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Here, we report on comprehensive structural, magnetic, specific heat, resistivity, and microscopic >’Fe
Mossbauer spectroscopy investigations of the GeFe;N compound. The experimental results indicate that the
ground state of GeFe;N is short-range ordered ferromagnetic (FM) state, where the FM clusters are embedded in
the paramagnetic background. Our density functional theory (DFT) calculations have revealed possible orbital
order for the Fell site, and the strong interplay between the local moments for the Fel site and the itinerant
moments for the Fell site may be responsible for the observed short-range FM order. We believe that these
results are crucial for a complete understanding of the peculiar magnetic properties reported for GeFe;N and
may also shed light on the understanding of the complex relationships between the structure and magnetism in

related compounds.
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I. INTRODUCTION

The interactions between magnetic moments, either local-
ized or itinerant, may lead to diverse ground states including
not only the most well-known ferromagnetism and antiferro-
magnetism [1] but also other interesting states ranging from
spin liquids [2] to skyrmion lattices [3] and d° magnetism [4].
By investigating the vast majority of magnetic materials, great
achievements have been made in understanding the local and
itinerant moment magnetism. However, for real materials that
lie somewhere between the local-itinerant moment extremes,
a theoretical description of the complex intermediate moment
picture is currently lacking [5]. Identifying the nature of mag-
netism, local or itinerant, and unraveling the interplay between
them within heavy fermion materials might shed light on the
nontrivial properties of strongly correlated systems such as
spin- and charge-density waves [6—10].

Recently, the ternary iron-nitride compounds stand out to
be an interesting playground for investigating the relation-
ships between magnetism and subtle structural distortions
in iron-rich phases. These compounds with a common for-
mula of AFe;N (A = Ge, Ca, Al, etc.) often crystallize in
the cubic ABOj perovskite-type structure with space group
Pm3m [11-14]. The perovskite structure can be described as
a network of corner-sharing BOg octahedra with the A site
cation in between. Moreover, the perovskite structure often
distorts from the cubic structure by rotations and tilts of the
BOg octahedra [15,16], such as the Ge containing compound
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GeFe;N with space group 14/mcm [17] [see Fig. 1(a)]. In this
structure, the Ge and N atoms are located at the Wyckoff sites
4b (0, 0.5, 0.25) and 4c (0, 0, 0), respectively, while the Fe
atoms occupy two nonequivalent sites labeled as Fel at 4a (0,
0, 0.25) and Fell at 8h (0.19, 0.69, 0). This means that the Fell
atoms exhibit a rotation with respect to the Fel atoms, which
leads to a deviation from the diagonal position of (0.25 0.75
0) [see Fig. 1(b)]. Most interestingly, Tsumuraya et al. have
predicted very different magnetic behaviors for the two Fe
sites by first-principles density functional theory (DFT) calcu-
lations, namely, local and itinerant magnetism for the Fel and
Fell sites, respectively [18]. The competition and interplay
between the local moments and the itinerant moments may
be responsible for the frustrated ferromagnetic (FM) state and
the critical behavior observed in GeFe;N compound [17].

To better understand the different magnetic behaviors at
the two Fe sites, we have performed local probe Moss-
bauer spectroscopy measurements on polycrystalline samples
of GeFes;N. Together with comprehensive macroscopic mea-
surements and DFT calculations, we have established the
short-range ordered FM ground state of GeFe;N. We further
reveal the strong interplay between the local magnetic mo-
ments at the Fel site and the itinerant magnetic moments from
the Fell site and the possible orbital order at the Fell site from
our DFT calculations.

II. EXPERIMENTS AND RESULTS

Polycrystalline samples of GeFe;N were synthesized by
the conventional solid-state reaction method [17]. The phase
purity was confirmed by x-ray diffraction measurement per-
formed on a Rigaku x-ray diffractometer with Cu Ko

©2024 American Physical Society
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FIG. 1. (a) Crystal structure of GeFe;N in the conventional unit
cell. (b) The top view of the Fell layer showing the rotation of the
Fell atoms away from the diagonal position (0.25 0.75 0). The atomic
positions are optimized using the CASTEP code with Perdew-Burke-
Ernzerhof (PBE)_ functional as described in the text. The first seven
pairwise exchange interaction paths are indicated in the figure. This
figure was drawn using the software VESTA [19].

radiation. FULLPROF SUITE [20] was used for crystal structure
refinement. The sample composition was checked with an
energy dispersive spectrometer (EDS) equipped within a scan-
ning electron microscope (SEM), and the determined Ge/Fe
ratio amounts to 0.326(15), being very close to the nominal
composition.

DC magnetic susceptibility was measured using the vi-
brating sample magnetometer (VSM) option of the Physical
Property Measurement System (PPMS, Quantum Design). AC
magnetic susceptibility between 20 and 120 K was measured
using the ACMS-II options of the PPMS. A driven field of
5 Oe in amplitude was used. Specific heat and resistivity
measurements were carried out on the same PPMS.

Mossbauer spectroscopy measurements were performed
in transmission geometry with a conventional spectrometer
working in constant acceleration mode. A 50-mCi y-ray
source of >’Co embedded in Rh matrix vibrating at room
temperature was used. The drive velocity was calibrated using
sodium nitroprusside (SNP) and the isomer shifts quoted in
this paper are relative to that of the o-Fe at room temperature.
All the measured Mossbauer spectra were analyzed using the
software MOSSWINN [21].

A. Structure

Figure 2 shows the x-ray diffraction (XRD) pattern of our
GeFes;N polycrystalline sample. All peaks can be indexed
with the tetragonal structure with space group /4/mcm. The
XRD pattern was refined by the FULLPROF SUITE [20]. The
determined lattice constants amount to a = b = 5.3055(2) A
and ¢ = 7.7459(3)& These values are consistent with re-
ported lattice parameters a = 5.3053 A and ¢ = 7.7632 A for
GeFe3N [17]. On the other hand, the Fe;GeNy s; sample with
less nitrogen content has smaller values of a = 5.231 A and
c=7.658A [22]. The refined atomic positions are listed in
Table I. Since the lattice parameters depend sensitively on the
nitrogen content, these results confirm nicely the stoichiom-
etry of the nitrogen content in our sample. The site positions
for the Fell atoms from XRD refinement and DFT optimiza-
tion amount to (0.2 0.7 0) and (0.19 0.69 0), respectively, as
listed in Table I; both are smaller than the reported value of
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FIG. 2. Rietveld refinement of the powder x-ray diffraction pat-
tern of the GeFe;N polycrystals collected at room temperature.

(0.23 0.73 0) for Fe3GeNys; [22], which points to a larger
rotation of the Fell atoms away from the diagonal position
(0.25 0.75 0) as shown in Fig. 1(b).

B. DC susceptibility

The temperature-dependent magnetization M (T') (left axis)
and inverse susceptibility x~'(T) (right axis) curves of
GeFesN measured under an external field of H = 0.1 T are
shown in Fig. 3(a). With decreasing temperature, both zero-
field-cooled (ZFC) and field-cooled (FC) curves start to
increase steeply below ~95K, indicating the onset of the
FM-like ordering (we will label this FM-like transition as
T., following earlier reports [17], despite its short-range na-
ture that we will discuss later). However, unlike typical FM
materials, the magnetization curve measured in the FC mode
never saturates even to the lowest temperature, ~2 K. As will
be shown later, this is attributed to the short-range nature of
the FM order developed below 7. The FM-like transition is
also evident from the isothermal magnetization loops M (H)
measured at various temperatures as shown in Fig. 3(b).

Above T, the complex nonlinear x ~!(7') curve indicates
the breakdown of the Curie-Weiss behavior. Nevertheless, the
solid line in Fig. 3(a) is a tentative fit to the x ~!(T) data using

TABLE 1. Crystal structural parameters of GeFe;N refined from
our XRD data at room temperature in space group /4/mcm with the
lattice parameters a = 5.3055(2) A and ¢ = 7.7459(3) A. The DFT
optimized lattice parameters with PBE functional are a = 5.21126 A
and ¢ = 7.74688 A.

Atom Site x/a v/b z/c
Ge 4b 0.0 1/2 1/4
N 4c 0.0 0.0 0.0
Fel 4a 0.0 0.0 1/4
Fell 8h 0.20095(16) 0.70095(16) 0.0
DFT(PBE)  Optimized Results

Fell 8h 0.19028 0.69028 0.0
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FIG. 3. (a) Temperature dependence of the magnetization, ZFC-
FC M(T) (left axis), and inverse susceptibility, x ~'(T) (right axis),
of GeFe;N measured with an external field of 0.1 T. (b) Isothermal
magnetization measurements at various temperatures. The inset in
(b) shows a magnified view of the hysteresis loop around zero field at
2 K. The complex x ~!(T') curve above T,, where appropriate Curie-
Weiss fit cannot be made, indicates the breakdown of the Curie-Weiss
behavior. However, a tentative fit of the data in the high-temperature
range was made only to compare with other works.

the Curie-Weiss theory

x(T) = xo+ ey

T —6Ocw’
where o is a temperature-independent term that may arise
from core diamagnetism (either from the sample or from the
sample holder), Pauli paramagnetism, or van Vleck paramag-
netism [23],C =N /,Lgff /(3kg) is the Curie constant, Ocw is the
Weiss temperature, kg is the Boltzmann constant, and (e is
the effective magnetic moment per Fe atom. The fitted results
are yo = 2.98 x 103 emu Oe~! mol™!, Ocw = 207.9K, and
et = 0.89 up. The positive value of Ocw is consistent with
the FM-like correlation, as mentioned above. However, the
fitted effective magnetic moment is much smaller than the
spin-only moment of Fe atoms in typical magnetic materials.
This is consistent with earlier reported results of mixing local
and itinerant magnetism in GeFe;N for the two Fe sites [18].
We also estimate the saturation magnetic moment by using
the law of approach to saturation method to the M (H) curve
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FIG. 4. Specific heat Cp(T) of GeFe;N as a function of temper-
ature measured under zero external magnetic field. The inset shows
the Cp/T vs T? plot of the low-temperature part of the Cp(T) data.
The solid line through the data point in the inset is a fit (see the text
for details) in the temperature range of 1.8 -10 K.

at 2 K. At high external magnetic fields, the M (H) data can be
expressed as [24]

M(H) = Ms(1 —a/H — b/H*) + kH, )

where Mg, a, b, and k are fitting parameters. The determined
Mg = 0.45 up/Fe is even smaller than the effective magnetic
moment obtained from the Curie-Weiss fits and the DFT cal-
culated values [18]. In principle, antiferromagnetic alignment
between the spins at Fel and Fell sites, which leads to a
ferrimagnetic order, can explain the above observed small
value of M. However, this is inconsistent with the strong FM
correlation between Fel and Fell sites obtained from our DFT
calculations. Therefore, these results are also consistent with
the short-range FM order in GeFe;N, which is in line with the
ZFC-FC magnetic measurements shown in Fig. 3(a).

C. Specific heat

To reveal the short-range nature of the FM order as sug-
gested in our magnetic measurements, we show the zero-field
specific heat Cp(T) data of GeFe;N in Fig. 4. No obvious
anomalies were found in the entire temperature range. This
is inconsistent with the A-shape peak at the transition tem-
perature corresponding to the sudden release of the magnetic
entropy as expected for usual magnetic transitions. Therefore,
our specific heat data also suggests a short-range ordered FM
ground state in GeFe;N.

In the inset of Fig. 4, we show the Cp/T vs T? plot of the
low-temperature part of the Cp(T) data. The Debye function
Con ~ B3 T3 together with the electronic specific heat C,; ~
yT were used to fit the Cp(T) data in the low-temperature
range (1.8-10 K). The best fitting gives B3 =2.11698 x
107*TJK*mol~! and y = 70.1 mJK~2mol~!, respectively.
The large electronic specific heat suggests a large effective
electron mass renormalization, likely by the spin fluctua-
tions of the short-range FM order, which puts the studied
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FIG. 5. (a) Resistivity as a function of temperature measured in
zero magnetic field and (b) comparison of the resistivity measured
in zero field and in 10 T magnetic field. Inset in (a) shows the p(T')
vs T? plot of the zero-field resistivity data. Solid lines through the
data point at the low-temperature range are theoretical fits by the ex-
pression p(T) = py + aT?. Inset in (b) shows the magnetoresistivity
[MR(T) = [or(T) — po(T)]/po(T)] at 10 T.

GeFe3N as a heavy-fermion (HF) system. The HF state is
usually observed in the f-electron compounds with localized
f-spins [25]; however, it was also observed in 3d electron
systems, such as the first observed 3d HF compound LiV,04
[26,27], the iron-based high-temperature superconductors
(K, Rb, Cs)Fe;As, [28], and the recently found room tem-
perature van der Waals ferromagnet family Fe;(Ga, Ge)Te,
[29-31]. We believe that the interesting HF behavior of
GeFes3N is highly related to the coexistence of local and itin-
erant magnetism, which is similar to that of the Fe;GaTe; [29]
ferromagnet.

D. Resistivity

To further study the short-range FM-like transition, we
made resistivity measurements under zero magnetic field and
under 10 T magnetic field as shown in Figs. 5(a) and 5(b).

One can see that both the zero-field and 10-T-field resistivities
decrease with decreasing temperature, indicating the metallic
nature of our sample, which is similar to that of the ZnFe;N
and AlFe;N compounds [14] and is consistent with DFT
calculations [18]. Near T, ~ 95K, both p(T) curves show
a clear cross-over-like behavior signaling the onset of the
short-range FM-like order, which is consistent with the dc
magnetization data shown in Fig. 3(a). Below about 25 K, the
low-temperature resistivity follows the usual 7 temperature
dependence. These results, together with the enhanced elec-
tronic specific heat y, are characteristics of HF behavior, with
emergent Fermi-liquid (FL) behavior being similar to that
observed in other 3d HF compounds [26-31]. Theoretical fit-
ting with p(T) = pp + aT? leads to a = 0.09295 uQ2 cm K2
and a high residual resistivity oo = 259.6 u2 cm. The resid-
ual resistivity ratio amounts to RRR = p(300K)/pg = 2.86.
The high residual resistivity and low RRR value might be
due to the polycrystalline nature and possible defects in our
sample. With increasing temperature, the resistivity gradually
deviates from the FL behavior and shows a linear tempera-
ture dependence around 50 K where a negative valley of the
magnetoresistivity [MR(T') = [pg(T) — po(T)]/po(T)] can
be seen from the inset of Fig. 5(b). The observed small
negative MR suggests a suppression of the spin-disorder
scatterings by the applied external magnetic field, which is
consistent with the observed short-range FM-like order.

E. AC susceptibility

The lack of long-range order and possible disorders as-
sociated with nitrogen vacancies in the sample may lead to
glassy behavior as reported earlier by Kan et al. [17] in their
sample. Therefore, we further performed ac susceptibility
measurements on our GeFe;N sample. In Figs. 6(a) and 6(b),
we present the temperature dependence of the real x'(7') and
imaginary x”(T) parts of the ac susceptibility measured at
indicated frequencies under zero dc bias field, respectively.
With decreasing temperature, a small hump appears imme-
diately below the FM-like transition temperature, 7, ~ 95K,
which is consistent with the dc magnetic measurements shown
in Fig. 3(a). With further decreasing temperature, both x'(7')
and x"(T) curves exhibit clear peaks at around 57.5 K [see the
enlarged view in the inset of Fig. 6(a)]. In addition to the main
peak, the x”(T) curves exhibit a shoulder-like irregularity
near 40 K and a small dip near 30 K, which might be a
memory effect due to the glassy nature [32] of our sample.
However, the peak position for our GeFe;N sample is about
~17 K higher than the value of ~40.5 K reported by Kan et al.
[17], which could be attributed tentatively to chemical differ-
ences due to different sample preparations. Interestingly, the
peak position determined from the x'(T) curve depends only
weakly on the measurement frequency, as shown in the inset
in Fig. 6(b). Together with the weak bifurcation effect appears
between the ZFC and FC curves as shown in Fig. 3(a), these
results might suggests a weak spin-glass behavior similar to
that reported by Kan et al. [17] for their GeFe;N sample. On
the other hand, our observation is a little different with that
observed by Kan et al. [17] and other conventional spin-glass
systems [33-36]. The observed small changes of the peak
position with increasing frequency suggest a much faster spin
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FIG. 6. AC susceptibility data: (a) temperature dependence of
the real part of the ac susceptibility x’, measured at various fre-
quencies and under zero dc bias field. (b) The imaginary part of the
corresponding ac susceptibility x”. Inset in (a) shows the enlarged
part around the peak position of the real part of the ac susceptibility
x'. Inset in (b) shows the frequency dependency of the peak positions
extracted from the x'(7") data.

relaxation process than that of the conventional spin-glass sys-
tems. This interesting behavior might be rooted in the strong
interplay between the local and itinerant magnetism of the two
crystallographic Fe sites in the GeFe;N [17,18].

F. Mossbauer spectroscopy

There are two nonequivalent local crystallographic sites
for the Fe atoms in the GeFe;N crystal structure. Earlier
experiments [17] and DFT calculations [18] have shown
that the Fe atoms at the two different sites exhibit local
and itinerant magnetism with calculated (PBE functional)
magnetic moment of pupg = 1.72 up and ppey = 0.30 up,
respectively. To investigate the properties of the two Fe
sites separately, we performed >’Fe Mossbauer spectroscopy
measurements.

The Mossbauer spectra taken in the temperature range of
70-300 K are shown in Fig. 7. At 300 K, the spectrum can be
well reproduced by superimposing two subspectrum with an
intensity ratio of 1:2 corresponding to the Fe atoms siting at

300 K
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=
e 1.4 1
&
> 100 K
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(0]
12
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70K
0.8
—4 - 0 2 4
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FIG. 7. 3"Fe Mossbauer spectra (black dots) of the GeFe;N sam-
ples measured in the temperature range of 70-300 K. Solid lines are
fits to the experimental data with two doublets as described in the
text.

Fel and Fell sites, respectively. With decreasing temperature,
we observed an increase of the spectral line width below
~100K. This is consistent with the 7. = 95 K determined
from our magnetization measurements. However, no sextet
subspectrum corresponding to the FM state can be resolved
above ~60 K. This means that the hyperfine magnetic fields
for both Fe sites are too small to be resolved from the two dou-
blets, indicating that only very short-range FM correlations
are established at this stage. Therefore, the spectra collected
in this temperature range were fitted with only two doublets,
as shown in Fig. 7.

In Fig. 8, we present the Mossbauer spectra measured in
the temperature range of 5-60 K. For these spectra, a sextet
corresponding to the Fel site with larger local moments can
be resolved in addition to the two doublets. In principle, there
should be another sextet corresponding to the Fell site with
smaller itinerant moments. However, our trial fits failed, even
at the lowest measured temperature of 5 K, due to the small
hyperfine field value and the strong overlap with the two
doublets. Therefore, we fitted our spectra with only one sextet
and two doublets as shown in Fig. 8. One can see that the
sextet makes only a minor contribution (~11.5% at 5 K) to
the total spectrum while the major contributions are still the
two paramagnetic doublets. This is clear evidence that the
PM-FM phase transition is never completed even at the lowest
measured temperature of 5 K. This means that the sample is
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FIG. 8. 3"Fe Mossbauer spectra (black dots) of the GeFe;N sam-
ples measured in the temperature range of 5-60 K. Solid lines are
fits to the experimental data with two doublets and one sextet as
described in the text.

composed of FM clusters embedded in the PM background,
which is consistent with the short-range FM ground state
suggested from our magnetic and specific heat measurements.

There might be some site inversion between the Ge and
Fe sites as observed by Burghaus et al. in their GagoFe; | N
sample [37], which might be due to the considerable Ga
deficiencies in their sample. However, we believe that this
is not the case for our sample, since the composition of our
sample is close to the nominal one and we did not observe
any additional subspectrum that corresponds to the >’Fe ions
at the Ge site in our high-temperature Mossbauer measure-
ments (see Fig. 7). Moreover, the above-observed sextet in
our low-temperature Mossbauer spectra has a much smaller
hyperfine field, ~10 T, when compared to the huge hyperfine
field, ~28 T, as observed for the 5TFe ions at the Ga site
forming the Fe;; metallic clusters [37]. Therefore, the sextet
observed in our low-temperature Mossbauer spectra should
come from the 3’Fe ions at the Fel site in the short-range FM
regions.

The deduced hyperfine parameters as a function of tem-
perature are shown in Fig. 9. Above the FM transition
temperature T, the isomer shifts exhibit similar values for
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FIG. 9. Hyperfine parameters of (a) isomer shift (7)),
(b) quadruple splitting AEy(T) = %eQ|VZ_Z_|(1 +1%/3)"/2, and
(c) hyperfine magnetic field B, ;(T) deduced from the fits of the
Maossbauer spectra shown in Figs. 7 and 8. Solid lines in (a) are
calculated theoretical curves according to the Debye model with
indicated parameters. Solid lines in (b) are guides to the eye. Solid
line in (c) is theoretical fit to the experimental data using the usual
power-law relation, By,s(T') = B (0)[1 — (T /Ty)]“.
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both Fel and Fell sites. With decreasing temperature, they
both increase following the Debye model for the second-order
Doppler shift [38],

9kgT (T \° (/T x3dx
3(T)=460)— >we\an O 3)
D 0 -

where 6(0) is the temperature-independent chemical shift, and
the second part is the temperature-dependent second-order
Doppler shift. kg is the Boltzmann constant, M is the mass
of the Mdossbauer nucleus, c¢ is the speed of light, and ©p
is the Debye temperature. The solid lines in Fig. 9(a) are
calculated theoretical curves with zero temperature isomer
shifts of §(0)per = 0.635mm/s, §(0)ger = 0.641 mm/s and
Debye temperatures of ®@p(Fel) =226K and ®p(Fell) =
264 K. Below T, clear anomalies deviating from the Debye
model can be seen for both sites, suggesting the changes of
the s-electron densities at the Fe nuclei. For the quadruple
splittings AEy = %teszl(l +n%/3)!/2 shown in Fig. 9(b),
they are almost constant with decreasing temperature for both
sites at higher temperature ranges. Below T, the quadruple
splittings increase clearly with decreasing temperature for
both sites, indicating changes of the distribution symmetry of
the charges around the Fe nuclei [39].

The temperature-dependent hyperfine magnetic fields
By, (T), deduced from the fits of the Mdssbauer spectra shown
in Fig. 8, are shown in Fig. 9(c). We have employed the
empirical formula By ¢(T) = Bo[1 — (T /Ty)]* to fit the data.
The fitted results are B;;(0) =10.1(1)T and Ty = 63.6K.
The resulted critical exponent is « = 0.21, which is much
smaller than the expected three-dimensional (3D) Heisenberg
critical exponent of 0.36 [40,41]. Instead, the value is rather
close to the theoretical value of 0.23 for the two-dimensional
(2D) XY model [42,43], which might be due to the stacking of
the Fel layer with local spins and the Fell layer with itinerant
spins along the ¢ axis.

III. DFT CALCULATIONS

To understand the above experimental results, DFT cal-
culations were performed. First, we have used the CASTEP
ab initio simulation code [44] for the structural optimiza-
tion starting from the refined experimental lattice parameters.
For the exchange correlation functional, generalized gradi-
ent approximation (GGA) with the PBE [45] parametrization
was used. The pseudopotential files were generated on the
fly by the CASTEP code using atomic configurations of Ge
3d'%45%4p%, N 2522p3, and Fe 3d®4s. The kinetic energy
cutoff of the plane wave basis was set to 489.805 eV by
setting the basis precision level to fine. Brillouin zone in-
tegration was sampled using a I'-centered [46] k mesh of
8 x 8 x 6. The total energies were converged to less than
10~8 eV /atom to achieve good self-consistency in the elec-
tronic step. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
variant of the quasi-Newton optimization method [47] was
used and the positions of the ions were relaxed toward the
equilibrium position until the force acting on each atom was
less than 1072 eV/A.

The relaxed structural parameters are listed in Table I,
and the optimized lattice constants are found to be a =
521126 A and ¢ = 7.74688 A, which is close to the value
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FIG. 10. Calculated band structure and PDOS of GeFe;N.

of a=52133A and ¢ =7.7638 A found by using the full
potential all-electron code WIEN2K with PBE functional [18].
The calculated magnetic moments are Mg = 1.78 up and
Mgenr = 0.263 up for Fel and Fell sites, respectively. These
values are close to previous calculated values of Mg =
1.72 up and Mg = 0.30 up [18] and are consistent with
our Mossbauer spectroscopy results, where only the hyperfine
field at the Fel site can be determined, whereas the hyperfine
field at the Fell site is too small to be resolved.

For the density of states (DOS) and band-structure calcu-
lations, we have used the full potential linearized augmented
plane wave (FP-LAPW) method as implemented in the ELK
code [48]. Same as in the structural relaxation, GGA approx-
imation with the PBE [45] exchange-correlation functional
was used. The plane-wave cutoff was set to Ryr X |G +
k|max = 7.0 Hartree and the maximum G vector for the po-
tential and density was set to |G|m.x = 12.0 Hartree. The
I'-centered k-point mesh of 8 x 8 x 6 was used. The muffin-
tin radii Ryt were set to 2.400 a.u., 1.513 a.u., and 2.017 a.u.
for Ge, N, and Fe atoms, respectively. The total energy and
Kohn-Sham potential were converged to less than 0.0272 meV
and 2.72 x 10~*meV, respectively. The effect of spin orbital
coupling (SOC) was found to be small on the band structure
and, therefore, it was neglected in the following discussion.
The calculated spin moments are found to be Mg = 1.71 g
and Mg.; = 0.32 up, being close to the values obtained by the
CASTEP and WIEN2K code [18].

The calculated band structure and partial density of states
(PDOS) of GeFesN are shown in Fig. 10, which were de-
composed into characteristics of individual elements. We have
found that the bands in the energy range of —11 ~ —9eV
are mainly from Ge s-electrons with negligible contributions
from the Fe d-electrons. In the energy range of —8 ~ —6¢eV,
the bands are composed of N p-electrons and Fe d-electrons.
The broader bands near the Fermi level are mainly from the
Fe d-electrons with minor contributions from the Ge and N
p-electrons. As pointed out in earlier works [18,49], it is
interesting to find considerable hybridization between the two
Fe sites. Therefore, significant exchange interaction may be
expected between the two Fe sites, which should be important
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TABLEII. The calculated Heisenberg isotropic exchange param-
eters J};° of bulk GeFe;N for the first seven pairs as indicated in
Fig. 1, where N is the coordination number.

Jy Jij (meV) Distance (A) Type Ng
Ji -0.6421 2.679 Fell-Fell 4
J> 4.8656 2.709 Fel-Fell 8
J3 -0.0587 2.805 Fell-Fell 1
Jy 4.2426 3.685 Fel-Fel 4
Js 0.1356 3.789 Fell-Fell 2
Js 6.8476 3.873 Fel-Fel 2
Jz 0.1491 3.972 Fell-Fell 2

to understanding the interesting magnetic behavior observed
in our experiments.

To analyze the magnetic interactions in GeFe;N , we adopt
the following Heisenberg Hamiltonian [50]:

E=— Z [Jiijogl‘ . S‘; + §iffjni$ + D_;'j . (§, X §j)]
i#]

= AR €

where the first term is the isotropic exchange, the second
term is the symmetric anisotropic exchange with Jl?}“i being
a 3 x 3 symmetric tensor, the third term is the antisymmetric
Dzyaloshinskii-Moriya (DM) interaction, and the final term
represents the single-ion anisotropy (SIA). First, we determine
the SIA by comparing the energies of GeFe;N with the spin
axis pointing along different directions with SOC included in
the calculations. It was found that GeFe;N shows an easy-
plane anisotropy with an energy of 0.63 eV /Fe lower when
the spins are pointing within the ab plane than along the ¢
axis. This is consistent with the critical exponent of « = 0.21
found in our Mossbauer experiments, which is close to the
value of 0.23 for the 2D XY model.

Next, the interatomic Heisenberg exchange parameters
have been calculated using the TB2J package [50] interfaced
to the atomic-orbital based ab initio computation at UStc
(ABACUS) DFT code [51,52]. The DFT part calculation with
ABACUS was done by considering collinear ferromagnetic
ground states including the SOC effect. The basis set of linear
combination of atomic orbitals (LCAO) was used with an
energy cutoff of 1361 eV. The optimized norm-conserving
Vanderbilt pseudopotentials [53,54] (version 2.0.1) were
used to calculate the Hamiltonian and overlap matrix with
I'-centered k-point mesh of 9 x 9 x 6. Then, the exchange
parameters were calculated straightforwardly by using the
TB2J code with a k-mesh of 7 x 7 x 5. As shown in Fig. 11,
the calculated anisotropic exchange Jlf‘;“i and DM interaction D
are about two orders of magnitude smaller than the isotropic
exchange Jiijs.", as expected for GeFe;N with negligible SOC
effect. The calculated first seven pairs of the isotropic ex-
change parameters Jl.“l" are listed in Table II. Clearly, the
interactions for the Fell-Fell pair type are all one order of
magnitude smaller than the others. Interestingly, on the other
hand, the interactions for the Fel-Fell pair type are as strong
as those for the Fel-Fel pair type interactions. These results
clearly indicate the strong interplay between the local spins at
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FIG. 11. The calculated exchange parameters (a) isotropic ex-
change Jl‘;" (b) DM interaction D, and (c) the anisotropic exchange
Jf}“i for GeFe;N from TB2J-ABACUS.

the Fel site and the itinerant spins at the Fell site. Therefore,
the strong exchange interactions between the local Fel spins
tend to order at higher temperatures while the weak interac-
tions between the itinerant Fell spins tend to order at lower
temperatures, and the strong interplay between them may
introduce frustration that leads to the observed short-range
ordered FM ground state as observed in our experiments.
Finally, to better understand the FM transition induced
changes of the electron distribution at the Fe nuclei, we
present the difference in electron density distribution between
the FM and NM states (ngisr = npm — ninm) Of the GeFesN
in Fig. 12. There is no obvious difference in the electron
density distribution at the Ge and N sites as expected from
the nonmagnetic nature of these two atoms. Interestingly,
the changes in the electron density distribution at both Fel
and Fell sites have the character of 3d orbitals, which is
consistent with our band character analysis. To be precise,
at the Fel site, the in-plane d,, electrons decrease and the
out-of-plane d,., d,., and d_. electrons increase upon entering
the FM state from the NM state. For the Fell site, the in-
plane d,._y. electrons decrease and the out-of-plane d,, & d,;
electrons increase. The increased electron density in the z
direction will lead to more negative V., values [38]. Consider-
ing the negative V.. values of V.,(Fel) = —1.27 x 10*' V/m?
and V. (Fell) = —3.53 x 10*' V/m? from our CASTEP calcu-
lation [55,56], a more negative V,, will give an increase of
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(a) #,A (b)®
*%v @ é

FIG. 12. The difference in electron density distribution between
the FM and NM states (ng; = npv — nnm) of the GeFesN shown
in (a) side view and (b) top view (only two layers are shown) of
the 3D isosurface. The red and green color represent positive and
negative values of ngj, respectively. As labeled in (a) and (b), atoms
from Fel to Fe4 are at the Fel site and Fe5-Fel2 are at the Fell
site. Shown in (b) are two choices of different unit cells that rotated
45° with respect to each other as described in the text in order to
reveal the orbital order for the Fell layer. The Fe atom labeled as
Fe7 (Fe9), as circled in (b), has a higher orbital occupation of the
dy; — d; (d,; + d.;) orbitals in the conventional coordinate system
or the dy, (dy) orbitals in the rotated a’'b'c’ coordinate system.

the quadruple splitting AE(T)
observed in Fig. 9(b).

More interestingly, as shown in Fig. 12(b), there might
be an orbital order in the Fell layer. The Fe atom labeled
with Fe7 (Fe9), as circled in Fig. 12(b), has a higher orbital
occupation of the d,; — d., (d,. + d.;) orbitals in the conven-
tional coordinate system (labeled with abc). To quantify the
orbital occupation, we made Mulliken population analysis in
a rotated bigger unit cell as shown in Fig. 12(b) with the
CASTEP code. The orbital occupations of the 3d orbitals are
listed in Table III. Clearly, the orbital occupation of the d,-,
d.» 2y, and d,, orbitals are almost the same for Fe7 and Fe9
atoms. On the other hand, the Fe7 atom has a higher orbital
occupation of the dy, orbital compared to the d,. orbital,
while the Fe9 atom shows the opposite orbital occupation
for the two dy//d,, orbitals. The orbital ordering at the Fell
site is interesting, however, verification in experiments could
be difficult for the current system due to the weak orbital
polarization and short-range nature of the FM state. There-
fore, as a subject of future investigation, extremely sensitive

= %eQ|sz|(1 + 772/3)1/2 as

TABLE III. The calculated orbital populations for the two atoms
labeled with Fe7 and Fe9, as circled in Fig. 12(b). The orbital labels
are shown in the rotated bigger unit cell a’b’c’ as shown in Fig. 12(b).

Mulliken populations
Atoms dr dyy dyy do _y2 dyy
Fe7 1.344 1.584 1.412 1.260 1.294
Fe9 1.341 1.417 1.584 1.253 1.291

experimental setups are definitely required for the successful
detection of the orbital order in GeFe;N.

IV. SUMMARY

In summary, we have performed comprehensive struc-
tural, magnetic, specific heat, resistivity, and Mdssbauer
spectroscopy measurements on a GeFe;N sample. The XRD
refined structural parameters have confirmed the nitrogen sto-
ichiometry and rotation of the Fell atoms away from the
diagonal position. The magnetic, specific heat, and Mossbauer
measurements have revealed a short-range ordered FM ground
state. Our DFT calculations have shown the coexistence of lo-
cal and itinerant magnetism in GeFe3N with local spins at the
Fel site and itinerant spins at the Fell site. More importantly,
the exchange interactions between the local spins at the Fel
site and the itinerant spins at the Fell site are as strong as
that between the local spins at the Fel site and much larger
than the interactions between the itinerant spins at the Fell
site. Moreover, our DFT calculations have shown that possible
orbital order may exist at the Fell site, which deserves further
investigation with sensitive experimental setups. These results
are important for the understanding of the observed short-
range FM ground state in GeFe;N and are also important for
a better understanding of the complex relationships between
the structure and magnetism in related materials.
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