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The discovery of a new family of high To
materialst, the iron arsenides (FeAs), has led
to a resurgence of interest in superconductiv-
ity. Several important traits of these materials
are now apparent, for example, layers of iron
tetrahedrally coordinated by arsenic are crucial
structural ingredients. It is also now well es-
tablished that the parent non-superconducting
phases are itinerant magnets?345l and that su-
perconductivity can be induced by either chem-
ical substitution® or application of pressur€e?, in
sharp contrast to the cuprate family of mate-
rials. The structure and properties of chemi-
cally substituted samples are known to be in-
timately linked®?, however, remarkably little is
known about this relationship when high pressure
is used to induce superconductivity in undoped
compounds. Here we show that the key structural
features in BaFe;As,;, namely suppression of the
tetragonal to orthorhombic phase transition and
reduction in the As-Fe-As bond angle and Fe-Fe
distance, show the same behavior under pressure
as found in chemically substituted samples. Using
experimentally derived structural data, we show
that the electronic structure evolves similarly in
both cases. These results suggest that modifica-
tion of the Fermi surface by structural distortions
is more important than charge doping for induc-
ing superconductivity in BaFe;Ass.

In the so-called ’exotic’ superconductors, formation of
a superconducting condensate of cooper pairs is medi-
ated by magnetic fluctuations. Two classes of materials
with transition temperatures at opposite extremes are
known. In the d-electron cuprate materials, supercon-
ductivity emerges from a charge doped antiferromagnetic
insulator!? with T¢ as high as 160 K. At the other end
of the scale, in the heavy fermion superconductors, the
groundstate is easily tuned between itinerant spin den-
sity wave (SDW) magnetic order and superconductivity™t
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FIG. 1: Crystal structure of BaFe2As:, tetrahedral an-
gles and high pressure transport measurements. A
polyhedral representation of the crystal structure of BaFez As;
is shown in a), iron atoms are shown in yellow, arsenic atoms
are purple, barium atoms are pink. The tetrahedral coordina-
tion of Fe is shown in b), the angles referred to in the text are
highlighted in red. Results of a high pressure resistance mea-
surement at 5.5 GPa on our sample of BaFesAss are shown
in c), the onset of the transition is at 31 K, zero resistance is
achieved at 30.5 K

with T¢ ~1 K. The recently discovered FeAs supercon-
ductors bridge this gap with T¢’s of up to 55 K and a
parent phase which has unambigously been shown to be
metallic®*+2, Here we concentrate on the AFepAsy (A
= Ca, Sr, Ba) family, for which well-characterised sin-
gle and polycrystalline samples are available (Fig. 1a).
Upon cooling the undoped parent compounds at ambi-
ent pressure, a strongly coupled magnetic, structural and
electronic transition from tetragonal (T) I4/mmm sym-
metry to an antiferromagnetically ordered orthorhombic
(O) Fmmm phase is found®?13, Chemical substitution



of monovalent cations on the A-site is found to rapidly
suppress this transition and superconductivity is found
around the phase boundary between the O and T phasest
with a maximum T = 38 K. Two effects of chemical
substitution can be identified, carrier doping and a steric
one, 'chemical pressure’ caused by the difference in size
between e.g. Ba?t and KT. As there is no need to gen-
erate charge carriers in the metallic FeAs parent phases,
the role of carrier doping in superconductivity is unclear.
In contrast, the structural changes which occur as the
groundstate is tuned from magnetic to superconducting
on chemical substitution are well understood. In partic-
ular T¢ is found to increase as the As-Fe-As bond angles
(Fig.1b) tend to the ideal tetrahedral value of 109.5 deg,
and the Fe-Fe nearest neighbour distance is reduced®?.
To date however, no investigations have been performed
with sufficient detail to resolve the changes in crystal
and electronic structure of the superconducting AFe;As,
compounds under pressure. Consequently, the surprising
observation that both doping and pressure induce super-
conductivity in this family of d-electron compounds re-
mains unexplained.

As shown in Figure 1lc, under an applied pressure of
5.5 GPa, our sample of BaFeyAsy shows a sharp drop
in resistance at 31 K (midpoint of the transition). Zero
resistance is achieved at 30.5 K, a slightly higher temper-
ature than was reported by susceptibility measurements
elsewheré?. We note that our observation alone is not
absolute confirmation of "bulk’ superconductivity and fu-
ture pressure dependent measurements such as specific
heat may be helpful in this regard. Our high pressure
neutron powder diffraction data were collected at a wide
range of temperatures and pressures, the high quality of
our diffraction data is underlined by the Rietveld fit to
the observed neutron diffraction profile of BaFeyAs, at 1
GPa and 17 K shown in Fig. 2a. The (220) peak, which
splits at the T-O transition, is also shown at 150 and 17
K in Fig 2b, confirming that our experimental resolution
is sufficient to resolve the weak lattice distortion. The
pressure/temperature points we measured are shown in
Fig. 2c as green triangles, as is the approximate super-
conducting region. The isobars and isotherms referred to
in the text are marked on the phase diagram with num-
bers 1 — 5 and were measured in that sequence. After
cooling our sample to 150 K we applied a moderate pres-
sure of 1 GPa. On further slow cooling to 17 K (isobar
1), and on warming back to 150 K, we still observed the
T-O structural transition at 140 K. At the next high-
est pressure, 3 GPa, we did not observe this transition
on cooling (isobar 3). Also, the orthorhombic phase was
recovered at 1.2 GPa upon decreasing pressure at 75 K
(isotherm 5). Both of these facts suggest that the T-O
phase line falls sharply. However, a degree of hystere-
sis at this phase boundary cannot be ruled out, so the
phase boundary shown in Fig. 2c¢ should be regarded as
schematic in nature. We did not observe coexistence of T
and O phases at any pressure/temperature points. The
refined unit cell volume across the whole temperature and

70

%103

Intensity (a.u)

100 120

84 85

2 ©(Deg)
VA A A
140 @, gﬂ 208
206
21207 R e
= A 204 5
© 100 @1/\ =
é ‘ ﬁ , 202 0
g 80+ . TXEN }4 200 z
:EL 60 ﬁ f;‘: 198 %
] o 3
= 40 a he|l F1os B
207 _“.A 194
T T T T
0 1 2 3 4 5 6
Pressure (GPa)
FIG. 2: Results of high pressure neutron diffrac-

tion experiment. The observed, calculated and difference
plots for the Rietveld fit to the neutron diffraction profile of
BaFezAsy at 1 GPa and 17 K are shown in a), the refinement
converged with x?=1.34, Ruwp=0.043. The hump at ~35 deg
is from the pressure transmitting medium. Panel b) shows
the (220) peak at 150 K in the tetragonal phase (top) and
the corresponding (400) and (040) peaks (bottom) in the or-
thorhombic phase at 17 K. The pressure-temperature phase
diagram of BaFez Ass is shown in ¢). The cell volume is visual-
ized as a colour map, triangles show experimental data points,
arrows show direction of temperature/pressure changes dur-
ing data collection, dashed line shows approximate T-O phase
boundary. Also shown is the schematic superconducting re-
gion.

pressure region studied is shown in Fig. 2c as an inter-
polated colour map. The transition to a collapsed phase,
as seer™ 15 in non-superconducting CaFesAs,, would be
indicated by a sharp change in the unit cell volume, and
is clearly absent in this range of pressures and tempera-
tures (see supplementary information).

A decrease in the Fe-Fe distance is known to increase
Te¢ in the FeAs superconductors?. We find that this dis-
tance (a/+/2) in BaFeyAsy decreases linearly (Fig. 3a) up
to pressures of 6 GPa. The a-lattice parameter from the
Ba;_ K, FeyAss solid solution reported in Ref. 8 is also
plotted up to a doping level of x~0.62, which matches
our data well. Although data were plotted such that the
maximum T¢g’s reported in refs 7 and 8 agree, we do
not imply that pressure is directly proportional to dop-
ing. Nevertheless, this comparison does show that the
nearest neighbour Fe-Fe distance evolves similarly under
chemical or applied pressure as BaFesAss is tuned to su-
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FIG. 3: Structural response of BaFe;As,; to applied
pressure. The pressure dependance of the normalised a
and c lattice parameters at 150 K and 75 K, (at 150 K,
a0 = 3.986(1), co = 13.058(3) A, at 75 K, ap = 3.998(1),
co = 13.0(1) A) are shown in a). We fitted the nor-
malised cell parameters by linear regression, the compress-
ibilities (ko=1/a(da/dP), etc.) are anisotropic, with k, =
3.18(5)x107% GPa™' and k. = 6.22(5)x107® GPa~'. Also
shown is the a-lattice parameter (blue triangles) in the solid
solution Bai_,K;FesAss (Ref. 8). The normalised Fe-As
and Ba-As bond lengths at 150 K are shown in b) as a func-
tion of pressure, the Ba-As compressibility is k = 6.9(2)x1073
GPa~!. Error bars from the pressure calibration and Rietveld
refinement are shown in all plots.

perconductivity. The change in the c-lattice parameter
under chemical pressure (an increase of ~7.8 %) is differ-
ent to what we find here (4 % reduction at 6 GPa), which
might correlate with the lower superconducting T¢ and
density of states at the Fermi level under pressure (see
below), as expected for quasi—two dimensional spin fluc-
tuation mediated superconductorst.

The electronic properties of the FeAs superconductors
are also sensitively controlled by distortions of the FeAsy
tetrahedral®. The degree of distortion is controlled by
the As z coordinate, which is the only internal degree of
freedom in the tetragonal structure. The quality of our
data allowed refinement of this parameter for all pres-
sures and temperatures, and we find that the As z value
increases linearly with pressure from 1 GPa to 6 GPa
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FIG. 4: Pressure dependance of As-Fe-As bond angles
and reduction in strength of the Fermi surface nesting
at high pressure. The pressure dependance of the refined
As-Fe-As bond angles at 150 K is shown in a), error bars from
pressure calibration and Rietveld refinement are shown. The
results from the solid solution Baj_K,;FeaAss in Ref. 8 are
shown as scarlet symbols. b) In each column the intersection
of the calculated Fermi surface with planes perpendicular to
the c*-direction is shown at three different heights of 0, 7/c,
and 27 /c. Around the origin [0,0], three bands intersect (illus-
trated by red lines). For a perfect Fermi surface nesting, the
translation by the nesting vector [r/a,7/b] (in green) should
yield a complete overlap with the bands intersecting around
the [r/a,m/b] point (blue lines).

(see Figure S2). As was seen for the other structural
parameters, the refined value on decreasing pressure at
75 K overlies the 150 K values exactly. The extracted
Fe-As and Ba-As bond lengths are shown in Fig. 3b
as a function of pressure. The Fe-As bond is extremely
robust to applied pressure, as was also reported for chem-
ical doping®, whilst the Ba-As bond is found to contract
strongly. We also find a striking correlation between the
effect of pressure and chemical substitution on the As-Fe-
As bond angle, which has been suggested to control the
electronic bandwidth in FeAs materials. As shown in Fig.
4a, we show that the As-Fe-As bond angles converge to
the ideal tetrahedral value of 109.5 deg as pressure is in-
creased towards the superconducting region, with a possi-
ble divergence at higher pressures. The Ba;_,K,FesAss



solid solution shows the exact same dependance on ap-
proaching optimal T, highlighting the importance of
this structural parameter in achieving superconductivity.

In summary, our results offer a possible explanation
as to why both doping and pressure induce supercon-
ductivity in BaFesAsy, as the structural changes to the
FeAs layer in both cases reduce nesting and hence de-
stabilise the SDW groundstate. We have identified a
contraction in the nearest-neighbour Fe-Fe distance and
a regularisation of the FeAs; tetrahedron as the struc-
tural changes responsible and shown that, in contrast
with the cuprates, charge doping plays a lesser role. A
better analogy for the FeAs superconductors may thus
be metallic spin-fluctuation mediated superconductors
such as CeCusSis where pressure and composition tuned
competition between itinerant magnetic order and super-
conductivity are ubiquitous!t. However, the changes in
individual bond lengths and angles that tune the elec-
tronic ground state in these materials are small and dif-
ficult to determine due to the low temperatures required
(Te < 1 K). In addition, the relevant energy scales for
the magnetic fluctuations are low and the groundstate
is therefore extremely sensitive to variations in sample
stoichiometries?®. In contrast, the FeAs superconduc-
tors are resistant to disorder, SDW order sets in at high
temperature, and the structural changes can be easily
resolved by bulk techniques. We anticipate that future
high pressure experiments will be key for cleanly explor-
ing the evolution from itinerant magnetism to the exotic
superconducting state.

Methods

We synthesised polycrystalline samples of BaFesAs,
by the previously reported method?®. Phase purity was
checked by powder X-ray diffraction, which showed no
impurity phases. The temperature at which BaFe;Ass
undergoes antiferromagnetic ordering is extremely sen-
sitive to impurities, we therefore additionally measured
the magnetic susceptibity of our sample in a 1 T field
using a Quantum Design MPMS. A sharp drop was seen
at 143 K, confirming that our sample has close to ideal

stoichiometry®. An adapted Bridgman cell was used
for high pressure transport measurements. The pres-
sure medium was a fluorinert mixture of 1:1 FC70:FC77.
The sample (dimensions around 700x150x30 pm) was
measured using the four probe method and the pressure
was deduced from the superconducting transition of a
piece of lead. Neutron powder diffraction (NPD) profiles
were recorded as a function of temperature and pres-
sure using the D20 powder diffractometer“” located at
the Institut Laue-Langevin with a wavelength of A=1.88
A. Pressure was applied with a Paris-Edinburgh pres-
sure cell?® equipped with toroidal cubic BN anvils and
a mixture of 4:1 deuterated Methanol:Ethanol was used
as pressure transmitting medium. The sample tem-
perature was controlled using a He cryostat similar to
that used in previous experiments®?, fast cooling to 70
K was achieved by flooding the cell assembly with lig-
uid Ny. The cell pressure was determined by adding a
small amount of Pb powder to the sample and using the
known equation of state of this material®?, The NPD
data were analysed using the Rietveld method with the
program GSAS?L. We collected data both isothermally
and (approximately) isobarically and typical data collec-
tion times were 20 minutes. Various Density functional
Theory (DFT) bandstructure calculations have been per-
formed for the doped Baj_,K, FesAss series with results
strongly dependent on whether the As positions where re-
laxed within DF T4 or were kept fixed as given by experi-
mental observations??. We performed bandstructure cal-
culations for the experimental structures under pressure
as well as for the Baj_,K,FesAsy solid solution (in the
Virtual Crystal Approximation (VCA)) keeping the As
position fixed to the experimental values and confirm the
remarkable similarities between these two families. We
note that previous calculations by Kasanithan et al?? give
a similar result to ours. We employed the full potential
linearized augmented plane wave method (FPLAPW)
as implemented in the WIEN2k codé®2. The Perdew-
Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) to density functional theory was used.
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Supporting Information

Collapsed phase in AFe;As, materials with
small A-site cations

In the wider 122 family of compounds, an alterna-
tive groundstate is also found for compounds with a
small A-site cation such as CaFegAss. This so-called
‘collapsed phase’ is driven by the formation of As-As
bonds between FeyAs, layers, and the associated struc-
tural deformations?3. To assess the extent of such a
contribution in BaFesAss, a plot of As-As distances
versus the ¢/a ratid®® is shown in S1 for the AFesAsy
compounds. At 6 GPa the c/a ratio for BaFesAss
is still larger than SrFesAs, at ambient pressure. In
contrast, the collapsed phase in CaFesAs, has an As-As
distance which approaches that of elemental As (2.52
A)7 inferring a o-bonding contribution.

a) 3.8- Ba(aP) = ()
3.6
3.4

3.2

2.4+ elemental As
T

2.7 3.0
/3 Ratio

FIG. 5: S1 Detalils of collapsed phase in AFe;As>; mate-
rials with small A-site cations.(a) Plot of As-As bond dis-
tance against c¢/a ratio for AFe; Aso materials, points for high
pressure CaFezAss and BaFeaAss are also shown, dashed line
shows bond distance in elemental As. (b)As—As o-bonding
pathway in 122 compounds.
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FIG. 6: S2 Refined As z2-coordinate on increasing pres-
sure at 150 K and decreasing pressure at 75 K from
neutron powder diffraction. Standard uncertainties from
Rietveld refinement and error bars from pressure calibration

are shown.
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FIG. 7: S4 Calculated Density of States Density of states
(DOS) for BaFe;Asy at various pressures (upper panel) and

doping (lower panel).

early as a function of doping and pressure.

The DOS at Er increases almost lin-
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