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1 The lattice parameters and rPW86’ func-
tional

Table 1 shows the optimized lattice parameters for the undoped
bulk FGT obtained by various XC functionals. The experimental
data is the value influenced by Fe defects1,2. We note that ‘rPW86’
functional significantly overestimates both a and c.

2 Supplementary plot for the magnetic cou-
plings

Here we replot the magnetic coupling constants J as a function
of inter-atomic distance without taking the coordination number
into account, serving as a supplementary plot for Fig. 1 and 2
in the main manuscript. Figure 1(a) and (b) presents the intra-
and inter-layer interaction, respectively, for Fe3.0GeTe2 (no de-
fect). Figure 1(c) and (d) are for Fe2.75GeTe2 (Fe defect).
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Fig. 1 The calculated magnetic interactions for (a, b) Fe3.0GeTe2 and
(c, d) Fe2.75GeTe2. (a, c) and (b, d) shows the intra- and the inter-layer
couplings, respectively.

3 Further analysis on the magnetic interac-
tions

To understand the origin of inter-layer AFM coupling, it is insight-
ful to investigate the magnetic interactions in between the two
inequivalent Fe sites, namely, FeI and FeII. Figure 2 shows the cal-
culated magnetic coupling in between FeII and FeII (green), FeI

and FeII (blue), and FeI and FeI (red) within the layer (a) and
across the layer (b). Note that the FeI-FeI coupling is the dom-
inant inter-layer AFM interaction that makes this material AFM;
see Fig. S2(b). By introducing Fe defect or doping, this AFM inter-
action is markedly suppressed, thereby stabilizing the inter-layer
FM order. In Fe2.75GeTe2, the moment size of FeI decreases by
doping from 1.85 µB to 0.69 µB and 1.63 µB for FeI site near and
far from the defect site, respectively. On the other hand, the FeII

moment increases from 1.03 µB to 1.30 µB. Since the interlayer
FeI-FeI coupling is the main AFM channel while the FeII-FeI and
FeII-FeII coupling is FM, this trend of moment size change drives
the interlayer magnetic interaction from AFM (at zero doping) to
FM (at finite doping). See the next page Figure 3(b) in Sec. 4.

Fig. 2 The calculated intra-layer (a) and inter-layer (b) magnetic cou-
plings J for stoichiometric FGT (with no defect, no doping). The inter-
actions between two different Fe sites are analyzed and compared; the
green, blue, and red color refers to the interaction of J(FeII-FeII), J(FeI-
FeII), and J(FeI-FeI), respectively.
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Optimized in FM
LDA PBEsol D2 D3(Grimme) D3(BJ) TS dDsC optB86b rPW86 Exp.1

a (Å) 3.90 3.98 4.00 4.02 4.01 4.01 4.02 4.02 4.17 3.99
c (Å) 15.87 16.25 16.48 16.18 15.98 15.75 16.28 16.38 17.46 16.33

Table 1 The structural parameters of FGT optimized by 9 different XC functionals.

4 Analysis of the orbital-decomposed inter-
layer couplings and the electronic struc-
tures

In order to have further insight on the origin of AFM-to-FM tran-
sition induced by Fe defect, we perform the electronic structure
analysis. Since the major inter-layer AFM interaction in stoichio-
metric FGT (undoped; no defect) is in between two FeI sites (see
Sec. 3 of Supplemental Material), we focus on FeI. Fig. 3(a)
shows that the major orbital path for AFM inter-layer coupling
is the interaction in between two dyz,zx orbitals. The correspond-
ing projected density of states (PDOS) are presented in Fig. 3(c)
where the red colored line represents the dyz,zx states. Due to the
crystal symmetry of this material, dxy and dyz states are identical
with dx2−y2 and dzx, respectively. We also found that the other
inter-orbital couplings (e.g., Jdxy-dyz,zx , Jdxy-dz2 ,... etc) are negligible
and therefore not presented.

Importantly, by introducing Fe defect, this AFM interaction is
largely suppressed as shown in Fig. 3(b), and the inter-layer cou-
pling becomes FM as shown in the main manuscript. In PDOS,
most noticeable is the dyz,zx states whose down-spin components
are peaked across the Fermi level for the case of Fe3.0GeTe2 (see
Fig. 3(c); indicated by the red arrow). In Fe2.75GeTe2, this state
is largely pushed down below the Fermi level (see Fig. 3(d); indi-
cated by the red arrow). This analysis implies that this electronic
structure change of dyz,zx is responsible for the suppressed AFM
coupling in the presence of defect or doping. The same behavior
is also found in the calculation with varying system charge.
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Fig. 3 (a, b) The orbital-decomposed inter-layer magnetic couplings in
between two FeI sites without (a) and with (b) Fe defects. Due to the
crystal symmetry, dxy and dyz states are identical with dx2−y2 and dzx,
respectively. Three different colors refer to the three different types of
orbital-decomposed interactions. Other inter-orbital interactions (which
are not shown here) are found to be negligible. (c, d) The calculated
PDOS of FeI without (a) and with (b) Fe defect. The same color codes
are used for three distinctive orbital states. The gray lines represent the
total DOS. Note that Fe sites in this system is in the environment far from
the ideal octahedral crystal field. Thus the x,y,z coordinate is defined to
be arbitrary global axes.

5 FM stabilization energy and Tc trend
Figure 4 shows another meaningful indication that Fe defect and
hole doping are of key importance to understand the ferromag-
netism in FGT. The calculated total energy difference between
FM and non-magnetic (NM) phase is presented as a function of
hole doping. Note that this energy difference can be a measure of
FM Tc. It monotonically decreases as the hole doping increases,
which is in good agreement with the Tc trend observed in experi-
ment2. Therefore, this result provides a further evidence that the
ferromagnetism of FGT is governed by Fe defect and hole doping.
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Fig. 4 The calculated total energy difference between FM and NM solu-
tions as a function of hole doping.

6 The calculated magnetic moment for doped
FGT

The calculated magnetic moment is another important indication
of that the residing holes or Fe defects affect the magnetic prop-
erty of FGT. Figure 5 presents the calculated Fe moment (the av-
eraged value of FeI and FeII) by several different GGA-based XC
functionals. It has been reported that the use of GGA functional
significantly overestimates the magnetic moment3,4. It leads re-
searchers to adopt LDA (plus vdW correction) which gives the
better agreement with experiments. Figure 5 clearly shows that,
by taking into account of hole dopings, the moment is noticeably
reduced, and importantly, the results of all XC functionals fall into
the range of experiment1–3,5. For the case of electron-doped FGT,
there is no experimental value reported. The calculated magnetic
moment is ∼1.4–1.6 µB.
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Fig. 5 The calculated magnetic moment of bulk FGT by GGA-based
XC functionals. The green and blue symbols represent the results of
undoped and hole-doped FGT, respectively. We considered 0.5 holes
per f.u., which corresponds to the FM region of phase diagram. The
blue-shaded area shows the region of experimental values. 1–3,5.

7 zLi and the electron doping
In the main manuscript, we present the effect of electron doping
in terms of Li height, 1/zLi. Of course, it can also be presented
as a function of Mulliken charge. Figure 6 shows the amount of
doped or transferred electrons from Li to the bi-layer FGT. It is
proportional to the inverse height of Li atom.

We also tried to simulate the electron doping situation in dif-
ferent ways by, for example, using both system charge and Li in-
sertion. It is found that the structure becomes unstable; e.g., the
interlayer distance becomes unphysically large, and microscop-
ically, the main difference is that the electrons are distributed
widely over the layers. It is likely related to the fact that this
material gets easily hole-doped (i.e., Fe-defected) but no report
on the electron doping. The recent gating experiment is the only
exception.
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Fig. 6 The number of doped electrons (Mulliken charge) as a function of
the inverse distance between surface Te and Li atom.
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8 The k-mesh dependence of total energy
It is important to adopt a large enough number of k points. As
Figure 7 shows, 9×9×4 mesh is not enough which incorrectly
gives the FM solution as the ground state. Using the denser k
meshes gives rise to the AFM ground state.
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Fig. 7 The calculated total energy difference (∆E = EAFM −EFM) for the
undoped FGT with different k meshes.

9 Defect formation energy
It is known from experiments that stoichiometric Fe3.0GeTe2 can
hardly be synthesized, and some amount of Fe defects does ex-
ist1,2,2,3,6–8. It would be instructive to calculate the defect forma-
tion energy (E f ) for Fe3−xGeTe2. Considering that the system is
metallic, we adopted the following equation9;

E f = EFGT
x=0.125 +Ebcc-Fe −EFGT

x=0.0 (1)

where EFGT
x=0.125, Ebcc-Fe, and EFGT

x=0.0 is the calculated total energy
of Fe2.875GeTe2, bcc Fe, and Fe3.0GeTe2, respectively. In our su-
percell, the removal of one Fe atom corresponds to x = 0.125
which is in the range of experimental values. Experimentally, it
is known that 0.11 < x < 0.36 for single crystal or powder, and
0.03 < x < 0.31 for polycrystalline sample2. FeII is considered as
the defect site following the previous experimental report1.

The calculated formation energy E f = −0.267 eV. The neg-
ative formation energy implies that the Fe deficiency is likely
present in any sample, which is consistent with experimental re-
ports1–3,6–8. The negative value is remedied by adopting GGA
(E f =+0.241 eV) which indicates the LDA limitation.
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10 Dynamic stability of Fe2.75GeTe2

To examine the dynamic stability of Fe-deficient FGT, we exam-
ined the phonon dispersion. Fig. 8 clearly shows that Fe2.75GeTe2

is dynamically stable just as for the case of stoichiometric Fe3GeTe2
4.

Fig. 8 The calculated phonon dispersion of Fe2.75GeTe2 along high sym-
metry lines and the phonon density of states. We used the 2×2×1 times
larger supercell which contains the 22 Fe atoms (two FeII defects).
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