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Abstract We have investigated the structural and magnetic

properties of Fe1.15Te and Fe1.03Te0.62Se0.38 single crystals

grown by slow cooling method using a specially designed

double-walled quartz ampoule. X-ray diffraction reveals

significant local inhomogeneity as a result of fractional sub-

stitution of Te site by Se in single crystal Fe1.03Te0.62Se0.38.

The existence of superconductivity is confirmed for Se sub-

stitution to the Te site of Fe1.03Te0.62Se0.38 but with persistent

Fe7Se8 impurity phase. Raman spectroscopy confirmed the

surface structural instability when the samples were exposed

to moderate laser irradiation in the atmospheric environment.

With high intensity laser irradiation, Fe(Se,Te) compounds

can be decomposed into Fe2O3 hematite phase.

Introduction

Extensive research has been focused on iron pnictide-

layered superconductor since the discovery of supercon-

ductivity (SC) in F-doped LaFeAsO of Tc * 26 K in 2008

[1]. The reason for the SC in iron pnictide superconductors

can be described as two kinds of layered building blocks, one

is the charge reservoir layer of [LaO]? and the other is charge

accepter layer [2] of [FeAs]-. Subsequently, the findings of

SC in iron chalcogenide (FeSe1-x) have motivated for

research on Fe-based materials further [3]. There is no clear

charge reservoir layer in-between the tetrahedrally coordi-

nated Fe–Se layers. Even though both FeTe and FeS are not

superconductors at ambient pressures, SC can be induced

by Se and S substitutions as in FeTe1-xSex and FeTe1-xSx.

This seems to assume that the Se deficiency or Fe excess to

be necessary to induce SC [4–7]. In particular, the iso-valent

substitution does not directly introduce extra carriers but

may have changed the topology of the Fermi surface as

similar to carrier-doped LaFeAsO1-xFx (1111) and

BaFe2As2 (122) type superconductors [1, 2, 8].

The interplay of magnetism and SC is a fundamental

problem in condensed matter physics and it has been studied

experimentally and theoretically for almost four decades.

Recent reports on iron pnictide indicate strong correlation

between Spin Density Wave (SDW) and SC [1, 2]. Recent

studies on iron chalcogenide polycrystalline FeTe0.82 shows

an anomaly near Ts = 65 K [4]. Just below Ts, the system

undergoes a structural transition from a high-temperature

tetragonal (P4/nmm) phase to an orthorhombic (Pmmn)

phase, where antiferromagnetic ordering has been observed

through neutron diffraction study [9, 10]. However, the

antiferromagnetic ordering vector Q found in iron chalco-

genide is different to that found in iron pnictide, where the

former cannot be explained as due to the occurrence of SDW

by the nesting scenario of Fermi surface in the itinerant pic-

ture [9]. In addition, more and more evidence has been

accumulated on the local inhomogeneity in the iron chalco-

genide system [11, 12]. This is being one of the possible

explanations on the origin of SC in high Tc cuprate system

[13]. Considering the strong connection between the chemical

inhomogeneity and SC found in the superconducting

Fe(Te,Se) system, it is suggested that a more detailed analysis

of local structural properties through integrated X-ray and

Raman scattering studies on good quality of iron chalcogen-

ide crystal is necessary. Herein, we report the crystal growth,
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Raman, and magnetic property studies of Fe1.15Te and

Fe1.03Te0.62Se0.38 single crystals grown from an improved

melt growth method with identical growth conditions.

Experimental

Fe and (Se,Te) powder was thoroughly mixed in stoichi-

ometric molar ratio of FeTe0.80 and Fe(Te0.6Se0.4)0.80 and

ground inside the glove box to avoid oxidation [14]. The

pelletized powder was loaded with a quartz tube, and then

the tube was flushed with Argon following with evacuation

(10-3 to 10-4) for several times before sealing. The

encapsulated tube was then heated at 800 �C for over 10 h

and slowly cooled to room temperature. The sintered pel-

lets were again ground, pelletized, and sealed in a double-

walled ampoule. Sample was heated to 910 �C and soaked

for about 30 h to get a homogeneous mixture and then

ramped down to 400 �C for 40 h.

The obtained single crystal samples were ground into

powders for performing powder X-ray diffraction (XRD)

using Bruker D8 diffractometer, and the chemical analysis

was performed using Electron Microprobe Analysis

(EPMA). DC magnetic susceptibilities were measured

using Quantum Design Magnetometer (SQUID-MPMS).

Micro-Raman measurements were carried out in backscat-

tering configuration at room temperature in atmospheric

environment using a 632.8 nm He–Ne laser as an excitation

source. In order to avoid any possible laser-induced oxi-

dation effect, the intensity of the laser beam was inten-

tionally set to 6 9 104 W cm-2. An Olympus Plan-N 20X

NA0.4 objective was used for laser focusing and Raman

signal collection. The thermal properties of the samples

were investigated using a 532 nm Neodymium-doped

Yttrium Aluminum garnet (Nd:YAG) laser as excitation

source and an Olympus 100X NA0.9 objective for laser

focusing and Raman signal collection. The spatial and the

spectral resolution of this micro-Raman system were esti-

mated to be about 1 lm and 1 cm, respectively. The

polarization of the incident and scattered light were adjus-

ted via two pairs of half-wave plate and polarizer. Two

polarization configurations were assigned. They are denoted

as k and \, where k and \ represents the incident light and

the scattered light having parallel and perpendicular

polarization, respectively. The scattered Raman signal was

measured with a Jobin–Yvon FHR640 spectrometer and

liquid nitrogen cooled charge-coupled device (CCD).

Results and discussion

Single crystals were grown by an improved melt growth

technique using a vertical two-zone tubular furnace.

A double-walled ampoule, to avoid the occurrence of

oxidation caused by leaks created by a stress-induced crack

on the evacuated quartz tube during cooling is shown in

Fig. 1a. The distance between the inner and outer tubes is

vital for successful growth. After reaching the melting

point, the melt leaks from the inner tube and fills the

annular space between the inner and outer tubes. A hole in

the middle of the inner tube reduces the high vapor pres-

sure during melting. The space above the melt level acts as

a thermal insulator due to vacuum [15]. A capillary of

about 0.5–1 mm at the lower end of the tube prevents the

thermal shock to the inner tube during growth. The crystals

were found to be shiny as shown in Fig. 1b and very easy

to cleave along the ab-plane.

The cleaved crystals were plate-like and the real compo-

sitions were analyzed by EPMA measurements as listed in

Table 1. Chemical analysis of crystals grown from the

FeTe0.80 and Fe(Te0.6Se0.4)0.80 stoichiometric melt was per-

formed using EPMA to be Fe1.15Te and Fe1.03Te0.62Se0.38,

respectively. Result shows that the number of Fe atoms

incorporated into the crystal structure decreases by Se doping

and the observed Se content was found lesser than the nomi-

nal one. In general, the excess Fe in FeTe compared with

Fig. 1 a Schematic diagram of a sealed double-walled ampoule. The

inner wall has two openings, one is at the bottom and the other is at

the side. b Photo of single crystal Fe1.15Te

Table 1 Nominal and measured (EPMA) compositions of the sam-

ples used for this study

Sample (nominal) Fe (observed) Te (observed) Se (observed)

FeTe0.80 1.15 1 0

Fe(Te0.6Se0.4)0.80 1.03 0.62 0.38
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FeSe may retain its metallic state at low temperature even

under high pressure unlike FeSe, which turns as a supercon-

ductor [16]. So, the induction of SC indicates that there is a

lattice disorder in the superconducting Fe layer due to Se

substitution in Te site, which is contrary to layered cuprate

superconductors where doping onto the Cu sublattice. The

disordered vacancies of Fe site in FeTe0.62Se0.32 may lead to

lattice disorder as in Zr1-xS where vacancies are from the Zr

sites for large x and on both Zr and S sites [17] for smaller

x. XRD measurements were done on fresh pieces of Fe1.15Te

and Fe1.03Te0.62Se0.38 to reveal preferred orientation of {00l}

and perpendicular to the ab-plane (Fig. 2a). Powder XRD

could be well indexed on the basis of tetragonal PbO-type

structure with space group P4/nmm. Lattice parameters were

fitted to be a = 3.8280 Å
´

and c = 6.2640 Å
´

for Fe1.15Te and

a = 3.7980 Å
´

and c = 6.0580 for Fe1.03Te0.62Se0.38, which

are in good agreement with those reported in the literature

[4, 9]. Weak secondary phase Fe7Se8 can be identified

in Fe1.03Te0.62Se0.38. Although Fe1.03Te0.62Se0.38 crystal

shows equally shiny surface quality as that of Fe1.15Te, its

XRD pattern reveals relatively poor crystallinity when com-

paring the FWHM for these two samples (Fig. 2b). Consid-

ering the near identical amount of chalcogen vacancy level

and growth condition, the most probable origin of this

significant XRD peak broadening is a reflection of local

structural inhomogeneity as a result of compositional inho-

mogeneity between Te and Se. While Fe1.15Te has only Te

vacancy or alternatively Fe excess, Fe1.03Te0.62Se0.38 must

possess additional factor from the random distribution of Se of

smaller ion size to create more local inhomogeneity.

Results of the magnetic susceptibility measurements are

shown in Fig. 3. Fe1.15Te undergoes a transition from

paramagnetic to antiferromagnetic phase near 70 K and a

high-temperature Curie–Weiss behavior is observed

(Fig. 3a). In addition to the antiferromagnetic transition,

we observed a significant ZFC/FC hysteresis immediately

below the onset of the AF transition temperature. Recent

neutron diffraction study on Fe1.141Te indicates the exis-

tence of antiferromagnetic ordering with an in-plane

propagation vector along the diagonal direction of the

Fe-sublattice [9]. In addition, a high-temperature tetragonal

P4/nmm to low temperature Pmmn orthorhombic structure

transition follows. In our case, the magnetic hysteresis

found immediately below the AF transition (*70 K)

suggests that irreversible domains are present during the

tetragonal to orthorhombic structure transition, while the

antiferromagnetic ordering stabilizes in orthorhombic

symmetry only, as required partly by the incommensura-

bility of the propagation vector [9].

For the magnetic susceptibilities of Fe1.03Te0.62Se0.38 as

shown in Fig. 3b, there is an enhanced anomaly found near

130 K. Magnetic impurities such as Fe7Se8 [3, 18–20] and

Fe3O4 [4] have been suggested to be hard to avoid during

the preparation of Fe(Te,Se) samples. While Verwey

transition for Fe3O4 occurs around 120 K, the anomaly at

130 K suggests the presence of Fe7Se8 impurity with a

spin-axis transition at *130 K [8, 21], which is in agree-

ment with our finding of Fe7Se8 from the XRD analysis.

The data displayed in the inset of Fig. 3b indicates that the

as-grown Fe1.03Te0.62Se0.38 crystal to be superconducting

with a Tc * 12 K. However, even zero-field-cooled (ZFC)

superconducting screening level is approaching 70%, flux

pinning due to the existence of Fe7Se8 impurity phase leads

to a significantly reduced field-cooled Meissner effect as

indicated by the FC data.

Since tetragonal Fe1?x(Te,Se) crystal belongs to the

space group of P4/nmm and point group D4h
7 , there are four

expected Raman-active optical modes: A1g(Te), B1g(Fe),

Eg(Te), and Eg(Fe), where the Eg mode is two-fold
Fig. 2 a X-ray diffraction pattern of plane of single crystals Fe1.15Te

and Fe1.03Te0.62Se0.38 and b Comparison of diffraction peaks of (101)
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degenerate [22]. According to the Raman selection rules

derived from the group theory, only A1g and B1g modes are

measurable when the experiment is performed in backscat-

tering configuration along the z-axis (i.e., [001] direction).

Xia et al. reported the polarized Raman spectroscopy of

FeTe0.92 and Fe1.03Se0.30Te0.70 single crystals in the cryo-

stat and vacuum environment [22]. Two Raman peaks at

*159 and *196 cm-1 for FeTe0.92 were assigned to the

A1g(Te) and B1g(Fe) phonon modes, respectively. However,

the A1g(Te) mode was absent in the Raman spectrum

of superconducting sample Fe1.03Se0.30Te0.70. Recently,

Okazaki et al. reported the Raman study of Fe1.074Te and

FeTe0.6Se0.4 at various temperatures [23]. In Fe1.074Te, the

frequencies of A1g(Te) and B1g(Fe) modes measured at 5 K

were reported to be 157.5 and 202.3 cm-1, respectively [23].

Figure 4 shows typical Raman spectra of (a) Fe1.15Te

and (b) Fe1.03Te0.62Se0.38 performed in the room tempera-

ture with atmospheric environment. Here, 632.8 nm He–Ne

laser was used as an excitation light source and low laser

intensity (6 9 104 W cm-2) was used to avoid any possible

thermal effect. The Raman peaks were found to be sensitive

to both the polarization configuration and the crystal ori-

entation. Indeed, a weak Raman peak at *200 cm-1 in the

spectra (indicated by arrows in Fig. 4a and b) can be

attributed to the expected B1g(Fe) phonon modes [23].

However, two additional Raman peaks at *121 and

*141 cm-1 in fact dominate the Raman spectra. Mean-

while the Raman spectra were further measured at different

sample spots to investigate the issue of the local inhomo-

geneity of these two samples and are shown in Fig. 4c and d.

The sample surface was shiny with no distinguishable

domain structure when viewed with an optical microscope.

In particular, the two dominant peaks were found to be

slightly shifted in frequency (between 121*125 and

141–144 cm-1) and broadened for some sample spots.

These two modes are not expected in the vibrational spectra

of Fe(Se,Te) compounds[22–24]. It is worthy to note that

these two modes were still observable even for freshly

cleaved crystal samples. The frequencies for the observed

Raman spectra at *121 ± 4 and 141 ± 3 cm-1 match

very well with the A1 (119–121 cm-1) and E (139–

142 cm-1) modes of crystalline tellurium (c-Te) [25–27].

By increasing the degree of disorder, the Raman modes of

c-Te are expected to shift to higher frequencies [26, 28].

Our Raman measurement results reveal the coexistence of

c-Te either in the precipitate or surface layer of Fe1.15Te and

Fe1.03Te0.62Se0.38 crystals. In fact, our Raman spectra show

great similarity to those reported in the work of Xia et al.

[22], when their samples were intentionally exposed to air

for days or exposed to laser beam for a short time.

The structural and thermal instability of the FeTe-based

material is not fully understood up to now. Here, we are

giving a tentative explanation regarding the formation of

tellurium in our samples. Some previous Raman studies

have reported that laser could induce the tellurium

enrichment in CdTe compounds [29, 30], which suggests

that a similar mechanism may have occurred in our case. In

fact, the presence of elemental tellurium phases in the

Raman spectra of many telluride compounds has been well

established nowadays [28, 29, 31, 32]. Assisted by a fragile

structure and easily breakable Fe-(Te,Se) bonds [33],

temperature gradient at the crystal surface would induce

thermal migration of Te atoms to form c-Te cluster [29],

although the possibility of micro-Te clusters formation

inside the grain boundary during the melt growth cannot be

ruled out completely [33].

As shown in Fig. 5, we find that the Raman spectrum of

Fe1.15Te can change completely under a moderate laser

intensity irradiation (1.20 9 106 W cm-2) in the atmo-

spheric environment. The emergence of new peaks in the

Raman spectrum is indicative of a laser-induced heating

Fig. 3 Magnetic susceptibilities for a Fe1.15Te and b Fe1.03Te0.62Se0.38

at H = 300 Oe and 10 Oe (inset of b). Note the anomaly near 130 K

shown in b corresponds to the spin-axis transition of the Fe7Se8

impurity phase
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effect in the structure. After the moderate laser exposure,

the Raman spectrum was measured again at low laser

intensity (i.e., 3.0 9 105 W cm-2) to examine the struc-

tural property of the sample (spectrum d of Fig. 5). The

Raman peaks associated with Te-phase and Fe1.15Te are

totally gone and some additional phonon peaks can be

resolved now. This spectrum change indicates a laser-

induced decomposition process of the Fe1.15Te sample.

This process leads to the generation of a new phase, which

was identified as the hematite phase [34] Fe2O3. A similar

result was observed for Fe1.03Te0.62Se0.38. We argue that

this phase transition is an oxidation process induced by the

laser heating effect in the atmospheric environment.

Conclusions

We have presented a double wall sealed quartz tube design

for the melt crystal growth of Fe(Te,Se). Physical proper-

ties of the sizable crystals up to 5 9 5 9 2 mm3 have been

studied using XRD, magnetic susceptibility, and Raman

spectroscopy. Local inhomogeneity is implied to exist in

Fe1.03Te0.62Se0.38 single crystal from both the Raman and

XRD results. Irreversible domain boundary formation due

to the competing tetragonal and orthorhombic phases has

been revealed by the magnetic thermal hysteresis in

Fe1.15Te below the antiferromagnetic ordering temperature

also. The Fe(Te,Se) surface can easily deteriorate and

become Te-rich phase due to the sample’s exposure to the

atmospheric environment for a few days or by moderate

laser irradiation. Due to higher intensity of laser irradiation,

Fe(Se,Te) compounds become thermally unstable in air and

were found to change into Fe2O3 hematite phase. This

surface degradation and phase transition phenomena were

confirmed by Raman spectroscopy.

Acknowledgement FCC acknowledges the support from National

Science Council of Taiwan under project number NSC-99-2119-

M-002-011-MY2.

Fig. 4 Raman spectra of

a Fe1.15Te and

b Fe1.03Te0.62Se0.38 measured

with a low laser intensity

(6 9 104 W cm-2) under two

polarization configurations (k or

\). Here 632.8 nm He–Ne laser

was used as the excitation light

source; c and d show some

Raman spectra measured at

different sample spots of

Fe1.15Te and Fe1.03Te0.62Se0.38,

respectively

Fig. 5 Normalized Raman spectra of Fe1.15Te measured in the

following laser intensity sequence: (a) 3.0 9 105 W cm-2, (b) 6.0 9

105 W cm-2, (c) 1.2 9 106 W cm-2, and (d) 3.0 9 105 W cm-2.

Here 532 nm Nd:YAG laser was used as the excitation light source
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