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MAarHUTHBIC MATEPHUAJIBI M UX IPUMEHEHUS

Pa30aBjieHHbIe MATHUTHbBIE MOJYIIPOBOIHUKH

Cnaasbl I'eiicsiepa: MatepuaJnbl co 100% cnnHoBoOM
noJasipuzanuein, Marepuajbl ¢ namMaTbio popmMbl, MarepuaJsl ¢
MArHUTOKAJOPUYECKUM d(PpeKkToMm.
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kadeapa MarHeTusmMa (pu3n4eckoro (pakyJjabTeTa
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* BeeneHue
e Pa30aBIeHHBIC MATHUTHBIEC TTOJTYITPOBOIHUKA
* Marnurokanopuueckuit 3pdpext (MKE)

* MarHuTOKaJIOpUYECKHUE MATEPUATIBI

e CrutaBsl I ericiepa

* MapTEeHCUTHBIN EPEXO/T

e D ekt namsaTu GopMbl

* 3aKJIFOUYECHHUE

“I swear to tell the truth, all the truth and
nothing but the truth”
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”Eiﬁ @#D Novel, multifunctional and smart magnetic materials

L]

Heusler alloys

Multiferroics

Magnetic fluids and composites

Magnetic polymers

Metamaterials

Superconductive materials

Diluted magnetic semiconductors and oxides




Magnetism Department, Faculty of Physics, MSU

% |[_ﬁ| CrnimHoBas noagapu3anusa= half-metallicity

e
J11 CIMHTPOHUKH HEOOXOAUMBI MaTEpHaIbl C BRICOKOM
CTETICHBIO CIIMHOBOW TOJISIPU3ALIMN HOCUTEIIEN TOKA

t 4] t
o O O ® © O O o O
P=(2-1)/3=0.33=33% P=0 P=1=100%

Meuma: OeppOMarHUTHBIN ITPU KOMHATHOU TEMIIEPATYPE
MOJIYIIPOBOJIHUK C BBICOKOM CTEIIEHBIO CIUHOBOU IOJIAPU3ALIUA
1 BBICOKOM MOJIBUKHOCTBIO HOCUTETIEH
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L e Introduction
4 |@ Cd, Mn, Se, Hg, Mn Te

Low Temperature AIBVI-Mn | before1987
GaAs:Mn (Tc=173 K)

Furdyna DMS

7 avadskii Room Temperature
Nava SR Si-Mn (>400K) | 2004
agaev

Ohno TiO, 5:Co (600-800 K) | 2001
Dietl DMO 710: . . B

nO:TM, SnO,:TM, CeO,:TM etc, TM=Mn, Co, Fe
Matsumoto
Coey . . ' Si , HfO, 2004
Dubroca d® magnetism=quasiferromagnetism TiO,, ZnO, In,0,
Kaminski&
Sarma EM in nanostructures  Nanoparticles CeO,, Al,O;, ZnO,

In,O,, and| 200K,

above room temperature, which could be used for a second generation of spin electronics,

There is an ongoing quest for ferromagnetic semiconductors with a Curie temperature we
as well as a search for transparent ferromagnets which can add an optoelectronic dimens:
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@ CoOcTtBeHHbIN (heppomarHeTusM =Intrinsic Ferromagnetism
52 E] Bricokue 3HadueHus TeMneparypsl Kropu
Bricokast cTeneHb CIMHOBOW MOJISIPHU3AIAU
[ToyIIpOBOIHUKOBBIE CBOMCTBA
[Ipo3payHOCTH 11 CBETA
OJIHOPOJHOCTh U CTAOMIIBHOCTH

Questions:

1. Intrinsic or Extrinsic? (parasitic phases and ferromagnetic clusters)

2. Which ions bear magnetic moment?

3. Type of exchange? (carrier-mediated, superexchange, percolation
etc)

4. Does a TM doping play key role?

Si:Mn and TiO,_;:Co | D
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“‘a E:ag‘ Dilute Magnetic Oxides TiO, 5 : Co

L T1,4).,C0,0,5

Substrate SrT10,(100)

LaAlO3 (0 01)

X=0.1-8.0 % D= 0.2-0.6 um

Magnetron sputtering =~ Tsubsuae=s50'C

V=10.05-0.09 nm/sec

XPS, XAS, XPS, SQUID, VSM, TKE, TEM, AFM

Ti+Co

o,

2

O,
O,

SITi0,(100)

Ar

2x106=2x104 Torr.

Rutile, anatase, T10

Annealing,
Rapid Quenching

argon—oxygen atmosphere at oxygen partial pressureo D
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OOMeH 4epe3 JIEKTPOHBI MPOBOJIMMOCTH

Carrier-mediated FM (RKKY
type) +percolation

.o-
e o
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Coey, 2004
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L=
L

FIG. 1: Schematic representation of magnetic percolation
in mxide based dilute magnetic semiconductors. The solid
squares represent the oxygen vacancies where an electron, rep-
resented by an arrow, is localized. The gray circles represent
the extension of the electron wave-function. Magnetic impu-
rity spins are represented by small arrows whose orientation is
established by antiferromagnetic exchange coupling with the
localized carrier.

Sarma&Calderon, 2006
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b |E_E] o Ferromagnetism in Si: Prehistory
s =

S1 implanted by Ar and Ne — low temperature FM
(Khoklov&Pavlov 1976)

S1 implanted with Si1, Ar and 1rradiated by neutrons

(Dubroca et al 2006)

S1 implanted by Xe and Kr (Adashkevich 2007)

Si-implanted by Mn (Bolduc 2005, Yoon 2006, MSU-Giredmet —
2005-2006, Bandaru 2006. Khaibibulin 2007 )

S1-Mn (evaporation) Kim et al 2003 Tc=210 K

S1-Mn (crystalline) Zhang et al 2004 Tc=400 K

S1:Mn (sputtering) Demidov et al 2006 Tc>400 K

L
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Ej Above room temperature ferromagnetism in Si:Mn
_-Lal_-' .._tl_

Si wafers n-type and p-type (D=0.044 cm)
9+10 14 . 2*101° em 3,

SSMn* implantation 1.10% -5.10%cm 2 Extrion 1000 annealing at 850 °C during 5 min

. ) i ) SIMS, SRP, TEM,

5 XRD, XAS, EXAFS,
- VSM 300 K,
s L SQUID 4.2-400 K,
z z | MO Faraday and Kerr

= XMCD

0,0 L) I L) I L) I L) I L) I 0 L) I L) I L) I L) I L) I ’ B
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
h! l.lm h, l.lm
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We are unable to explain some observed features

Faraday Effect in Si:Mn
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MATHUTOKAJIOPUYECKUU DDDEKT (MKE) —
~.| 00paTMO€e U3MEHEHNE TEMITEPATyPhl MATHUTHOTO
MaTepualia mpy NIPUI0KEHUU WU BBIKIIFOYCHUU
MarHUTHOTO TTOJIA.

MATHUTOKAJIOPUYECKUN MATEPUAJI-
MAarHUTHBIA MaTepraj co 3HaYuTeIbHbIM MKE

MKE otkpsiT BapOyprom (Warburg ) B 1881 r. Mcrionbs3oBaics ajis
MOJy4YE€HMSI CBEpXHM3KUX TeMmepaTyp (HoOeneBckas nmpemus 1mo
xumuu 1949 r), otkpeiTe MaTepuanoB ¢ 0oabiuM MKE B cepenune
90-X TO10B M POCT NOTPEOJICHUS SHEPTUM HA XOJIOAUIIbHBIE YCTAHOBKH
1 KOHJUIIMOHEPHI MpUBEII K akTUBHBIM HccienoBanusiM MKE u MKE
MaTEepPHUAJIOB
f
bpayn B 1976 T niepBbIi1 Moka3zaia BO3MOXHOCTh MKE 1nipu komHate

['pur B 1991 r mokaszan peanbHOE OXJIAXKICHUE
1997 r Ames Lab u nmocie storo 30 nporotunos. B 2002 G-8 (20%)
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J1o 15% Bceit noTpedasieMol B MUPE SHEPTUU UAECT Ha

Y E:ig #D OXJTAXK ICHHE.

Consumption related to temperature control alone (space heating,
cooling, and refrigeration) accounts for 50% of the energy consumption
in homes (2005 data) and 57% in commercial buildings (2003 data).
Consequently, increasing the energy efficiency of refrigeration systems
would have a noticeable effect on energy bills.Magnetic refrigeration 1s a
good candidate for making this improvement, as it 1s more energetically
efficient than the process based on the compression/expansion of gases
(magnetic refrigerator prototypes can achieve 60% of i1deal (Carnot)
efficiency, whereas the best commercial conventional refrigerator units
can reach only 40%). Moreover, as no refrigerant gases are required for
magnetic refrigeration, there 1s no concern about ozone depletion or
greenhouse effect, which contributes further to its environmental

e
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Magnetocaloric effect
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Q%g E Refrigeration cycle
—4T 1.- Adiabatic Magnetization

M_==-—~

agnetic field
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*B Saving 30% of energy
- Ecologically-friendly
_ Heatiradiaton (Gd 1s the best material

|| —B We are working to find novel
materials
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Figure 12. {a ) The Astrenautics Corporation of America rmotary magnetic refrigen tion (nght) and
a schematic sqpresentation of he device Cefth, A 14 kOe magnetic iald arcund the magnetecalonic
wheel filled with Gd spheres is produced by a permanent magoet. The refrigarator cperates
near oo temnpedatune with a maximnm temperature gpan of ~20°C with 3 maximom cooling
powier of 25 W and operates at a frequency between | and 4 Hz. The photograph is cousteay
of Astronaulics Corporation of America. Inc.. Milwaukes, Wisconsin, (b)) The Chubu/Toshiba
redary magnetic refrigestor (right) and a schematic representation of the device (left), The 7.6 ke
permanent magnetrotates ingide of the four magnetccalonic beds. stopping momen tarily toallow the
appropriate Auid Aows to occur before it moves o the next pair of beds. The beds contain Gd-Dy
spheres of different Gd : Dy ratica. Uking an aloohol water sclution as the beat transfer fluid a
coling power of 40 W waz obtained at a frequency of 0.28 Hz. The photograph and schematic iz
courtesy of Chiubu Electric Power Co, Inc.. Nagoya. Japan.
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711?8608CZHM}Z K MdcHUMOKAJlopudecKum mamepaiam

0J15. MB8epOOMeEIbHbIX X0JI00UNIbHUKOB

* boIbIIION MarHUTOKATOPUIECKUI P PEKT

e Pabouas TeMneparypa B OKPECTHOCTH KOMHATHOM

e [Tosne HE MOKHO TipeBbImaTh 10 K3

* Temnepatypubiit naTEpBaI (20-40 K)

e JlonroBpeMeHHast paboTa

e DKOJIOTUYECKU

e BO3MOXHOCTh MacCOBOIO MPOM3BOJCTBA B BUJIE IIIAPUKOE
* CTOUMOCTH

-
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L_% E:ﬁg_ [Tapamerpst MKE

B agnabatuyeckux yCIOBUSIX MAarHeTUK HE MOIJIOMIACT U HE OTAAET
TernoTy (0Q = (), HOATOMY SHTPOIHUS S MarHETUKA HE MEHSIETCS:
dS = oQ/T = 0. 1lpu agnabaTUYECKUX YCIOBUAX MOTHBIM
mudepenuman sutpornu S=S(7, p, H) Oyaer uMeTh BUL;

5= (5) (D) an+(Z) a-o
= | | p = 0.
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mt ASm(T ,AH)yy = S(T’H)T,Hsz - S(T,H)T,HzHi ’

AT (T AH)\y =T (SH)gy_pe — T (S,H)g yp; -

(oM
AS, (T,AH),, = u, | (—j dH

g\ OT ;
H
T oM
AT (T,AH)  =-u ( X j dH
’ Al Oi C(T,H) T )

RC(H )= AS 3 7 1ydT | D
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ﬁ ﬁ:ﬁg# X,YZ- tull-Heusler alloys FCH;II Slsell)r iggg
=y XYZ - half-Heusler alloys 1LV
L]
S _ C e Quaternary
Na|Mg Y X P|s|clAr XYZ+M
K |Ca|Sc Se|Br|Kr
Rb|Sr Mo| Tc Te| | (Xe
Cs|Ba|" W |Re|Os Hg Po|At|Rn .
Fr|Ra| Ni1-Mn-In-Z

v La|Ce| Pr|{NdPm|Sm|Eu
Ac|Th|Pa| U |Np/PulAmCm Bk|Cf|Es Fm|Md|No| Lr

Groot et al (1983) half-metallicity in NiMnSb. Giant MOKE - PdMnSb
Reis’s group and Miyazaki’s group (2006) Co,MnSi

Martensitic transition:  Magnetic Shape Memory (MSM) — Ni,MnGa (up to 9% ),
Direct and Inverse Magnetocaloric Effect, Exchange Bias, Metamagnetism, Kinetic arrest etc
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Transition temperatures

- ’ff

austenite

T ) hypothetical equilibrium

Response (e.g. conductivity, strain, etc)

Mf transition temperature
Adolf Karl Gottfried Martens 1¢mperature Sir William Chandler.Robe en
(1850-1914) (1843—

Courtesy of M.Acet
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A scanning Hall probe imaging study of the field induced martensite—austenite phase transition
in Ni50Mn34In16 alloy/ V. K. Sharma, J. D. Moore, M. K. Chattopadhyay et al // J. Phys.:
Condens. Matter. 2010. V. 22. P. 016008-8
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| (@) Ni,,Co,Mn,,In,, Prior the measurements, the
= 20 HosT - samples were heated up to 400K.
" I_ %” ol T The measurements have been
10. S generally carried out during heating
=
J - after the samples were cooled from
(= 400 K to the starting temperature at
=E‘ ° zero magnetic field that
Q corresponds to the zero field cooled
= 100 - (ZFC) measurements. Some of
| (b) ' = magnetization data were collected
80| & Ni_CoMn_in _ = after samples being cooled in a
7 N 5 . . 5
| —o— ZFC Ni_Mn,_In_ <|r| T field (FC) and during field cooling
60 - —O—FCC, Ni soMN;In, ﬂg / cycle (FCC)
Ni_Mn_In, Al
404 —v—Nl Mn35In14Ge T
e — T=5K, H=5T
20
0 ' ) ' ) ' ) ‘ \i
0 100 200 300 400
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dM/dT [emu/(g K)]
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35 15

—=—6 kOe

280

300
T [K]

340

Direct measurements of the adiabatic
change of temperature, AT, under an
applied magnetic field have been done
using adiabatic magnetocalorimeter
(Magkg MMS 801 setup) in a
temperature range of 250-350 K, and
in magnetic fields up to 1.8 T. The
external magnetic fields have been
ramped at a rate of up to 2T/sec during
AT ,p measurements. The magnetic
entropy changes (AS,,) were estimated
from M(H,T) curves using a procedure
derived from the Maxwell relation

O
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ﬁl | Marepuaisl ¢ namaTbo GopMbiI=MIID

dbdexkT namaTu popMbl — SBJICHUE BO3BpaTa K ICPBOHAYAILHOU
(bopMe MpHu HArpeBe, KOTOPOE HAOJIOIACTCS Y HEKOTOPBIX MAaTEpHUAJIOB
IOCJIE IIPEABAPUTEIILHOM Je(hOpMaIIHH.

CBEPXAJIACTUYHOCTh=KAK PE3NHOBBIN MSYUK

2

bonee 20 CIu1aBoB - MAPTEHCUT

Ni-Ti, Pt-Ti, Pt-Ga, Pt-Al

BoccraHoBieHue (OpMBI IIPU HarpeBe
[IpuMephl: MeaUIIMHA, PACKPBITUE AHTCHH U COJTHCYHbIX-0atapeil B

KOCMOCC, ACPZKATCJIb IICIICJIbHHUIIBI. D
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CyTe adpchexkTa namaTH hopmMbl

HAodhopenumns

(HarnaG)

2 i | aal

BoccTRBHOBEMEHME HCEZomHAR CTPYRTYRD
HeCXOAHOFG
COCTORHMA e
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E| Menunuaa, XonoaHas CBapKa, TEIUIOBAs CUTHAJIU3ALUA,
Misr % L] 3axumbl — cM. Bukuneauro

CmutaBsl I'eiiciiepa ¢ MApTEHCUTHBIM ITEPEXOI0OM — MaTEPHAIIbI
C MAarHUTHOM MaMATBIO0 (POPMBI= C MAarHUTOYIIPABIISIEMOMN MaMAThIO

(hOpMBEI
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“Teopust — 9T0 KOr/a Bce M3BECTHO, HO HUYETO He paboTaer.
[IpakTka — 3TO KOrjaa Bce pabdoTaeT, HO HUKTO HE 3HAET II0YEMY.
MBI k€ 00BEIMHAEM TECOPHIO U IIPAKTHUKY: HUYETO HE pa0OTAaECT... U
HHUKTO HE 3HAET rmoyemy!

Anp0epT DUHIITEHH

Cracu00 3a BHUMAaHUE ‘ ‘



