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Observation of the Griffiths phase in the ternary nitrides Sn,_,NFe3,,
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We report the synthesis and magnetic properties of ternary iron nitride compounds Sn;_,NFe;,, (0 < x <
0.4). The magnetic frustration state is found in SnNFe;, and the antiferromagnetic (AFM) exchange is dominant
in SnggsNFe; 5 and SngoNFes;;, and then the ferromagnetic (FM) interaction occurs in Sn;_,NFe;,, (0.2 <
x < 0.4). Interestingly, the Griffiths phase is observed in x = 0.1, 0.2, caused by the FM coupling competing
over the AFM one and forming the short-range FM cluster. At the same time, the competitions between the
AFM and FM interactions lead to a spin-glass behavior, which is embodied most evidently in Sng;NFe; 3
and further confirmed by the corresponding characteristic fitting parameters (7, = 8.89 x 1072, Ty = 25K,
and zv = 6.56). In addition, density functional theory (DFT) calculations exhibit the magnetic ground states,
magnetic moments contribution, and bonds nature of Sn-Fe and N-Fe. The results of DFT calculations disclose
some detailed magnetic interactions, which are demonstrated to be an evidential response to the interesting

magnetic behavior in Sn;_,NFe;, compounds.

DOLI: 10.1103/PhysRevB.102.235119

I. INTRODUCTION

In 1969, Griffiths theoretically predicted a particular short-
range ferromagnetic (FM) correlation in randomly diluted
Ising ferromagnets, which was later called the Griffiths phase
(GP) [1]. The Griffiths phase accounts for a magnetic system
where a random distribution of the magnetic interaction is
induced by disorder, which always exists in a Griffiths tem-
perature scale 7g above the magnetic ordering temperature
T. [2]. In its simplest form, the original problem of GP is
to consider the percolative nature of an Ising system, where
the nearest neighbor (exchange) bonds are characterized by
strength J with probability p(0 < p < 1) [3]. Below the per-
colation threshold (p < p.), an infinite percolating backbone
cannot be formed, that is to say, the cooperative FM tran-
sition cannot occur as expected. However, for p > p, the
FM phase is established at a temperature 7.(p), which is
lower than the critical temperature Tg[7.(p = 1) = T;] (.e.,
Griffiths temperature). In the temperature range of 7.(p) <
T < Tg, the disordered system is between the conventional
paramagnetic (PM) state and the ordering FM phase, and
results in the appearance of GP [4]. The GP is closely re-
lated to the quenched disorder and competing interactions [5],
which is always found in the diluted quasi-two-dimensional
magnet [6], diluted magnetic semiconductor [7], Mn-based
perovskite/double perovskite compound [8,9], rare earth inter-
metallic compound [10], etc. However, there are not many GP
compounds in some of the antiferromagnetic (AFM) interac-
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tion systems, which exhibit negative PM Weiss temperature
(0), such as Ca3;CoMnQOg [9] and GdFe(17Sn, [11]. Thus
it will be of great significance to choose and investigate an
appropriate GP compound with AFM interaction, especially
for other possible materials.

Recently, antiperovskite structural nitrides ANM; (A =
Ga, Al, Sn, Zn, Cu, In, Ge, etc.; M = Mn, Fe, Ni, Cr,
etc.) have always attracted much attention because of the
promising candidates for functionality and some interesting
magnetic properties [12]. As a typical Fe-based antiperovskite
nitride, SnNFe; is little known apart from the early studies
focusing on synthesis processes and theoretical investigations.
Especially, to date, and to the best of our knowledge, there
are no reports in the literature about the GP in SnNFes.
In our present work, we synthesized the Fe-based antiper-
ovskite nitrides Sn;_,NFe3,, (0 < x < 0.4) by a solid-state
reaction method. And then, the comprehensive magnetic char-
acterizations of Sn;_,NFej;,, were performed systematically.
Interestingly, with increasing x, an obvious evolution occurs
from AFM interaction to FM interaction. A magnetic frus-
tration (MF) state is found and investigated in SnNFes. In
particular, the GP is found in Sn;_,NFes,, which emerges
in Sng9NFes |, SnggNFes ,, and disappears with increasing x
level to Sng ¢NFe; 4. Meanwhile, the spin glass (SG) behavior
also appears in specific doping scale at lower temperature, and
further analyses show that the competitions between the FM
and AFM interactions should be responsible for the observed
SG behavior in this system.

II. EXPERIMENTAL DETAILS

The polycrystalline Sn;_,NFes;, (0 < x < 0.4) series of
compounds were synthesized by the solid-state reaction. The

©2020 American Physical Society
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FIG. 1. Room-temperature x-ray diffractions of Sn;_,NFe;,,
(0 < x < 0.4). The inset shows lattice parameter as a function of x.

starting materials of the powdered oxides SnO, (4N) and Fe
(3N) were weighed according to the specific stoichiometric
ratio, thoroughly ground, and then annealed at 923-973 K
for 10 h in flowing NH; atmosphere (500 cc/min). After
quenching to room temperature, the products were pulverized,
mixed, pressed into pellets, and annealed again for 10 h in
order to obtain the homogeneous samples. The structure and
phase analyses were performed by x-ray diffractometer with
Cu-Ka radiation (Philips, Ay = 1.5406 A, A, = 1.5443 A,
and Koy : Koy = 2 : 1). Field emission scanning electron mi-
croscopy (FE-SEM) was F used to determine the morphology
and element content. Magnetic measurements were performed
on a superconducting quantum interference device magne-
tometer based on magnetic property measurement system
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FIG. 2. The Rietveld refined powder XRD patterns at room tem-
perature for Sn;_,NFes., (0 < x < 0.4) compounds.
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FIG. 3. The morphology of Sn;_,NFes;,, (0 < x < 0.4) com-
pounds with several representative doping concentration: (a) for
x = 0; (b) forx = 0.2; (c) forx = 0.4.

(SQUID-MPMS 3) from Quantum Design, USA. The electron
spin resonance (ESR) spectroscopy was determined by using
a Bruker EMX plus 10/12 (equipped with Oxford ESR910
liquid helium cryostat) at X band v = 9.4 GHz. The theo-
retical calculations of the structure and magnetic properties
were carried out by using the CASTEP (Cambridge Serial Total
Energy Package) code [13]. The density of state (DOS) and
electronic structure were calculated and analyzed from den-
sity functional theory (DFT) [14]. The generalized gradient
approximation (GGA) with the Perdew, Burke, and Ernzerhof
(PBE) functional was used to estimate the exchange correla-
tion [15]. The 8 x 8 x 8 Monkhorst-Pack k-point grid for
one supercell containing eight formula units was used for
Brillouin-zone integration superimposed by the energy cutoff
of 600 eV.
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FIG. 4. Energy dispersive x-ray (EDX) spectra of Sn;_,NFes,, (0 < x < 0.4) compounds with some specific doping concentration: (a)

for x = 0; (b) for x = 0.2; (c) forx = 0.4.

III. RESULTS AND DISCUSSION

Figure 1 presents the powder XRD patterns of
Sn;_,NFes;, (0 <x <0.4) at room temperature. All the
samples are single phase with a standard cubic antiperovskite
structure (space group: Pm3m). The evolution of lattice
parameters is refined by wusing the standard Rietveld
technique and displayed in the inset of Fig. 1, where the
radius of variants linearly decreases as x increases. The
lattice parameter a presents linear behavior as a function of
the actual doping level x, suggesting that the actual doping
level of Fe may be close to the nominal one. To better
elaborate the phase of our samples, we perform the Rietveld

refinement of room-temperature powder XRD patterns of
Sn;_,NFes3;, (0 < x < 0.4) compounds as shown in Fig. 2.
All the diffraction patterns can be well fitted by a cubic sym-
metry with reliable fitting parameters and no secondary phase
is detected, indicating the prepared samples are fairly good
in quality. The refined lattice parameter a is around 3.895
A for SnNFes;, which also coincides well with other similar
results [16].

Since the lattice parameters evolve with different substi-
tuting x, it is necessary to know the corresponding changes
of the crystallographic information for different compounds.
Figure 3 shows the morphology of Sn;_,NFes;,, (0 < x <
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FIG. 5. The temperature dependent magnetization M(T) and the inverse susceptibility x ~!(7") curves of FC for Sn;_,NFes,, (0 < x < 0.4):
(a) for x = 0. The inset shows the enlarged M(T) patterns from 5 to 16 K; (b) for x = 0.05; (c) for x = 0.1; (d) for x = 0.2; (e) for x = 0.3; (f)

forx = 0.4.

0.4) compounds with some representative substituting con-
centration. Specifically, Figs. 3(a)-3(c) refer to the doping
concentration x = 0, 0.2, and 0.4 respectively. One can see
that a quasicube shape is maintained at all given dopant levels.
Considering the nonstandard cube morphology, a reasonable
fact should be accepted that may be caused by grinding
of powder samples. For the grain size, the average parti-
cle size of the compounds exhibits a slight decreasing trend
as observed from the SEM image with specific marking
scale, which is well compatible with the theoretical results
of x-ray diffraction (XRD) analysis. Besides, the specific
element composition and content are also performed and
given in Fig. 4. The obtained atomic percentage is quite
close to the theoretical one, suggesting the reliability of
the experiments as well as the high quality of the prepared
samples.

The left coordinates of Figs. 5(a)-5(f) show the tempera-
ture dependent magnetization M(T) curves for Sn;_,NFe;,
(0 < x<04) at 50 Oe under zero-field cooled (ZFC) and
field cooling (FC) processes. For SnNFe; [as shown in
Fig. 5(a)], a shoulderlike platform is found in ZFC process,
but no signs in the FC process [see inset of Fig. 5(a)]. A
similar behavior was also found in GaCCos [17], which is

attributed to the strong magnetic frustration. With increas-
ing x to x = 0.1 and 0.2, as shown in Figs. 5(c) and 5(d),
an unknown phase transition appears around 160 and 140
K, respectively. Meanwhile, for samples x = 0.2 to 0.4 [see
Figs. 5(d)-5(f)], a weak irreversibility appears between the
ZFC and FC curves at an irreversibility temperature T;,; (de-
fined by the temperature where Myzpc = Mpc) as well as a
sharp cusp in the ZFC curve around 7; (defined by the max-
imum value of magnetization after the ZFC process), which
are the typical fingerprints of the SG transition [18]. In order
to further investigate the magnetic properties of Sn;_,NFes
(0 < x < 0.4), the inverse susceptibility x —1(T) under the FC
process is performed in the right coordinate of Fig. 5. Here,
we define a temperature 7* as the characteristic temperature.
Above T*, the inverse susceptibility is linear temperature
dependence. To get more information about the magnetism
of Sn;_,NFe;,,, we make a well fitted x ~'(T) curve by
using the Curie-Weiss law [19]: x ~'(T) = (T —6)/C, where
C stands for the Curie constant and 0 is the Weiss temperature.
As aresult, the values of the parameters are obtained and listed
in Table I. In addition, Table I also gives the effective PM mo-
ment per Fe atom, p.s, estimated from the relationship [20]:
Pett = 2.83(Cr/ n)O'S up, where 1 is the number of magnetic
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TABLE 1. The obtained parameters (Curie constant C, Weiss
temperature 6, and effective PM moment per Fe atom) for
Sn;_,NFes, samples.

X 0 0.05 0.1 0.2 0.3 0.4

CemuKmol™!)  7.01 3.64 547 842 1093 1343
0 (K) =747 —-129 -74 37 163 287
Deit/Fe(ug) 4.33 309 376 459 5.13 5.62

atoms in a unit cell and is equal to 3 + x in the present
case.

To further verify the possible existence of the SG
behavior, we perform detailed magnetic susceptibility mea-
surements and characterizations for a more representative
sample Snp7NFe; 3. As presented in Fig. 6(a), with increas-
ing the external magnetic field H, both the T, and T, shift
to lower temperature, indicating that the frozen SG state is
gradually destroyed under larger H [21]. In addition, the field
dependence of Ty can be well described by the H*/? law
[see the inset of Fig. 6(a)], which has been discovered in
many SG systems such as SnCFe; [22] and GaNMn; [23].
To characterize the dynamic process of the SG phase in
Sng7NFe; 3, the frequency dependence of ac susceptibility
x'(T) was measured and shown in Fig. 6(b). The x'(T) ex-
hibits strongly frequency-dependent peaks, that is, the peaks
shifting to the high temperature region along with increas-
ing frequency f. The relative variation of 7, is defined by
8Ty = ATy /[Ty Alogio(f)] ~ 0.0138, a typical value for the
canonical SG state (0.0045-0.08). At the same time, this value
is close to those of SG systems with antiperovskite struc-
ture, such as GaNMnj3 (67y = 0.037) [23], SnCFe;3 (67 =
0.0165) [22], and PANCr; (8Ty = 0.0156) [24], indicating
a typical SG system for Sng;NFe; 3. Generally, in the SG
system, the relaxation time is described by a power law [12]:

T =1[Tr(f)/To — 117", Ty > To, ()

where T is the freezing temperature, 7y is the characteristic
flipping time, 7 is the relaxation time [t = 1/(27 f)], and zv
is the dynamical critical exponent. All the parameters (7 =
25K, zv = 6.56, and 75 = 8.89 x 107!25) are obtained by
fitting the power law as displayed in the inset of Fig. 6(b),
indicating a conventional SG [25]. Meanwhile, isothermal
remanent magnetizations Mgy () were measured at differ-
ent magnetic fields under the ZFC process and shown in
Fig. 6(c). Mirm(t) decays so slowly that the magnetization
value is nonzero even after several hours of decay, which
is also an obvious fingerprint of SG behavior. The obtained
experimental data of Mrm(?) can be fitted according to the
formula [26] Mrm(f) = My — aIn(#). The fitting parameters
M, and «, plotted in the set of Fig. 6(c), increase with H up to
1000 Oe, and then reach the unsaturated point. These results
confirm that the SG state in the present compound is similar
to several other different SG states [22—-24].

Besides, regarding the possible existence of GP, in Fig. 7,
we show the inverse susceptibility data under different fields
H for samples with x = 0.1 and 0.2. One can see that, on cool-
ing, all the H/M curves exhibit a linear thermal dependence
above Tg, indicating a Curie-Weiss behavior. For sample x =
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FIG. 6. (a) M(T) curves under ZFC/FC processes at different H
for Sng7NFejs ;. The inset displays T as a function of H*>. (b) Real
components of ac susceptibility x,-(7') at several fixed frequencies.
The inset presents the best fit by a power law. (c) Mgy Vs In(?) at
different H and the solid lines are fitted by Migrm(t) = My — aIn(t).
The inset shows fitting parameters M, and « as a function of H.

0.1, as shown in Fig. 7(a), the fitted Weiss temperature 6
is —74 K, indicating a strong AFM coupling. While with
increasing Fe content to x = 0.2 [see Fig. 7(b)], the value of
6 has changed into the positive one, that is 37 K, suggesting
that FM interaction dominates [19]. Below Tg, all curves more
or less have a downturn phenomenon, and as the magnetic
field decrease, this downturn phenomenon becomes more and
more apparent. In small magnetic field, a clear deviation from
Curie-Weiss behavior is observed below 7, while the FM
component is hidden in the PM contribution and a Curie-
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Weiss law is found throughout the PM regime in a large
applied field. Obviously, this downturn phenomenon of the
H/M curves is a typical fingerprint of the GP, which is also ob-
served in variety of other systems [27,28]. In order to confirm
the GP of sample x = 0.1, 0.2, we analyze the magnetic sus-
ceptibility exponent equation [9], H/M = (T /T."™ — 1)!7%,
where 0 < A < 1, as shown in the inset of Fig. 7. In the
equation, 7, (namely, the critical temperature for a random
FM cluster) can be set as 6, Ty (Néel temperature), T, or a
value above T, [29]. Regardless of the value of 7. takes,
it should ensure Apy; = O in the PM regime more than 7.
In our case, we take 7.™ as @ for x = 0.1, 0.2, which is
now negative (positive) because of strong AFM (FM) cou-
pling. For x = 0.1, the negative value of 6 is considered to
guarantee Apy; = 0 above Tg. As a fitting result in the inset
of Fig. 7, all Agp satisfy 0 < A < 1 in GP regions, further
implying its GP behavior [30]. Based on the behavior of
inverse susceptibility x ~!(T), the higher value of A represents
the higher FM concentration and stronger contribution to the
system due to a deviation from linear y ~'(T') curves, while
the lower A stands for the lower FM interaction, which results
in a PM state since a linear behavior appears in the plot of
x~N(T). Accordingly, the Agp of SnggNFes, (Agp = 0.57)
is higher than that of Sngg9NFes;; (Agp = 0.13), indicating
an enhanced FM interaction in SnggNFes,, and this result
agrees quite well with the analyses of magnetic properties.
Now we begin to discuss the origin of the Griffith phase.
In our system, we note that the GP appears in the fringe

(a) (b)

Intensity (arb. units)

0 2 4 2 4
H (kOe) H (kOe)
FIG. 8. The derivative ESR spectra (dP/dH) for Sn;_,NFes,,
(x =0.1,0.2): (a) forx = 0.1 under the temperature from 2 to 190 K;
(b) for x = 0.2 over the temperature range of 2 to 180 K.

between FM interaction and AFM interaction. For SnNFes,
AFM interaction dominates, with increasing Fe content, the
iron-iron interactions are enhanced, and then the ferromag-
netic cluster increases. It will lead to the competitions between
AFM and FM interactions. With the further increase of iron
content, the FM coupling will compete over the AFM one
till FM interaction dominates. As a consequence, the present
FM spin fluctuation in the PM state forms the short-range
FM cluster below T [9], which is closely associated with the
observed GP.

Since electron spin resonance (ESR) is helpful for directly
understanding the magnetic interaction and spin correla-
tion, we carried out the ESR measurements here. Figure 8
gives ESR derivative spectrums (dP/dH) for Sng9NFes3; and
Sng gNFe;, with the temperature range from 2 to 190 K and
2 to 180 K, respectively. It should be pointed out that the FM
phase transition can be identified by the defined expression
g = hv/ugH; (where h is the Plank constant, v stands for the
microwave frequency, up represents the Bohr magnetor, and
H; stands for the resonance field) [31]. Especially, the g factor
approaches 2 in the paramagnetic region calculated by the
equation, and the corresponding resonance field H, is about
3300 Oe. And according to the nominal definition, the FM
signal is defined as the resonance field of absorption spectra
is lower than that of the PM (H; < 3300 Oe), while the AFM
absorption peak is located at a higher H; (H; > 3300 Oe) [32].
As shown in Fig. 8(a), SngoNFe; | exhibits several specific
signals throughout the whole measurement temperature re-
gion, that is, the FM signal always exists in ESR spectrums
even for T > T, (or, equivalently, the temperature region
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FIG. 9. The ESR spectra at some typical temperature fitted by
Lorentzian lines: (a) for SnyoNFes 1; (b) for SnggNFes,. The indi-
vidual curves represent the resolved components of the ESR spectra.

of PM state). This is the direct evidence for FM interaction
in the system and is also well satisfied with the magnetiza-
tion analyses discussed earlier. With increasing the doping
concentration to x = 0.2, as seen in Fig. 8(b), SngsNFes,
displays a much stronger FM signal at lower magnetic field,
suggesting extensive FM interaction comparing to x = 0.1,
which is in agreement with the descriptions in Fig. 7 since
the GP is more prominent in Sng9NFes ; than in Sny gNFes .
In other words, a stronger FM interaction may make it easier
to form long-range FM coupling rather than short-range FM
correlation (i.e., GP).

Figure 9 shows the ESR spectrum lines for Sny 9NFe; ; and
SnggNFe;, respectively throughout the entire temperature
range fitted by the Lorenzian profile [33]:

dP d |: AH AH i|

— X — +
dH =~ dH| AH?>+ (H —H,)*> AH?+ (H +H,)
(1

where P stands for the powder absorbed in the ESR mea-
surement, H is the magnetic field, AH is the linewidth, and
H; represents the resonance field. As depicted clearly, the
spectra can be well fitted by four Lorentzian-shape lines,
and the results of specific peaks and fitted Lorentzian lines
show that the micromagnetic structure is the coexistence of
FM and AFM coupling [34], which are in good agreement
with the GP studies and magnetization results. And here we
focus on the fitting parameters of the sample SngoNFes ; and
SnggNFe;,. Figure 10 shows the H,, g factor, and full width
at half maximum (AH) plots as a function of temperature.
As shown in the left panel of Fig. 10(a), there are four plot
lines for each parameter, namely, P;, P», P, and P,. The peaks
of signal around H, ~ 3300 Oe with the g factor ~ 2 should
be denoted as the PM signal, which is marked as P; in the
plots. According to the expression aforementioned, P; and
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FIG. 10. Temperature dependent fitting parameters of ESR spec-
tra H,, g factor, and AH: (a) for Sng9NFes; (b) for SnygNFes,.
Black shadow represents the GP temperature region, and yellow band
is indexed as SG transition scale.

P, should be indexed as FM signals because of the lower H;
(H; < 3300 Oe) and higher g factor (g > 2), arising from the
Fe/Sn local FM cluster. Consequently, Py is identified as the
AFM signal due to the much higher H; (H; > 3300 Oe) and
lower g factor (g < 2) than that of PM, which is mainly caused
by the Fe-N AFM interaction [12,22]. Similarly, Fig. 10(b)
exhibits the same intrinsic feature for the plots of four fit-
ting parameters, that is, Pj—Py4 stand for the specific magnetic
signals, respectively. Differing from the Sng9NFes ;, the SG
phase is more prominent and marked with a yellow band for
Sng gNFes, below the Ty region. The GP regime pointed out
both in Figs. 10(a) and 10(b) are almost distributed iden-
tically with the corresponding response to the varieties of
fitting parameters. Obviously, the analysis results of ESR are
well compatible with the above theoretical magnetic descrip-
tions, implying the significant role of the short-range magnetic
correlation, and confirming a transition to a slow dynamic
regime, i.e., the GP state around Tc(p) < T < Tg and SG
behavior at lower temperature.

In our case, there are several magnetic interactions that
exist in the system, and thus, we give the detailed magnetic
phase diagram of Sn;_,NFes,, (0 < x < 0.4) to embody the
dynamic magnetic transition as summarized in Fig. 11. For
x = 0, the system behaves a magnetic fluctuation state, and
the AFM interaction dominates. With increasing iron content
x, the FM interaction is enhanced and AFM interaction is
suppressed, and then, GP and SG behavior are observed as
a matter of course. Outside of the Fe concentration threshold
xe with 0.1 < x. < 0.2, the GP disappears as well as exhibits
a gradual decline of AFM interaction, and FM is dominant in
the system subsequently. A MF state always exists in the sys-
tem in the 0 < x < 0.4 doping range, either resulting from the
AFM-FM competitions or the short-range FM cluster, which
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FIG. 11. The magnetic phase diagram incorporates several major
dynamic transitions of Sn;_,NFes,, (0 < x < 0.4).

is consistent with the GP and SG behavior in the Sn; _,NFes,
series.

Nevertheless, we give sufficient characterizations and
analyses for observed magnetic behavior; the theoretical cal-
culation is necessary to support our investigations. As shown
in Fig. 12(a), the summary DOS of Sny ;NFes 3 with specific
s, p, and d states electrons are depicted based on the AFM
state. It can be found that the d-state electrons contribution
mainly locate around the Fermi level (Ef), while other s and
p state electrons are distributed far away from the E,, mainly
devoting the spin distributions to weak sidebands. Differing
from the AFM state, Fig. 12(b) gives the FM-state DOS with
an unbalanced population with spin up and down. E; locates
at an upward slope of DOS curve, and shifts to lower energy.
Moreover, the band structure of the crystal is computed along
the high symmetry lines in the Brillouin zone as displayed in
Fig. 12(c). For Sng7NFes 3, an obvious spin-splitting occurs
around the E¢, and the energy curve dispersion across the Ey

o0

N

DOS (states/eV)

S w o ©

Spinup ——d

DOS (states/eV)

05 <
E-E_(eV) [110]

FIG. 12. (a) DOS for AFM Sng;NFe; 3. (b) DOS for polarized
FM Sng;NFe;3 under spin-up and -down states. (c) The GGA
electronic band structure for Sng;NFe;;. (d) The GGA electron
distribution for Sng7NFe; 3 in the (—110) plane.

reflects the metallic behavior. The valence charge density of
Sng7NFe; 5 is also performed in Fig. 12(d). In view of the
reports of Segall et al. [35], the difference of valence charge
density between two atoms in the overlap population serves
as a criterion to identify the interactions, that is, the higher
the value, the higher iconicity. Very clearly, many charges
distribute at the intermediate region among the Fe and N
atoms, immediately suggesting the characteristic of the strong
hybridization for Fe-N; in other words, the Fe-N interactions
are of covalent-ionic nature. However, the Sn-Fe bond ought
to be metallic in nature since there is much less electron
charge density locating between Sn and Fe, which means
no significant interaction of them comparing with Fe-N. The
results of bond analyses are very consistent with other similar
cases of PdFesN [36] and NiFesN [37].

About the observed GP in the sample SnygNFe;, and
Sng9NFe; |, we also performed the DFT calculations based
on the spin-polarized FM and antiparallel spin AFM states
in Fig. 13. For both SnggNFes, and Sng9NFes ;, the bands
near the Fermi level from —5 to 5 eV come mainly from
the Fe 3 d-state electrons, and the intrinsic itinerant nature
of the sample is embodied prominently since there is a large
span of the Fe-3 d electrons [12]. An essential characteristic
is the dissymmetry between spin-up and spin-down states
for FM SnggNFe; as shown in Fig. 13(a). This differential
distribution results in an increased net moment of DOS at
Ey, reflecting the corresponding magnetic characteristic of
Sng gNFe;. Figure 13(b) presents a nonpolarized net spin mo-
ment for Sng9NFe;; in a balanced DOS distribution. These
theoretical calculations confirm our above analyses, that is,
in low dopants x < 0.1, AFM interaction is dominant, while
with increasing Fe doping concentration, the iron-iron interac-
tions increase and thus lead to the increase of the FM cluster.
As a result, it will lead to the competitions between AFM and
FM interactions. Superimposing by the specific temperature,
both the AFM-FM competitions under the 7y and the short-
range FM cluster formed in the PM state below 7 should be
responsible for the observed SG and GP.

In general, the appearance of SG is inextricably linked
with the competitions between FM and AFM interactions
which are the main cause of multiconfiguration of spins or
spin frustrations. For example, in intermetallic URh,Ge, [38]
and FeAl, [39], the origin of SG behavior is attributed to
the competitions between FM and AFM interactions. In our
case, the AFM interaction is found in Sn;_,NFes,, (0 < x <
0.1), and the FM exchange is observed in the samples of
Sn;_,NFes,, (0.2 < x < 0.4). Due to this system consisting
of FM and AFM interactions, it can be understood that the SG
behavior exists in Sng7NFes3 ;3 under the FM and AFM com-
petitions. Similar to this case, both in Fe-based and Co-based
antiperovskite compounds SnCFe; [22] and GeNCos [40], SG
behavior is proposed to originate from the atomic disorder
introduced by the atomic deficiency, i.e., Sn and Ge defi-
ciency for SnCFe; and GeNCos, respectively. Very recently,
Zhang et al. [41] raised the nature of the SG of Sn,Fes_ N
through the neutron total scattering, from where, the SG is
introduced by local FM cluster with a cluster size of ~ 8 A
on average. In consideration of these cases, we firmly believe
that the disorder should occur since Sn occupies the corner
position of the face-centered-cubic space structure, similar to
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FIG. 13. The total and partial DOS of each atom for Sn;_,NFes;,, (x = 0.1, 0.2): (a) for x = 0.2, SnggNFe;,; (b) for x = 0.1, SngoNFe; ;.

Sn,Fes_ N, and forms the Fe/Sn local FM cluster. And thus,
the SG behavior observed in Sn;_,NFe3;, compounds may
originate from the atomic disorder caused by a small amount
of Sn deficiency, or the competitions between FM cluster and
AFM interaction, or both [12].

Identifying the GP in limited dopants suggests the exis-
tence of Fe concentration threshold x. with 0.1 < x. < 0.2.
The fact that the GP is not observable outside this doping
range confirms the intrinsic nature of the competitions of two
magnetic interactions which results in FM spin fluctuation.
The importance of the AFM and FM competition driven spin
fluctuation and disorder has recently been reported to be cru-
cial for the appearance of signatures of correlated clusters in
the PM state [42]. Besides, inspired by the investigations of
Ouyang et al. [9], for SngoNFes; ; and SnygNFes», no or less
structural distortion exists, unlike the role of the Jahn-Teller
(JT) effect for canonical Mn-based perovskite compounds,
which causes the JT distorted orthorhombic to rhombohedral
phase [28]. That is, as the random distribution of the FM
bond starts to fluctuate along with the fluctuating lattice dis-
tortion, indicating the source of a GP in our compound is
somewhat different from JT structural distortion, which the
symmetric superexchange can be constructed using an Ising

spin chain with nearest-neighbor FM (Jgy) and next-nearest-
neighbor AFM (Japm) competing interactions [43]. However,
the intrinsic magnetic ground has been revealed by neutron-
diffraction studies that the local FM cluster is identified for
SnggsFes 12N in the frustration and disorder state and well
maintained [41]. The above result gives a reliable evidence
revealing the existence of local FM correlation in our system,
and such correlation length should benefit the theoretical de-
scription for the GP system.

IV. CONCLUSIONS

In summary, we have experimentally identified an entire
GP in antiperovskite Fe-based nitrides Sn;_,NFe3,, (0 < x <
0.4). Through the systemic magnetic measurements, as the x
level increases, magnetic interaction changes from MF behav-
ior at x = 0 to AFM interaction at x = 0.05 and 0.1, and then
to FM interaction at 0.2 < x < 0.4. Along with this process,
the FM spin fluctuation in the PM state forms the short-range
FM cluster, which leads to the appearance of the GP atx = 0.1
and 0.2. This phase regime arises as a result of the strong
atomic disorder by diluting the element substitution for Fe
sites, and thus, the enhanced GP is observed for Sny¢NFes ;
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comparing with SnggNFes,. In addition, a canonical SG be-
havior is found at low temperature in Sng7NFe; 3, which can
be attributed to the competitions between FM and AFM inter-
actions. The DFT calculations confirm the specific magnetic
coupling and atomic interaction in Sn;_,NFes , series which
incorporate the FM-AFM competitions and atomic disorder in
the system.
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