
Emergent electronic and magnetic 

phases in quasi-2D vdW

ferromagnet

Collaborators

Prabhat Mandal, 

SNBNCBS

Tanmoy Das – Theory

Alexey Alfansov

Vladislav Kataev and 

Bernd Büchner, IFW 

Dresden

Atindra Nath Pal

S N Bose National Center for Basic Sciences

Riju Pal Dr. Buddhadeb Pal

Engineered 2D Quantum Material, 15th – 26th July 2024



S N Bose National Center for 

Basic Sciences, Kolkata



Quantum transport 

and Devices Lab

PRB (letter), 2021

Nanoscale (2023)

Nano Letter (2023)

Nanoscale (2023)

Chiral CDW

Advanced Functional 

Materials (2023)

Non-centrosymmetric 

Ta(Se4)3I, CDW, 

superconductivity and 

magnetism

Arxiv (2021)

n-type ReS2 contact 

engineering

P type 

Tellurene 

under review

Hybrid 

2D /organic 

Semiconductor 

under preparation

Light matter interaction

Optoelectronics

ACS AMI (2022)

Advanced Optical 

Material (2022)

ACS AMI (2022)

Phys. Rev. Applied 

(2023)

Nonlinear Hall 

effect in 1T-TaS2 

under preparation

submitted

Atindra Nath Pal, SNBNCBS, Kolkata E2DQM, ICTS Bangalore, July 15th - 26th 2024



Plan

• Unusual magnetism and transport in 

Fe4GeTe2

• ESR measurement in Fe4GeTe2

Group picnic
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2D Ferromagnet

Kang, J et al. Proc. of SPIE Vol. 9083 908305 (2014)

2D Magnets

Missing member 
till 2016

Mermin–Wagner theorem* states that thermal fluctuations 
destroy long-range magnetic order in 2D systems at any finite 
temperature when the spin dimensionality is 3 (isotropic 
Heisenberg model)

*N. D. M ermin and H. Wagner, PRL 17, 1133 (1966).

In this case, the magnetic anisotropy of the system, stabilized the 
long range magnetic order down to monolayer and suppresses the 
effect of thermal fluctuations#.

#M . Bander and D. L. M ills, Phys. Rev. B 38, 12015–12018 (1988).

CrI3 (2017) CrGeTe3 (2017)
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Strategy to increase TC
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Tc ∼ J/ln(3πJ/4 K)

Seo et al., Sci. Adv. , 6, (2020)

2D FM Metal: FenGeTe2 where, n = 3, 

4, 5

Fe3GeTe2 (Tc - 210K), Fe4GeTe2

(270K), Fe5GeTe2 (310K)

3D like exchange 
interaction keeping the 
vdW structure intact!
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Tc ∼ J/ln(3πJ/4 K)
Seo et al., Sci. Adv. , 6, (2020)

2D FM Metal: FenGeTe2 where, n = 3, 

4, 5

Fe3GeTe2 (Tc - 210K), Fe4GeTe2

(270K), Fe5GeTe2 (310K)

3D like exchange 
interaction keeping the 
vdW structure intact!

Fe-rich vdW ferromagnets are promising 
spin-source materials.

• High TC, High MSAT, Metallic-easier for 
spin injection.

• Less anisotropy.



FenGeTe2 family (n = 3, 4, 5)

➢ Hexagonal structure (P63/mmc space 
group) with TC ~ 210 K (bulk F3GT)1,2

➢ Easy-axis FM with a large perpendicular 
magnetic anisotropy down to monolayer2.

➢ Co-existence2 of AFM+FM (152-214K)

➢ Thickness dependent3 TC (130K for 
monolayer ( 0.8 nm))

Side view1 of the atomic lattice 
of bilayer F3GT

1Jieyu, Yi et. al., 2D Mater. 4 011005 (2017)
2Fei, Z. Y. et. al., Nat.  Mater. 17, 778–782 (2018)
3Deng, Y., et al., Nature 563, 94–99 (2018)

Fe3GeTe2 (2018) Fe5GeTe2 (2019)

➢ Rhombohedral structure (space group R3̅m) with 
TC ~ 310 K (bulk F5GT)4

➢ Easy-plane FM with in-plane magnetic anisotropy4 
in bulk.

➢ Complex ferromagnetic to ferrimagnetic transition 
at 275 K, and then to glassy clusters state5 below 
110 K (in bulk).

➢ Switch of magnetic anisotropy from in-plane to 
out-of-plane for bilayer F5GT, frozen spin-glass-like 
behavior for monolayer F5GT6.

4May, A. F. et. al., ACS Nano 13, 4436 (2019)
5Zhang, H. et. al., Phys. Rev. B 102, 064417 (2020)
6Deng, Y. et. al., Nano Lett. 22, 9839−9846 (2022)
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Crystal Structure, Magnetization of Fe4GeTe2

Single crystal: 
Prabhat Mandal (SINP), currently Emeritus 
Professor at SNBNCBS

S Mondal,…,P. Mandal, PRB 104, 094405 (2021)

Rhombohedral structure 
space group R¯3m (No.166).

Seo et al., Sci. Adv. , 6, (2020)

Atindra Nath Pal, SNBNCBS, Kolkata E2DQM, ICTS Bangalore, July 15th -26th 2024

Competition between 
shape and magneto-
crystalline anisotropy?



Crystal Structure, Magnetization of Fe4GeTe2

Single crystal: 
Prabhat Mandal (SINP), currently Emeritus 
Professor at SNBNCBS

S Mondal,…,P. Mandal, PRB 104, 094405 (2021)

S Bera, …, AN Pal, M Mondal, 
JMMM (2022)

Rhombohedral structure 
space group R¯3m (No.166).

With Mintu Mandal (IACS, Kolkata) 

Thermodynamic transition

Seo et al., Sci. Adv. , 6, (2020)
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Resistivity: Temperature dependence
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Resistivity: Temperature dependence
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Resistivity: Temperature dependence
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Here, R0 and Rs are the 

ordinary & Anomalous 

Hall coefficient 

respectively

Hall effect

Nagaosa et al., REVIEWS OF MODERN 
PHYSICS, 82, 1539, (2010)
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Ordinary Hall Effect: Temperature dependence

Fermi surface reconstruction near SRT
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Scaling behaviour and AHC plot
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S Bera, …A Nandy and M Mondal 
Phys. Rev. B 108, 115122 (2023)

Origin: interplay between magnetism and topology

Mostly intrinsic origin
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Origin: interplay between magnetism and topology
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Origin: interplay between magnetism and topology
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Theory: Rajesh Sharma and Tanmoy Das, IISc



Electron Spin Resonance (ESR) Study of Fe4GeTe2

Electron Spin Resonance Group
Institute for Solid State Research
IFW Dresden, Helmholtzstraße 20 

01069 Dresden, Germany
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• ESR: A spectroscopic tool, mainly focuses on the spin of the electrons.

Resonance excitations of 
individual paramagnetic spins 

Electron Spin Resonance

• Determine g-factor

• Characterization of magnetic anisotropy, 
easy-axis, magnon excitation gap.

• Determination of spin-spin correlations, 
spin-dynamics above TC

HFESR Lab at IFW Dresden, Germany

Equipment at the ESR lab:

Frequency (MW) range: 10 GHz – 
950 GHz (0.04 meV – 3.9 meV )

Magnetic field: up to 16 T

Temperature: T = 2K - 300K

Magnetic field is swept at a 
constant microwave frequency

ℎν• Paramagnetic resonance condition:            = 𝑔𝜇𝐵𝐵0
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ESR resonance field: ordered state 

Heff

M

H1

Analytical expressions of the spin-wave 
energies for a uniaxial ferromagnet:

Landau-Lifshitz equation

= -||(MxHeff)
dM
dt

coordinate system 
rotating with

Larmor frequency

Larmor frequency

2πν =  = -||Hext

Isotropic ferromagnet: 
Heff = Hext 

With anisotropy: 

Heff = Hext + Ha 

Ha is the total anisotropy field

It causes the shift of the 
line from the position 
given by the g factor.
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The temperature evolution of the ESR spectra: out-of-plane
B

⊗

Observations: 

• In the ordered state: ESR line is 
shifted to the left from the expected 
PM line (anisotropy).

• Line is shifting towards right with 
increasing T.

• Crosses the PM line near TSR, reaches 
maxm at 200K.

• Does not reach to the PM line even at 
T>TC.
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The temperature evolution of the ESR spectra: in-plane

Observations: 

• Situation is completely 
opposite compared to OP
• Line shape is also changing 

from low T to 110K
• Does not reaches to the PM 

line even at T>TC
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Hres vs. T Plot (both field orientations)

Observations: 

• ESR line/ Hres is changing its position w.r.to the PM line, for both field orientations

• There is a change of the type of anisotropy near TSR

• Above TC, at 300 K, Hres does not reach the expected PM line position.

0 50 100 150 200 250 300

2.25

2.40

2.55

2.70

2.85

3.00

3.15

3.30

 H || ab (n = 89.342 GHz)

 H || c (n = 89.901 GHz)

 PM line, g = 2.1

H
re

s 
(T

)

T (K)

0 50 100 150 200 250 300

6.2

6.4

6.6

6.8

7.0

7.2

 H || ab (n = 199.65 GHz)

 H || c (n = 199.396 GHz) 

 PM line, g = 2.1

H
re

s 
(T

)

T (K)

0 50 100 150 200 250 300

9.6

9.8

10.0

10.2

10.4

10.6

 H || ab (n = 299.88 GHz)

 H || c (n = 301.801 GHz)

 PM line, g = 2.1

H
re

s 
(T

)

T (K)

TSR

Atindra Nath Pal, SNBNCBS, Kolkata E2DQM, ICTS Bangalore, July 15th - 26th 2024



0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

2.0 2.5 3.0 3.5
60

70

80

90

100

110

0 2 4 6 8 10 120

50

100

150

200

250

300

350

2.0 2.5 3.0 3.5
60

70

80

90

100

110

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

2.0 2.5 3.0 3.5
60

70

80

90

100

110

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

2.0 2.5 3.0 3.5
60

70

80

90

100

110

 HIIc, T = 3 K

 HIIab, T = 3 K

 g = 2.06

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

a) b)

c) d)

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

S
D
 (

a
rb

. 
u
n

it
s)

 HIIc, T = 110 K

 HIIab, T = 110 K

 g = 2.1

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

S
D
 (

a
rb

. 
u
n

it
s)

 HIIc, T = 200 K

 HIIab, T = 200 K

 g = 2.1

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

S
D
 (

a
rb

. 
u
n

it
s)

 HIIc, T = 300 K

 HIIab, T = 300 K

 g = 2.1

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

F
re

q
u

e
n

c
y

 (
G

H
z
)

Resonance field (T)

S
D
 (

a
rb

. 
u
n

it
s)

Frequency dependence of the resonance field

Observations: 
• g factor  is about 2.1 almost everywhere 

except below 70 K.

• We can fit the data by the easy-plane FM 
eqn above 110K.

• At 110K, almost isotropic behavior.

• At 3K, for H||c, well fitted by easy-axis FM 
eqn.

• for H||ab, as well, but the anisotropy is 
reduced, as the shift is smaller.

Spin-wave energy expressions
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Observations:  No in-plane anisotropy within the error bar.
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Total anisotropy field

❖Shape anisotropy extracted from Ms-T plot 
  (HD = 4πM s) (Considering 2D limit, HD maximum)

Ha = HU + HD

Magneto-crystalline 
anisotropy 
(SOC, dipole-dipole int. 
- Intrinsic property, due 
to the crystal structure) 

Shape anisotropy
(Demagnetizing Field, Hd)
Stray field, self de-
magnetization. (Due to 
the sample shape)

Observations
• Main contribution above 150 K is due to the shape anisotropy. 

(Standard easy-plane FM  above 150K, Ha is positive)
• Ha ~ 0 near TSR

• Below TSR, easy-axis type of anisotropy, Ha is negative.
• Below 50K, Ha is dependent on the field orientations 

(contradicts standard SW equations).

Summary: Temperature dependent anisotropy!
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Summary: Temperature dependent anisotropy!

XRD: IFW Dresden

Raman: Achintya Singha, Bose Institute
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Take home message
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Model electronmagnon (User

Equation a + c*x^2

Plot Resistivity

a 38.13915 ± 0.01352

c 0.00769 ± 3.1941E-5

Reduced Chi-Sq 0.00885

R-Square (COD) 0.99804

Adj. R-Square 0.99802

Model electronmagnonphonon (User)

Equation a + b*x + c*x^2

Plot Resistivity

a 42.62185 ± 0.23921

b 0.12772 ± 0.00509

c 0.00241 ± 2.59892E-5

Reduced Chi-Sqr 0.03921

R-Square (COD) 0.99978

Adj. R-Square 0.99978

Model Linearfitting (User)

Equation m*x+c

Plot Resistivity

m 0.03052 ± 8.89798E-5

c 107.77937 ± 0.02206

Reduced Chi-Sqr 0.00363

R-Square (COD) 0.99625

Adj. R-Square 0.99624
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Resistivity: scattering 
process

Ordinary Hall: Fermi 
surface reconstruction

Magnetoresistance AHE: both intrinsic and 
extrinsic origin

ESR: change of 
competing anisotropy

DFT: collinear and non-
colinear phases

• Unusual transport features due 
to spin reorientation

• Low temperature phases below 
40K

Thank you

Riju Pal, …., ANP, npj 2D Mater Appl 8, 30 (2024).
Riju Pal, ..ANP…Alexey Alfonsov, Advanced Functional Materials, 2402551, (2024)
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