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2D materials
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A.K. Geim and I.V. Grigorieva, Nature 499, 419 (2013)



Importance of 2D materials
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A.K. Geim and I.V. Grigorieva, Nature 499, 419 (2013)

Van der Waals heterostructures

M. Gibertini, M. Koperski, A. F. Morpurgo and K. S. Novoselov, Nature Nanotechnology 14, 408 (2019)



Examples of 2D magnets
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CrI3ïHuang et al. Nature 546, 270 (2017)
Cr2Ge2Te6ïGong et al. Nature 546, 265 (2017)
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Nano laminated quaternary compounds ïi-MAX
phases

ÅChemical formula: (Mô2/3Môô1/3)2AlC

ÅMonoclinic unit cell (C2/c) with aº9.5Å, bº5.5Å, cº14.1Å, bº103.5̄

ÅHas a layered structure: M-C-M-A

ÅMô and Môô are in-plane ordered

ÅExample: (Mo2/3Sc1/3)2AlC
MC M

A

Môô Mô
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Creation of two-dimensional layers:
Example (Mo2/3Sc1/3)2AlC

ÅChemical etching with HF + TBAOH

ÅDelamination in water

Q. Tao et al, Nature communications 8, 14949 (2017)

MXene
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Magnetic 2D sheets?

ÅThe possibility to replace Sc with rare earths (RE) [1] ᵼRE-i-MAX

ÅAddition of RE gives rise to complex magnetic interactions

ÅObjective: Investigate the magnetic structure of these new compounds

[1] Q. Tao, J. Lu, M. Dahlqvist, é , O. Rivin, D. Potashnikov, é Chem. Mater. 31, 2019
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Preliminary measurements
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Preliminary measurements
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RE = Nd RE = Tb

[1] Q. Tao, J. Lu, M. Dahlqvist, é , O. Rivin, D. Potashnikov, é Chem. Mater. 31, 2019



Neutron diffraction
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Neutron diffraction measurements
RE =Er

Paramagnetic temperature (10 K)

Low temperature (1.6K)

New reflections appear = 

Onset of magnetic ordering
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Magnetic structure determination

ÅRefinement of the magnetic reflections gives the magnetic structure

b
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Observed magnetic structures from NPD

C

Al

Mo

Nd

Tb

Ho

Er

Gd

ÅAll structures are SDWs with

ÅMoments are oriented in the

a-c plane 

ÅTb i-MAX contains two structures

k bP
Nd k = 0.73

Tb k2 = 0.64

Ho k = 0.68 Er k = 0.67

Tb k1 = 0.5
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Observation of short-range ordering (SRO)

ÅMagnetic reflections in Ho and 
Er i-MAX show broadening

ÅPresence of SRO together with 
long-range order

ÅCorrelation length is estimated 
using Scherrerôs formula

0.89

cos

l
x
b q
=

lïNeutron wavelength

bïFWHM of line broadening

q ïBragg angle

Instrumental
resolution
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Temperature evolution ïcorrelation length 17



Gd i-MAX

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

ÅHowever, the Gd i-MAX had the highest sample quality with single 
crystals available ᵼhigh potential for attempting to produce a MXene

ÅAn alternative method to determine its magnetic structure was 
required
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Muon spin rotation
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Muon spin rotation (mSR)

Theoretical 

background
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Zero field mSR

ÅNd i-MAX shows Bessel-like 
oscillations

ÅThe field distribution is 
continuous ᵼ Incommensurate 
SDW

ÅMaximal magnetic field is
0.35T

Nd
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Zero field mSR

ÅGd i-MAX shows a single 
frequency ᵼFM or AFM 
configuration

ÅMaximal magnetic field is
1.4T Gd
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TbHoEr

Zero field mSR

ÅTb, Ho and Er i-MAX show a 
strong relaxation and decay to 
zero asymmetry

ÅMagnetic fluctuations relax the 
muons

ÅPossible connection with 
observed SRO in Ho and Er
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Muon site determination
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Muon site calculation - methodology

ÅCandidate muon sites are searched for using a structural-relaxation 
method [1] (calculated using density functional theory)

ÅMuons are approximated as hydrogen atoms and implanted in the unit 
cell (3 ³3 ³3 grid in the asymmetric unit)

ÅThe unit cell is relaxed in the presence of the muon leading
it to a candidate stopping site
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[1] P. Bonfa, F. Sartori and R. De Renzi, J. Phys. Chem. C119, 4278 (2015)



Example: Muon site relaxation
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Muon site calculation - results

ÅFor Nd i-MAX, two candidate 
muon sites are found 

29

Site A

Site B

RE =Nd



Muon site calculation - results

ÅFor Nd i-MAX, two candidate 
muon sites are found 

ÅFor Gd i-MAX and heavier 
compounds, only site A has the 
lowest energy
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RE =Gd



Muon site calculation - verification

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

ÅFrom symmetry analysis, four magnetic modes are compatible with 
the i-MAX symmetry
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FxFzGxGz CxCzAxAz
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Muon site calculation - verification

ÅFor each site, the magnetic field at the muon site is 
calculated using a dipolar sum

ÅThe final field distribution is obtained by creating a 
histogram over all muon sites sampled from 1000 unit 
cells

ÅThe asymmetry is calculated from the field distribution 
and the magnetic moment is fitted to the observed data
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Muon site calculation ïverification: site A
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Å In site A, the FxFz configuration is consistent with the neutron results

Å It is also the configuration determined by NPD

q



Muon site calculation ïverification: site B
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In site B, no configuration matches the neutron results



Muon site calculation ïtemperature evolution
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ÅGood agreement is 

observed between both 

techniques

ÅThis validates our muon 

site and dipolar sum 

calculations

ÅThe same method can 

now be applied to Gd i-

MAX
RE =Nd



Magnetic structure of Gd i-MAX
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Determining the magnetic structure of Gd

ÅA single frequency in the field 
spectrum ᵼsimple FM or AFM 
(possible doubling of the unit cell)

Åk1 in the Tb i-MAX is (0, 0.5, 0)

ÅConstrain search space to the four 
magnetic modes tested for Nd i-MAX
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RE =Gd



Parametrizing the magnetic structure of Gd

ÅFor k = (0, 0.5, 0), the magnetic 
structure requires 3 parameters

ÅmïSDW amplitude
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Parametrizing the magnetic structure of Gd

ÅFor k = (0, 0.5, 0), the magnetic 
structure requires 3 parameters

ÅmïSDW amplitude

Åyïmagnetic phase
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Parametrizing the magnetic structure of Gd

ÅFor k = (0, 0.5, 0), the magnetic 
structure requires 3 parameters

ÅmïSDW amplitude

Åyïmagnetic phase

Åqïmoment direction

40



Magnetic structure determination of Gd i-MAX

ÅA scan over qand yis 
performed with m calculated 
for each pair

Åm is constrained to be less 
than 7 mBïthe free ion 
moment of Gd3+
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|y| = 45̄



Magnetic structure determination of Gd i-MAX

ÅThe field homogeneity is 
calculated as

ÅThe field inhomogeneity is 
constrained to be ¢0.05 T

ÅThis gives constraints on 
qGd and yGd

ÅThis, in turn gives 
constraints on mGd
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