 : 01510003. xqd Jp1Il45 1 01510004 . xgp
- 1: Sample - 1: Sample
- 2 - 2
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.
-~ 5

]
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EXAFS CdGeP,:Mn

CdGeP,:Mn
(Experimental)

CdGeP2:Mn(exp)

MnP(FEFF)

Mn substituting for .
cd in CdGePzg(FEFF7) Mn for Cd In
CdGeP,
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Mn substituting for

Ge in CdGeP, (FEFF7) Mn fOI’ Ge in
CdGeP,




EXAFS (ZnGeP,:Mn)
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ZnGeP,:Mn
(Experimental)

Mn substituting for
Zn in ZnGeP, (FEFF7)

Mn substituting for
Ge in ZnGeP, (FEFF7)

ZnGeP2:Mn(exp)
Mn,P(FEFF)

Mn for Zn In
ZnGeP,

Mn for Ge In
ZnGeP,



i3 o

Mn can easily be introduced into CdGeP, single crystal,
leading to ferromagnetism up to T=423K

Chalcopyrite is the main phase, though small amount
of polycrystalline MnP exists as a secondary phase.
Presence of superstructure is suggested.

Mn can also be introduced into ZnGeP, single crystal.
Although the magnetization is weak, SQUID
measurement show ferromagnetism even at T=350K.

Deposition of Mn at elevated temperature around
400° C is important for incorporation of Mn without
precipitation of secondary phases
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