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TaFe, 23Tes Spin Ladder *®
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With angle-resolved photoemission spectroscopy, we studied the electronic structure of TakFe: 23 Tes, a two-leg spin
ladder compound with a novel antiferromagnetic ground state. Quasi-two-dimensional Fermi surface is observed,
with sizable inter-ladder hopping. Moreover, instead of observing an energy gap at the Fermi surface in the
antiferromagnetic state, we observed the shifts of various bands. Combining these observations with density-
functional-theory calculations, we propose that the large scale reconstruction of the electronic structure, caused
by the interactions between the coexisting itinerant electrons and local moments, is most likely the driving force
of the magnetic transition. Thus TakFe; 23Tes serves as a simpler platform that contains similar ingredients as

the parent compounds of iron-based superconductors.

PACS: 74.25.Jb,74.70.-b,71.20.-b

Several iron-based spin chain/ladder systems have
been discovered recently, including TaFe1.23Teg,m
BaFe,Ses, 23] CeyO5FeSes, ! single layer K.Fes_,Ses
(110) film,P! and the signature of superconductivi-
ty and antiferromagnetic (AFM) order in the alkali-
doped FeSe-ladder system resembles the parent com-
pounds of iron-based superconductors.!*5 Meanwhile,
all these materials share a similar structural character:
a layered, quasi-one-dimensional structure with edge
sharing FeX, (X=Te, Se) plaquettes. For example,
TaFe; 23Tes can be viewed as Fe-Fe zig-zag spin lad-
der compound with adjacent ladders connected by a
Ta/Te network as illustrated in Figs. 1(a) and 1(b). Tt
exhibits an AFM order with an unusual ferromagnetic
(FM) coupling in the cleavage plane and an antiferro-
magnetic coupling out of plane as shown in Fig. 1(a),
and the local moment of about 2 pp /Fe resembles that
of FeTe.l57) Due to their similarities, these ladder com-
pounds can be considered as low dimensional siblings
of the iron-based superconductors. Besides the inter-
ests in themselves as iron-based spin ladders, exper-
imental study in combination with readily treatable
theoretical modeling of these systems would deepen
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our understanding of magnetism in iron-based super-
conductors.

In this letter, we study the electronic structure
of TaFe; o3Tes by angle-resolved photoemission spec-
troscopy (ARPES) and band calculations. Moreover,
we find that features far below the Fermi energy (Er)
shift abruptly across the AFM transition, instead of
opening a gap, resembling the electronic structure re-
construction across the AFM transition in 2D iron
pnictides.® =11 Our results suggest that the critical in-
gredients of the magnetism in the parent compounds
of iron-based superconductors, such as local moments
and the Hund’s rule coupling, together with the dou-
ble exchange interactions across the in-plane ladders,
conspire the novel ground state in TaFe; o3Tes.

Needle-shaped TaFe; o3Tes single crystals were
synthesized by chemical vapor transport method.!!
The resistivity shows metallic behavior and an anoma-
ly at the Neel temperature (Ty) around 160 K, re-
sembling the AFM transition of BaFeyAs,.['2l ARPES
measurements were performed at beamline 9A of Hi-
roshima Synchrotron Radiation Center, the SIS beam-
line of the Swiss Light Source with Scienta R4000 elec-
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tron analyzers, and BL7 of Ultraviolet Synchrotron
Orbital Radiation facility with an MBS A-1 electron
analyzer. The overall energy resolution is ~ 15 meV,
and angular resolution is ~ 0.3°.
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Fig.1. (Color online). Crystal structure and Brillouin
zone (BZ) of TaFej.23Tes. (a) Schematic illustration of
crystal structure and spin structure following neutron s-
cattering result[6]. The Fe2 atoms partially and randomly
occupy the interstitial sites. (b) A projection of the lad-
der structure onto the natural cleavage (-101) plane. The
Fe-Fe zig-zag two-leg ladders are encircled by dashed lines.
Note that the interstitial Fe2 is not shown here. (c) Three-
dimensional BZ of TaFe; 23Tes with the monoclinic struc-
ture. The direction of vector 7 is normal to the cleaved
surface (-101) in the reciprocal space. The bottom part
gives the surface BZ. Hereafter, we define the I'X and
I'Y axis to be parallel to and perpendicular to the lad-
der, respectively. I'’X= 0.863 A~! and I'Y'= 0.305 A—1.
(d) The low-energy electron diffraction (LEED) pattern
of TaFej 23Te3 taken at 250 K in the paramagnetic state

with 100 eV incident electrons. Note that I'X /I'Y ~2.8
is consistence with the LEED pattern.

TaFe; 23Tes crystalizes in a monoclinic P2;/m
structure with lattice constants a =7.4262 A, b
=3.6374 A, ¢ = 9.9925 A, and § = 109.166° [Fig.
1(a)]. On the (-101) natural cleavage plane [Fig. 1(b)],
there are two-leg ladders with two FeTe chains par-
allel to the short axis b, which are separated by a
Ta/Te network in-between. Therefore, TaFe; o3Tes
possesses a quasi-one-dimensional crystal structure.
Fig. 1(c) illustrates the three-dimensional Brillouin
zone (BZ), and the corresponding surface BZ. We de-
fine the k, and k, axes to be parallel and perpendicu-
lar to the ladder/chain, respectively. The LEED pat-
tern in Fig. 1(d) also manifests its twofold symmetry
and confirms high sample quality.

The photoemission intensity map in Fig. 2(a)
indicates two Fermi surface sheets. The periodic
undulation-like Fermi surface along I'Y suggests siz-
able in-plane inter-ladder interactions. Figure 2(b)
plots the momentum distribution curves (MDC’s) a-
long I'X, and two bands a and o’ could be observed
near Er. The Fermi surface of o’ seems to have the

same shape as that of «, but judging from their dis-
persions, o/ is not a folded band of o. Moreover, the
negligible photon energy dependence [Fig. 2(a), 2(c)
and 2(d)] demonstrates the weak inter-plane coupling
or quasi 2D nature of TaFe; o3Tes.
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Fig. 2. (Color online). The Fermi surface of TaFei 23Tes.
(a) Photoemission intensity maps integrated within
10 meV around Fermi energy (Fg) with 24 eV photons
at 30 K. (b) Momentum distribution curves (MDC’s) near
Er along I'X. Marks are guide to eyes of the dispersions.
(c¢) and (d) Photoemission intensity maps integrated with-
in 10 meV around Er taken with 27, and 21 eV photons,
respectively. The red dashed lines are the guides to eyes
for the Fermi surface, which show weak k, dependence.
Data were taken with horizontally polarized photons at
13 K at UVSOR.

Three more bands 3, v, and ¢ can be identified a-
long I'X (along the ladder) [Fig. 3(a) and 3(b)]. The
B and ~ bands disperse from 0.3 to 0.7 eV below Eg,
while ¢ shows a parabola-like dispersion with a larger
bandwidth. Along I'Y (perpendicular to the ladder),
one could only observe the 8, v, and ¢ bands [Fig.
3(d) and 3(e)]. Along #1-#3 which are off the I'Y
direction, dispersions of band « perpendicular to the
ladder can be resolved [Fig. 3(g)-3(i)]. By fitting the
dispersions by E=Fy+2tcos(bk|) [Fig. 3(g)-3(i)], we
can extract the interladder hopping integral ¢, which
is 0.054 eV for band a. We note that for FeTe, in
the nonmagnetic state, the features are very broad,
and the quasiparticle peak is undistinguishable even at
FEr. However, in its bicollinear AFM state, when the
magnetic fluctuations are gapped out, coherent quasi-
particles show up.['314 Sharp quasi-particle peak is
not observed in the AFM states of TaFe; 23Tes, which
may be attributed to the strong and ungapped mag-
netic fluctuations in ladders.
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Fig. 3. (Color online). Band structure of TaFe; o3Tes.
(a) Photoemission intensity along I'X. (b) Plot of en-
ergy distribution curves (EDC’s) along I'X in panel (a).
(c) The calculated band structure along I'X without in-
terstitial iron atoms Feg, the thickened part of the bands
have been observed in our data. (d)-(f) are the same as
panels (a)-(c), but for data along I'Y. Marks are guide
to eyes of the band dispersion which are determined by
the local maxima of the EDC’s. (g)-(i) Photoemission
intensity along #1 - #3, respectively. The momentum
locations are shown in Fig.2(a). The red markers show
the experimental dispersions which are determined by the
local maxima of the MDC’s. The green curves show the
fittings of the dispersions by E:E0+2tcos(l_)k”), where b
is the surface lattice constant perpendicular to the ladder,
and t is the interladder hopping integral. Data in panels
(a),(b),(g),(h) and (i) were taken with horizontally polar-
ized 24 eV photons at 13 K at UVSOR. Data in panels (d)
and (e) were taken with circularly polarized 24 eV photons
at 10 K at SLS. The red dashed lines in panels (c) and (f)
indicate where the experimental Fermi energy is situated.

We calculated the band structure of TaFeTes
in the non-magnetic state without the interstitial
Fe2 atoms. The calculation is conducted using the
WIEN2K implementation of the full potential lin-
earized augmented plane wave method in the local
density approximation.[*d] The k-point mesh was tak-
en to be 4x5x11. The lattice constants were taken
from ref. [16]. To compare with the APRES spectra
directly, the band structure in 2-Fe zone is unfolded
to the 1-Fe zone by applying the recent developed un-
folding method.'”) Figures 3(c) and 3(f) exhibit the
corresponding calculated band dispersions along I'’X
and I'Y, respectively. The thickened part of the band-
s in the calculation are likely the bands observed in
the experiment. The calculations partial qualitative-
ly agree with the experiments, when considering some
moderate band renormalization and the Fermi level
shift due to the interstitial iron atoms in the real ma-
terial (shown by the thick dashed lines). Note that
the o’ band is absent in our calculations, and its ori-
gin is still mysterious. There are several discrepancies

between the experiment and the calculations, which
demands further investigations, such as scanning tun-
neling microsope or transmission electron microscope
studies on the roles of interstitial irons.
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Fig. 4. (Color online). The temperature dependence of
the electronic structure of TaFe; 23Tes. (a) and (b) Pho-
toemission intensity map integrated within 10 meV around
Ey, in paramagnetic (180 K) and antiferromagnetic (30 K)
states, respectively. (c) Temperature dependence of MD-
C’s at Ep along I'X. (d) is the same as panel (c) but for
data chosen at 0.15 eV below Ep. The black dash lines
in panels (c) and (d) are the fitting curves at the lowest
and highest temperatures to show the temperature inde-
pendent peak positions. (e) Temperature cycling data of
EDC’s at I'. The bars illustrate the peak positions of the
EDC’s. (f) Temperature dependence of EDC’s at a select-
ed momentum ki marked in panel (a). (g) is the same
as panel (f) but for data at k2 marked in panel (a). In
panels (f) and (g), examples of the fitted curve, Shirley
background and Lorentzian are shown with thick dashed
lines, thin dashed lines and solid lines, respectively. (h)-(j)
The summary of the fitted peak positions of the EDC’s in
panels (e)-(g), respectively. The data in panels (a) and
(b) were taken with horizontally polarized 24 eV photon-
s at UVSOR. The data in panels (c)-(j) were taken with
circularly polarized 24 eV photons at HSRC.

In the paramagnetic state [Fig. 4(a)] and AFM
state [Fig. 4(b)], the Fermi surface intensity maps
exhibit negligible change within the experimental un-
certainty except some thermal broadening, and there
is no AFM gap at the Fermi surface. The temperature
dependence of the MDC’s along I'X also show negli-
gible movements of o and o’ [Fig.4(c) and 4(d)], sug-
gesting the AFM transition is not driven by the Fermi
surface instability, although the AFM coupling is out-
of-plane, the nesting condition would be fullfilled due
to the weak k., dependence. However, the 8 and
bands shift towards lower binding energy as tempera-
ture decreases and shift back again without hysteresis
when warming up [Fig.4(e)], indicating the second or-

000000-3



der nature of the transition. Figures 4(f) and 4(g)
display the spectra at two representative momenta ki
and ko as marked in Fig. 4(a), at temperatures across
the AFM transition. The peak positions as a function
of temperature are summarized in Figs.4(h)-4(j). The
shifts of their peak positions all begin around the bulk
T, and saturate quickly below 145 K.[! Since the
structural transition at Ty in TaFe; o3Tes is absen-
t, such an intrinsic electronic structure reconstruction
should be related to the AFM transition. The shift is
about +50 meV for 5 and -18 meV for « at ki, and
+80 meV for 8 and -50 meV for v at ko, in quantity.
They are comparable with the kgTn energy scale and
those band shifts observed in the parent compounds
of the iron-based superconductors.!® We note that
the upward shifts are larger than the downward shift-
s, and it seems the electronic energy is not reduced in
the AFM state, different from the observations made
in 2D iron pnictides [89 and FeTe 3. Presumably,
the bands would shift towards higher binding energy
to reduce energy, however, further studies are needed
to fully understand this issue.

Previous ARPES results of iron pnictides
and FeSe/SrTiO3 thin films ') show that electron-
ic structure reconstruction rather than Fermi surface
nesting drives the AFM transition. Theoretical stud-
ies on iron-based superconductors suggest that the
Hund’s rule coupling is a key factor for the correla-
tions and local moments.29=22] The recent transport
measurement on detwined FeTe suggests that Hund’s
rule coupling dominates magnetism in FeTe.?3! For
FeTe, the system is largely characterized by a pola-
ronic electronic structure,314) and the bicollinear an-
tiferromagnetic transition there corresponds to large
energy (~0.6 V) and momentum (over the entire BZ)
scale spectral weight transfer. For TaFe; o3zTes, its
large local moment of 2 pp/Fe is comparable to that
of FeTe.l”) The difference is that TaFe; o3Tes possess-
es 2D Fermi surface and significant in-plane disper-
sions. Therefore, the key electronic character here
is the coexisting of itinerant and localized 3d states,
and Hund’s rule coupling between them is the main
source of electronic correlation, just like in the iron
based superconductors. In analogy to the double-
exchange ferromagnetism observed in the manganites,
the Hund’s rule coupling here would introduce sim-
ilar effects. This gives a naturally interpretation of
the magnetic order in TaFe; 53Tes, as the in-plane
magnetic order is determined by the competition be-
tween double exchange ferromagnetism and superex-
change antiferromagnetism./?!! The chain-like struc-
ture of TaFe; o3 Tes significantly blocks the inter-chain
superexchange between the in-plane localized spins as
they are too far away, while the inter-chain hoppings
of the itinerant electrons can still be mediated by the
intermediate Ta (nonmagnetic 5d') structure. There-

[9,11,18)

fore, the in-plane FM coupling wins over the AFM one,
resulting in the in-plane FM order shown in Fig. 1(b).
On the other hand, the intra-ladder Fe-Fe or Fe-Te-Fe
structure and the distance between planes [Fig. 1(a)]
are similar to that of FeTe, and the direct FM ex-
change within a ladder and the inter-plane AFM su-
perexchange may work similarly as in FeTe. There-
fore, these conspire the so called A-type AFM order
in TaFel_ggTeg.

To summarize, the quasi-two-dimensional Fer-
mi surface and band structure were observed for
TaFeq o3Tes, which is in a partial and qualitative a-
greement with the band calculations. Our results sug-
gest that TaFe; o3Tes is the second kind of novel quan-
tum materials besides the parent compounds of iron-
based superconductors, whose AFM transition direct-
ly correlates with the electronic structure reconstruc-
tion at high binding energies. The commonalities a-
mong TaFe; o3Tes, FeTe, and other parent compound-
s of iron-based superconductors suggest that they are
just the different manifestations out of the competi-
tion among the same set of physical ingredients, such
as the Hund’s rule coupling and antiferromagnetic su-
perexchange interactions between localized spins.2!]
Particularly, this spin ladder system would provide a
simpler testing ground to study the essence of mag-
netism in iron pnictides and chalcogenides.

We are grateful to Professor Jiangping Hu and Pro-
fessor Hua Wu for helpful discussions.
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