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The iron-chalcogenide superconductor FeTe|_,Se, displays a variety of exotic features distinct from iron pnictides.
Although much effort has been devoted to understanding the interplay between magnetism and superconductivity near
x = 0.5, the existence of a spin glass phase with short-range magnetic order in the doping range (x ~ 0.1-0.3) has rarely
been studied. Here, we use DC/AC magnetization and (quasi) elastic neutron scattering to confirm the spin-glass nature
of the short-range magnetic order in a Fe| o7 Teg gSeg» sample. The AC-frequency dependent spin-freezing temperature T¢
generates a frequency sensitivity ATy(®)/ [Ty(w)Alog;o @] = 0.028 and the description of the critical slowing down with
T=1(Tt/Tsg — 1)~ gives Tsg = 22 K and zv =~ 10, comparable to that of a classical spin-glass system. We have also
extended the frequency-dependent 7; to the smaller time scale using energy-resolution-dependent neutron diffraction mea-
surements, in which the 7y of the short-range magnetic order increases systematically with increasing energy resolution.
By removing the excess iron through annealing in oxygen, the spin-freezing behavior disappears, and bulk superconduc-
tivity is realized. Thus, the excess Fe is the driving force for the formation of the spin-glass phase detrimental to bulk

superconductivity.
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1. Introduction

Among the family of iron-based superconductors (FeSC),
Fey4,Te;_xSex has attracted extensive research interest since
its discovery because of its simple structure, availability of air-
insensitive large single crystals, and rich electronic and mag-
netic phases.!'™# Although much is known about this system,
the recent discovery of a topological superconducting state
and possible zero-energy Majorana bound states in optimally-

[5-8] have triggered a new wave

doped sample FeTe 55Sep.45
of intensive investigation.
Fey4,Te;_xSex consists of stacking FeTe|_,Se, charge-
neutral layers along the c axis, and a small amount of ex-
cess iron y ~ 0-10% occupying the interstitial positions be-
tween the adjacent FeTe;_,Se, layers [Fig. 1(a)]. The anti-
ferromagnetic (AFM) parent compound FeTe orders in a bi-
collinear magnetic structure,!'?! and superconductivity is es-
tablished upon substitution of Se for Te to form FeTe;_,Se,
with sufficient large x. The interstitial iron usually exists in
the as-grown samples with doping range x < 0.4 and can heav-
ily affect the intertwined orders of magnetism and supercon-
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ductivity. With increasing doping, the long-range AFM order
gradually decreases and finally vanishes at x ~ 0.12.1°-111 In
addition, the filamentary superconductivity emerges at lower
doping [Fig. 1(b)].
becomes more robust and reaches its optimal T; ~ 15 K at
x~0.45.

Although Fey4,Te;_,Se, exhibits similar doping evolu-
tion of the AFM order and superconductivity as that of iron-

With further doping, superconductivity

pnictides, it is distinct from the latter in several aspects. First,
the AFM order with wave vector Ot = (0.5,0.5,L = odd) in
iron pnictides can be interpreted to be induced by Fermi sur-
face nesting while there is no nesting condition in Fe;,Te,
which shows similar Fermi surface topology but different
AFM wave vector Ot = (0.5,0,L = integer + 0.5),[1:21213]
suggesting that iron pnictides are dominated by itinerant mag-
netism (effective moment ~ 0.9 ug/Fe) while iron chalco-
genides by a localized moment (~ 2 ug/Fe).[311:14-16] Gec.
ond, the excess irons located in the interstitial sites (Fe(2)
sites in Fig. 1(a)) in Fe;,,Te; ,Se, can lead to different
magnetism by introducing interactions between the local mo-
ments of the excess iron and the AFM order lying within the
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a—b plane.l'"-17-18] Third, the AFM spin fluctuations evolve
from @ = (0.5,0) to (0.5, 0.5) with increasing Se doping
in Fe;y,Te|_,Se,, accompanied by the emergence of a neu-
tron spin resonance at (0.5, 0.5). These results suggest that
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the original bicollinear magnetic order is competing with su-
perconductivity while the emergent collinear spin correla-
tions appear to be strengthened as the superconductivity is

optimized. [17-19-20]
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Fig. 1. (a) Crystal structure of Fe,y,Te;_Se, with Fel and the interstitial iron Fe2 marked as cyan and green balls, respectively. (b) Schematic
phase diagram for Fej,Te;_,Se,, where C, IC, SC, AFM, and SRM denote commensurate, incommensurate, superconductivity, antiferro-
magnetic order, and short-range magnetic order, respectively. (c) Temperature dependence of resistivity for Fe; o7TeggSep» and Fe; 11 Te. A
filamentary SC is observed in Fe; o7 Teg gSep2 and simultaneous AFM and structural transitions are seen in Fe; 11 Te. (d) Temperature depen-
dence of DC magnetic susceptibility (x(7) = M(T)/H) curves for Fe; g7 TepgSeo» at external in-plane magnetic field 1000 Oe. (e) M(H)
measurements at several temperatures, which show that the excess iron is not ferromagnetic impurity but part of this crystal in Fe; 7 Teg gSeq.2.
(f) Nuclear Bragg peaks measured by neutron diffraction at 300 K for Fe ¢7Te.sSeo.2.

Although the long-range AFM order in Fe;,,Te is com-
pletely suppressed by about 12% of Se doping, there is
still short-range magnetic (SRM) order at Qr = (0.5 —
0,0) (6 = 0.02-0.08) in under-doped region persisting to
Fei1,Teo7Se03 (v > 0),1229-22] where the incommensurabil-
ity & can be tuned by the amount of the excess iron. It
has been demonstrated that the excess iron is detrimental to
superconductivity!”-?%) and some earlier investigations sug-

gest that the SRM order in this system exhibits spin-glass be-

havior accompanied by lattice distortion and competes with
superconductivity.?”) As an emergent order intwined with
superconductivity, the SRM order is of fundamental impor-
tance and deserves a detailed study. We note that such spin-
glass/SRM phase has also been observed in similar doping
regime of some copper-oxide high-7;. superconductors such as
YBayCu304, 5 and Lay_,Sr,Cu0y,>*23 and iron-based su-
perconductors close to the optimal doping.[*®) On the other

hand, although much effort has been devoted to establishing
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Se,, 1102022271 the possible

the phase diagram of Fei ,Tej_,
spin-glass state hosting the SRM order in the intermediate
doping regime between the long-range AFM order and bulk
superconductivity is still under debate. To understand the in-
terplay between the SRM and superconductivity and obtain an
accurate phase diagram, it is necessary to clarify the spin-glass
phase in this doping regime.

In this work, we have characterized the spin-glass be-
havior and the SRM order in a Fe| g7TeggSep, sample us-
ing DC/AC magnetization measurements and neutron diffrac-
tion method with different energy resolutions varying from
AE ~ 1 peV to 2 meV. The results provide conclusive ex-
perimental evidence confirming the spin-glass nature of the
SRM order in Fe; g;TepsSepn, suggesting a classical spin-
glass ground state of the SRM order. By removing the excess
iron in Feq ¢g7Teg gSep, via annealing in oxygen atmosphere,
we find that the spin freezing behavior disappears and bulk su-
perconductivity with a volume fraction larger than 35% can be
achieved. These results indicate that the excess Fe in the crys-
tals is the driving force for the spin-glass phase and the SRM
order.

2. Materials and experimental details

The Fey ¢7TegsSep, single crystals used in this work
were grown by the Bridgman method.*?8] The doping lev-
els of Se (x) and excess Fe (y), before and after annealing,
were measured by inductively-coupled plasma (ICP) analy-
sis. The magnetization measurements were performed on a
SQUID vibrating sample magnetometer (VSM) and a physi-
cal property measurement system (PPMS, Quantum Design).
Moreover, we carried out neutron scattering measurements on
Fe1.07Teg.gSep.2 using the high-resolution neutron backscatter-
ing spectrometer IN101*°! (Experiment number: 4-01-1025)
at Institute Laue-Langevin (ILL) and cold neutron triple-axis
spectrometer CG-4C[30 at the High-Flux Isotope Reactor
(HFIR), Oak Ridge National Laboratory. For the IN10 mea-
surements, thanks to the characteristics of neutron back scat-
tering configuration, we can achieve an energy resolution of
1 peV with an incident neutron energy of E; = 2.08 meV. For
the CG-4C measurements, we used two different incident neu-
tron energies E; = 3.2 meV and 14 meV to get AE ~ 0.1 meV
and 2 meV, respectively. The DC/AC magnetic susceptibil-
ity and neutron diffraction measurements were performed on
one piece of single crystal with mass of ~ 0.8 g, while neu-
tron back scattering measurements were carried out on an
assembly of co-aligned crystals with a total mass of ~ 6 g.
We define the wave vector Q at (qv,qy,q;) as (H,K,L) =
(gxa/27m,qyb /27, q.c/21) in reciprocal lattice units (r.L.u.) us-
ing the tetragonal unit cell containing two Fe atoms whose a/b
axis is along the diagonal direction of the in-plane Fe square

lattice, where ¢ = b = 3.815 A and ¢ = 6.183 A. In this no-
tation, the in-plane wave vector for the bicollinear (E-type)

AFM order occurs at in-plane wave vector Q = (0.5,0).117!

3. Results and discussion

We first present the basic characterizations of the
Fe ¢7Teg.gSep» sample. Figure 1(c) shows temperature de-
pendence of the in-plane resistivity for undoped Fe; 11 Te and
doped Fej g7 Teg.sSep» samples with excess Fe. The resistiv-
ity of the latter exhibits a drastic drop below T, = 12 K but
does not reach zero at lower temperature, suggesting filamen-
tary superconductivity. Compared with the parent compound
Fey,,Te, which undergoes simultaneous AFM and structural
transitions manifested as a dramatic decrease in the resistiv-
ity at the transition temperature (Iy = Ts), Fe;.07Teo.sSep.2
exhibits only a magnetic phase transition associated with the
SRM order (Fig. 1(d)) across which the resistivity does not
show any feature.

The paramagnetic-to-SRM transition can be clearly seen
in the magnetic susceptibility measured on the same sample.
In Fig. 1(d), temperature dependent DC magnetic susceptibil-
ity x(T) of Fe; ¢7Teg.gSep» measured with zero field cooling
(ZFC) and field cooled cooling (FCC) procedures bifurcate be-
low an irreversibility temperature T;., revealing a sharp cusp
centered at about 22 K in the ZFC curve associated with spin
freezing temperature Ty (< Tj;). Although the bifurcation is
an important feature of a spin-glass system, it can also arise
from a possible superparamagnetic state. Moreover, some
previous studies show that the as-grown Fe,Te;_,Se, sam-
ple could contain certain ferromagnetic clusters resulting in
a clear ferromagnetic hysteresis in field-dependent magneti-
zation curves. To sort out these two possibilities, we have
measured the magnetic-field dependence of the magnetization
M(H) at several temperatures across Ty (T’ =5, 22, 30 K) and
way above T; (T = 50, 120, 200 K). As shown in Fig. 1(e),
the M(H) curves show linear behavior over the full tempera-
ture range, even below T ~ 22 K, indicating the absence of
ferromagnetic clusters and superparamagnetic phase, which
usually give ‘S’-shape M(H) curves. The linear behavior of
M(H) persisting to H =7 T is consistent with the notion that
the magnetism is dominated by strong AFM interactions. Con-
comitantly, the M(H) line at T = 5 K, which is below the su-
perconducting transition temperature observed in the resistiv-
ity data (7; ~ 12 K), confirms the absence of bulk supercon-
ductivity in this sample.3!]

To further test the canonical spin-glass behavior, we per-
formed frequency-dependent AC magnetic susceptibility mea-
surements and energy-resolution dependent neutron diffrac-
tion on a Feq o7 Teg gSep > crystal (m = 0.8 g). Neutron diffrac-
tion rocking curves across the (2, 0, 0) and (0, 0, 1) nuclear
Bragg peaks of the sample show small mosaic (Fig. 1(f)),
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suggesting high crystalline quality of the sample. AC mag-
netic susceptibility is an effective tool to characterize the spin-
glass behavior, such as the occurrence of the sharp cusp in
the AC magnetic susceptibility and its special sensitivity to
the frequency of the AC driving field and the magnitude of
the external DC field. In Fig. 2(a), we depict temperature
dependence of the real part of the AC magnetic suscepti-
bility x’(w) for Fey 07TepgSep» under an AC driving filed
Hac = 3 Oe with five different frequencies ranging from
0.1 Hz to 1000 Hz.
ously shifts towards higher temperature with increasing fre-

Each curve shows a peak that obvi-

quency, which is a typical feature in slow magnetic dynamics

m.[32-341 The temperature corresponding

of a spin-glass syste
to the peak center in Fig. 2(a) represents the spin glass freez-
ing temperature T;. The frequency sensitivity of 7¢(®) can be
expressed as ATy(®)/ [Tr(w)Alog,o ®], where ATy(w) is the
shift of the freezing temperature because of the change in fre-
quency Alog,q®. As for Fej g7TepsSeq 2, this value is deter-
mined to be 0.028 (Fig. 2(b)), which is comparable to those for
several classical spin-glass systems,>>! such as the metallic
spin-glass CnMn (0.005),13%! insulator spin-glass Eug ¢Sro.4S
(0.05),5¢1 and TI-VI diluted magnetic semiconductors spin-
glass Cdg ¢Mng 4Te (0.02).537]

Temperature (K)
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Fig. 2. AC magnetic susceptibility of the Fe; g7TepgSep» sample. (a) Temperature dependence of AC magnetic susceptibility (x'(T) =
M'(T)/H) under a zero DC field and 3 Oe AC driving field at a series frequencies. The cusps shift systematically. (b) Frequency dependence
of the freezing temperature ;. The solid line denotes the best fitting to Eq. (1). (c) Temperature dependence of '(T) at an AC frequency of

1000 Hz in different DC fields.

Through the variation of 7; in a wide frequency range, one
can determine a spin glass phase transition based on the diver-
gence of the maximum relaxation time occurring at the spin
glass transition temperature 7sg, which can be investigated by

the conventional critical slowing down: (33381

T=1(Tt/Tsg — 1) %, 1)

where 7 stands for the measured relaxation time (7 = 1/ ),
7o represents the flipping time of the magnetic moment, and
zv is the dynamical critical exponent. The dynamic scaling of
the AC magnetic susceptibility is shown in Fig. 2(b), where
log;, o is plotted as a function of 7;. The best fit to Eq. (1)
yields Tsg = 21.95 K and zv = 10. For a classical spin-glass
system, the value of zv usually falls in the range of 4—12, 39401
namely, the observed scaling phenomenon is consistent with
a canonical spin-glass. Figure 2(c) shows temperature depen-
dence of the ¥'(®) in two external DC magnetic fields and at
/27w = 1000 Hz. A sharp cusp is observed at about 24 K
without the applied DC field. However, it smears out and
shifts toward low temperatures as the applied magnetic field
increases, indicating that the spin-glass state is gradually de-
stroyed under a large external magnetic field. Since the mag-
netic moments begin to freeze below T, the system becomes
metastable (the valley of the free-energy hypersurface). In a
spin-glass state, the (free) energy barrier between metastable
states depends on the temperature and magnetic field. As the

external field increases, the system needs less thermal energy
to move from one metastable state to another with lower en-
ergy, resulting in the moving down of the 7;.[3441]

Having characterized the spin-glass ground state in
Fe1.07Tep.gSep.2 using magnetization, we now turn to the neu-
tron scattering study of the SRM order. In previous neutron
scattering work, the SRM order is accompanied by structural
glassy behavior,??) manifested as structural distortions across
the transition temperature. This is not the case for our sample.
As shown in Figs. 3(a) and 3(b), the line shapes of the nuclear
Bragg peaks (0, 0, 1) and (1, 0, 1) measured at 7 =2 K (T <
T7) and 60 K (T > T;) show no differences within the instru-
mental resolution, indicating no structural transition and lat-
tice distortions in this temperature range. Figures 3(c) and 3(d)
display momentum scans along the [H,0,0.5] and [0,0,L] di-
rections at several temperatures measured with E; = 3.2 meV,
in which the scattering at 60 K was subtracted as a back-
ground. While the in-plane momentum scans can be well fitted
using a single Gaussian, the c-axis magnetic peaks can only be
well described with Lorentzian functions. The scans along the
[H,0,0.5] reveal a broad peak (with a FWHM of ~ 0.09 r.1.u.)
centered at an incommensurate position (0.45, 0, 0.5), which
can be attributed to the SRM order and in line with previous
neutron scattering studies. The momentum scans along the
[0.45,0,L] show that the magnetic order is also short-ranged
along the c-axis (FWHM ~ 0.19 r.l.u.). The magnetic corre-
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lation lengths along the a-axis and c-axis calculated from the
FWHMs are ~ 21 A and ~ 18 A, respectively. With increas-
ing temperature, the magnetic scattering intensity decreases
gradually, but remains well defined at 7 = 30 K, which is

(2) 20 ' ' ' ' '
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much higher than the 7; determined from the DC magnetic
susceptibility and the fitted Tsg =~ 22 K. This can be ascribed
to the energy-resolution dependence of the freezing tempera-

ture measured with neutron scattering.
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Fig. 3. (a) and (b) Elastic longitudinal scans at the nuclear peaks (0,0,1) and (1,0,1) for Fe; ¢7Teg.sSep» measured at 2 K and 60 K. The lines
are fit to a Gaussian function. (c) and (d) Temperature dependence of the longitudinal scans along the [H, 0, 0.5] and [0.45, 0, L] directions
using the 7 = 60 K data as background scattering. The solid lines in the two figures are Gaussian and Lorentzian fits to the data, respectively.
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Fig. 4. Instrumental energy-resolution dependence of spin glass freez-
ing temperature. Magnetic order parameter measured with energy res-
olution (a) AE ~ 1 peV at neutron backscattering spectrometer IN10,
ILL and (b) AE ~ 0.1 meV and ~ 2 meV at CG-4C spectrometer, HFIR.
The vertical dashed lines are used to guide the locations of 7.

Temperature dependent order parameters for the SRM or-
der are shown in Fig. 4, measured at @ = (0.45,0,0.5) with
different energy resolutions (AE) at IN10 and CG-4C spec-
trometers. While the order parameter measured with neu-
tron back scattering (AE ~ 1 peV) exhibits a relative sharp
intensity change at 7 = 28.5 K (> Tsg = 22 K), the spin-
freezing transition shifts to much higher temperatures and be-
comes rounded as measured by the neutron diffraction with
AE = 0.1 meV (T =42+5 K) and AE = 2.0 meV (T; =
48 £5 K). This energy-resolution dependence of the 7t is a
canonical spin-glass behavior, arising from the different time-
scale spin dynamics probed with different energy resolution
in neutron diffraction measurements. For a typical spin-glass
system, the total scattering cross section in neutron diffraction
consists of elastic and quasi-elastic scatterings (slow dynam-
ics), and temperature-independent nuclear incoherent scatter-
ing treated as background. At a high temperature well above
Ti(w), the total scattering cross section is dominated by inco-
herent scattering. Upon cooling, slow spin dynamics start to
appear. As shown in Eq. (1), the spin dynamics with smaller
relaxation time 7 can persist to higher temperature. Thus, neu-
tron diffraction measurement with energy resolution AE in-

087402-5



Chin. Phys. B Vol. 30, No. 8 (2021) 087402

corporates both elastic scattering and quasielastic scattering
with energy transfer E < AE (1 > h/AE). With increasing
AE, slow dynamics with smaller 7 (higher E) that can per-
sist to higher temperature will be included in the diffraction
signal, leading to a higher-temperature onset of the magnetic
order parameter for the SRM order.[33#>43] The consistency
between the T;(AE) and previous measurements on classical
spin-glass systems demonstrates that the SRM order arises
from a spin-glass ground state.[*>*3 In addition, the AC fre-
quency dependence of the magnetic susceptibility cusps ob-
served in Fig. 2(a) can be construed as approaching the long-
relaxation-time limit as in neutron diffraction measurements,
where the relaxation time of the spin dynamics probed by
x' (@) equals to 27/ .
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Fig. 5. (a) ZFC magnetization measurements for annealed FeTeq gSeq 2
with an in-plane magnetic filed 50 Oe. (b) ZFC and FCC magnetiza-
tion measurements for annealed FeTeo gSep » with an in-plane magnetic
filed 1000 Oe.

Previous studies have shown that, in the intermediate dop-
ing regime, the excess iron can be extracted via annealing
in air or oxygen environment, by which bulk superconduc-
tivity can be achieved for x > 0.1.14446] Tn order to check
whether the SRM order and spin-freezing in Fey g7TegsSeq.2
arise from the effects associated with excess irons, we an-
nealed our sample in oxygen for 7 days,*®! which is an ef-
fective way to remove excess irons in Fel+yTel,xSex.[44‘49]
Figure 5 shows temperature-dependent magnetization curves
of an annealed sample measured with ZFC and FCC and
H = 50 Oe (Fig. 5(a)) and 1000 Oe (Fig. 5(b)). Figure 5(a)
displays large diamagnetism below T, ~ 12 K, indicating the
emergence of bulk superconductivity in the sample. By con-
trast, the sharp cusp in the ZFC curve of Fe; o7 Teg gSep» van-

ishes in the annealed sample as shown in Fig. 5(b), suggest-
ing the disappearance of the spin glass phase in the sample.
The difference between ZFC and FCC curves at high tempera-
ture can be attributed to ferromagnetic impurities formed dur-
ing the annealing process in oxygen. Previous work shows
that the composition and occupancy of a secondary interstitial
Fe site in the lattice structure influence the magnetic correla-
tion length.['®%] These results suggest that the spin glass in
Fe.07Tep.gSep.» might be attributed to the interaction between
the local moments of excess irons and the Fe within the a—b

plane.

4. Conclusion

In summary, through exploring the frequency depen-
dence of the spin-freezing temperature (7t in }'(®)) and the
energy-resolution dependent SRM transition temperature us-
ing DC/AC magnetization and neutron scattering techniques,
we have conclusively identified the spin-glass ground state
of Fey,Te|_,Se, in the intermediate doping regime between
the long-range AFM order and bulk superconductivity. The
dynamic-scaling analysis of the y'(®) gives frequency sensi-
tivity of Ty(®w) and dynamical critical component zv consistent
with the parameters in classical spin-glass systems. Through
removing the excess iron via annealing, the spin-freezing be-
havior disappears and bulk superconductivity is realized, sug-
gesting that interactions between excess irons and the Fe in
the FeTe|_,Se, are the driving force of the spin-glass ground

state.
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