PHYSICAL REVIEW B 103, 134509 (2021)

Miscibility gap and possible intrinsic Griffiths phase in Sr(Fe,_,Mn,),As, crystals grown
by transition metal arsenide flux
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The crystal structure, magnetic, electronic, and thermal properties of Sr(Fe,_,Mn,),As, crystals grown by
transition metal arsenide flux have been systematically investigated. A miscibility gap with x ranging from
0.4362(4) to 0.9612(9) is found in the Sr(Fe;_,Mn,)As, system—for x < 0.4362(4), the phase remains in the
parent tetragonal structure [space group /4/mmm (No. 139)], whereas for x > 0.9612(9), the phase exhibits a
trigonal structure [space group P-3ml (No. 164)]. Based on our observation, the spin density wave order for
x < 0.0973(1) is suppressed, followed by an abnormal and broadened increase in the ordering temperature from
x =0.0973(1) to x = 0.2055(2). No real-space phase separation of Mn and Fe was detected for x < 0.2055(2),
indicating that the broadened increase in ordering temperature is attributable to a possibly intrinsic Griffiths
phase. No superconducting signal was observed down to 2 K in the whole composition range with 0 < x < 1. A
phase diagram with multicritical points of Mn-doped SrFe, As; system is established accordingly.

DOLI: 10.1103/PhysRevB.103.134509

I. INTRODUCTION

The discovery of superconductivity [1] and the subsequent
enhancement of superconducting (SC) transition temperature
(T.) up to 55 K in doped REFeAsO (RE = rare earth) [2-5]
have attracted great attention in the research of layered FeAs
compounds over the past decade [6—8]. The ThCr,Si,-type
(122-type) AFe;As; (A = Eu, Sr, Ba, and Ca) compounds
featuring similar FeAs layers in their structures [9—13] exhibit
many similar features to those of REFeAsO, e.g., both have
similar densities of states near the Fermi surface [7]. The
FeAs layer, serving as a carrier conduction layer [14-17],
confines the conduction carriers within quasi-two dimensions
and leads to strong interactions among these conduction car-
riers. For structure and property tuning, substituting A with
alkali metals, such as K [18-20] or Na [21], in AFe;As; is
an effective route. Another effective route is to substitute Fe
with transition metals [22]. For instance, superconductivity
in AFe;As; (A = Sr and Ba) can be achieved by electron
doping—Co [23,24], Ni [25,26], Rh [27], or Pd [28] doping—
at the Fe site, but not hole doping by Cr [29,30] or Mn [31,32].
This demonstrates the electron-hole asymmetry in high-(7;)
Fe pnictides [33]. Suppressing the spin density wave (SDW)
order by doping or applying external pressure [34,35] can
induce not only superconductivity with a dome-like-shape SC
region but also phases with other emerging phenomena, e.g.,
the quantum critical point (QCP) [33,36], coexisting SC and
magnetic states [21,37], or nematic phases [38].
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The Mn-doped BaFe;As, was reported as a nonsuper-
conductor due to its localized Mn spin moments [39,40].
Later, the lack of superconductivity was attributed to the
absence of appropriate magnetic excitations as revealed by
resonant inelastic x-ray scattering studies [41]. There is a
large miscibility gap in Ba(Fe;_,Mn,),As; with 0.12 < x <
1 when slowly cooled down to room temperature (RT) from
1273 K, and the gap narrows to 0.2 < x < 0.8 by quenching
with liquid nitrogen at 1273 K [42]. With an increase in Mn,
SDW is first suppressed for x < 0.1, then becomes extremely
broad and is no longer detectable up to x = 0.147 [43]. For
x > 0.1, an evident broad minimum is observed in the deriva-
tive of the resistance, and the corresponding transition temper-
ature increases gradually with an increase in Mn content [43].
Neutron scattering and high-resolution single-crystal x-ray
diffraction (SCXRD) measurements on Ba(Fe;_,Mn,),As,
show the missing tetragonal-to-orthorhombic structural transi-
tion, whereas the magnetic order with a propagation vector of
(1/2 1/2 1) persists beyond x = 0.102 [31,40]. Moreover, these
unique behaviors can be described by a possible Griffiths-type
phase based on nuclear magnetic resonance, neutron Larmor
diffraction, muon spin resonance, and inelastic neutron scat-
tering (INS) [44].

Usually, the Griffiths region represents a two-phase re-
gion in a strongly disordered system containing a disordered
paramagnetic phase and a magnetically ordered phase. The
Griffiths region alters the critical scaling behavior of a
phase transition by changing the power-law scaling to ex-
ponential law or completely destroys the phase transition
[45-50]. The Griffiths region may result in the appearance
of qualitatively new electronic or magnetic states, such as
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colossal magnetoresistance [S1], quantum spin glass [52,53],
or (anomalous) quantum Griffiths singularity [54,55]. The
INS measurement on Ba(Fe|_,Mn,),As, single crystals with
x = 0.075 shows the coexistence of spin excitations of antifer-
romagnetic (AFM) wave vectors [Qar = Qgyipe = (77, 0)] for
BaFe;As; and [Q = Qneel = (71, ), rotated 45° from Qar]
vectors for BaMn,As, [40,56]. These unexpected properties
were theoretically explained by the cooperative behaviors of
the magnetic impurities and the conduction electrons in a
real-space five-band model [57]. Because of the high Néel
temperature (7x = 625K) of BaMn,As, [58], the influence
of G-type AFM order above RT cannot easily be excluded by
neutron diffraction [31,40]. The similarity between the crystal
structures of BaFe,;As, and BaMn,As, poses a challenge to
determine whether this is an intrinsic effect of the system or
there is a real-space phase separation between Mn and Fe [56].

Contrary to the case with BaFe,As, (I4/mmm) and
BaMn,As; (I4/mmm), the real-space phase separation be-
tween Mn and Fe in Sr(Fe;_,Mn,),As, can be easily
determined for the quite different crystal structures of
SrFe;As; (I4/mmm) and SrMn;As, (P-3ml) [59]. In addi-
tion, the low G-type AFM ordering temperature (T = 125 K)
of SrMn,As, [59] makes it easier to recognize the G-type
AFM order by neutron diffraction below RT. Thus, Mn-doped
SrFe,As; potentially provides a better platform to investigate
the Griffiths-type phase. Polycrystalline Sr(Fe;_,Mn,),As;
has been studied, and no superconductivity is induced, even
for x > 0.20 [60]. Sn-flux-grown Sr(Fe;_,Mn,),As; sin-
gle crystals also show no SC signal with suppressed SDW
order [32]. Considering the grain boundary effects of a
polycrystalline sample and the probable Sn contamination
of Sn-flux-grown sample [61-63], we systematically in-
vestigate the structural, magnetic, electronic, and thermal
properties of Sr(Fe;_,Mn,),As, crystals grown by transition
metal arsenide (TMA) flux and carefully study the possible
Griffiths-type phase or superconductivity. A suppressed SDW
order with an ordering temperature of about 140 K at x =
0.0973(1) was observed. For 0.0973(1) < x < 0.2055(2), the
ordering temperature increases with a broadened feature,
which is attributable to the possible Griffiths phase as that
of Ba(Fe,_Mn,),As;. The real-space phase separation be-
tween Mn and Fe was observed only for 0.2055(2) < x <
0.4362(4), suggesting that the possible Griffiths phase for
0.0973(1) < x < 0.2055(2) is probably an intrinsic property
of Sr(Fe;_,Mn,),As; system. A miscibility gap ranging from
x =0.4362(4) to x = 0.9612(9) was observed and no SC
signal was found down to 2 K in the whole composition range
with 0 < x < 1. Finally, a global phase diagram of TMA-flux-
grown Sr(Fe;_,Mn,),As, crystals with multicritical points
was established.

II. EXPERIMENT METHODS

Mn-doped SrFe;As, crystals were grown by a high-
temperature solution method using the TMA flux. The
strontium pieces (Alfa Aesar, 99%) and preheated FeAs and
MnAs powder precursors were mixed using a molar ratio of
1:4(1—x):4x in a fritted alumina crucible set (Canfield crucible
set) [64] and sealed in a fused-silica ampoule at vacuum. FeAs
or MnAs precursor was prepared by heating a mixture of ar-

senic powder (Alfa Aesar, 99.9999+%) and ion powder (Alfa
Aesar, 99.94+%) or manganese powder (Alfa Aesar, 99.95%)
at 1173 or 1073 K for 10 h, respectively. The sealed ampoule
was heated to 1423 K, kept for 5 h, and then slowly cooled
down to 1273 K at a rate of 5 K/h. By centrifugation at 1273
K, black, shiny, and air-stable platelike crystals as large as 4
mm X 4 mm x 0.5 mm were obtained.

SCXRD patterns were collected using a Bruker D8 VEN-
TURE diffractometer with multilayer monochromatized Mo
K, (A = 0.71073 A) radiation. Unit cell refinement and data
merging were performed using SAINT program, and an
absorption correction was applied by multiscan scanning.
The solution and refinement of the crystal structure were
performed using the SHELX suite [65] and JANA2006 [66].
Powder x-ray diffraction data were collected on a PANalyt-
ical X’Pert PRO diffractometer (Cu K, radiation) operated
at 40 kV voltage and 40 mA current with a graphite
monochromator in a reflection mode (260 = 5°-100°; step-
size = 0.017°) [67]. Indexing and Rietveld refinement were
performed using the DICVOL91 and FULLPROF programs [68].
Elemental analysis was conducted using a scanning elec-
tron microscope (SEM, Hitachi S-4800) equipped with an
electron microprobe analyzer for semiquantitative elemen-
tal analysis in energy-dispersive spectroscopy (EDS) mode
and inductively coupled plasma-atomic emission spectrom-
eter (ICP-AES, Teledyne Leeman Laboratories Prodigy 7).
For each crystal with a certain doping level, five spots in
different areas were measured using EDS. The ICP-AES mea-
surement was performed on two pieces of single crystals
at each doping level. Raman-scattering measurements were
performed on a HORIBA iHR550 Raman spectrometer using
a laser source with a wavelength of 532 nm and power of
0.6 mW at RT. The laser beam was focused to a spot with
a diameter of 1-2 um with the X100_VIS objective. Each
spectrum was collected from 50 to 500cm™! in two min-
utes. Temperature-dependent electronic resistance and heat
capacity measurements were performed on a physical prop-
erty measurement system (PPMS, Quantum Design), whereas
field-dependent magnetization measurements were performed
on a vibrating sample magnetometer system (VSM, Quan-
tum Design). Contacts for standard four-probe configuration
were established by attaching platinum wires using silver
paint, resulting in a contact resistance smaller than 5 Q.
Samples for all measurements were cleaved along (00/) from
Sr(Fe;_Mn,),As, crystals using a razor blade.

III. RESULTS AND DISCUSSION

Figure 1 shows the crystal structure and chemical com-
position of Sr(Fe;_,Mn,),As, crystals. The XRD patterns
of Sr(Fe;_Mn,),As, crystals for x < 0.4362(4) and x >
0.9612(9) are shown in Figs. 1(a) and 1(b), respectively.
These two series patterns can be indexed on a tetragonal
structure (I4/mmm) and a trigonal structure (P-3m1), respec-
tively [Fig. 1(d)]. The (00!) diffraction peaks with even [
(x £ 0.4362(4)) or integer / (x > 0.9612(9)) are observed,
indicating that the plate surface is perpendicular to the ¢
axis. These peaks are consistent with those of SrFe;As; [10]
and SrMn,As, [69] polycrystalline samples, as reported. As
shown by the enlarged (0010) diffraction peak, the peak
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FIG. 1. (a) XRD patterns of Sr(Fe,_,Mn,),As, [Fe-rich side, x < 0.4362(4)] crystals showing (00/) (! = even number) diffraction peaks.
The inset is enlarged (0010) diffraction peak. The star symbols show (003) and (004) diffraction peaks of Mn-rich phase, indicating the
phase separation for x > 0.2055(2). (b) XRD patterns of Sr(Fe,_,Mn,),As, [Mn-rich phase, x > 0.9612(9)] crystals showing (00]) (I =
integer) reflections. The inset is the enlarged (004) diffraction peak. The spectra in (a) and (b) are offset for clarity. (c) Real Mn content
in Sr(Fe,_,Mn,),As, crystals determined by ICP-AES and EDS. The lines are the linear fittings of ICP-AES results and the double arrow
(red) indicates the miscibility gap. (d) Optical photographs of typical thin and thick crystals with x = 0.0682(1) and x = 0.9612(9) and the
corresponding schematic crystal structures for x < 0.2055(2) and x > 0.9612(9), respectively.

position gradually shifts to a lower angle with increasing Mn
content (x < 0.2055(2)), indicating that the lattice parameter
¢ expands. The linearity suggests the structural homogeneity
of crystals in each composition range [70]. (See Supplemental
Material Fig. S1(a) for details [71]). Then, the diffraction
peaks broadened at higher doping levels [0.2055(2) < x <
0.4362(4)] with an enlarged shoulder of (008) diffraction peak
[Fig. 1(a)]. The appearance of the (003) and (004) diffrac-
tion peaks of Mn-rich Sr(Fe;_,Mn,),As, indicates the phase
separation in the corresponding composition. At the Mn-rich
side [x > 0.9612(9)], the (004) diffraction peak also shows a
low-angle shift with increasing Mn content [inset of Figs. 1(b)
and S1(b)].

Figure 1(c) and Table SI demonstrate the real Mn con-
tent of Sr(Fe;_,Mn,),As; crystals determined from ICP-AES
and EDS. The contents of Mn (x) determined from these
two techniques are consistent and have good linearity in
each region. For the ICP-AES results, we found that the
real Mn content (x) is lower and higher than the nomi-
nal one (xp) before x = 0.1254(1) and for 0.1591(2) < x <
0.4362(4), respectively. No crystals with 0.4362(4) < x <
0.9612(9) were obtained, indicating the existence of a large

miscibility gap but smaller than that of Ba(Fe;_,Mn,),As;
[42] (See Supplemental Material Fig. S2 for details [71]).
Beyond the miscibility gap, there is a small composition range
for Fe-doped SrMn,As,. Thus, we summarized the struc-
tural transition for the Sr(Fe;_,Mn, ), As, system accordingly.
With an increase in Mn content, Sr(Fe;_,Mn,),As, evolves
from I4/mmm (no. 139) isostructural to SrFe,As,, to a two-
phase-coexisted region, then to a miscibility gap, and finally
to P-3m1 (No. 164) isostructural to StMn,As,.

Figure 1(d) shows the optical photographs of typical thin
and thick crystals with corresponding x = 0.0682(1) and
0.9612(9). The thin crystal can be as large as 4 mm x 4 mm x
0.5 mm, whereas the thick crystal exhibits a hexagonal appear-
ance. By using SCXRD, the thin crystals with x < 0.2055(2)
are indexed with the space group I4/mmm (no. 164), whereas
the thick crystals with x > 0.9612(9) are characterized by
the P-3m1 (no. 139) space group (See Supplemental Material
Table SII for details [71]). Low temperature (100 K) SCXRD
data of Sr(Fe;_,Mn,),As; crystal with x = 0.0973(1) show
that there are little contractions along a/b axis (~0.23%)
and ¢ axis (~0.42%), indicating no phase transition from
tetragonal to collapsed tetragonal phase as that of CaFe,As;
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FIG. 2. (a) Raman spectra of Sr(Fe;_,Mn,),As, [0 <x <
0.3167(3)] crystals at RT. The lines are given by Gaussian mul-
tipeak fitting. A, and Bj, correspond to the Raman-active modes
in SrFe,As, with characteristic peaks at 182 and 204cm™!, re-
spectively. Each spectrum is normalized and offset for clarity.
(b) Mn-content-dependent Raman modes for Sr(Fe,_,Mn,),As,
crystals [0 < x < 0.3167(3)]. The two straight lines are guides to

the eye.

[72-74]. The missing tetragonal-to-orthorhombic transition in
Sr(Fe;_Mn, ),As, crystal with x = 0.0973(1) is similar to
that in Ba(Fe;_,Mn,),As; [31,40] (See Supplemental Mate-
rial Table SIII for details [71]).

Figure 2(a) shows the Raman spectra of
Sr(Fe;_Mn, ),As, crystals with 0 < x < 0.3167(3) at RT.
For x = 0, the characteristic peak at 203cm™! corresponds
to the B, mode of SrFe;As;, which represents the displace-
ments of Fe atoms along the ¢ axis [75]. For x < 0.0973(1),
the Bj; mode dominates between 80 and 300 cm~!.
For Sr(Fe;_,Mn,),As, crystals with 0.0973(1) < x <
0.2055(2), besides the Bj; mode, a new peak at 182 cm~!
emerges and gradually strengthens with Mn doping, which
is the A;; mode of Sr(Fe;_Mn,),As; corresponding to
the displacements of As atoms along the ¢ axis [75]. For
Mn doping higher than 0.2055(2), such as x = 0.3167(3),
three peaks at 175, 204, and 212 cm~! are observed, among
which only the peak at 204cm~' may derive from the By e
mode (203cm™!). The emergence of the two new modes is
attributable to the inhomogeneity in Sr(Fe;_,Mn, ),As; crys-
tals with x > 0.2055(2). Figure 2(b) shows the Mn-content-
dependent Raman modes for Sr(Fe;_,Mn,),As, crystals
[0 < x £ 0.3167(3)]. Both the Raman peaks corresponding
to the Bj; mode and A, mode for Sr(Fe;_,Mn,),As;
crystals with 0.0973(1) < x < 0.2055(2) are close to those of
SrFe; As; [75,76]. In this composition range, no other Raman
peaks are observed, indicating the structure homogeneity.

Figure 3 demonstrates the normalized temperature-
dependent dc magnetic susceptibility (x/x300x) of
Sr(Fe;_yMn,),As, crystals measured under an applied
field of 7 T parallel to the ab plane in the zero-field-cooling

(ZFC) protocol. The magnetic transition temperatures (Tspw,
T*, and Tapv) are determined by maxima in d(x7)/dT
(See Supplemental Material Fig. S3(a) and S3(b) for details
[71]). No hint of superconductivity is observed in the whole
composition range. For 0 < x < 0.0973(1), the magnetic
transition temperature labeled as Tspw associated with the
coincident SDW order and structural transition decreases
from 188.6 K for x = 0 to 138.8 K for x = 0.0973(1)
[Fig. 3(a)]. For x =0.0973(1), the magnetic transition
temperature becomes difficult to resolve in x/x3p0k curve,
but it is clear in d(x7)/dT. As shown in Figs. 3(b) and
S3(b), a new broadened magnetic feature with increasing
transition temperature denoted as T* emerges with increasing
Mn content (x) from x = 0.0973(1) to x = 0.2055(2).
The magnetic transition shows a broadened decreasing
trend at 0.2055(2) < x < 0.4362(4) accompanied by phase
separation [Figs. 3(c) and 1(a)]. For x = 0.4362(4), there is
an anomaly at 108.4 K, which can be attributed to the AFM
order of Mn-rich phase due to the real-space separation of Mn
and Fe. In the miscibility gap, the crystals in one batch show
different magnetism (See Supplemental Material Figs. S4(a)
and S4(b) for details [71]). When x is beyond the miscibility
gap, the Mn-rich crystals exhibit a magnetic transition (Tapm)
around 110 K [Fig. 3(d)], which corresponds to the reported
antiferromagnetism of SrMn,As; [59]. The magnetic feature
at low temperature may be related to FeAs impurity in the
remaining flux droplet.

Figure 4 shows the normalized temperature-dependent in-
plane resistance (Rr/R3pok ) for Sr(Fe;_Mn,),As; crystals.
The coupled SDW ordering and structure transition temper-
ature is determined by the minima in dR/dT. The signal of
superconductivity is not observed in the whole composition
range, which is consistent with the magnetization measure-
ments. With Mn doping, the SDW ordering temperature
decreases for x < 0.0973(1) [Fig. 4(a)]. Meanwhile, at tem-
peratures lower than the ordering temperature, the decreasing
trend of resistance when cooling gradually shifts to an in-
creasing one. Then, a feature with increasing characteristic
temperature (T*) emerges at x higher than 0.0973(1), and
maintains up to x = 0.2055(2) [Fig. 4(b)]. The value of the
increasing characteristic temperature (T*) was also deter-
mined by a minima in dR/dT [Fig. S3(d)], which is consistent
with the magnetization measurements. No clear transition
is observed in Ry /Rspx for 0.2055(2) < x < 0.4362(4)
[Fig. 4(c)], but a decreasing trend of the minima in dR/dT is
observed [Fig. S3(d)]. The signal of the miscibility gap is also
observed in the temperature-dependent resistivity (See Sup-
plemental Material Fig. S4(c) and (d) for details [71]). Atxy =
0.36, crystals with different appearances and composition
growing in one batch behave differently in electronic trans-
portation. The resistivity of thin crystals with x = 0.3016(3)
gradually increases with decreasing temperature, whereas the
resistivity of the thick crystal with x = 0.9612(9) reaches
4 x 10% Q cm at about 170 K [Fig. 4(d)] and then goes beyond
the detection limit of PPMS at lower temperature, behaving
like a semiconductor. By fitting the conductivity o = 1/p
with the expression In(o) = A—A/T in two different tem-
perature ranges, we obtained A = 0.77 eV from 170 to about
210 K and A = 1.54¢V from 210 to 300 K. The larger one
is deduced to the intrinsic activation energy, and the smaller
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FIG. 3. Normalized temperature-dependent dc magnetic susceptibility (x /x300x) of Sr(Fe,_,Mn,),As, crystals with an applied magnetic
field of 7 T parallel to the ab plane in the ZFC protocol. (a) 0 < x < 0.0973(1). Tspw denotes the suppressed SDW ordering temperature.
(b) 0.0973(1) < x < 0.2055(2). T* denotes the unusually enhanced ordering temperature. (c) 0.2055(2) < x < 0.4362(4). The inverted
triangle stars the kink in magnetic susceptibility for x = 0.04362(4). (d) 0.9612(9) < x < 1. Tapm denotes the AFM ordering temperature

for x > 0.9612(9). The arrows are guides for the eyes.

one is the energy gap between the donor energy levels and
conduction band or the acceptor energy levels and valence
band [77,78]. Both of them have the same order of magnitude
as 0.29 eV (0.64 eV) within the temperature range of 100-285
K [59] and are much larger than 85 meV fitted by the ex-
pression logjop = A 4+ 2.303A/T between 70 and 120 K [79]
for Sn-flux-grown SrMn;As,. The difference is most probably
due to inevitable deviations in measurements or the flux effect
as reported for BaMn,As; [78].

Figure 5 shows the specific heat capacity of some
Sr(Fe;_,Mn,),As, crystals with x = 0, 0.0767(1), 0.0973(1),
and 0.2055(2). The suppression of SDW order is clearly ob-
served for x < 0.0973(1), being consistent with magnetism
and resistance measurements. The single peak shows that the
structural transition and SDW ordering are coupled, mean-
while the broadened and weakened tendency of the peak
from x = 0 to x = 0.0973(1) indicates the suppression of the
transition. At x = 0.2055(2), there is no anomaly observed,
which suggests there is no structural transition and long-range
magnetic order.

Based on magnetism, electronic transportation, and
specific heat capacity measurements, the Mn-content-
dependent critical temperature (T versus x) was summarized
[Fig. 6(a)]. The linear decrease of SDW ordering tempera-

ture to about 140 K before x = 0.0973(1) is consistent with
the results of polycrystalline samples [60] and Sn-flux-grown
crystals [32]. Then, the critical temperature shows an unusual
increase with broadened feature, which has never been re-
ported previously in this system, to the best of our knowledge.
The suppression of SDW order before the critical point (x =
0.0973(1)) and the followed unusual increase of ordering tem-
perature are quite similar to those in Ba(Fe;_,Mn,),As,. For
Ba(Fe|_,Mn,),;As,, the ordering temperature is suppressed
from 134 to about 50 K at x = 0.102, followed by an en-
hancement to about 100 K at x = 0.147 [43], which has
been attributed to the possible Griffiths effect [44,46,47]. For
Mn-doped BaFe, As;, the enhanced ordering temperature (T*)
above a critical Mn concentration, as well as other properties
like the missing tetragonal-to-orthorhombic structural tran-
sition beyond the critical concentration and the unexpected
G-type spin excitation (Qnee1) at low concentration are suc-
cessfully explained by a real-space five-band model [57] built
by combining the Ruderman-Kittel-Kasuya-Yosida exchange
interactions in multiorbital nested systems at the brink of an
instability [80,81] with the physics of AFM Griffiths effect
in itinerant systems [57,82]. In the model, the interaction
between the local magnetic moment and the spin density

of the itinerant electrons is denoted as Himp = Jo me, S; -
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FIG. 4. Normalized temperature-dependent in-plane resistance (Rr/R3p0x) of Sr(Fe;_,Mn,),As, crystals. (a) 0 < x < 0.0973(1). Tspw
denotes the suppressed SDW ordering temperature. (b) 0.0973(1) < x < 0.2055(2). T* denotes the unusually enhanced ordering temperature.
(c) 0.2055(2) < x £ 0.4362(4), and (d) x = 0.9612(9). The inset shows In(c) versus inverse temperature 1000/7" (where conductivity o =
1/p); the solid curves represent fittings over the temperature interval by the expression In(0) = A—A /T, where A is a constant and A is the

activation energy. The arrows are a guide for eyes.
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FIG. 5. Specific heat capacity of Sr(Fe,_,Mn,),As, crystals for
x < 0.2055(2). Tspw denotes the suppressed SDW ordering temper-
ature. The arrow is a guide for eyes. The difference in background
may be due to the relatively high measuring temperature and mass
weighing deviation.

(cjwaw/ciw«), where i represents the subset of lattice sites
containing impurity spins (S;), the operators c;(/w (Cipo’) an-
nihilate (create) an electron at site { with spin o in orbital
state u, the indices u denotes the Fe 3d orbitals. By increas-
ing the concentration of strong impurities (JoS;, = £0.8 eV)
up to 6.0%, the sharp transition is broadened and the stripe
order induced by disorder can persist significantly above the
ordering temperature of the clean system. Thus, the enhanced
ordering temperature and the broadened tendency observed
in resistivity, susceptibility, and specific heat measurements
should be regarded as the signal of the possible Griffiths phase
in this itinerant anti-ferromagnet. For Sr(Fe;_,Mn,),As;,
the ordering temperature is suppressed from 198 to about
140 K at x =0.0973(1), followed by a broadened en-
hancement to about 175 K at x = 0.2055(2). The missing
tetragonal-to-orthorhombic transition in Sr(Fe;_,Mn,),As;
crystal with x = 0.0973(1) is also noticed. Considering these
similarities between the two systems, we would attribute
such an unusual increase in ordering temperature in the
Sr(Fe;_Mn,),As, system to the similar Griffiths region as
that of Ba(Fe;_,Mn,),As,.
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FIG. 6. (a) Mn-content-dependent critical temperature (T ver-
sus x) before the miscibility gap [x < 0.4362(4)]. The transition
temperatures for polycrystalline Sr(Fe,_,Mn,),As; [Tspw (Poly-,
literature)] and Sn-flux-grown Sr(Fe,_,Mn,),As, single crystals
[Tspw (Sn-flux, literature)] are shown for comparison [32,60]. Tspw
denotes the SDW ordering temperature, T* denotes the unusually
enhanced ordering temperature beyond x = 0.0973(1), and Tagym de-
notes the AFM ordering temperature. The error bar of each ordering
temperature is given by the temperature distance between points
on the derivation curve (d(xT)/dT or dR/dT) at which the curve
reaches 10% of its maximum value. The solid lines represent the
linear fittings of the critical temperature at different ranges of Mn
content (x). Shaded areas with different colors outline the possible
Griffiths region and phase-separated region for Sr(Fe;_,Mn,),As,.
(b) The log-scale XRD patterns of Sr(Fe,_,Mn,),As, crystals [only
0.1591(2) < x < 0.4362(4) for comparison]. The short vertical lines
show the peak positions corresponding to SrFe;As, and StMn,As,
from ICSD [10,69] and the shaded areas indicate the (003) and (004)
peaks for SrMn,As,. These spectra are offset for clarity. The inset
shows the Mn-content-dependent FWHM of (0010) peak.

In Ba(Fe{_Mn,),As,, it is difficult to determine the Grif-
fiths effect as an intrinsic effect or a real-space separation
between Mn and Fe [56]. Fortunately, for Sr(Fe;_,Mn, ),As,,
XRD could clearly determine the real-space separation be-
tween Mn and Fe due to the different lattice symmetry of
the two parent compounds. As shown in Fig. 6(b), the XRD

Phase
separation

14/mmm

0.0 0.1 0.2 0.3 0.4 096 1.00
Mn content (x)

FIG. 7. Schematic phase
Sr(Fe;_Mn, ),As, crystals.

diagram of TMA-flux-grown

patterns indicate that the diffraction peaks for samples with
x = 0.1591(2) and x = 0.1822(2) are narrow and have nearly
unchanged full-width-at-half-maximum (FWHM), indicating
good structure homogeneity. Moreover, the XRD patterns of
samples with 0.2055(2) < x < 0.4362(4) present about ten
times larger FWHM and the coexistence of tetragonal and
trigonal phases. The narrow and stable FWHM shows good
structure homogeneity for x < 0.2055(2), and the coexisting
phases for 0.2055 < x < 0.4362(4) denote structural inho-
mogeneity [Fig. 6(a)]. Combined with the results of Raman
spectra, the unusually enhanced ordering temperature and
smeared phase transition should be the intrinsic properties
of Sr(Fe;_,Mn,),As, single crystals in the structure homo-
geneity region. As mentioned by Inosov et al. [44], in the
structure homogeneity region, the Griffiths effect will enhance
the ordering temperature with broadened features, whereas
structural inhomogeneity would cause a decrease trend of
ordering temperature. In this sense, there should be a pos-
sible intrinsic Griffiths phase in the structure homogeneity
region of Sr(Fe;_Mn,),As; single crystals for 0.0973(1) <
x £ 0.2055(2).

Combining the results presented above, the schematic
phase diagram of TMA-flux-grown Sr(Fe;_,Mn,),As; crys-
tals is established. As shown in Fig. 7, no superconductivity
has been observed in the whole composition range. For 0 <
x < 0.0973(1), Sr(Fe_,Mn,),As; has a similar crystal struc-
ture and physical properties as SrFe,As, with suppressed
SDW ordering temperature. Meanwhile, the lattice parameter
c expands with increasing x. For 0.0973(1) < x < 0.2055(2),
a broadened transition feature with increasing temperature
emerges. This feature could be attributed to the possible
intrinsic Griffiths effect. Unlike Mn-doped BaFe,As;, the
possibility of real-space separation between Mn and Fe is
eliminated based on the results of XRD and Raman spec-
tra. For 0.2055(2) < x < 0.4362(4), the real-space separation
of Mn and Fe is observed. For 0.4362(4) < x < 0.9612(9),
a miscibility gap does exist, and the grown crystals in
one batch have different crystal structures and properties.
For 0.9612(9) < x < 1, Sr(Fe;_Mn,),As, crystals have a
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similar structure to that of SrMn,As, with robust AFM order
and semiconductorlike transport behavior.

More investigations, such as synchrotron diffraction, low
temperature or polarized Raman-scattering, scanning tun-
neling microscopy/spectroscopy, or INS will be needed to
further confirm the existence of the Griffiths phase. Further,
it is predicted that the Griffiths effect can smear the ne-
matic quantum phase transition in inhomogeneous systems
[83], and Sr(Fe;_,Mn,),As, system could be a candidate
to satisfy that. Compared with other transition metal-doped
AFe,As; (A = Eu, Sr, Ba, and Ca) systems [24-27,60,76,84—
86], the behavior due to the possible Griffiths effect has
only been found in Mn-doped systems [44], to the best of
our knowledge. The results above will be helpful to un-
derstand the uniqueness of Mn-doped systems and reveal
the origin of the Griffiths phase, or to explore more novel
phases.

Beyond the AFe,As; (A = Eu, Sr, Ba, and Ca) system,
it is found that a tiny amount of Mn (0.2%) points toward
the presence of a QCP at the crossover between SC and
magnetic states in LaFe,;_,Mn,AsOqgoF1; [36]. Mn-doped
Ko.gFe,Se, will cause magnetic pairing to break and T, to
be suppressed rapidly [87,88]. By a two-step substitution
in (Li, Fe)OHFeSe—first, the tetrahedral site in (Li, Fe)OH
layers and then the site in the superconductivity-dominating
FeSe layers—Ilightly Mn-substituted (Li, Fe)OHFeSe single
crystals show a V-shaped change in the lattice parame-
ter and a re-enhancement of T. for 0.02 < x < 0.07 [89].
For Sr(Fe;_Mn,),As,, there is no signal of superconduc-
tivity observed in the whole composition range, which is
attributable to the non-SC parent phase SrFe,As;. High pres-
sure may be useful to realize the QCP or superconductivity in
this doped system.

IV. CONCLUSION

In summary, the crystal structure, magnetic, electronic,
and thermal properties of Sr(Fe;_,Mn,),As; crystals grown
by TMA flux have been systematically investigated. No sig-
nal of superconductivity is observed at temperatures down
to 2 K. The substitution of Fe by Mn first suppresses the
SDW order before a critical point at x = 0.0973(1). Then,
a broadened ordering temperature appears, which implies a
possibly intrinsic Griffiths region without real-space separa-
tion of Mn and Fe. With higher Mn content [x > 0.2055(2)],
the real-space separation of Mn and Fe is observed for the co-
existing tetragonal and trigonal structures. In the following, a
large miscibility gap from x = 0.4362(4) to x = 0.9612(9) as
that in Mn-doped BaFe,As, emerges. Beyond the miscibility
gap, the Fe-doped SrMn;As, exhibits a robust AFM order.
Accordingly, a global phase diagram of TMA-flux-grown
Sr(Fe;_Mn,),As, with multicritical points is established.
Sr(Fe;_,Mn,),As, provides a platform to investigate the ori-
gin of the Griffiths-type phase potentially and satisfy novel
phases like the smeared nematic quantum phases or supercon-
ductivity.
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