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We present Raman spectroscopy measurements of van der Waals bonded ferromagnet Fe3−xGeTe2,
together with lattice dynamics. Four out of eight Raman active modes are observed and assigned,
in agreement with numerical calculations. Energies and line-widths of the observed modes display
unconventional temperature dependence at about 150 K and 220 K followed by the non-monotonic
evolution of the Raman continuum. Whereas the former can be related to the magnetic phase
transition, origin of the latter anomaly remains an open question.

I. INTRODUCTION

Novel class of magnetism hosting van der Waals
bonded materials have recently became of great interest,
since they are suitable candidates for numbers of techni-
cal applications1–5. Whereas CrXTe3 (X = Si, Ge, Sn)
and CrX3 (X = Cl, Br, I) classes maintain low phase tran-
sitions temperatures1,6–9 even in a monolayer regime10,
Fe3−xGeTe2 has a high bulk transition temperature, be-
tween 220 K and 230 K11,12, making it a promising appli-
cant.

The Fe3−xGeTe2 crystal structure consists of Fe3−xGe
sublayers stacked between two sheets of Te atoms, and a
van der Waals gap between neighboring Te layers13,14.
Although structure contains two different types of Fe
atoms, it is revealed that vacancies take place only in
the Fe2 sites13,15.

Neutron diffraction, thermodynamic and transport
measurements, and Mössbauer spectroscopy were used
to analyse magnetic and functional properties of
Fe3−xGeTe2, with Fe atoms deficiency of x ≈ 0.1 and
TC = 225 K. It is revealed that at temperature of 1.5 K,
magnetic moments of 1.95(5) and 1.56(4) µB are directed
along easy magnetic c-axes16. In chemical vapor trans-
port (CVT) grown Fe3GeTe2 single crystals, besides FM-
PM transition at temperature of 214 K, FM layers order
antifferomagnetically at 152 K17. Close to ferromagnetic
transition temperature of 230 K, possible Kondo lattice
behaviour, i.e. coupling of travelling electrons and peri-
odically localized spins is indicated at TK = 190 ± 20 K,
which is in a good agreement with theoretical predictions
of 222 K18.

Lattice parameters, as well as magnetic transition tem-
perature, vary with Fe ions concentration. Lattice pa-
rameters, a and c follow the opposite trend, whereas
Curie temperature TC decreases with an increase of Fe
ions concentration15. For flux-grown crystals, the crit-
ical behaviour was investigated by bulk dc magnetiza-
tion around the ferromagnetic phase transition temper-
ature of 152 K13. Anomalous Hall effect was also stud-

ied, where a significant amount of defects produces bad
metallic behaviour19.

Theoretical calculations predict dynamical stability
of Fe3GeTe2 single layer, uniaxial magnetocrystalline
anisotropy, that originates from spin-orbit coupling20.
Recently, anomalous Hall effect measurements on single
crystalline metallic Fe3GeTe2 nanoflakes with different
thicknesses are reported, with a TC near 200 K and strong
perpendicular magnetic anisotropy21.

We report Fe3−xGeTe2 single crystal lattice dynamic
calculations, together with Raman spectroscopy mea-
surements. Four out of eight Raman active modes
were observed and assigned. Phonon energies are in
a good agreement with theoretical predictions. Anal-
ysed phonon energies and line widths reveal fingerprint
of ferromagnetic phase transition at temperature around
150 K. Moreover, discontinuities in phonon properties are
found at temperatures around 220 K. Consistently, in
the same temperature range, Raman continuum displays
non-monotonic behaviour.

II. EXPERIMENT AND NUMERICAL
METHOD

Fe3−xGeTe2 single crystals were grown by self-flux
method as previously described13. Samples for scan-
ning electron microscopy (SEM) were cleaved and de-
posited on a graphite tape. Energy dispersive spec-
troscopy (EDS) maps were collected using FEI Helios-
Nanolab 650 equipped with an Oxford Instruments EDS
system, equipped with an X-max SSD detector operat-
ing at 20 kV. The surface of the as-cleaved Fe3−xGeTe2
crystal appears to be uniform for several tens of microns
in both directions, as shown in Fig. A1 of the Appendix.
Additionally, the elemental composition maps of Fe, Ge
and Te show distinctive homogeneity of all the three el-
ements [Fig. A2 of the Appendix].

For Raman scattering experiments, Tri Vista 557 spec-
trometer was used in the backscattering micro-Raman
configuration. As an excitation source, solid state laser
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FIG. 1. (Color online) (a) Displacement patterns of A1g and
E2g symmetry modes. (b) Raman spectra of Fe3−xGeTe2
single crystal measured at different temperatures in parallel
polarization configuration.

with 532 nm line was used. In our scattering configu-
ration, plane of incidence is ab-plane, where |a| = |b|
(](a, b) = 120◦), with incident (scattered) light propa-
gation direction along c-axes. Samples were cleaved in
the air, right before being placed in the vacuum. All the
measurements were performed in the high vacuum (10−6

mbar) using a KONTI CryoVac continuous Helium flow
cryostat with 0.5 mm thick window. To achieve laser
beam focusing, microscope objective with ×50 magnifi-
cation was used. Bose factor correction of all spectra was
performed. More details can be found in the Appendix.

Density functional theory calculations were performed
in Quantum Espresso software package22. We used
the PAW pseudopotentials23,24 with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional25. The
electron wavefunction and charge density cutoffs of 64
Ry and 782 Ry were chosen, respectively. The k-points
were sampled using the Monkhorst-Pack scheme, with
8 × 8 × 4 Γ-centered grid. Both magnetic and non-
magnetic calculations were performed, using the experi-
mentally obtained lattice parameters and the calculated
values obtained by relaxing the theoretically proposed
structure. In order to obtain the lattice parameters ac-
curately, treatment of the Van der Waals interactions is

TABLE I. Top panel: The type of atoms, Wyckoff posi-
tions, each site’s contribution to the phonons in Γ point and
corresponding Raman tensors for P63/mmc space group of
Fe3−xGeTe2. Bottom panel: Phonon symmetry, calculated
optical Raman active phonon frequencies (in cm−1) for mag-
netic (M) phase, and experimental values for Raman active
phonons at 80 K.

Space group P63/mmc (No. 194)

Fe1 (4e) A1g + E1g + E2g+A2u + E1u

Fe2 (2c) E2g+A2u + E1u

Ge (2d) E2g+A2u + E1u

Te (2c) A1g + E1g + E2g+A2u + E1u

Raman tensors

A1g =

a 0 0
0 a 0
0 0 b

 E1g =

 0 0 −c
0 0 c
−c c 0

 E2g =

 d −d 0
−d −d 0
0 0 0


Raman active modes

Symmetry Calculations (M) Experiment (M)

E1
2g 50.2 -

E1
1g 70.3 -

E2
2g 122.2 89.2

A1
1g 137.2 121.1

E2
1g 209.5 -

E3
2g 228.6 214.8

A2
1g 233.4 239.6

E4
2g 334.3 -

introduced. Van der Waals interaction was included in all
calculations using the Grimme-D2 correction26. Phonon
frequencies in Γ point are calculated within the linear
response method implemented in QE.

III. RESULTS AND DISCUSSION

Fe3−xGeTe2 crystallises in hexagonal crystal struc-
ture, described with P63/mmc (D4

6h) space group. The
atom type, site symmetry, each site’s contribution to the
phonons in Γ point, and corresponding Raman tensors
for P63/mmc space group are presented in Table I.

Calculated displacement patterns of Raman active
modes, which can be observed in our scattering config-
uration are presented in Fig. 1 (a). Since Raman tensor
of E1g mode contains only z component [Tab. I], by
selection rules, it can not be detected when measuring
from the ab plane in the backscattering configuration.
Whereas A1g modes include vibrations of Fe and Te ions
along c-axis, E2g modes include in plane vibrations of
all four atoms. Raman spectra of Fe3−xGeTe2 in mag-
netic phase (M), at 80 K and non-magnetic phase (NM),
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FIG. 2. (Color online) Energy and linewidth temperature
dependence of A1

1g ((a) and (b)), E3
2g ((c) and (d)) and A2

1g

((e) and (f)) phonon modes in Fe3−xGeTe2.

at 280 K, in parallel scattering configuration (ei ‖ es),
are presented in Fig. 1 (b). As it can be seen, four peaks
at 89.2 cm−1, 121.1 cm−1, 214.8 cm−1 and 239.6 cm−1

can be clearly observed at 80 K. According to numerical
calculations [see Table I], peaks at 89.2 cm−1 and 239.6
cm−1 correspond to two out of four E2g modes, whereas
peaks at 121.1 cm−1 and 239.6 cm−1 can be assigned as
two A1g symmetry modes. One should note that numer-
ical calculations performed by using experimentally ob-
tained lattice parameters in magnetic phase yield better
agreement with experimental values. This is not surpris-
ing since the calculations are preformed for the stoichio-
metric compound as opposed to the non-stoichiometry
of the sample. Furthermore, it is known that lattice pa-
rameters strongly depend on Fe atoms deficiency15. All
calculated Raman and infrared phonon frequencies, for
magnetic and non magnetic phase of Fe3−xGeTe2, us-
ing relaxed and experimental lattice parameters, together
with experimentally observed Raman active modes are
summarized in Table AI of the Appendix.

After assigning all observed modes we focused on their
temperature evolution. Having in mind finite instrumen-
tal broadening, Voigt line shape was used for the data
analysis27,28. Modelling procedure is described in de-
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FIG. 3. (Color online) (a) Raman spectra of Fe3−xGeTe2 at
four temperatures measured in parallel polarization configu-
ration. Solid lines represent theoretical fit to the experimental
data. (b) Temperature evolution of the electronic continuum
after omitting linear therm. Inset: Displacement of the fitted
curves maximum.

tails in the Appendix and presented in Fig. A3. Fig. 2
shows temperature evolution of energy and linewidth of
A1

1g, E3
2g and A2

1g mode between 80 K and 300 K. Upon

heating the sample, both, energy and linewidth of A1
1g

and A2
1g symmetry modes, exhibit small, but sudden

discontinuity at about 150 K [Fig. 2 (a) and (e)]. Ap-
parent discontinuity in energy of all analysed Raman
modes is again present at temperatures around 220 K.
In the same temperature range linewidths of these Ra-
man modes show clear deviation from the standard an-
harmonic behavior27–31.

Apart from the anomalies in the phonon spectra, closer
inspection of the temperature dependent Raman spec-
tra measured in the parallel polarization configuration
reveals pronounced evolution of the Raman continuum
[Fig. 3 (a)]. For the analysis we have used simple model
including damped Lorentzian and linear therm, χ′′cont ∝
aΓω/(ω2 + Γ2) + bω32, where a, b and Γ are tempera-
ture dependent parameters. Fig. 3 (b) summarizes the
results of the analysis with linear therm omitted (most
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likely originating from a luminescence). At approxi-
mately same temperatures, where phonon properties ex-
hibit discontinuities, the continuum temperature depen-
dence manifests non-monotonic behaviour. The curve
maximum positions were obtained by integrating those
shown in Fig. 3 (b). Inset of Fig. 3 (b) shows temperature
evolution of their displacements. This analysis confirms
the presence of discontinuities in electronic continuum
at temperatures around 150 K and 220 K, which leaves
a trace in phonon behaviour around these temperatures
[Fig. 2]. While we do not have evidence for Kondo ef-
fect in Fe3−xGeTe2 crystals we measured, modification of
electronic background at FM ordering due to localization
or Kondo effect cannot be excluded.

The temperature evolutions of phonon self-energies
and the continuum observed in the Raman spectra of
Fe3−xGeTe2, suggest the presence of phase transition(s).
Magnetization measurements of samples were performed
as described in Ref.13, revealing FM-PM transition at
150 K. Thus, the discontinuity in observed phonon prop-
erties around this temperature, can be traced back to
the weak to moderate spin-phonon coupling. The ques-
tion remains open regarding the anomaly observed at
about 220 K. As previously reported, Curie temperature
of the Fe3−xGeTe2 single crystals grown by CVT method
is between 220 K and 230 K11,12,14, varying with vacan-
cies concentration, i.e. decrease in vacancies content will
result the increment of TC

15. On the other hand, the
Fe3−xGeTe2 crystals grown by self-flux method usually
have lower Curie temperature, since the vacancy content
is higher13,15. Crystals used in the Raman scattering ex-
periment presented here were grown by self-flux method
with the Fe vacancy content of x ≈ 0.3613. This is in a
good agreement with our EDS results of x = 0.4±0.1, giv-
ing rise to the FM-PM transition at 150 K. Nevertheless,
inhomogeneous distribution of vacancies may result in a
formation of vacancy depleted ”islands” which in turn
would result in anomaly at 220 K similar to the one ob-

served in our Raman data. However, the EDS data [see
Fig. A2] do not support this possibility. At this point
we can only speculate that while the long-range order
temperature is shifted to lower temperature by introduc-
tion of vacancies, short range correlations may develop
at 220 K.

IV. CONCLUSION

We have studied lattice dynamic of flux-grown
Fe3−xGeTe2 single crystals by means of Raman spec-
troscopy and DFT. Four out of eight Raman active
modes, two A1g and two E2g, have been observed and as-
signed. DFT calculations are in a good agreement with
experimental results. Temperature dependence of A1

1g,

E3
2g and A2

1g mode properties reveals clear fingerprint
of spin-phonon coupling, at temperature around 150 K.
Furthermore, anomalous behaviour in energies and line
widths of observed phonon modes is present in Raman
spectra at temperatures around 220 K with the disconti-
nuity also present in the electronic continuum. Its origin
still remains an open question, and requests further anal-
ysis.
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C. Petrovic, “Lattice dynamics of BaFe2X3 (X=S, Se) com-
pounds,” Phys. Rev. B 91, 064303 (2015).

32 Thomas P. Devereaux and Rudi Hackl, “Inelastic light
scattering from correlated electrons,” Rev. Mod. Phys. 79,
175–233 (2007).

http://dx.doi.org/10.1103/PhysRevB.95.245212
http://dx.doi.org/ 10.1063/1.4914134
http://dx.doi.org/ 10.1063/1.4914134
http://dx.doi.org/10.1039/C5TC03463A
http://dx.doi.org/10.1039/C5TC03463A
http://dx.doi.org/10.1103/PhysRevB.93.144404
http://dx.doi.org/10.7566/JPSJ.82.124711
http://dx.doi.org/10.7566/JPSJ.82.124711
http://dx.doi.org/10.1103/PhysRevB.96.144429
http://dx.doi.org/10.1002/ejic.200501020
http://dx.doi.org/10.1002/ejic.200501020
http://dx.doi.org/ 10.1103/PhysRevB.93.014411
http://dx.doi.org/10.1021/acs.inorgchem.5b01260
http://dx.doi.org/10.1021/acs.inorgchem.5b01260
http://dx.doi.org/ 10.1088/2053-1583/4/1/011005
http://dx.doi.org/10.1126/sciadv.aao6791
http://dx.doi.org/10.1126/sciadv.aao6791
http://dx.doi.org/ 10.1103/PhysRevB.97.165415
http://dx.doi.org/ 10.1103/PhysRevB.93.134407
http://dx.doi.org/ 10.1103/PhysRevB.93.134407
http://dx.doi.org/ 10.1038/s41467-018-04018-w
http://www.quantum-espresso.org
http://www.quantum-espresso.org
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/ 10.1103/PhysRevB.59.1758
http://dx.doi.org/ 10.1103/PhysRevB.59.1758
http://dx.doi.org/ 10.1103/PhysRevLett.77.3865
http://dx.doi.org/ 10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.98.104306
http://dx.doi.org/10.1103/PhysRevB.98.104306
http://dx.doi.org/ 10.1103/PhysRevB.97.054306
http://dx.doi.org/ 10.1103/PhysRevB.97.054306
http://dx.doi.org/10.1088/0953-8984/28/48/485401
http://dx.doi.org/https://doi.org/10.1016/j.ssc.2014.05.025
http://dx.doi.org/https://doi.org/10.1016/j.ssc.2014.05.025
http://dx.doi.org/10.1103/PhysRevB.91.064303
http://dx.doi.org/ 10.1103/RevModPhys.79.175
http://dx.doi.org/ 10.1103/RevModPhys.79.175


6

APPENDIX A: ELECTRON MICROSCOPY

FIG. A1. (Color online) SEM image of a Fe3−xGeTe2 single
crystal.

FIG. A2. (Color online) EDS mapping on a Fe3−xGeTe2 sin-
gle crystal. (a) Secondary electron image of the crystal with
the mapping performed within the rectangle. (b) - (d) Asso-
ciated EDS maps for Fe, Ge and Te, respectively.

In order to examine the uniformity of Fe3−xGeTe2,
Scanning electron microscopy was performed on as-
cleaved crystals. It can be seen from Figure A1 that
the crystals maintain uniformity for several tens of mi-
crons. Furthermore, elemental composition was obtained
using EDS mapping, as shown in A2. The atomic per-
centage, averaged over ten measurements, is 47, 17 and
36% (±2%) for Fe, Ge and Te, respectively, with the va-
cancy content x = 0.4 ± 0.1. The maps associated with

the selected elements appear homogeneous, as they are
all present uniformly with no apparent islands or vacan-
cies.

APPENDIX B: DATA MODELLING
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FIG. A3. (Color online) Modeled Raman spectra of
Fe3−xGeTe2 single crystal, after subtracting continuum con-
tributions, obtained at various temperatures. For experimen-
tal data modelling, Voigt line-shape was used.

In order to obtain temperature dependence of energies
and line widths of observed Fe3−xGeTe2 phonon modes,
Raman continuum, shown in coloured lines in Fig. 3 (a),
was subtracted for simplicity from the raw Raman sus-
ceptibility data (black line). Spectra obtained after sub-
traction procedure are presented in Fig. A3 (black line)
for various temperatures. Because of the finite resolution
of the spectrometer and the fact that line shapes of all
the observed phonons are symmetric, Voigt line shape
(ΓG = 0.8 cm−1) was used for data modelling. Blue, yel-
low and green lines in Fig. A3 represent fitting curves for
A1

1g, E3
2g and A2

1g phonon modes, respectively, whereas
overall spectral shape is shown in red line.



7

APPENDIX C: EXPERIMENTAL DETAILS

Before being placed in a vacuum and cleaved, sample
was glued to a copper plate with GE varnish in order
to achieve good thermal conductivity and prevent strain
effects. Silver paste, as a material with high thermal con-
ductivity, was used to attach the copper plate with the
sample to the cryostat. Laser beam spot, focused through
the Olympus long range objective of ×50 magnification,
was approximately 6 µm in size, with a power less than 1
mW at the sample surface. TriVista 557 triple spectrom-
eter was used in the subtractive mode, with diffraction
grating combination of 1800/1800/2400 groves/mm and
the entrance and second intermediate slit set to 80 µm,
in order to enhance stray light rejection and attain good
resolution.

APPENDIX D: CALCULATIONS

TABLE AI. Top panel: Comparison of calculated energies of
Raman active phonons using relaxed (R) and experimental
(non-relaxed - NR) lattice parameters for magnetic (M) and
non-magnetic phase (NM), given in cm−1. Obtained experi-
mental values in magnetic phase at temperature of 80 K are
given in the last column. Bottom panel: Comparison of cal-
culated energies of infrared optical phonons of Fe3−xGeTe2.

Raman active modes

Calculations Experiment (M)

Sym. NM-R M-R NM-NR M-NR

E1
2g 28.4 49.6 33.9 50.2 -

E1
1g 79.2 70.2 71.7 70.3 -

E2
2g 115.5 121.0 100.0 122.2 89.2

A1
1g 151.7 139.2 131.7 137.2 121.1

E2
1g 225.5 206.0 194.3 209.5 -

E3
2g 238.0 232.6 204.9 228.6 214.8

A2
1g 272.0 262.6 235.7 233.4 239.6

E4
2g 362.0 337.6 315.4 334.7 -

Infrared active modes

A1
2u 70.7 96.6 73.5 92.7 -

E1
1u 112.5 121.2 89.4 121.6 -

A2
2u 206.0 162.5 183.1 153.7 -

E2
1u 226.4 233.6 192.1 231.3 -

A3
2u 271.8 248.6 240.8 241.0 -

E3
1u 361.1 336.6 314.7 334.7 -

In the table AI results of DFT calculations are pre-
sented for magnetic (M) and non-magnetic (NM) relaxed,
and experimental lattice parameters. For comparison,
experimental results are shown in the last column. Since
lattice parameters strongly depend on the Fe atoms de-
ficiency, the best agreement with experimental results
gives the magnetic non-relaxed solution.
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