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Abstract

Fe;os7Te exhibits three phases in the pressure range from ambient to 16.6 GPa and becomes
amorphous at higher pressures. All three phases have tetragonal symmetry. The low pressure T-
phase is stable in the pressure range 0 < P < 4.1 GPa and found to be relatively soft having zero
pressure bulk modulus By = 36(1) GPa. The intermediate cT-phase is less compressible with By =

88(5) GPa and stable in the pressure range 4.1 < P < 10 GPa while a more compressible phase was

observed between 10 and 16.6 GPa.
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1 Introduction

Iron containing pnictide and chalcogenide superconducting compounds have recently attracted
much attention, and superconductivity in FeSe; with 7c = 8 K was discovered shortly after the
surprising discovery of the FeAs-based superconductors such as LaFeAs(O;«Fx) with
superconducting transition temperatures 7c up to 55 K [1-3]. Later, a huge enhancement of the
superconducting transition temperature was observed in a tetragonal FeSe superconductor under
high pressure. A pressure of 1.48 GPa enhanced the onset of 7c°™* and 7™ to 27 and 13.5 K,
respectively [4]. Both the FeAs-based superconductors and the tetragonal FeSe;x contain FeX (X=
As or Se) layers composed of edge-sharing FeX, tetrahedra. The -phase Fe:+sTe and FeSe.x are
isostructural having the o-PbO type structure (space group P4/nmm #129) with the iron
chalcogenide layers stacked along the c-axis [5]. The FeTe phase is non-superconducting but both
FeTe and FeSe have 14 valence electrons per formula unit (and therefore also per FeX layer) which
is the same valence electron count as for the single negatively charged FeAs layers in undoped iron
pnictides such as BaFe,As; and LaFeAsO type compounds, and FeTe should therefore be viewed as
a reference material for the superconducting iron pnictides. Mizucuchi et al. [6] have suggested
FeTe as a candidate for a new iron-based superconductor. They studied the pressure dependence of
the resistivity of this compound, and superconductivity was actually observed in Se and S doped
FeTe. Fe(Se;.xTex)os2 has been shown to be superconducting with a maximum 7, of 14 K for x =
0.6, and 7, was found to decrease rapidly for x > 0.9 [7] while a T, of 8 K was observed for
Fei06Te0ssS0.14 [8]. Ipser et al. have studied the Fe-Te phase diagram [9]. The B-FeTe phase was
found to be non-stoichiometric with a stability range from Fe;o;Te to Fe;joTe at ambient
temperature. Later, Okamatoto [10] found a slightly different stability range (Fe;04Te to Fe;osTe).
Grenvold et al. [11] first suggested the excess iron atoms in the B-FeTe phase be located in partially

occupied interstitial sites.

The interplay between magnetism and superconductivity in the ferropnictides has been studied in
detail, and it has been shown that doping suppresses magnetic ordering as well as structural
transitions to lower symmetry, thereby stabilizing the superconducting state. Fe;j»sTe shows
several similarities with the undoped parent compounds of the superconducting ferropnictides. It
has been shown to order into a commensurate antiferromagnetic structure with 7y =~ 70 K, the

magnetic ordering process being accompanied by a tetragonal to monoclinic phase transition [5].



This result was recently confirmed in a neutron diffraction study of Fe; g7sTe, which also showed
commensurate antiferromagnetic ordering and a simultaneous transition to monoclinic symmetry
[12]. It was furthermore shown that the low temperature crystal and magnetic structures depend on
the Fe:Te ratio as Fe; 141 Te was shown to transform to orthorhombic symmetry (space group Pmmn
#59) at 63 K and to undergo an incommensurate antiferromagnetic ordering. However, despite the
similarity between the FeX layers in f-FeTe, BaFe;As; and the LaFeAs(O;«Fx) type compounds,
their antiferromagnetic structures are different as they have different propagation vectors and

directions of the magnetic moments of the iron atoms [13].

Takahasi et al. [14] recently studied the low temperature magnetic and electrical properties of
FeTeo9, (Fei0s7Te) under pressure, reporting a series of pressure-induced structural transitions. The
first low-temperature high-pressure phase HP1 appears at 1 GPa and below 65 K. It extends up to
2.3 GPa where the second low-temperature high-pressure phase HP2 becomes stable. It was
furthermore suggested that a new magnetic phase becomes stable within the HP1 phase and that the
commensurate antiferromagnetic ordering is suppressed at pressures higher than 1.5 GPa. No
indication of pressure-induced superconductivity was observed in this study and the stability of the

HP2 was found to increase with increasing pressure.

The aim of the present experiment is to investigate the high-pressure behaviour of Fe, g7 Te and to

observe possible pressure-induced phase transitions in a pressure range up to 20 GPa.

2 Experimental

Fe, os7Te was prepared from a 1.087:1 mixture of iron and tellurium powders. The powder mixture
was placed in a quartz ampoule, which was closed under vacuum and heated at a rate of 200 °C/h to
780 °C and kept at this temperature for 10 hours. X-ray powder diffraction data at ambient
conditions were recorded on a Bruker D8 powder diffractometer using Cu K, radiation (A =
1.54039 A). Fluorescence radiation from iron was suppressed by the use of a Sol-X energy

discriminating detector.

High-pressure X-ray powder patterns were recorded using synchrotron radiation and the white-

beam energy-dispersive method at the Hamburg Synchrotron Radiation Laboratory (HASYLAB)



using radiation in the 10-60 keV photon energy range from a bending magnet. The experiment was
performed at station F3 using an unfocused X-ray beam defined by two pairs of crossed slits. The
slit width was 60 um and the scattered photons were detected by a high purity Ge solid state
detector. Further details of the diffractometer, working in the energy-dispersive mode, has been
described elsewhere by Olsen [15]. High pressures were obtained using a Syassen-Holzapfel type
diamond-anvil cell [16]. The diameter of the anvil cullets were 0.6 mm and the sample and a small
ruby chip were enclosed in a hole of diameter 0.2 mm in an Inconel gasket preindented to 60 pm. A
4:1 ethanol/methanol mixture was used as pressure-transmitting medium, and the pressure was
determined from the wavelength shift of the ruby line, applying the non-linear pressure scale of
Mao et al. [17]. The uncertainty in the pressure determination is estimated at 0.1 GPa for pressures
below 10 GPa. For higher pressures the uncertainty may be larger because of possible deviations
from hydrostatic conditions. The Bragg angle (26 =7.81°) associated with each experimental run
was deduced from a zero-pressure spectrum of rocksalt (NaCl) with a known lattice constant in the

pressure cell.

2 Results and discussion

Fe;0s7Te was studied by X-ray powder diffraction at ambient conditions. The structural model was
refined in space group P4/nmm with the iron and tellurium atoms Fel and Te located in the fully
occupied sites 2a (3/4 ¥4 0) and 2¢ (Y4 Y4 z1e) positions, respectively [18]. Two sites in space group
P4/nmm are in principle available for the excess iron atoms Fe2, the 2¢ (V4 V4 zrep) and 2b (3/4 Va V52)
sites. However, trial refinements with the excess Fe2 atoms located in the tetrahedraly coordinated
2b (3/4 4 '%2) position indicated that this position is unoccupied and subsequent refinements were
done with the excess Fe2 atoms located in the 2¢ (4 V4 zpey) position. The lattice parameters were
determined to a = 3.82331(7) A and ¢ = 6.2924(1) A corresponding to a unit-cell volume of
91.980(3) A3 and the refineable coordinates of Fe2 and Te refined to zpe» = 0.688(2) and zr. =
0.2807(3). The Fe to Te ratio was fixed to 1.087:1 with the excess iron located statistically in the 2¢
(Y Ya zper) position. Fig. 1 shows the unit cell of Fe o3;Te. The Fel-Te bond length is 2.603(1) A
and the two independent Te-Fel-Te angles are 94.53(4) and 117.42(9)°, respectively, which
indicates a substantial deviation from ideal tetrahedral angle of 109.5°. The Te—Fel-Te angles of
94.53° are located on planes parallel to the c-axis and the FeTe, tetrahedra are elongated along the

c-axis. The interstitial Fe2 atoms are coordinated to four Te atoms within the FeTe layer with bonds



of 2.7106(9) A plus an additional shorter bond of 2.56(1) A to Te in the neighbouring FeTe layer.
The Fel-Fel and Fel-Fe2 distances within the FeTe layers are 2.7035(1) and 2.739(9) A,
respectively. These distances are relatively short and allow for some interaction between the
interstitial Fe2 atoms and the Fel atoms within the FeTe layers. However, iron metal-metal bonds
are in contrast to many other transition metals somewhat controversial, and the above-mentioned
Fe—Fe distances are in the upper end of what is normally considered to be the range for Fe—Fe
bonds (in e.g. iron carbonyls, 2.46 to 2.78 A [19], and the shortest Fe-Fe distance in elemental iron
is 2.485 A).

The high-pressure X-ray diffraction measurements on Fe;¢s;Te were performed in the pressure
range from 0.0001 to 20 GPa, and selected powder patterns are shown in Fig. 2. Inspection of the
recorded high-pressure data for Fe;g;Te revealed systematic broadening of the Bragg peaks for
pressures higher than =12 GPa and the sample was found to become amorphous at pressures higher
than 16.6 GPa. The crystalline Fe;¢s;Te phase was partly recovered after decompression as seen
from the upper pattern in Fig. 2. The recorded powder patterns did not indicate any change of
symmetry within the investigated pressure range, and the refinements of lattice parameters were
therefore done assuming tetragonal symmetry at all measured pressures. The pressure dependence
of the lattice parameters a and ¢ are shown in Fig. 3. The c-axis is found to be the more
compressible and the compressibility of this axis is furthermore seen to decrease at 3.7 GPa. An
additional change in the compressibility of the c-axis is observed at about 10 GPa where the
compressibility is seen to increase dramatically. In contrast, the length of the g-axis decreases
smoothly as the pressure increases. The c/a-ratio is plotted as a function of pressure in the inset
graph of Fig. 3 and it is seen to exhibit a minimum at 3.7 GPa and a steep decrease at 10 GPa.
Within the pressure range from ambient pressure to 3.7 GPa, Fe;g7Te shows almost the same
degree of anisotropic compression (da/a =2.36% and Ac/c =3.31%) as BaFe,As; [20]. The observed
decrease in compressibility of the c-axis at =3.7 GPa corresponds well to what has been observed
for Fe; gsTe. The c-axis of this compound was found to decrease by 5% in the pressure range from
ambient to ~4 GPa and becoming less compressible above this pressure, see below for further
discussion [21]. The changes in compressibility of the c-axis might reflect changes in the degree of
distortion of the FeTe, tetrahedra, but structural refinements at high pressures are required to clarify
this issue. The fact that the compressibility of the c-axis increases at <10 GPa is rather interesting.

Takahashi et al. proposed based on resistivity measurements the existence of two low-temperature



high-pressure phases HP 1 and HP II, and extrapolation of phase boundary of the HP II phase
indicated that it should be stable at 300K at a pressure of <12 GPa [14]. It is therefore likely that the
increased compressibility of the c-axis observed at =10 GPa is related to the existence of the HP II

phase. A high-pressure low temperature neutron diffraction study is planned to clarify this issue.

A comparison of the high-pressure behaviours of Fe; ¢37Te, BaFe,As; and FeSe shows that they are
different. BaFe,As; undergoes at ambient temperature a tetragonal to orthorhombic phase transition
at 16.5 GPa [22]. The low temperature orthorhombic phase of this compound observed at ambient
pressure is suppressed at =1.2 GPa and no structural change is observed upon cooling in the
pressure range 1.2 < P < 6 GPa [20,23]. Different high-pressure behaviours have been observed for
FeSe at ambient temperature. Stemshorn et al. report a transition from the tetragonal P4/nmm
structure to a hexagonal NiAs-type structure at 10 + 2 GPa and the transition is accompanied by a
volume collapse of 16%. The hexagonal NiAs-type structure was found to be stable up to a pressure
of at least 40 GPa. In addition a transition to an amorphous phase was observed in the pressure
range from 15 to 40 GPa at 10 K [24]. Kumar et al. report that FeSe transforms to an orthorhombic
Pbnm structure at 11 GPa at ambient temperature. This phase was found to be stable up to the
maximum measured pressure of 33 GPa. Compression at 8§ K showed a distortion of the low-
temperature Cmma phase and the appearance of a high-pressure Pbnm phase at 1.6 GPa. The
orthorhombic phase becomes the major phase above 9 GPa and a mixed-phase region exists up to

26 GPa and no transition to an amorphous phase was observed up to 31 GPa in this study [25].

Fig. 4 shows the unit-cell volume of Fe gg7Te plotted as function of pressure. The third-order Birch-

Murnaghan (B-M) equation of state

_i -7/3 _ _-5/3 _3 _p'\L2/3
P==By(x XM= (3= By )(x D] (1

where x = V/V, where V and V) is the volume at pressure P and zero pressure, respectively, was
used for the determination of the zero pressure bulk modulus By and its pressure derivative By" [26].
The changes above described in the compressibility of the c-axis combined with the fact that trial
fits of the B-M equation of state in the pressure range 0 < P < 10 GPa gave unrealistic values of By
and By" suggest that the fitting should be done in different pressure regions. A least-squares fit to

the measured PV-data in the pressure range 0 < P < 5 GPa yielded By = 36(1) GPa and ¥V, was



treated as a refinable parameter and the fit yielding ¥, = 92.4(2) A°. The second fit was done in the
pressure range 5 < P < 10 GPa yielding B, = 88(5) GPa and ¥, = 87.5(3) A® and B,” was fixed at the
value of 4 in both fits. The results are in good agreement with the results obtained in a recent high-
pressure X-ray and neutron diffraction study of Fe;osTe. This study showed the existence of a
tetragonal T-phase with Bo=31(1) GPa below 4 GPa and a collapsed tetragonal phase, the cT-phase
with By = 88.7(4) GPa above this pressure [21]. From Fig. 4 it is seen that the transition from the T-
to the cT-phase in Fe; ¢37Te takes place at #4.1 GPa. No attempt was made in the present study to fit
data recorded above 10 GPa as data quality here is considerably lower. However, our data indicate

the existence of an additional collapsed tetragonal phase cT’ above 10 GPa.

The low values of the bulk moduli of the T-phases of Fe;;, Te for x = 0.087 and 0.05 show that they
are soft materials. For comparison, the bulk modulus of FeSe has been determined to 33 and 31 GPa
at 50 and 190 K, respectively [27], and no collapsed tetragonal phase was observed for this
compound [25]. Higher bulk moduli have been determined for the related iron arsenide compounds.
In the case of NdFeAsOggsFo 12 and optimally doped LaFeAsOysoFo.11 bulk moduli of 102 and 66
GPa, respectively, were reported [28,29], while the bulk modulus of BaFe,;As, was determined as
59(2) GPa [20]. The chalchogenides FeSe and Fe;.Te are clearly more compressible than the iron
pnictides, and the larger compressibility is presumably also responsible for the large value of d7./dP
observed for FeSe [4]. The T- and cT-phases observed for Fe;.,Te resemble to some degree the
high-pressure behaviour of CaFe,As, which at 0.63 GPa transforms from a tetragonal high-
temperature phase to a “collapsed” tetragonal low-temperature phase in the temperature range from
150 to 200 K, in which the c-axis is reduced from 11.6 to 10.5 A upon cooling, while the a-axis is
simultaneously elongated by ~0.07 A [30]. However, the T-phase of CaFe,As, has an estimated
zero pressure bulk modulus of 60 GPa at 50 K and it transforms abruptly into the collapsed cT-
phase at 0.3 GPa at this temperature, undergoing a volume reduction of 5%. In contrast, no
discontinuous volume change is observed in the case of Fe,;,Te at the transition from the T-phase
to the cT-phase, and the transition also takes place at a considerably higher pressure than in the case
of CaFe,As;. Interestingly, NdFeAsOyssFo 12 also exhibits a continuous isostructural phase
transition at =10 GPa, thereby resembling the high-pressure behaviour of Fe;.,Te. The high-
pressure phase of this compound was found to have a substantially higher bulk modulus, By =
245(9) GPa [28]. This kind of isostructural phase transition may be common in iron-based

superconductors and structurally related iron chalchogenides, and studies of the atomic structure



evolution upon compression might provide essential information for the understanding of the
pressure dependence of the superconducting transition temperature. The mechanism of the
isostructural transitions has not been clarified, but first principle studies of CaFe,As, have shown
that the magnetic moment of iron is drastically reduced in the collapsed tetragonal phase, and the
As-As bonds between neighboring FeAs layers are enhanced at high pressure [31]. A spin state
change of Fe in Fe;., Te has therefore also been suggested as the reason for the appearance of the

cT-phase in this compound [21].

Conclusion

It has been shown that Fe; ¢s;Te exhibits three phases in the pressure range from ambient to 16.6
GPa and becomes amorphous above this pressure. All three phases have tetragonal symmetry and
the two high-pressure phases labelled cT and cT’ are stable in the pressure ranges 0 < P < 4.1 GPa
and 4.1 < P < 10 GPa, respectively. The zero pressure bulk moduli of the T and cT phases were
found to be 36(1) and 88(5) GPa, respectively, showing that the low pressure phase of Fe; g7Te is
relatively soft. The presence of the ¢T and cT’ phases are possibly related to pressure-induced
changes of the spin state of iron or changes in bonding between neighbouring FeTe layers. Further
elucidation of this issue will require studies of the crystal structure at high pressure in combination

with electronic structure calculations.
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Fig. 1. Crystal structure of Fe,., Te showing the FeTe layers composed of edge sharing FeTe,
tetrahedra. Only one interstitial Fe atom (labeled Fe2) is shown for clarity, and selected bond
lengths are given in A. The unit cell is shown with thin solid lines.
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Fig. 2. Selected high-pressure energy dispersive X-ray powder patterns of Fe; ggsTe. The upper
pattern recorded at ambient conditions was measured after decompression. The Miller indices for
the Bragg peaks of the Fe; ggsTe phase are shown on the 1 and 6.3 GPa patterns while the K, and Kg
fluorescence lines of Te are marked on the upper pattern. The (101) reflection is coinciding with the
Te K line in the 1 GPa pattern and the weak (002) reflection is not visible in 6.3 GPa pattern.
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dramatically at #9 GPa. The inset graph shows the c/a ratio plotted as a function of pressure.
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Fig. 4. The unit cell volume plotted as a function of pressure. The solid lines represents fits of the

third-order Birch-Murnaghan equation to the experimental data points in the T- and cT-phases as
described in the text.
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