) ¥ D W g A

" Chinese Physical Society

Chinese Physics B

ACCEPTED MANUSCRIPT
Excess-iron driven spin glass phase in Fe$_{1+y}$Te$_{1-x}$Se$_x$

To cite this article before publication: Long Tian et al 2021 Chinese Phys. B in press https://doi.org/10.1088/1674-1056/ac0695

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2021 Chinese Physical Society and IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 160.91.8.139 on 02/06/2021 at 16:12


https://doi.org/10.1088/1674-1056/ac0695
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1674-1056/ac0695

Excess-iron driven spin glass phase in Feyy,Te;_,.Sey

Long Tian(H#)!, Panpan Liu(XI#3#3) )!, Tao Hong(#:#)?, Tile Seydel?,
Xingye Lu(&»%k)* Huigian Luo(% £4F)*, Shiliang Li(Zt5)4, andRengcheng Dai(FRMEFE)>
!Center for Advanced Quantum Studies and Department of Physics,
Beijing Normal University, Beijing 100875,China
2Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
Institut Max von Laue - Paul Langévin (I&L),
71 Avenue des Martyrs, CS 20156, 38042 Grenoble Cedex 9, France
4Beijing National Laboratory for Condensed Matfer Physics,
Institute of Physics, Chinese Academy of Seiences, Beijing 100190, China
’Department of Physics and Astronomy, RicéUniversity, Houston, TX 77005, USA

Abstract &

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 confitm the'spin-glass nature of the short-range magnetic order in a
Fei1.07Teg.8Sep.2 sample. The AC-frequency dependent spin-freezing temperature Ty generates a frequency
sensitivity ATy (w)/ [Tf(w)Alogygw] ~ 0.028 and’the description of the critical slowing down with 7 =
70 (Tf/Tsc — 1)7*" gives Tsg ~ 22.K and zv = 10, comparable to that of a classical spin-glass system. We
have also extended the frequenc¢y-dependenty T’y to the smaller time scale using energy-resolution-dependent
neutron diffraction measurementQ\in which the T'v of the short-range magnetic order increase systematically
with increasing energy resolution: By removing the excess iron through annealing in oxygen, the spin-freezing
behavior disappears, and bulkésuperconductivity is realized. Thus, the excess Fe is the driving force for the

formation of the spin<glass phase,detrimental to bulk superconductivity.

Keywords: iron.chalcogenides; spin glass, neutron scattering
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1. Introduction

Among the family of iron-based superconductors (FeSC), Feq4,Te;_,Se, has attracted extensive research
interest since its discovery because of its simple structure, availability of air-insensitive large single crystals, and
rich€lectroni¢:and magnetic phases [1-4]. Although much is known about this system, the recent discovery of a
topological superconducting state and possible zero-energy Majorana bound states in optimally-doped sample
FeTep s5Se04s5 [5—8] have triggered a new wave of intensive investigation.

Feq4y,Tei_,Se, consists of stacking FeTe;_,Se, charge-neutral layers along the c axis, and a small amount

of excess iron y ~ 0 — 10% occupying the interstitial positions between the adjacent FeTe;_,Se, layers [Fig.
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1(a)]. The antiferromagnetic (AFM) parent compound FeTe orders in a bicollinear magnetic structure [1,2],
and superconductivity is established upon substitution of Se for Te to form FeTe;_,Se, with sufficient large x.
The interstitial iron usually exist in the as-grown samples with doping range = < 0.4 and can heavily affect the
intertwined orders of magnetism and superconductivity. With increasing doping, the long-range AFM order
gradually decreases and finally vanishes at x ~ 0.12 [9-11]. In addition, the filamentary [superconductivity
emerges at lower doping(Fig. 1(b)). With further doping, superconductivity becomes morée robust and reaches
its optimal T, =~ 15 K at = ~ 0.45.

Although Fe;y,Tei_5Se, exhibit similar doping evolution of the AFM order and superconductivity as
that of iron-pnictides, it is distinct from the latter in several aspects. First, the AEM order with wave vector
Qr = (0.5,0.5, L = odd) in iron pnictides can be interpreted to be induced by Fefmi surface nesting while there
is no nesting condition in Fe;4,Te, which shows similar Fermi surface topology but différent AFM wave vector
Qr=(0.5, 0, L=integer+0.5) [1,2,12,13], suggesting that iron pnictides are domina\ted by itinerant magnetism
(effective moment ~ 0.9y 5 /Fe) while iron chalcogenides by a localized morment (~ 2 /Fe) [3,11,14-16]. Second,
the excess irons located in the interstitial sites (Fe(2) sites in Fig. 1(a))in Fe;,Té;_,Se, can lead to different
magnetism by introducing interactions between the local moments of the exeess iron and the AFM order lying
within the a — b plane [11,17,18]. Third, the AFM spin fluctuations evolve from Q = (0.5,0) to (0.5, 0.5) with
increasing Se doping in Fe;,Te; _,Se,, accompanied by the emergence of aneutron spin resonance at (0.5, 0.5).
These results suggest that the original bicollinear magnetic order is competing with superconductivity while the
emergent collinear spin correlations appear to be strengthéned,as the superconductivity is optimized [17,19,20].

Although the long-range AFM order in Fe;,Te is completely suppressed by about 12% of Se doping, there
is still short-range magnetic (SRM) order at Qp=(0.5-9,0)(6=0.02-0.08) in under-doped region persisting to
FeiyyTeg7Sep.3 (y > 0) [2,20-22], where the incommensurability 6 can be tuned by the amount of the excess
iron. It has been demonstrated that the excess ironis detrimental to superconductivity [17,20] and some earlier
investigations suggest that the SRM order innthis system exhibits spin-glass behavior accompanied by lattice
distortion and competes with superconductivity [22]. As an emergent order intwined with superconductivity,
the SRM order is of fundamental importance and deserves a detailed study. We note that such spin-glass/SRM
phase have also been observed in similar,doping regime of some copper-oxide high-T, superconductors such as
YBayCusOg4s and Las_,Sr, CuO4/[23-25], and iron-based superconductors close to the optimal doping [26]. On
the other hand, although much effo% have been devoted to establishing the phase diagram of Fe;4,Te;_,Se,
[10,20,22,27], the possible spintglasssstate 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 interplay 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 behavior and the SRM order in a Fe; g7 Teg.gSeq.o sample
using DC/AC magnetization measurements and neutron diffraction method with different energy resolutions
varying from AFE ~ 1peV to.2 meV. The results provide conclusive experimental evidence confirming the spin-
glass nature of theé SRM order’in Fe; g7 Teg.gSeqg.2, suggesting a classical spin-glass ground state of the SRM
order. By removingithe excess iron in Fe; g7 Tep.gSeg.2 via annealing in oxygen atmosphere, we find that the
spin freezing behayior disappears and bulk superconductivity with a volume fraction larger than 35% can be
achieved: These results indicate that the excess Fe in the crystals is the driving force for the spin-glass phase
and the SRMorder.



2. Materials and experimental details

The Fep o7 Teg sSep.2 single crystals used in this work were grown by the Bridgman methods[4,28]. The
doping levels of Se (x) and excess Fe (y), before and after annealing, were measured by induétively-coupled
plasma (ICP) analysis. The magnetization measurements were performed on a SQUID-VSM (Vibrating Sample
Magnetometer) and a PPMS (Physical Property Measurement System, Quantum Design)s Moreover, we car-
ried out neutron scattering measurements on Fe; g7 Teg gSeq.o using the high-resolution neutron backscattering
spectrometer IN10 [29] (Experiment number: 4-01-1025) at Institute Laue-Langevin (TLL) and celd, neutron
triple-axis spectrometer CG-4C [30] at the High-Flux Isotope Reactor (HFIR), Oak Ridge National Labora-
tory. For the IN10 measurements, thanks to the characteristics of neutron backsseattering configuration, we
can achieve an energy resolution of 1 ueV with an incident neutron energy of(F; = 2.08.meV. For the CG-4C
measurements, we used two different incident neutron energies F; = 3.2 meV and 14 meV to get AE ~ 0.1
meV and 2 meV, respectively. The DC/AC magnetic susceptibility and nentrondiffraction measurements were
performed on one piece of single crystal with mass of ~ 0.8-g, while neutron 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
(Gs:9y,42) as (H,K,L) = (gya/2m, q,b/27, q,c/27) in reciprocal lagtice units/(rl.u.) using the tetragonal unit
cell containing two Fe atoms whose a/b axis is along the diagenahdirection of the in-plane Fe square lattice,
where a = b = 3.815 A and ¢ = 6.183 A. In this notation, the in-plane wave vector for the bicollinear (E-type)
AFM order occurs at in-plane wave vector Q = (0.5,0) [17].

L

3. Results and discussion

We first present the basic characterizations of the Fey, o7 Teg sSeg.2 sample. Figure 1(c) shows temperature
dependence of the in-plane resistivity forsundoped Fe; 11Te and doped Fe; g7 Teg.gsSeg.s samples with excess
Fe. The resistivity of the latter exhibits a drastic drop below T, = 12 K but does not reach zero at lower
temperature, suggesting filamentary superconductivity. Compared with the parent compound Fe;,Te, which
undergoes simultaneous AFM and struetural transition manifested as a dramatic decrease in the resistivity at
the transition temperature (Ty =/s), Fepioz Tep 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 trar&tion can be clearly seen in the magnetic susceptibility measured on the
same sample. In Fig. 1(d), température dependent DC magnetic susceptibility x(T) of Feq g7 Teg.gSep.2 mea-
sured with ZFC (zero field cooling)yand FCC (field cooled cooling) procedures bifurcate below an irreversibility
temperature T;,., revealing a sharp,cusp centered at about 22 K in the ZFC curve associated with spin freez-
ing temperature Ty (< T;,). BAlthough 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
Feiy,Te;_,Seysample could contain certain ferromagnetic clusters resulting in a clear ferromagnetic hysteresis
in field-dependent /magnetization curves. To sort out these two possibilities, we have measured the magnetic-
field dependence of theimagnetization M(H) at several temperatures across Ty (T=5, 22, 30 K) and way above
Ty (T=50, 120, 200 K). As shown in Fig. 1(e), the M(H) curves show linear behavior over the full temperature
range,-evenbelow/ Ty ~ 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. Concomitantly, the M(H) line at
T = 5 K, which is below the superconducting transition temperature observed in the resistivity data (T, ~ 12
K) confirms the absence of bulk superconductivity in this sample [31].

To further test the canonical spin-glass behavior, we performed frequency-dependent AC magnetic suscep-

tibility measurements and energy-resolution dependent neutron diffraction on a Fe; g7Teg gSep 2 crystal (m=0.8



grams). Neutron diffraction rocking curves across the (2, 0, 0) and (0, 0, 1) nuclear Bragg peaks of the sample
shows small mosaic (Fig. 1(f)), suggesting high crystalline quality of the sample. AC magnetic susceptibility
is an effective tool to characterize the spin-glass behavior, such as the occurrence of the sharp“eusp 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
susceptibility x'(w) for Fej g7 Tep.sSep.2 under an AC driving filed Hyc = 3 Oe with five ‘different frequencies
ranging from 0.1 to 1000 Hz. Each curve shows a peak that obviously shifts towards higher temperature with
increasing frequency, which is a typical feature in slow magnetic dynamics of a spin-glass system [32=34]. The
temperature corresponding to the peak center in Fig. 2(a) represents the spin glass freezing temperature T.
The frequency sensitivity of Ty(w) can be expressed as ATy (w)/ [Tr(w)Alog,gw], wheren AT (w) is the shift
of the freezing temperature because of the change in frequency Alog;,w. As for Fey g7Tep gSep. 2, this value is
determined to be 0.028 (Fig. 2(b)), which is comparable to those for several class\ical Spin-glass systems [35],
such as the metallic spin-glass CnMn (0.005) [36], insulator spin-glass Eug ¢SreaS (0.05) [36], and II-VI diluted
magnetic semiconductors spin-glass Cdg.¢Mng 4Te (0.02) [37].

Through the variation of Ty in a wide frequency range, one can determine a spin glass phase transition
based on the divergence of the maximum relaxation time occurring at the spin glass transition temperature

Tsa, which can be investigated by the conventional critical slowing dewn [35,38]:
7 =70 (Ty/Tsq - 1), (1)

where 7 stands for the measured relaxation time (7=1/w){ 7y repFesents the flipping time of the magnetic
moment and zv is the dynamical critical exponent. The dynamie scaling of the AC magnetic susceptibility is
shown in Fig. 2(b), where log;, w is plotted as afunction of T¢. The best fit to the Eq. (1) yields Tsg=21.95 K
and zv=10. For a classical spin-glass system, the value ofizv usually falls in the range of 4-12 [39,40], namely,
the observed scaling phenomenon is cousistent, with a canonical spin-glass. Figure 2(c) shows temperature
dependence of the x/(w) in two external DC'magnetic fields and at w/27 = 1000 Hz. A sharp cusp is observed
at about 24 K without the applied,DC field. Howeyer, it smears out and shifts toward low temperatures as
the applied magnetic field increases, indicating that the spin-glass state is gradually destroyed under a large
external magnetic field. Since the magnetic moments begin to freeze below 7', 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 magnitude of 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 energy, resulting in the
moving down of the T [34,41].

Having characterized.the spin-glass ground state in Fe; g7 Teg gSep .2 using magnetization, we now turn to the
neutron scattering study of the SRM order. In previous neutron scattering work, the SRM order is accompanied
by structural glassy behavior [22], 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 shape of the nuclear Bragg peaks (0, 0,
1) and (1, 0, 1) measured at T'= 2 K (T' < Ty) and 60 K (T' > T) show no differences within the instrumental
resolutiong indicatingsof no structural transition and lattice distortions in this temperature range. Figures
3(c) and 3(d) display momentum scans along the [H,0,0.5] and [0,0, L] directions at several temperatures
measured with F; = 3.2 meV, in which the scattering at 60 K were subtracted as a background. 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.l.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 correlation
length along the a-axis and c-axis calculated from the FWHMSs are ~ 21 A and ~ 18 A, respectively. With



increasing temperature, the magnetic scattering intensity decrease gradually, but remain well defined at T' = 30
K, which is much higher than the T} determined from the DC magnetic susceptibility and the fitted Tsg ~ 22
K. This can be ascribed to the energy-resolution dependence of the freezing temperature measurediwith neutron
scattering.

Temperature dependent order parameters for the SRM order are shown in Fig. 4, measured,at Q =
(0.45,0,0.5) with different energy resolutions (AFE) at IN10 and CG-4C spectrometers. While the order param-
eter measured with neutron back scattering (AE ~ 1ueV) exhibits a relative sharp intensity changeat Ty = 28.5
K (> Tse = 22 K), the spin-freezing transition shifts to much higher temperaturesfand becomes rounded as
measured by the neutron diffraction with AE = 0.1 meV (Ty =42+5 K) and AE=2.0 meV (Tf =48+5 K).
This energy-resolution dependence of the T is a canonical spin-glass behavior, arising from the different time-
scale spin dynamics probed with different energy resolution in neutron diffraction meastirements. For a typical
spin-glass system, the total scattering cross section in neutron diffractiondeonsists,of elastic and quasi-elastic
scattering (slow dynamics), and temperature-independent nuclear incoherent scatt;ing treated as background.
At a high temperature well above T (w), the total scattering cross sectiomis dominated by incoherent scattering.
Upon cooling, slow spin dynamics start to appear. As shown in Eq. (1), the $pin dynamics with smaller relax-
ation time 7 can persist to higher temperature. Thus, neutron diffragtion measurement with energy resolution
AF incorporates both elastic scattering and quasielastic scattéring with energy transfer £ < AFE (1t > h/AE).
With increasing AFE, slow dynamics with smaller 7 (higher E) that ean persist to higher temperature will
be included in the diffraction signal, leading to a higherstemperature onset of the magnetic order parameter
for the SRM order [35,42,43]. The consistency between the Tf(Am and previous measurements on classical
spin-glass systems demonstrates that the SRM order arises from/a spin-glass ground state [42,43]. In addition,
the AC frequency dependence of the magnetic suseeptibility eusps observed 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'(w) equalsite,27 /w.

Previous studies have shown that, in the intermediate doping regime, the excess iron can be extracted via
annealing in air or oxygen environment, by which bulk superconductivity can be achieved for z > 0.1 [44-46].
In order to check whether the SRM order and spin-freezing in Fej g7 Teg gSeq o arise from the effects associated
with excess irons, we annealed our/Sample in'exygen for 7 days [46], which is an effective way to remove excess
irons in Feq4,Tei_;Se, [44-49]. Figure 5 shows temperature-dependent magnetization curves of an annealed
sample measured with ZFC and FCC and H=50 (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
contrast, the sharp cusp in.the ZEC ¢urve of Fe; g7 Teg.gSep.o vanishes in the annealed sample as shown in Fig.
5(b), suggesting the disappearance/of the spin glass phase in the sample. The difference between ZFC and FCC
curves at high temperature ean be attributed to ferromagnetic impurities formed during the annealing process
in oxygen. Previous werk shows that the composition and occupancy of a secondary interstitial Fe site in the
lattice structure influence the magnetic correlation length [18,45]. These results suggest that the spin glass in
Feq g7 Teg gSeglo might be attributed to the interaction between the local moments of excess irons and the Fe

within the'a — b plane:

4. Conclusion

Inysummary, through exploring the frequency dependence of the spin-freezing temperature (T in x'(w))
and the energy-resolution dependent SRM transition temperature using DC/AC magnetization and neutron
scattering techniques, we have conclusively identified the spin-glass ground state of Fe;,Te;_;Se, in the inter-

mediate doping regime between the long-range AFM order and bulk superconductivity. The dynamic-scaling



analysis of the x’(w) generates frequency sensitivity of 7f(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 behavior disappears and bulk superconductivity is realized, suggesting that interactions bétween excess

irons and the Fe in the FeTe;_,Se, are the driving force of the spin-glass ground state.
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Figure 1: (a) Crystal s +yTei_Se, with Fel and the interstitial iron Fe2 marked as cyan and

green balls, respective atic phase diagram for Fe; ,Te;_,Se,, where C, IC, SC, AFM and SRM

denote commensurate

order, respectivel erature dependence of resistivity for Fej g7 Teg.gSeg.o and Fep 11Te. A filamentary
SC is observed ?’ ep.2 and a simultaneous AFM and structural transition are seen in Fe; 11 Te. (d)
Temperature dependence agnetic susceptibility (x(T) = M(T)/H) curves for Fe; g7 Teg sSep 2 at external

in-plane etl . () M(H) measurements at several temperatures, which show that the excess

iron is not ferromagnetic impurity but part of this crystal in Fe; g7 Tep gSeg.2. (f) Nuclear Bragg peaks measured

byQ on at 300 K for Feq g7Teg.gSeq 2.
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