7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Spin transport in graphene - hexagonal boron nitride van der Waals heterostructures
Gurram, Mallikarjuna

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gurram, M. (2018). Spin transport in graphene - hexagonal boron nitride van der Waals heterostructures.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 13-10-2024


https://research.rug.nl/en/publications/3faf3ebe-ac92-4e12-8014-3f753495d04f

Spin transport
in graphene - hexagonal boron nitride
van der Waals heterostructures

Mallikarjuna Gurram



Zernike Institute PhD thesis series 2018-13
ISSN: 1570-1530

ISBN: 978-94-034-0543-8

ISBN: 978-94-034-0542-1 (electronic version)

The work described in this thesis was performed in the research group Physics of Nanodevices
of the Zernike Institute for Advanced Materials at the University of Groningen, the Nether-
lands. This work has received funding from the European Union Horizon 2020 research and
innovation programme under grant agreement No. 696656, supported by the Zernike Institute
for Advanced Materials and is (partly) financed by the NWO Spinoza prize awarded to Prof.
B.J. van Wees by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).

Cover art: The sketch represent a prototypical spin-valve device studied in this thesis con-
sisting of graphene (grey hexagonal layer) encapsulated between two hexagonal boron nitride
layers (bottom hexagonal layer is in green and top layer is transparent). Orange bars represent
ferromagnetic electrodes. The thin bright line denotes spin current flow in graphene layer. An
optical image of a real device from Chapter 6 is shown in the background.

Cover design: Jelk Kruk, SuperNova Studios

Thesis template: Thomas Maassen

Printed by: Gildeprint, Enschede, The Netherlands



Spin transport
in graphene - hexagonal boron nitride
van der Waals heterostructures

PhD Thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the
Rector Magnificus Prof. E. Sterken
and in accordance with
the decision by the College of Deans.

This thesis will be defended in public on

Friday 23 March 2018 at 09.00 hours

by
Mallikarjuna Gurram

born on 22 April, 1989
in Nalgonda, India



Supervisor
Prof. B.J. van Wees

Co-Supervisor
Dr. L]. Vera-Marun

Assessment committee
Prof. C. Stampfer

Prof. L.J.A. Koster
Prof. R. Kawakami



dedicated to my family and teachers ...






Contents

1 Introduction and outline 1
1.1 Spintronics . . . . .. ... 1
1.2 Spintronics materials . . . . ... ... o oo Lo 4
1.3 Motivation: Graphene spintronics . . . . .. ... ... ... ...... 5
14 Thesisoutline . ... ... ... ... ... ... .. ... ... ... 6
References . . . ... ... .. ... ... 7

2 Concepts of spintronics 13
2.1 Elementary concepts of spin transport . . . .. ... ... ... ... .. 13
2.2 Standard model of spin injection: a F/N contact . . ... ... .. ... 15

221 Ferromagneticmaterials . . . ... ... ... ... ... 15
222 Nonmagneticmaterials . . ... ... ... ... .. .. ..... 17
2.2.3 Spin current across an F/Ninterface . . . . .. ... ... ... .. 18
2.2.4 Spin injection polarization: a F/N contact . . . . . .. ... ... 18
2.3 Spin transport in a nonmagnetic channel . . . . ... ... .0 18
2.3.1 Four-terminal nonlocal Hanle measurements . . . . . .. .. .. 20
2.3.2 Four-terminal nonlocal spin valve measurements . ... .. .. 20
2.3.3 Two-terminal spin valve and Hanle measurements . . . .. .. 21
2.4 Spin conductivity mismatch . . . ... ... . oo o 0oL 22
2.4.1 Transparentcontacts . . ... ........... .. ....... 22
242 Tunnelingcontacts . .. ............. ... ... ..., 23
2.5 Spinpolarization . .. ... ... ... ... Lo 23
2.5.1 Bias dependence of spin polarization . .. ............ 25
2.5.2 Equivalent circuit for spin injection and detection . . . ... .. 25
26 Spinrelaxation. . . ... ... ... L L oo 27
References . . . . ... .. .. ... ... 29

vii



Contents

3 Graphene and hexagonal boron nitride 33
31 Graphene. ... ... ... .. ... ... .. 33
3.2 Hexagonal boron nitride hBN) . . ... ... ... ... ... ..... 35
3.3 Graphene-hBN heterostructure . . .. ... ................ 35
References . . . . . . . . . . . . . 37

4 Experimental methods 39
4.1 Mechanical Exfoliation . . . . ... ... ... ... ... .. ... ... 39
42 Devicepreparation . . .. ... ... ... ... o 40

421 Exfoliation . . . . . ... ... ... 40
422 Pickup and transfer technique . .. ... ... ... ... ..., 41
423 CVD-hBNtransfer . ... ... .. ... ............... 43
424 Lithography for electrodes deposition . . . . . ... ... ..., 44
43 Measurementsetup . . . . .. ... Lo 46
44 Electrical Characterization . . . . . ... .. ... ... .......... 48
441 Charge transport measurements . . . .. .. ........... 49
4.4.2 Spin transport measurements . . . . ... ... 50
References . . . . . . . . . . 51

5 Spin transport in fully hexagonal boron nitride encapsulated graphene 53
51 Introduction . . ... . ... .. .. 53
52 Device fabrication . . . . ... .. Lo L Lo o 55
53 Resultsand Discussion . . . . .. ... ... ... . . .. 56
54 Conclusions . ... ... ... ... .. L 62
References . . . ... . . ... . ... 63

6 Bias induced up to 100% spin-injection and detection polarizations in

ferromagnet/bilayer-hBN/graphene/hBN heterostructures 65
6.1 Introduction . ... ... ... ... ... L L 65
62 Results . ... ... .. .. .. 66
6.2.1 Four-terminal non-local spin transport . . . .. ... ... ... 66
6.2.2 Spin-injection polarization. . . . .. ... ... . 00 68
6.2.3 Spin-detection polarization . . . .. .. ... ... ... ... .. 70
6.24 Two-terminal local spin transport . . . ... ... .. ... ... 71
6.3 Discussion . . ... ... .. 73
6.4 Methods . ... ... ... ... ... 75
6.5 Supplementary information . . . ... ... ... 0oL 77
References . . . . ... ... . ... ... 91



Contents

7 Spin transport in two-layer-CVD-hBN/graphene/hBN heterostructures 93

7.1 Introduction . . . .. .. . .. . ... 93
7.2 Devicefabrication . . . . . . . ... ... 95
73 Results . . . . . e 97
74 Discussion . . . . ... e e e e 102
75 Conclusions . . . . . . . . .. e 107
References . . . . . . . . . . e 108

8 Electrical spin injection, transport, and detection in graphene-hexagonal
boron nitride van der Waals heterostructures: progress and perspectives 111

8.1 Introduction . .. ... ... ... ... ... 111
8.2 Spin transport measurements . . . ... ... 112

8.3 Challenges due to conventional oxide substrates . . . . ... ... ... 114
8.4 TFabrication: graphene-hBN heterostructures . . . ... ... ... ... 117
8.5 hBN as a dielectric substrate for graphene spinvalves . . . . . ... .. 119
8.6 Challenges due to conventional oxide tunnel barriers . . ... ... .. 124
8.7 hBN as a tunnel barrier for spin injection and detection in graphene . . 128
8.7.1 Bias induced spin injection and detection polarizations . . . . . 132

8.7.2 'Two-terminal spin valve and Hanle signals . . . . .. ... ... 133

873 Spinrelaxation . .. ... .. ... .. ... 0L 133

8.8 Future perspectives and conclusions . . . . ... ... ... ... 135
8.8.1 Device geometries . . ... ... ... ... ... 135

8.8.2 Spin filtering across hBN/graphene interfaces . . . . ... ... 136

883 Spingating . ... ... ... ... ... 137

884 Spindrift. . ... ... .. .. L o 138

8.8.5 Proximityeffects . ... ... ... .. .. ... . 0 0L 138

8.8.6 Large-scaledevices . . . . ... ... ... ... ... ... 139

88.7 Conclusions . . . ... ... ... .. 139

8.9 Acknowledgements . . . . ... ... ... L Lo 140
References . . . . . . . . . . . 140

A Appendix: Theory 149
A1l Nonlocal spintransport . . .. .. ... .. ..... .. .. ....... 149
A.1l.1 Spininjection: Nonlocal . . ... ... ............... 149

A.12 Spindetection: Nonlocal . . . . . ... ...... .. .. ..... 150

A.13 Spindiffusion: Nonlocal . . . .. ... ..... ... .. ..... 151

A.2 Three-terminal Hanle measurements . . . . .. ... ... ... ..... 154
References . . . . . . . . . . . . . 155
Summary 157
Samenvatting 161

iX



Contents

Summary (Telugu translation) 165
Acknowledgements 169
Publications 177
Curriculum vitae 179



	Title and contents



