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Abstract: Epitaxial MnSi grown on Si (111) offers new opportunities in the development of spin-dependent transport in helical magnets. Helical
magnets are a class of noncollinear structures that have shown promise as a material for spin-dependent electron transport studies. The helical
magnets are of particular interest in spintronics because in these magnets the electron spins spiral about a particular crystallographic direction, this
property can alow for control over electron spin. Many interesting magnetic properties can be studied with the combination of thin-film
heterostructures and helical magnets. Through use of x-ray diffraction, SQUID magnetometry and transmission electron microscopy, we have
observed the structural and magnetic properties of crystalline MnSi thin-films to determine the effects of strain on the magnetic properties. As a
result, we have found that epitaxially induced tensile strain results in an increase in the unit-cell volume, and that the atypical strain relaxation
behaviour is correlated with a magnetic response. The talk will give abrief outline of the theory/techniques used, and the results gathered.
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Overview

® Spintronics
. What is ite
B Use of helical magnets (MnSi) in spinfronics.

MnSi

m Annealing Process

® [ransmission Electron Microscopy (TEM)
= Sample Preparatfion
. What we did, what we were |looking for, and what we found.

Structural Observations
. Chirality
® Tensile Strain

Magnetic Properties
m  Correlations with structural findings

®m Conclusions
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Spintronics

® Manipulation of electron spin, with
semiconductor and magnetic
applications.

m Opportunity for faster and lighter
devices.

B Spinfronics is used in the production
of computer storage

B Magneforesistive Random Access
Memory (MRAM).
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m Spin Torque Transfer (STT) is the main
method through which MRAM is

achieved.

m Helicalmagnets such as MnSi can be
used to achieve STT.
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Spintronics

® Manipulation of electron spin, with
semiconductor and magnetic
applications. | ‘

= Opportunity for faster and lighter rmromagnetic
devices. - W REETE

non-magnetic

® Spinfronics is used in the production
of computer storage

B Magneforesistive Random Access
Memory (MRAM).
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m Spin Torque Transfer (STT) is the main
method through which MRAM is
achieved.

m Helicalmagnets such as MnSi can be
used to achieve STT.
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MnNSI

® Solid phase Epitaxy (SPE) Y 17

m Sample annealedunder Ultra Hig Vacuum at
400° C until MnSiformation

m O-Si protective cap is then applied
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MnSi

® Solid phase Epitaxy (SPE) 4

m Sample annealedunder Ultra Hig Vacuumat
400° C until MnSiformation

m O-Siprotective capis then applied
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MnSi

400° C until MnSi formation
m O-Siprotective capis then applied
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Sample Preparation

® Plan View Sample
B ~3 degrees

Q-S|
e-MnSi
SI Substrate

a - amorphous
e - epitaxial
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Transmission Electron
Microscopy (TEM)
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Imaging

%070073

Introduction

Background

-
3 7 :
L 826 ._’ 1 2dsing
2 z

68
L] - @ w B ®

dsing

nA=2dsing




Imaging

Introduction
Background

Spintroincs

Bright-field image

(use fransmitted beam)
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Imaging

Dark-field image
(use diffracted beam)
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Diffraction patterns

Intfroduction

Background
Spmfmims
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Diffraction patterns

Si (112)
Introduction

Background
MnSi

TEM
Sample Prep
Imaging
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Diffraction patterns

Si (112)
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Chiral Zones .
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Chiral Zones
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Chiral Zones
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Chirality

m Atomic structure
m | eft and right handed

m The structural chirality has
an affect on the magnetic ilckictoRn

chirality. S chrci
= R & L chirality leadsto a o
helical magnet.
® Sce Grigoriev etf. Al. PRE 81 012408
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B MnSi-Cubic unit cell
with a laftice
parameter of 0.4558
nm

m Si-laftice parameter

of 0.5430 nm

m MnSi(111) layer
rotated 30° wu.r.t
the substrate

m 3.0% lattice
mismatch results




MnSI Strain Measurements

s[111] Zone Axis
*MnSi[110] Innerring
:Si (202) & Mn (121) in
2" ring

sStrain measured with

double diffraction spofs

and Si (202) spots.
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In-plane and Out-of-plane
Tensile Strain vs. Thickness

1.2

1.0]
0.8- S
0.6/ 'x
0.4-

4 (%)

-0.207
-0.251
-0.301
-0.35]
-0.401

= (%)

@Omm thickness (nm)

® Top graph- TEM
data gathered on
in-plane strain.

= Boffom graph- X-
ray diffraction
data gathered on
the out-of-plane
strain.

m Sfrange results </
nm (bottom
graph).

®m Possiblecause
may be
interstitial
defects.




Elastic Constants Vs.
Thickness

® Ratio is the e
compressibility (K) 1 5 ;lL I |
to the Shear elastic b il | J

constant (C,y) ; 2
Kk 107 g~ ~"~""""""°"°°°
® The elastic —— 1 2" x/c,, bulk

constants are part €44 05
of the strain tensor .
used fo provide Sl
information on the : 05101520

strain in a marterial
$ [5esHookeTetim, thickness (nm)
or Kittel)
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Magnetic effects of Strain

= Measurements made with
Superconducting Quantum
Interference Device (SQuUID)

1 = bukMnS
1 e ethnfilm

m Tensilestrain (green/red) is
compared with measurements
of bulk MnSiunder
compressive pressure (blue).

: ® Compressive strain decredses
----------------- : the Curie temperature (T¢),
001 000 001 002 tensile strain should increase it.
volume strain A V/V (%) B < ]0nmdoesn’'t match
. the curve.

m Defects are affecting
the data.

= MnSi compensating by
adding extra layers.

Curie temperature 7. (K)
2.2.888.838
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Strain Data/Curie
Temperature Correlation

B Strong correlations
petween elastic

;J' I JJ' constants and T.

15 T T

X | 1Th ® Indicates common
10/~~~ """~~~ """7°7°7° origin.

_ k/c,, bulk )
044 | m Possibly from,

. 0.5 interstitials.

0.0-

0 5 10 15 20
thickness (nm)

E. Karhu et al.. Phys. Rev. B, 82,
184417 (2010).
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Strain Data/Curie
Temperature Correlation

® Strong correlations
S petween elastic

1 5; : i | 3 140 < constants and Te.
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= ®  origin.
: x/c,, bulk 20 5 '
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E. Karhu et al.. Phys. Rev. B, 82,
184417 (2010).
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Conclusions

m Sfrong correlations between the structure and
magnetic properties of epitaxial MnsSi thin films

®m Fpitaxially induced strain in MnSi causes a volume
expansion in the MnSi

B > 10 nm, the increasein cell volume is consistent with
the increasein Tc.

m | ower film thickness departs from the expected
behavior

m The drop Iin T can not be expldained by finite size.

® |nferstitial defects could explain both observed
changes
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