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Recently, a series of novel compounds Ba3MX5 (M= Fe, Ti, V; X=Se, Te) with hexagonal crystal structures com-
posed of quasi-1-dimensional (1D) magnetic chains has been synthesized by our research team using high-pressure
and high-temperature methods. The initial hexagonal phases persist to the maximum achievable pressure, while
spin configurations and magnetic interactions may change dramatically as a result of considerable reductions in
interchain separations upon pressurization. These compounds therefore offer unique possibilities for studying
the evolution of intrinsic electronic structures in quasi-1D magnetic systems. Here we present a systematic in-
vestigation of Ba9Fe3Te15, in which the interchain separations between trimerized 1D chains (∼10.2Å) can be
effectively modulated by external high pressure. The crystal structure especially along the 1D chains exhibits
an abnormal expansion at ∼5GPa, which accompanies trimerization entangled anomalous mixed-high-low spin
transition. An insulator-metal transition has been observed under high pressure as a result of charge-transfer gap
closing. Pressure-induced superconductivity emerges at 26GPa, where the charge-transfer gap fully closes, 3D
electronic configuration forms and local spin fully collapses.

PACS: 71.27.+a, 71.30.+h, 74.62.Fj DOI: 10.1088/0256-307X/37/8/087106

High-pressure-driven lattice distortions, spin fluc-
tuations and relevant electronic interactions can in-
duce quantum phase transitions and therefore disclose
the fundamental mechanism of quantum parameter
competitions.[1−2] A system with quasi 1-dimensional
(1D) spin chains is expected to display rich quan-
tum phenomena[3] due to the coexistence of strong
electro-phonon couplings and electron-electron inter-
actions, such as spin-Peierls transitions[4] and field-
induced quantum phenomena.[5] Moreover, a 1D sys-
tem with magnetism has strong 𝑗𝑗 exchange interac-
tions along the 1D-chain direction but much weaker
ones normal to the chain. Ba3TiTe5 is a typical 1D
conductor exhibiting semiconducting behavior due to
Umklapp scattering, and gradually changed to 3D
metal with emerging superconductivity under high

pressure.[5] Specifically, due to the dimerization or
trimerization, hexagonal Ba3MX5 (M =Fe, Ti, V,
Cr; X =S, Se, Te)[5−9] systems show complex geo-
metric modulated spin interactions, therefore exhibit
rich macroscopic properties. For instance, our previ-
ous study shows that dimerized Ba6Cr2S10 exhibits
a rare ferrotoroidicity with 1D spin chain.[6] Another
example is that Ba9 V3Se15[8] is a ferrimagnetic in-
sulator with a distance of adjacent iron chains be-
ing 9.6 Å. The large magnetic frustration coefficient
of 12.4 proves its better 1D structure. It is believed
that the increase of interaction between the adjacent
vanadium chains imposes an important influence on
the electronic transport and magnetic property. Sub-
stitution of V by Fe, trimerized Ba9Fe3Se15 hosts mul-
tiferroicity with a conical spin arrangement along the
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𝑐 axis.[9]
Generally, the examination of these 1D charac-

ters and their evolution through manipulating chains
distance by family elemental substitution or com-
pression is of special interest in aspect of spintronic
modulation.[10] Moreover, the strong magnetic in-
teraction anisotropy in a 1D system can be effec-
tively tuned by extra parameters, such as temper-
ature, magnetic field, chemical doping, as well as
high pressure. Quasi-1D BaVS3 with an interchain
of 6.7Å exhibits incommensurate antiferromagnetic
order (ICAFO) transition at 𝑇N ∼ 31K.[11−12] En-
hancing the chain interactions, either by chemical
pressure exerted by Sr-doping[13] or in the presence
of sulfur deficiency larger than 0.05,[14] can suppress
ICAFO and further lead to the ferromagnetic state;
and a metal-insulator transition at ∼69 K driven by
charge density order in quasi-1D BaVS3 can also
be tuned to be complete metallic state when pres-
sure is applied higher than 2 GPa.[15−16] Another in-
triguing quantum phenomenon is that superconduc-
tivity could be induced in these 1D compounds, as
similar with pressure induced superconductivity in
the two-leg spin ladder 123-type iron chalcogenides
BaFe2Se3[17−18] and BaFe2Se3.[19] Our previous re-
sults show that Ba9Fe3Se15 is antiferromagnetic with
𝑇N at 14.5 K,[9] and no superconducting transition
is realized with pressure up to 60GPa. To further
suppress the magnetic interaction and inducing non-
magnetic transition, hence producing possible uncon-
ventional magnetically-mediated superconductivity in
this 1D spin chain system, substitution of Se by Te
in Ba9Fe3Se15 is proposed, as the larger radius of Te
ions can effectively suppress magnetic interaction of
neighbored Fe ions.

Here high-pressure quenched meta-stable quasi-
1D Ba9Fe3Te15 was investigated through in-situ syn-
chrotron diffraction, x-ray emission scattering (XES),
and transport measurements as a function of pres-
sure. In the whole pressure range studied, the hexag-
onal structure is robust, which provides us an ideal
framework to study the evolution of electronic struc-
ture. In this “rigid” structure, we demonstrated Fe2+
spin fluctuations occurring in the pressure range from
∼2 GPa to 10GPa, accompanied by an insulator-to-
metal transition (MIT). The MIT is driven by an in-
crease of the Fe 3𝑑 and Te 5𝑝 electrons hybridiza-
tion under pressure. A full metallization achieved
at ∼26 GPa suggests the closure of charge-transfer
gap related to a complete 1D-to-3D framed electronic
transition. More importantly, the Ba9Fe3Te15 system
shows a rare pressure-driven mixed-spin to high-spin
transition, reentrance of spin state at ∼5.5 GPa, which
can be ascribed to the anomalous structural and trans-
port characteristics.

Ba9Fe3Te15 polycrystalline samples were synthe-
sized by employing a solid state reaction under high-
pressure and high-temperature conditions.[7] High-

pressure synchrotron x-ray diffraction experiments
were performed at 16 BMD, HPCAT of the Argonne
National Laboratory with a wavelength of 0.4246 Å at
room temperature in a symmetric diamond anvil cell
(DAC) with a culet at 300µm in diameter. A T301
steel gasket was pre-indented from 250µm to 40µm,
and a central hole with diameter of 150µm was drilled.
The hole was compressed to 120µm with neon loaded
as a nearly hydrostatic pressure transmitting medium.
Ruby balls were placed near the sample as pressure
markers. The x-ray diffraction patterns were collected
with an MAR 3450 image plate detector. The ob-
tained 2D image plate patterns were converted to 1D
2𝜃 versus intensity data utilizing the Fit 2D software
package. Refinements of x-ray diffraction patterns are
performed by applying the GSAS+EXPGUI/GSAS II
software packages.[20] The refined results display that
the lattice volume decreases monotonously by 30.6%
with pressure increasing from ambient to 40 GPa and
the lattice parameters of 𝑎 and 𝑐 exhibit anisotropic
compression, i.e., decreased by 10.9% for 𝑎 and by
12.0% for 𝑐. For the high-pressure XES experiments,
Be gaskets were used as a sample chamber and neon
gas was used as a pressure-transmitting medium. The
quantitative analysis of XES data allows us to detect
the change of spin numbers with increasing pressure,
which is proportional to the changes of local magnetic
moments. According to the procedure described by
Vankó et al.,[21] the spectra were normalized firstly
with respect to the areas and then shifted to centers
of mass at the same position. The integrals of the ab-
solute values of different spectra (IAD) were obtained
by subtracting low-spin values from high-spin values.
The Fe2+ in Ba9Fe3Te15 at ambient pressure is mixed
spin state (IAD =0.11). As the pressure increases up
to 44 GPa, the IAD value increases to the maximum
at ∼5.5 GPa and then decreases gradually to a low
spin state at ∼40 GPa, indicating the local moment
that the Fe2+ is quenched at a critical pressure. At
low spin state Fe2+, the 𝑆 equals zero with IAD =0
(relativeness).

The high-pressure electronic transport properties
of Ba9Fe3Te15 samples were measured through four-
probe electrical conductivity methods in DACs made
of CuBe alloy. The diamond culet was 300µm in diam-
eter. The Au wires with a diameter of 18µm were used
as electrodes. A T301 stainless steel gasket was com-
pressed from thickness of 250µm to 40µm, and then
a hole of 150µm in diameter was drilled. The cubic
BN as an insulating layer was pressed into this hole. A
small central hole with diameter of 100µm was further
drilled to serve as the sample chamber, where NaCl
fine powder serves as a pressure transmitting medium
and a piece of compressed Ba9Fe3Te15 powder sample
with dimensions of 90µm×90µm×20µm was loaded.
A ruby ball was loaded simultaneously as a pressure
marker. The DAC was placed inside a Maglab system
with automatic temperature control. A thermometer
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was mounted near the diamond to monitor the tem-
perature.
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Fig. 1. Schematic diagram of the hexagonal structure in
𝑎𝑏-plane (a), along the 𝑐 axis (b), and individual FeTe6
chain (the solid line rectangle emphasizes the –Fe2–Fe1–
Fe2–trimer) (c). Deep blue balls are barium atoms and
red balls are selenium atoms.

The high pressure synthesized Ba9Fe3Te15 crystal-
lizes into hexagonal structure with the space group
of 𝑃 -6𝑐2, as schematically demonstrated in Fig. 1 (re-
fined diffraction under ambient conditions in Fig. S1
of the Supplemental Materials). The face-sharing oc-
tahedrons of FeTe6 stack along the 𝑐 axis to form a
–Fe2–Fe1–Fe2– one-dimensional chain, which is sep-
arated by barium ions, as shown in Fig. 1, and the
chains are arranged in a triangular geometry. In ad-
dition, the distance between the adjacent spin chains
is more than 10.2Å, expecting a much weak inter-
chain coupling. The valence of Fe ions was proved to
be +2 by the x-ray absorption spectrum.[7] The mag-
netic susceptibility data indicated that Ba9Fe3Te15 is
a one-dimensional antiferromagnetic chain exhibiting
a hump with the maximum susceptibility at 190K.
The transport property under the ambient condition
characterizes Ba9Fe3Te15 to be a semiconductor with
a thermal activation gap ∼0.32 eV. Detailed ambient
information of Ba9Fe3Te15 can be found in Ref. [7].
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Fig. 2. X-ray diffraction of Ba9Fe3Te15 collected at HPCAT BM-D with wavelength of 0.4246Å and pressure up
to 40GPa, without pressure media used during the experiment (a); volume evolution as a function of pressure, with
run I derived from (a), and run II collected at CHESS, Cornell University at wavelength of 0.4863 Å to double check
the low pressure anomaly (b); 𝑐/𝑎 ratios evolution (c) and Fe–Fe bond length evolutions (d) of Ba9Fe3Te15 versus
pressure.

There is no crystal structure transition in the pres-
sure range studied up to 40 GPa, as shown in Fig. 2
(representative diffraction refinement at 9.88 GPa is
plotted in Fig. S2). However, in the low-pressure re-
gion, the volume of Ba9Fe3Te15, as shown in Fig. 2(b),
collapsed upon compressing and, then turned to ab-

normal increase with pressure up to 3GPa and fur-
ther decreased, showing a dome shape feature. This
volume evolution indicated complex spin/charge fluc-
tuation driven by the compression of hexagonal lat-
tice, especially from compression of the FeTe6 chain
along the 𝑐 axis. The resulted Fe1/Fe2 distribution
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and distortion of Fe1Te6/Fe2Te6 octahedrons are plot-
ted in Fig. 2(d). More specifically, the homogenized Fe
1D framework at ∼3 GPa, which means that the Fe1–
Fe2 bond and Fe2–Fe2 bond have the same lengths,
is close to the hypothetical un-trimerized unit cell of
Ba3FeTe5. The trimerization will result in shorter
and longer iron bonds and distorted FeTe6 octahe-
drons, therefore quenched some high spin (HS) state
into low spin (LS) of Fe2+ in FeTe6 octahedron. Inter-
estingly, compression initially “suppressed” the trimer-
ization and lattice distortion to an end at ∼3 GPa,
resulting in high spin state and overall volume expan-
sion. As the anomaly of the volume at low pressures,
the equation of state (EoS) only used the data higher
than 10 GPa.

(a)
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Fig. 3. XES of Fe-𝐾𝛽 and Fe-𝐾′
𝛽 edges for Ba9Fe3Te15 as

a function of pressure up to 44GPa, with 𝛼-Fe2O3 used as
reference of high spin state, and the right panel enlarged
the pre 𝐾′

𝛽 edges at low pressure region (a); IAD values
as a function of pressure, obtained relative to the low spin
spectra of Ba9Fe3Te15 at 44GPa (b).

For elaboration of the proposed spin state transi-
tion in Ba9Fe3Te15, XES was performed as a function
of pressure. As shown in Fig. 3, all spectra show a
main peak located at 7058 eV, referred to as Fe 𝐾𝛽1,3

lines and a satellite peak located at 7045.5 eV, denoted
as 𝐾𝛽′ . XES of Fe ions under high pressure can give
the evolution of local spin states, such as low-spin,
high-spin and intermediate-spin (IS) states. For better
characterizing the initial spin state at ambient pres-
sure, Fe2O3 was used as the reference material for HS,
as the dashed plots in Fig. 3(a). The satellite peak
around 7045.5 eV, mainly derived from exchange in-
teraction between the core hole and 3𝑑 magnetic mo-
ment, is pronounced characteristic of the HS state.[22]
As described by Peng et al.,[23] the satellite peak is
expected to shrink and move closer to the main peak
with decreasing 3𝑑 magnetic moment as the applied

pressure increases. Generally, the spin state transi-
tion from HS to LS is often realized with increasing
pressure. Surprisingly, the above experimental obser-
vation in Fig. 3(b) suggested that the Fe 3𝑑 magnetic
moment changes from an “IS state” to an HS state
with increase of pressure to 5.5 GPa, and gradually
collapses, resulting in an overall LS state at pressure
of 44GPa. The family compound Ba9Fe3Se15 gives a
full HS state at ambient pressure. The pressure driven
HS state is unusual and tightly related to crystal struc-
tural parameters, such as distortion and rotation of
FeTe6 octahedron. Generally, the Fe2+ with 3𝑑6 can
be either LS or HS, but never be IS in octahedron sym-
metry. Considering the trimerization of Ba9Fe3Te15
at ambient pressure, the initial spin state should be a
hybridization of LS/HS states of Fe2+ ions in two dif-
ferent FeTe6 octahedrons. As mentioned above, the
trimerization was fully suppressed at ∼3 GPa, leaving
only the HS state of Fe2+ ions in an identical octahe-
dral chemical environment. In general, the spin state
of a given transition metal ion depends on the compe-
tition of the crystal field splitting energy (10𝐷𝑞) and
the electronic Coulomb repulsion or exchange interac-
tion in a Hubbard model. As an intra-atomic property,
the exchange interaction is barely affected by pres-
sure in contrast to the crystal field energy, which is
severely determined by interatomic distance and hence
by pressure. Thus, magnetic collapse occurs, when
the crystal field splitting strength overcomes the mag-
netic exchange. The high spin state of Fe2+ with 𝑒2g𝑡

4
2g

electron configuration stabilized by Hutt’s rule is re-
placed by low spin state with 𝑒0g𝑡

6
2g electron configu-

ration under a high pressure condition, leading to the
ionic radius decrease of Fe2+ from 0.78Å to 0.61Å and
hence unit volume contraction.[24] The LS state gains
more energies than the HS state due to the increase of
10𝐷𝑞. The HS-to-LS transition is then understood as
resulting from the conjugated effects of increase of the
crystal-field parameter 10𝐷𝑞 and a broadening of the
Te-5𝑝 bandwidth, together with an increasing cova-
lent contribution from the hybridization to the ligand
field at high pressure. In the case of Ba9Fe3Te15, the
homogenized irons along the 𝑐 direction and less dis-
tortion of the FeTe6 octahedron at ∼3 GPa will reduce
the crystal field splitting energy, therefore favoring HS
state. Further increasing pressure will enhance the
distortion and crystal field splitting strength, eventu-
ally leading to the LS state. The behavior changes of
pressure-dependent spin evolution at ∼25 GPa, could
be possibly related to the dimensional change of elec-
trons, which will be discussed in the following.

Further increasing the pressure, an inconspicu-
ously discontinuous change (as the results cannot be
well fitted by single EoS in the whole pressure range)
of volume happened approximately at pressure of
25 GPa to 30GPa. The anomaly indicated a possi-
ble electronic structural transition, other than crystal
structure transition, as shown in Fig. 2(b), which is
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quite similar with the results of Ba9Fe3Se15.[9] This
anisotropic compression and 𝑐/𝑎 ratio anomaly at ∼21
to 25GPa [shown in Fig. 2(c)] may lead to micro envi-
ronmental change of FeTe6 octahedron. In the low-
pressure region, the 𝑐 axis is the easy compression
direction, while at pressure higher than 25GPa, the
𝑎 axis has similar compressibility as the chain di-
rection, indicating that electronic interaction among
different chains enhanced, resulting an electronic re-
configuration and a possible 1D-3D electronic phase
transition. As observed in the system of La3TiX5 (X
denotes P, As and Sb), which host similar hexago-
nal crystal structure with interchain distance of 9–
10 Å, the research results show that the La3+ ions
between the interchain sites are not perfectly ionic
and bridge the conducting chains to cause the 3D
metallic behavior.[25] In addition, the electronic trans-
port along 1D chain is easily broken due to the Umk-
lapp scattering as observed in Ba3TiTe5.[5] Therefore,
it is reasonable concluded that the electron transfer
among the interchains in Ba9Fe3Te15 may be real-
ized by Ba2+ located at the interstitial site due to
the more extended 5𝑝 valence band and 3𝑑 band un-
der pressure. Meanwhile, the suddenly jump of Fe1–
Fe2/Fe2–Fe2 bond length at the exact pressure [shown
in Fig. 2(d)] indicated that new bonds form among in-
dividual chains in the 3D electronic framework.
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Fig. 4. (a) Electronic transport property of Ba9Fe3Te15
polycrystalline sample as functions of pressure and tem-
perature; (b) the enlarged view of resistance at 26GPa
and 35 GPa; (c) the pressure dependence of exponent in
the range of 25–60GPa.

Considering the redistribution of electrons and its
influence on the electronic transport property, resis-
tance as functions of pressure and temperature was

collected, as shown in Fig. 4, as well as in Fig. S3.
The temperature-dependent resistance at 2.6 GPa and
6.0 GPa show a similar semiconductor behavior and
with a more pronounced U-shape line at 4.0GPa in
between, suggesting electronic/spin state reentrance
(Fig. S3). While further increasing the pressure, the
insulating state of Ba9Fe3Te15 is partially suppressed,
and more importantly, there is an insulator-to-metal
(MIT) transition occurring at ∼8 GPa, coinciding with
the structural anomaly [Fig. 2(b)] and the HS-to-LS
transition [Fig. 3(b)]. The pressure-driven decrease
of interatomic distance between Fe and Te can af-
fect the orbital overlap and the related bandwidth for
bandwidth-control metal insulator transition. Com-
pared with Mott transition, where 3𝑑 electron hops
from one transition metal ion to another, a charge-
transfer insulator was proposed by Zaanen, Sawatzky
and Allen (ZSA) in 1985, in which the minimum
energy exciting an electron from the anion valence
band to the transition-metal 𝑑 band is referred to
as charge-transfer gap.[26] The transition-metal di-
halides, such as NiI2, CoI2 and FeI2, have been stud-
ied comprehensively under pressure as charge-transfer
insulator. Upon increasing pressure, the 𝑝–𝑑 hy-
bridization strength increases.[27] Eventually, a first-
order MIT occurs depending on the strength of the
𝑝–𝑑 interaction.[28] In the Ba9Fe3Te15 system, charge
transfer from the Te 5𝑝 valence band to the Fe 3𝑑
band is proposed as the principal mechanism respon-
sible for the MIT transition. The full metallization of
Ba9Fe3Te15 occurred at pressure above 22 GPa, con-
sistent with the structural parameter anomaly and
spin state sharp changes at similar pressure. Fi-
nally, at 26GPa a down-shape dropping of the resis-
tance occurred, indicating a superconductivity tran-
sition at ∼4.7 K. The above observations are quite
like the high-pressure resistance behaviors in BaFe2S3

and BaFe2Se3, where superconductivity was induced
by compression. Similar to quasi-1D spin ladder
BaFe2S3, in which electrons transfer from S to Fe,[15]
in our study charges transfer from Te to Fe in
Ba9Fe3Te15, i.e., the so-called self-doping mechanism
of induced superconductivity at high pressure. It has
tentatively interpreted the magnetism and supercon-
ducting by the local moment approach[29−32] in both
iron-based and cuprate materials. The superconduc-
tivity persists at 35 GPa with a 𝑇c at ∼4 K and van-
ishes at higher pressure as shown in Fig. 4. The ab-
sence of zero resistance could be due to technical lim-
itations inherent in the experimental apparatus, such
as none-hydrostatic compression inside the DAC. It
is noting that high-pressure experimental trials using
the DAC were performed for samples 1 and 2 in Fig. 4
and Fig. S3, which leads to similar resistance behav-
ior. The superconductivity transition persists from
32 GPa to 60 GPa for sample 2 (Fig. S3) and shows
some overlapping pressure range to sample 1 (Fig. 4).
In addition, XES experiments show the local spin of
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Fe2+ fully collapses at 40GPa. That is, all electrons
are paired in Fe2+ ions with a low spin state. Thus,
it seems not compatible with the metallic state in the
electronic transport under high pressure conditions.
However, it is worth noting that the orbital hybridiza-
tion between transition metal ions and coordinated
ions plays more and more important role on the trans-
port property with pressure increasing. Thus, the elec-
tronic transport property is more dependent on the
𝑝–𝑑 hybridization strength in Ba9Fe3Te15. Herein, we
conclude that Fe and Te, even Ba ions together con-
tribute to the metallic property at high pressure even
though Fe2+ with a low spin state. The normal state
of resistance between 20 and 100 K in the range of 25
to 60 GPa is fitted by the formula 𝑅 = 𝑅0 + 𝐴𝑇𝑛,
where 𝑅0 is the residual resistance, 𝐴 is the coeffi-
cient of the power law, and 𝑛 is the exponent. The
obtained exponent 𝑛 dependent on pressure is plot-
ted in Fig. 4(c), which shows that 𝑛 increases from
1.43 to 1.92 as the pressure increases, i.e., the system
develops from a non-Fermi liquid (NFL) to a Fermi
liquid (FL) state. Therefore, the gradual decrease in
the MIT temperature associated with a spin transition
from high spin to low spin may suggest a quantum
critical point, after which the normal state in metal
region changes from NFL to FL. To further demon-
strate the crossover from a non-FL to an FL state,
the temperature- and pressure-dependent exponent in
the metallic region is plotted in Fig. 5, where the color
shading represents the value of the exponent 𝑛. Fig-
ure 5 is a summarized pressure-temperature phase di-
agram of Ba9Fe3Te15 including MIT, NFL-to-FL tran-
sition, and superconductivity.
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Fig. 5. The pressure and temperature phase diagram of
Ba9Fe3Te15. The MIT, NFL-to-FL transition, supercon-
ductivity all are included.

Under ambient conditions, the Ba9Fe3Te15 is a
1D bandwidth-control-type charge-transfer insulator
with a mixed spin state. As the pressure increased
to 3–6GPa, compression of the FeTe6 chain along 𝑐
axis resulted in Fe1/Fe2 redistribution and conver-
gence of Fe1Te6/Fe2Te6 octahedrons, which was un-
ambiguously reflected by the spin state evolving from
the mixed spin to the HS state. Further, the pres-

sure induced metal-insulator transition emerged at
8 GPa with crossover temperature 𝑇min ∼ 130K, and
gradually suppressed to be complete metallic phase
above 22 GPa, is driven by charge-transfer gap clo-
sure in Ba9Fe3Te15 as a charge-transfer insulator.
The unusual exponent 𝑛 change near 15 GPa, above
125 K was observed, which originated from unstable 𝑛
change caused by the metal-insulator crossover. The
MIT denotes that the electronic structure gradually
evolves from 1D to high dimension. The supercon-
ductivity started at 26 GPa, accompanied by entering
high dimensional metal region and gradually collapsed
spin moment, and persisted to 60 GPa in a nonmag-
netic state. The hexagonal (1D) crystal of Ba9Fe3Te15
offers an ideal framework and system for studying the
dimensional change and correspondingly physics prop-
erties evolution, such as the crystal distortion driven
spin state change, magnetic collapse, the MIT and
eventually superconductivity emerging as a function
of pressure.
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