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2D materials
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Importance oD materials
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Magnetic 2D materials and heterostructures

M. Gibertini @2, M. Koperski**, A. F. Morpurgo ™" and K. 5. Novoselov®**

The family of two-dimensional (2D) materials grows day by day, hugely expanding the scope of possible phenomena to be
explored in two dimensions, as well as the possible van der Waals (vdW) heterostructures that one can create. Such 2D materi-
als currently cover a vast range of properties. Until recently, this family has been missi
situation has changed over the past 2 years with the introduction of a variety of atomically thin magnetic :rﬁtnls. Here we 'II'I“
discuss the difference between magnetic states in 2D materials and in bulk crystals and present an overview of the 2D magnets
that have been explored recently. We will focus on the case of the two most studied systems—semiconducting Crl, and metallic
Fe,GeTe,—and illustrate the physical phenomena that have been observed. Special attention will be given to the range of new
van der Waals heterostructures that became possible with the appearance of 2D magnets, offering new perspectives in this
rapidly expanding field.

M. Gibertinj M. Koperskj A. F. Morpurgo and K. SNlovoseloy Nature Nanotechnology4, 408(2019



Examples oD magnets

Cr,Ge,Te; 1 Gonget al. Nature546, 265(2017)

e

Crl; T Huanget al Nature546, 270(2017)

b-




Nano laminated quaternary compouimdsMAX
phases

AChemical formula: 1,,M0,8),AIC

AMonoclinic unit cell C2/c) with a® 9.5A, b° 5.5A, c° 14.1A, b° 103.5
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Creation of twedimensional layers:
Example (Mg;3S¢c;5),AlC

AChemical etching with HF + TBAOH

ADelamination in water

Q. Taoet al, Nature communication®, 14949(2017)



Magnetic2D sheets?

AThe possibility to replace Sc with rare earths (RF) [ RE-i-MAX

AAddition of RE gives rise to complex magnetic interactions

AObjective: Investigate the magnetic structure of these new compounds
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Preliminary measurements
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Neutron diffraction
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Neutron diffraction measurements
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Neutron count
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Magnetic structure determination

ARefinement of the magnetic reflections gives the magnetic structure
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Observed magnetic structures from NPD

A All structures are SDWs witk Pb

A Moments are oriented in the
a-c plane

A Tbi-MAX contains two structures
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Observation of shomange ordering (SRO)

AMagnetic reflections in Ho and
Eri-MAX show broadening

APresence of SRO together with

long-range order

ACorrelation length is estimated
using Scherrés formula
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Temperature evolution correlation length
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GdI-MAX

AGd is a strong neutron absorber and therefore cannot be easily
measured with NPD

AHowever, the Gd-MAX had the highest sample quality with single
crystals available high potential for attempting to producévixXene

AAn alternative method to determine its magnetic structure was
required



Muon spin rotation
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Muon spin rotation {6R)

Theoretical
background

Animation by Omri Keren -
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Zero fleld n"sR
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Zero fleld n"sR
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Zero fleld n"sR
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Muon site determination



Muon site calculation methodology

ACandidate muon sites are searched for using a struclazhtion
method ]] (calculated using density functional theory)

AMuons are approxmated as hydrogen atoms and |mplanted In the unit
cell 33 33 3grid in the asymmetric unit)
o ’%

AThe unit cell is relaxed in the presence of the muon Ieadlgg o
it to a candidate stopping ste & g & O‘

[1] P.Bonfa F. Sartori and R. De Renzi, J. Phys. Cherh1€,4278(2019 o



Example: Muon site relaxation
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Muon site calculation results

AFor Ndi-MAX, two candidate S L B
muon sites are found | |

A\
Oo o Q Muon site
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Muon site calculation results

AFor Ndi-MAX, two candidate
muon sites are found
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Muon site calculation verification

ATo verify our muon site calculation, the magnetic structure of-Nd
MAX is predicted and compared with NPD results

AFrom symmetry analysis, four magnetic modes are compatible with
thel-MAX symmetry
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Muon site calculation verification
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Muon site calculation verification: site A
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Muon site calculatlorn verlflcatlon Site B
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Muon site calculation temperature evolution

A Good agreement is
observed between both

techniques

A This validates our muon
site and dipolar sum

calculations

A The same method can
now be applied to Gd

MAX
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Magnetic structure of GAMAX



Determining the magnetic structure of Gd
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Parametrizing the magnetic structure of Gd

)

0000000

AFor k = (0, 0.5, 0), the magnetic
structure require8 parameters

Ami SDW amplitude
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Parametrizing the magnetic structure of Gd

AFor k = (0, 0.5, 0), the magnetic B' e. ‘B' e'

structure require8 parameters Q000000

Ami SDW amplitude

Ay 1 magnetic phase
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Parametrizing the magnetic structure of Gd
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Magnetic structure determination of GMAX

_FXFZ | | | | | | | | |
AA scan overgandy is 80 | - -CC.
performed withm calculated [ >
for each pair | o 7 ug
":g? 20 T S e
3 6.5}
&
6.0 |
2.9 |-

Amis constrained to be less
than7 mg 1 the free ion 50 | ly| 45
moment of Géf — a4

0O 20 40 60 80 100 120 140 160 180
Magnetic angle, 654 (deg)



Magnetic structure determination of GMAX
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Magnetic moment, mg, (145/Gd)

o
S
©
©

7.000
6.200
5.800
- 5.400
5.000

SRR

0'LS
G'09
0°0S
G'6v
0'6¥

g8y

08y

O O O 0O O O o o
MM N «— © 10 < oo «
—

—

o
—

170
160
150

o
3
ba

(Bap) P9 ‘a|bue onaubely

Magnetic phase, yg4 (deg)



44

Magnetic moment, mg, (145/Gd)
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