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Magnetism Department, Faculty of Physics, MSU

Magnetism Department was founded more than 70 years ago.

The hysteresis loop was measured in MSU
by Prof. Stoletov in 1872.

Stoletov, Arkad’ev, Landau, Kapitza, Kondorski

The main topics:

* Advanced Magnetic Materials (nanostructures, soft and hard,
amorphous and nanocrystalline, thin films, ribbons, microwires,
carbon nanotubes, multilayers “ferromagnet/superconductor” etc)
* Spintronics

» Magnetophotonics (magnetooptics, magnetophotonic crystals)

* Room temperature dilute magnetic semiconductors and 0X1des

* Magnetic liquids and polymers = 36 departments,

» Magnetic sensors 2500 students
* Biomagnetism 400 PhD students D
800 staff
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* Introduction

* Resistivity (Mooij correlation)

* Magnetoresistance (AMR, injection MR, organic MR)
* Anomalous Hall effect : Basic mechanisms

* Anomalous Hall effect in heterogeneous alloys

* Anomalous Hall effect in diluted magnetic semiconductors.
» Can the presence of anomalous Hall effect serve as an
evidence of spin polarization of current carriers ?

» Recent experimental data on T102:Co

*Conclusions

“l swear to tell the truth, all the truth and
nothing but the truth™
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Disk drives will continue to be enhanced through the use ottmg rryc .
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Also, new data storage techniques, as holographic storage are on hor
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Areal Density Megabits/in?

" " nm 10
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Fig, 7: Magnetic Recording Areal Density vs. yvear of product
introduction, showing the evelution of sensor technologies. The
infroduction of the GMR spin valve tn 1997 15 the first commercially
successjul use of spintronics.
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Tunnel microscope
manipulation

1 byte =8 bit=96 atoms

Nowaday -10° atoms
12 atoms of Fe — artificial antiferomagnet SR

The smallest magnetic memory cell ! I f I v
tvt
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iﬁ_]_Electronics, Micro- and Nanoelectronics ~~  Charge of Electron
k:'*i '—"-_{hl

L

SPINTRONICS= SPIN+TRANSPORT+ELECTRONICS
(1992) —
Spintronics Charge + Spin of Electron

Spin control and manipulation

Spin current without dissipation!!!!?

Quantum Computers D
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(a) Conventional MRAM Cell

2030 F* Current
ﬁ_ ypass Line

(ladding Wi —

(b) STT-RAM Cell

Write 'lhri Line
Wite Current: [~ 1/ Volume [, ~ Volume

Fig. 1. Comparison of memory cell architecture between conventional field
switching MRAM (a) and spin-tramsfer torque MRAM (STT-MRAM) (b).
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J=T.+1J, (1)
J.=J,-1J, (2)
/
sub jum *
. - |B Magnetic
= electrode
spin '.'.|'FIE:”’. with

pure spin current -

gecinG curment

Nonmagnetic material

Fig. I: A basie device structure for the study of spin current,

Fig. 6: Schemaric ilhistration of (a) direct and (b) inverse spim-
Hall effects in a nonmagnenic material. J, and J; are the charge
and pin currents, respeciively

Spin Hall Effect
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@a Resistivity in ferromagnetic metals
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ﬁ:ﬁi Resistivity: GaAs:Mn
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mJD Resistivity in T10,:Co g
o= 6,exp(-E,/kT)
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Anisotropic magnetoresistance

‘t“ﬁi E ARRR (%)

Currnt

pu(B) —pu(B) 0
i = |pnl(8) pL(B) 0
0 0 py(B)

E = pu(B)i+py(B) - ps(B)G-J) - &+ pu(B)d x J),

Magnetism Department, Faculty of Physics, MSU 1856

Thompson

Permalloy: AMR=4-5% at
300 K, H=5 Oe

MR, %

=1%/0e
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Fig. 13, Concentration dependence of the resistivity anisotropy al 4.2 K for several mekel based alloys
Al NiCo, @3: NiFe, x: NiCu (after Jaoul et al. 1977),

Ap/p=0.01(a-1)

=Py /Py




Magnetism Department, Faculty of Physics, MSU

T ap 1ot

|

\ F
30,

l

]; Co

| Fe
20;_ >

| /

l | .

} 8

-. /Mn
10 - S

!‘ Fﬂ? Cu

'\ Pd

0

e T R

‘ ' i = py!lpot- straight
Fig. 14. Resistivity anisotropy of Ni based alloys at 42K as @ function of a = py)/pey. The straig
i line is 3p/p =001 (@a=1) (after Jaoul et al. 1977).




Magnetism Department, Faculty of Physics, MSU

iJ - AMR 1in GaAs:Mn
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Fig. 3. Experimental (filled symbals) AMR coefficients and theoretical data obtained assuming
As-antisite compensation (open svmbols) and Mn-interstitial compensation (semi-filled symbols)
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Novel types of magnetoresistance

2009

Giant magnetoresistance in semiconductor / granular
film heterostructures with cobalt nanoparticles

In this paper, we study the magnetoresistance in Si0z(Co)/GaAs and Si102(Co) /51 het-

erostructures, where the S10,(Co) 1s the granular S10, film with Co nanoparticles.

Sample

preparation and experimental results are presented in section 2. The effect i1s more expressed,

when electrons are injected from the granular film into the SC, therefore, the magnetoresis-
tance has been called the injection magnetoresistance (IMR) [38, 39]. For Si0;(Co)/Gads
heterostructures the IME value reof the magmm:c,;igmnm effect in 2erature, which 1s two-three
orders higher than maximum vali by magnetic-field-controlled pro- © mulfilayers and the TMR
in MTJ structures. On the contrary, for s (o] netefostructures the magnetoresistance

IMR

GaAs

SiO, 10°%

Lach

Polymer

1nov et al.

10%%
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ORGANIC MAGNETORESISTANCE

Francis 2004
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W. Wagemans et al. SPIN, vol.1. no.1 p.94 (2011) ‘ _D
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Anomalous Hall effect
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Ordinary Hall effect Anomalous Hall effect

Ferromagneatic

with magnetic field H

Hall voltage but
no spin accumulation

Lorentz Force

with magnetization M
(carrier spin polarization)

Hall voltage and
spin accumulation

B=H+4nM(1-N) | Spin-Orbit Coupling







_..
I F—
=

2

e

]

Magnetism Department, Faculty of Physics, MSU

§p, =R,B, +47R.M

al Intrinsic deflection

risrband cohisnenos Indeosd Dy A
exarnal el=cinc field ghees rse 50 a3
velocEy contribaetion Derpendicular i
e Tl=id direciion. These curments &0
md Fum Io ZEMD IR I=romagreis

ﬂ‘{r‘} _ oF .|.E___%\”

clecincrs Fave a0 anomaioes velochy peroendlouar o
o ml=ciric eid refated fo thelr Sery's phase cursaburs

b} Side jumg

The sieciren veiociy s defiecied In oppaosiie dirscdons by the opoosi=
laciric fi=kds exper=noed upon aporocaching amd =asing an impurdty.
The ime-Risgrated veixcly deflzciion Is the skde Jump.

¢l Skew scatterng
—
Asymmelric scatiering de= i "'1*';:-;--."* il

b =f=cive spin-orbl coupling 1'
of the ml=ciron o the Imparity.

Hall Effect

Nagaosa et al.




l
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- s oo

’(!3 : 5 k I k t ® ez/e’—e
l () 8() Q(k)x () e_.e.g..}
dt 8k
. . G. Sundaram and Q. Niu,
- - Phys. Rev. B 59 (1999) 14915.
d Kk(t) aV(r) B )Xd r(t) ys (1999)
dt P r dt

r- space curvature
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S. Onoda, N. Sugimoto, N. Nagaosa, PRL, 97, 126602 (2006)
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. (2) Skew-scattering (Smit, 1955)

c«l
(T=0)
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Size-effects

Weak localization No doubt that at T=0 and

Electron-electron interaction low 1impurity concentration

Short —range order AHE 1s due to skew
scattering

(R)* =ap, +hp’

Only T=0 and low impurity concentration
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% E:agan Skew scattering for disordered
- R =c(1-c)(1-2c+f) alloys at T=0
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(R =Ap (R.)? = Bp <100 p€2em

0.4-0.2 1.6-1.8 '
(Rs) — D/O (ny) RO >100 pQ2cm

1.5

AEH in hopping (04 ) 0,

A.Vedyaev and A.Granovsky, Phys. Solid State 28, 2310 (1986).

ZE :l“ we denve the parametrnic relat |1||-.I1|p betweern | I
i|n.' il p, and the longitudinal p,, resistivities (the H

JETP Lett. 2000
—

narameter 1§ temperature|: 0, = P m = 06, This rela-
nonship fits the experimen I4|| ||¢-.|,ﬂ ¢ well
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_ rﬁ| * Extraordinary Hall effect { EHE) of ferromagnetic composites

233
i

in the effective medium approxmation
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FIG. 2. Correlation between the Hall resistivity pg/p§ and total resistivity e of ip
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% E:ag 3 Giant Hall effect in NiFe-Si0O,
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ﬁ 3 Conclusion 1-bad news

If magnetization in the sample is due to ferromagnetic or
superparamagnetic clusters the sample exhibits AHE and AHE
resistivity 1s linear to magnetization.

Observation of AHE can not be considered as a strict evidence of
intrinsic ferromagnetism in diluted magnetic semiconductors

Co-occurrence of Superparamagnetism and Anomalous Hall Effect in Highly Reduced Cobalt
Doped Rutile TiOy5 Films

. ﬂ ﬂ | _ ﬂ There 1s no correlation
S.B_ Shinde™” S.B. Ogale™* . 8. Higgins', H. Zheng”, A 1. Milli”, V.N. Kulkami™", B. Ramesh™* B. L.
Greene', and T. Venkatesan' between AHE and

Canter for Superconductivity Research, Department of Physies, Univarsity of Maryland, College Padk, MD 207424111 . 1 71 "
“Department of Materials and Nuclear Engmeering, University of Marvland, College Park, MD 20742-42111 Icsli SthIty n
"Department of Physics, Columbia University, 38 West 120¢h Street, New York, New Youk 10027

heterogeneous alloys

We report a detailed maznetic and struchual analveis of highly redured Co doped rutile Th0. ; films |
displaying an ancmalous Hall effect (AHE). The temperatiure and field dependence of mamuetization, and

transmussion electron mecroscopy cleatly establish the presence of rano-sized superparamagnetic cobalt | ] ;
clusters of ~8-10 nm size 1n the films at the mterface. The co-oeowrence of superparamagmetism and i o
AHE ratses questions razarding the use of the AHE as 3 test of the infrinste nature of ferromagnetism m

dilutad mammetic semuconductors.
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Conclusion 2 — bad news

AHE may exist even 1if there 1s no spin polarization of
charge current carriers

Observation of AHE 1n diluted magnetic
semiconductors and oxides 1s not strict evidence of spin

polarization of charge carriers
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FIG. 2. Pull numerical simulations of &4 for GaAs host {top
panely. Inds hoat {bottom panal), emd AlAs hoat (inset) with hole
denaities p = 0.1 nm~ " (dotted lines), p =02 nm -~ (dashed
lines), and p = 035 mm~! (zolid lines). Luttinger parametars of
the valence bands were obtained from Ref. [32]. Filled circles in
the top and bottom panels represent measured AHE [1.3.9]. The
saturation mean-field & valoes for the two points were estimated
from nominal sample parameters [1.3.9]. Horizontal error bars
correspond to the experimental uncertainty of the J,, coupling
constant. Experimental hole density in the (Ga, Mn)A= saomple is
p =035 nm™"; for (In, Mn)As, p = 0.1 nm™" was determined
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Anomalous Hall Effect in Ferromagnetic Semiconductors

T. Jungwirth,™ Cian Min," and A. H. MacDanald?
' Department of Physics, The University of Tevas, Austin, Tevas 78712

*institute of Phvsics ASCR, Cukrovarnickd 10, 162 57 Praha &, Czech Republic

(Received 3 Ootober 2000, published 6 May 20025

We present a theary of the anomalous Hall effect in ferromagnetic (IIL Mo}V semiconductora. Onar
theory relates the anomalous Hall conductance of a homogeneous ferromagnet to the Bemry phase ac-
quirad by a quasiparticle wave function upon traversing closed paths on the spin-split Fenmi surface. The
quantitative agreement between our theory and experimental data in both (In, Mn)As and (Ga. Mn)As syse-
tems suggeats that this digorder independent contribution to the anomalous Hall conductivity dominates
in diluted magnetic semiconductors. The maccess of this model for (I0.Mn )Y materials is unprecedented
in the longstanding effort to understand origing of the anomalous Hall effect in itinerant ferromagnets.
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Fig. 4 Theoretical anomalous Hall conductivity of Mn.Gay ., As DAVE caleulated in the clean
limat {open symbols) and accounting for the random distribution of Mn and As-antisite impuriries

(filled svmbols). (After Ref. 52.)
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Anomalous Hall effect in anatase Co:TiO, ferromagnetic semiconductor

APPLIED PHYSICS LETTERS 91, 012502 (2007}

R. Ramaneti, J. C. Lodder, and R. Jansen®
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Tiy o CoxOs_s (diamonds). Grey symbols are data taken by
other groups. The inset shows the expanded view of data for
anatase with »= 0,05 (the open and closed triangles are for
T = 180 K and T < 100 K, respectively, [From Ref. Ueno
et al., 2007 ]

In thin-film samples of the ferromagnetic semiconduc-
tor anatase Ti;_,.Co,0Oa_z, Ueno et al (Ueno et al,
2008) have reported scaling between the AHE resistance
and the magnetization M. The AHE conductivity a‘;‘f
scales with the conductivity o, as rrff « ol (Fig. 20).
A similar scaling, relation was observed in another poly-
morph rutile. See also Ref. Ramaneti ef al, 2007 for
related work on Co-doped TiDs.
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