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Pressure-induced lattice collapse in the tetragonal phase of single-crystalline Fe; jsTe
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Pressure-induced lattice collapse was discovered in tetragonal (T) phase of single crystal Fe; osTe at room
temperature through x-ray and neutron-diffraction measurements. A remarkable compression along the ¢ axis
(~5%) was observed upon increasing pressure from the ambient condition to 4 GPa. Indexed results demon-
strate that the crystallographic structure remains unchanged after the collapse, revealing that the collapse does
not break symmetry of crystal structure. The Fe-spin state change was proposed to account for the lattice
collapse. The equations of state for the T phase and pressure-induced collapsed T phase were determined from

the diffraction measurements.
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I. INTRODUCTION

The discovery of the superconductivity with a critical
transition temperature (7,.) of 26 K in LaFeAsO,_,F, has
opened research activity in a family of superconductors.!
Since then, four types of superconductors, ReFeAsOF (Re
=Ce, Pr, Nd, Sm, etc.), AFe,As, (A=Ba, Sr, Ca), A’FeAs
(A’'=Li, Na), and FeSe(Te), have been found.>* The T, is
enhanced up to 55 K either by chemical substitution Re for
La or by introducing oxygen vacancies. This type of super-
conductors, with such high 7,’s but without the copper oxide
plane, is likely to have a different mechanism from cuprates.
It is believed that the superconductivity in ReFeAsOF and
AFe,As, is related to the spin-density-wave (SDW) anomaly
in the Fe-As layer.’ Application of high pressure or chemical
doping suppresses the SDW order and drives the supercon-
ducting transition.*” Among those superconductors, the bi-
nary compound of a-FeSe is a safe system due to the ab-
sence of the toxic arsenic. At ambient pressure, FeSe which
has a T, of 8 K has an PbO-type tetragonal structure, with
FeSe layers stacked along the ¢ axis.* Partial substitution of
Te for Se enhances the T, to 10 K.® The T, is further in-
creased by application of pressure reaching 27 K at 1.48 GPa
(Ref. 9) and 37 K at 7-8 GPa.!0!!

The compound «a-FeTe has structure similar to tetragonal
a-FeSe at ambient pressure. Neutron-scattering experiments
revealed that an antiferromagnetic (AF) transition and struc-
tural transition in a-FeTe take place at the same temperature
(~65 K).!213 At ambient pressure, a-FeTe has a tetragonal
phase at room temperature. This phase transforms to an
orthorhombic structure at temperature below 65 K, different
from a-FeSe in which the structure transforms from a tetrag-
onal phase to a triclinic phase at temperature below 105 K.#
Theoretical calculations for the FeTe and FeSe compounds'*
indicated that a-FeTe adopts multiple Femi surface similar to
ReFeAsO,_,F,, with hole and electron pockets at the zone
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center and corners, respectively. An AF instability was found
in these two compounds at ground state. However, the
strength of instability in a-FeTe is stronger than that in
a-FeSe.'* This implies that a-FeTe should have a higher T,
than a-FeSe after the suppression of the AF transition. Ex-
perimental studies showed that the AF transition is tightly
correlated with structural properties. '3

Pressure can reduce the interatomic distances and give
rise to distortion of Bragg planes. The AF transition may be
suppressed when increasing pressure in the vicinity where
superconductivity appears. Superconductivity has been
found in nonsuperconducting LaFeAsO and BaFe,As, com-
pounds under pressure.®!%!7 The effect of pressure on struc-
tural and magnetic transitions as well as the potential for
pressure-induced superconductivity in FeTe is of interest.
The structure determinations are step for better understand-
ing the physical properties. Here, we report the experimental
investigations of the high-pressure structure of Fe, jsTe by
combining synchrotron x-ray and neutron-diffraction tech-
niques. We provide direct evidence for pressure-induced lat-
tice collapse at 4 GPa at which a “transition” from the te-
tragonal (T) to the collapsed tetragonal (cT) phase also takes
place. The Fe-spin state change is proposed to account for
the lattice collapse. The equations of state for the T phase
and pressure-induced collapsed T phase were determined.

II. EXPERIMENTAL DETAILS

The sample was synthesized by solid state reaction at am-
bient pressure, as described previously.'® Phase purity was
assessed with powder x-ray diffraction to be a single phase
with tetragonal symmetry, as shown in Fig. 1. Temperature
dependence of resistance (R) and magnetization (M) ob-
tained at ambient pressure exhibited that R-T and M-T
curves of the sample have anomalies at the same temperature
near 65 K, as shown in Figs. 2(a) and 2(b). The abrupt de-

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.144519

ZHANG et al.

P
LY.
rogegagr

Fe
Te

003

Fe 1_OSTe

004

Intensity (arb.unit)
002

001

= 005

J

20 40 60 80
2 0 (degree)

FIG. 1. (Color online) X-ray diffraction pattern of a single crys-
tal Fe;sTe obtained at ambient pressure and room temperature
with Cu K, radiation.

crease in resistance and magnetization below 65 K is related
to the first-ordered tetragonal-monoclinic phase transition,
consistent with our previous experimental results.'8
Angle-dispersive x-ray diffraction (XRD) measurements
were carried out at the Beijing Synchrotron Radiation Facil-
ity (BSRF). A monochromatic x-ray beam with a wavelength
of 0.6199 A was used. The XRD images were collected us-
ing a charge-coupled device (CCD) detector, and the XRD
geometry was calibrated with CeO,. High pressure was cre-
ated by using a pair of diamond anvils with low birefrin-
gence. Diamond anvils used were cut with a 300 wm culet.
A spring steel gasket with a 100 wm hole in diameter and
50 wm thickness was adopted. The single crystal sample
was loaded into the gasket hole with silicon oil to maintain
the sample in a hydrostatic pressure environment. Pressure
was determined by ruby fluorescence at room temperature.'”
Time-of-flight neutron-diffraction experiments were per-
formed at the SNAP (spallation neutrons and pressure)
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FIG. 2. (a) Resistance and (b) magnetization as a function of
temperature of the sample at ambient pressure, showing tetragonal-
to-monoclinic phase transition at the same temperature near 65 K.
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beamline of the spallation neutron source at Oak Ridge Na-
tional Laboratory. The powder sample used in the neutron
diffraction experiment was ground from the same single-
crystalline sample was used for the other measurements.
Pressure was generated by boron nitride (BN) toroidal anvils
in a Paris-Edinburgh high-pressure cell. The wide opening of
this kind of cell allows the angular coverage of 38—142°
horizontal and *=34° vertical in the configuration with the
distance from sample to detector of 50 cm. The neutron-
diffraction data were time focused from three detector mod-
ules spanning 45°, with its central module at 90° from the
incident beam. A collimation with a 2 mm hole in diameter
was used to narrow the beam to the sample size and effec-
tively reduce the background. The wavelength range of the
neutrons was in the range from 0.5 A to 3.7 A. The sample
was contained in a chamber of approximately 5 mm in di-
ameter bored in a TiZr gasket filled with a 4:1 mixture of
deuterated methanol and ethanol. The methanol and ethanol
mixture can remain fluid up to 10 GPa at room temperature,
thus offering quasihydrostatic pressure conditions.

III. RESULTS AND DISCUSSIONS

Figure 3(a) shows the x-ray diffraction patterns of
Fe osTe at ambient and high pressures at room temperature.
It is seen that only the (003) reflection of the single-
crystalline sample can be detected over the angular range
available. No peaks were found in the diffraction measure-
ments with increasing pressure up to 11.5 GPa. This indi-
cates that no phase transition occurs over the pressure range
studied. However, distinct shift of peak (003) was observed
upon increasing pressure to 4 GPa at which the lattice pa-
rameter ¢ decreases about 0.3 A, signaling pressure-induced
lattice distortion in this material.

High-pressure neutron diffraction (ND) was measured on
polycrystalline Fe; osTe sample in order to examine the ob-
served lattice distortion. Figure 3(b) shows the ND patterns
obtained at various pressures. All peaks collected at 0.7 GPa
can be indexed well as a tetragonal structure. No peak was
found under pressure up to 7 GPa, entirely consistent with
the high-pressure XRD results. The computed lattice param-
eters ¢ and a are compared at different pressures, as shown in
Fig. 4. The two sets of the ¢ values derived from ND and
XRD measurements are in good agreement. A remarkable
reduction in ¢ axis was observed under applied pressure, as
seen in Fig. 4(a). The ¢ value is reduced about 5% at
~4 GPa. With further increasing pressure, the c¢ value
slowly decreases. The striking reduction in c is interpreted as
a lattice collapse in the T phase of Fe;(sTe. To distinguish
pressure-induced collapsed T phase from the “normal” T
phase, we call the high-pressure form as c¢T. Figure 4(b)
shows the pressure dependence of the lattice parameter a.
Unlike the ¢ axis, the a value exhibits a monotonic decrease
with increasing pressure. The different behaviors along the a
and ¢ axis indicate that the pressure-induced lattice collapse
only occurs along the ¢ direction.

Figure 5 shows the unit cell volumes (V) as a function of
pressure (P) in the T and cT phase of Fe, sTe. No visible
discontinuity was found in the P-V curve, further supporting
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FIG. 3. (Color online) (a) Representative high-pressure XRD
patterns of Fe; (sTe obtained with a monochromatic beam (\
=0.6199 A) at 300 K; stars” indicate diffraction peaks from the
metal gasket; labeled peak is from the sample. (b) High-pressure
ND patterns of the polycrystalline sample at different pressures.

that no phase transition takes place when the lattice col-
lapses. The data were fitted by the third-order Birch-
Murnaghan equation of state:>

P= %Bo[(V/Vo)_m - (V/Vo)_5/3]{ 1+ %(B{) AN

)

where By is the isothermal bulk modulus at zero pressure, B,
is the pressure derivative of B evaluated at zero pressure,
and V/V, is the ratio of high-pressure volume and zero-
pressure volume of the sample. The resulting parameters are
listed in Table I. We obtained By=31.3*1.45 GPa and B,
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FIG. 4. (Color online) Pressure dependence of the normalized
lattice parameters c¢/cq (a) and a/aq (b), showing a large lattice
distortion along the ¢ axis in the tetragonal phase.

=6.6*= 1.2 for the T phase, and By=86.7*6.6 GPa and V),
=88.7+0.4 (A)? for the cT phase when B, was fixed at 4.
These results provide crucial information for further theoret-
ical and experimental investigations of the high-pressure be-
havior of FeTe parent compound.

The lattice collapse in tetragonal phase was also found in
CaFe,As, compound at 2.5 GPa where the ¢ parameter is
reduced about ~1 A.2-22 First-principle study®® and high-
pressure inelastic neutron-scattering results?* indicated that
this strange behavior is caused by the strong suppression of
Fe-spin state. As a result, the Fe-As bonding reduces and the
corresponding As-As bonding enhances. These results indi-
cated that the spin state of iron is a key factor that controls
the lattice distortion in CaFe,As, system. Pressure-induced
lattice collapse in a-FeTe should have the similar origin to
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FIG. 5. (Color online) Unit cell volume of the tetragonal phase
and collapsed tetragonal phase as a function of pressure; solid
circles, experimental data; curves, third-order Birch-Murnaghan
equation of state fit to the data obtained from ND measurements.
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TABLE I. Bulk modulus By, volume at ambient pressure V,, and
pressure derivative By of tetragonal phase T and collapsed tetrago-
nal phase cT in Fe; ysTe compound.

P Vo
(GPa) Phase B, (A3 B
0-4 T 31.3%x1.45 93.2+0.1 6.6t12
4-7 cT 86.7+6.6 88.7+0.4 4 (fixed)

CaFe,As,. Pressure may change Fe-spin state which leads to
the reduction in the Fe-Te bonding. Compared to CaFe,As,,
the contraction along the c¢ direction of FeTe compound
should be small because the iron radii of Te is larger than
that of As. If that would be a case, the lattice collapse in the
FeTe compound should be slightly weaker than that in
CaFe,As,. The Fe-spin state change must play an important
role in the lattice collapse of the FeTe compound.

IV. CONCLUSION

We have investigated high-pressure behaviors of single
crystal and polycrystalline Fe; osTe compound through the
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measurements of x-ray and neutron diffractions at 300 K.
Pressure-induced lattice collapse was found around 4 GPa at
which the T phase “transforms” to the cT phase. The equa-
tions of state for the T and cT phase were determined from
x-ray and neutron-diffraction measurements. These results
are expected to simulate further theoretical calculations on
the electronic structure of this material at high pressure.

ACKNOWLEDGMENTS

We acknowledge useful discussions with P. C. Dai of Uni-
versity of Tennessee and X. Dai of Institute of Physics. This
work was supported by the NSFC Grants No. 10874230, No.
10874211, No. 10804127, and No. 10874046, by the 973
project and Chinese Academy of Sciences. The work at Car-
negie was supported by the U.S. DOE-NNSA (Grant No.
DEFC03-03NA00144). SNAP was supported by the scien-
tific user facilities division of the U.S. DOE-BES at the Spal-
lation Neutron Source. We acknowledge the support from
EU under the project CoMePhS.

*Corresponding author.
llsun @aphy.iphy.ac.cn
¥zhxzhao @aphy.iphy.ac.cn
Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008); Z. A. Ren, W. Lu, J. Yang, W. Yi,
X. L. Shen, Z. C. Li, G. C. Che, X. L. Dong, L. L. Sun, FE. Zhou,
and Z. X. Zhao, Chin. Phys. Lett. 25, 2215 (2008); G. F. Chen,
Z.Li, D. Wu, G. Li, W. Z. Hu, J. Dong, P. Zheng, J. L. Luo, and
N. L. Wang, Phys. Rev. Lett. 100, 247002 (2008); X. H. Chen,
T. Wu, G. Wu, R. H. Liu, H. Chen, and D. F. Fang, Nature
(London) 453, 761 (2008).
2M. Rotter, M. Tegel, D. Johrendt, I. Schellenberg, W. Hermes,
and R. Pottgen, Phys. Rev. B 78, 020503(R) (2008); K. Sasmal,
B. Lv, B. Lorenz, A. M. Guloy, F. Chen, Y. Y. Xue, and C. W.
Chu, Phys. Rev. Lett. 101, 107007 (2008).
3X. C. Wang, Q. Q. Liu, Y. X. Lu, W. B. Gao, L. X. Yang, R. C.
Yu, E. Y. Li, and C. Q. Jin, Solid State Commun. 148, 538
(2008); D. R. Parker, M. J. Pitcher, P. J. Baker, 1. Franke, T.
Lancaster, S. J. Blundell, and S. J. Clarke, Chem. Commun.
(Cambridge) 2009, 2189; M. J. Pitcher, D. R. Parker, P. Adam-
son, S. J. C. Herkelrath, A. T. Boothroyd, and S. J. Clarke, ibid.
2008, 5918; C. W. Chu, F. Chen, M. Gooch, A. M. Guloy, B.
Lorenz, B. Lv, K. Sasmal, Z. J. Tang, J. H. Tapp, and Y. Y. Xue,
Physica C 469, 326 (2009).
4F. C. Hsu, J. Y. Luo, K. W. Yeh, T. K. Chen, T. W. Huang, P. M.
Wu, Y. C. Lee, Y. L. Huang, Y. Y. Chu, D. C. Yan, and M. K.
Wu, Proc. Natl. Acad. Sci. U.S.A. 105, 14262 (2008).
3C. de la Cruz, Q. Huang, J. W. Lynn, J. Y. Li, W. Ratcliff, J. L.
Zarestky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and P.
C. Dai, Nature (London) 453, 899 (2008).
%H. Okada, K. Igawa, H. Takahashi, Y. Kamihara, M. Hirano, H.
Hosono, K. Matsubayashi, and Y. Uwatoko, J. Phys. Soc. Jpn.
77, 113712 (2008).

7M. S. Torikachvili, S. L. Bud’ko, N. Ni, and P. C. Canfield, Phys.
Rev. Lett. 101, 057006 (2008).

8M. H. Fang, H. M. Pham, B. Qian, T. J. Liu, E. K. Vehstedt, Y.
Liu, L. Spinu, and Z. Q. Mao, Phys. Rev. B 78, 224503 (2008).

Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y. Ta-
kano, Appl. Phys. Lett. 93, 152505 (2008).

103, Medvedev, T. M. McQueen, I. Trojan, T. Palasyuk, M. L
Eremets, R. J. Cava, S. Naghavi, F. Casper, V. Ksenofontov, G.
Wortmann, and C. Felser, Nature Mater. 8, 630 (2009).

Ig, Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi, Y.
Takano, T. Kagayama, T. Nakagawa, M. Takata, and K. Pras-
sides, Phys. Rev. B 80, 064506 (2009).

128, Li, C. dela Cruz, Q. Huang, Y. Chen, J. W. Lynn, J. Hu, Y. L.
Huang, F. C. Hsu, K. W. Yeh, M. K. Wu, and P. Dai, Phys. Rev.
B 79, 054503 (2009).

BW. Bao, Y. Qiu, Q. Huang, M. A. Green, P. Zajdel, M. R.
Fitzsimmons, M. Zhernenkov, S. Chang, M. Fang, B. Qian, E.
K. Vehstedt, J. Yang, H. M. Pham, L. Spinu, and Z. Q. Mao,
Phys. Rev. Lett. 102, 247001 (2009).

14 A. Subedi, L. Zhang, D. J. Singh, and M. H. Du, Phys. Rev. B
78, 134514 (2008).

I5M. A. McGuire, R. P. Hermann, A. S. Sefat, B. C. Sales, R. Jin,
D. Mandrus, F. Grandjean, and G. J. Long, New J. Phys. 11,
025011 (2009).

16 A, Mani, N. Ghosh, S. Paulraj, A. Bharathi, and C. S. Sundar,
Europhys. Lett. 87, 17004 (2009).

7p, L. Alireza, Y. T. Chris Ko, J. Gillett, C. M. Petrone, J. M.
Cole, S. E. Sebastian, and G. G. Lonzarich, J. Phys.: Condens.
Matt. 21, 012208 (2009).

18G. F. Chen, Z. G. Chen, J. Dong, W. Z. Hu, G. Li, X. D. Zhang,
P. Zheng, J. L. Juo, and N. L. Wang, Phys. Rev. B 79,
140509(R) (2009).

19H. K. Mao and P. M. Bell, Rev. Sci. Instrum. 52, 615 (1981).

144519-4



PRESSURE-INDUCED LATTICE COLLAPSE IN THE...

20F, Birch, J. Geophys. Res. 83, 1257 (1978).

2IA, Kreyssig, M. A. Green, Y. Lee, G. D. Samolyuk, P. Zajdel, J.
W. Lynn, S. L. Bud’ko, M. S. Torikachvili, N. Ni, S. Nandi, J. B.
Ledo, S. J. Poulton, D. N. Argyriou, B. N. Harmon, R. J. Mc-
Queeney, P. C. Canfield, and A. I. Goldman, Phys. Rev. B 78,
184517 (2008).

22A. 1. Goldman, A. Kreyssig, K. Prokes, D. K. Pratt, D. N. Argy-
riou, J. W. Lynn, S. Nandi, S. A. J. Kimber, Y. Chen, Y. B. Lee,

PHYSICAL REVIEW B 80, 144519 (2009)

G. Samolyuk, J. B. Leao, S. J. Poulton, S. L. Budko, N. Ni, P. C.
Canfield, B. N. Harmon, and R. J. McQueeney, Phys. Rev. B
79, 024513 (2009).

2T. Yildirim, Phys. Rev. Lett. 102, 037003 (2009).

24D. K. Pratt, Y. Zhao, S. A. J. Kimber, A. Hiess, D. N. Argyriou,
C. Broholm, A. Kreyssig, S. Nandi, S. L. Bud’ko, N. Ni, P. C.
Canfield, R. J. McQueeney, and A. 1. Goldman, Phys. Rev. B
79, 060510(R) (2009).

144519-5



