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Superconductivity can be induced with the application of pressure but it disappears eventually

upon heavy compression in the iron-based parent compound BaFe2As2. Structural evolution with

pressure is used to understand this behavior. By performing synchrotron X-ray powder diffraction

measurements with diamond anvil cells up to 26.1 GPa, we find an anomalous behavior of the

lattice parameter with a S shape along the a axis but a monotonic decrease in the c-axis lattice

parameter with increasing pressure. The close relationship between the axial ratio c/a and the

superconducting transition temperature Tc is established for this parent compound. The c/a ratio is

suggested to be a measure of the spin fluctuation strength. The reduction of Tc with the further

increase of pressure is a result of the pressure-driven weakness of the spin-fluctuation strength in

this material. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867159]

I. INTRODUCTION

The discovery of superconductivity in the electron-

doped LaFeAsO system1 at a transition temperature Tc of

26 K ushered a new wave of high temperature superconduc-

tors after 20 yr of discovery of cuprites. Similar to the Cu-O

layer in cuprates, the structure feature of the conduction

Fe-As layer sandwiched by insulating layers plays the key

role in superconductivity in this new type of iron-based fam-

ily. After that, many iron-based superconductors have been

found. Up to now, there are mainly six types of iron-based

superconductors, such as 1111-type LnFeAsO (Ln¼La, Sm,

Ce, Pr, Nd, etc.),1,2 122-type AFe2As2 (A¼Ba, Sr, Ca, and

Eu),3 111-type BFeAs (B¼Li, Na, and K),4 11-type

FeSe(Te),5 21311-type Sr2ScO3FeX (X¼ P and As),6 and

122*-type C0.8Fe2–ySe2 (C¼K, Rb, and Cs).7 Among these

families, 122-type compound AFe2As2 (A¼Ba, Sr, Ca,

and Eu) can be easily synthesized to high purity single crystal,

thus it is an ideal system to study the fundamental physical

properties under various conditions (pressure, temperature,

external magnetic fields, etc.). The 122-type compound exhib-

its a magnetic and structural phase transition upon cooling

before superconducting phase emerging, while strong anoma-

lies in the specific heat, electrical resistivity, and magnetic

susceptibility occur at this transition.8–10 At ambient pressure,

the BaFe2As2 compound8 has the magnetic and structural

phase transition at temperature about 140 K. The hole or elec-

tron doping usually suppresses the long-range structural and

antiferromagnetic ordering, which can lead to the emergence

of superconductivity at low temperature. For instance,

K-doped compound Ba1�xKxFe2As2 reaches a maximum Tc

of 38 K,11 Co-doped compound BaFe2�xCoxAs2 shows a Tc of

22 K with x¼ 0.2,12 and Ni-doped BaFe2�xNixAs2 also exhib-

its a Tc of 20.5 K with x¼ 0.1.13

Pressure as one of the fundamental state parameters can

be used to tune the lattice and electronic structure efficiently,

which alters the structural and magnetic ordering. Recent

neutron scattering measurements on the parent compound

BaFe2As2 revealed that modest strain fields along the

in-plane orthorhombic b axis can affect significant the struc-

tural and magnetic phase transitions.14 This system does not

show superconducting properties at ambient pressure and

low temperature even at liquid helium temperature (�4 K)

without doping, but Tc reaches 29 K at the applied pressure

of 4 GPa.15 Many high-pressure investigations have been

performed in different kinds of iron-based compounds to

understand the pressure and doping effects on superconduc-

tivity.16 However, the detailed interplay between structural

instabilities and superconductivity has not been fully under-

stood due to the lack of information on the pressure depend-

ence of the structural properties.

Extensive investigations on the parent compound

BaFe2As2
17–19 have showed that BaFe2As2 undergoes a

phase transition from a tetragonal (T) to a collapsed tetragonal

(CT) phase at 27 GPa at room temperature, while it transforms

from an orthorhombic phase to a tetragonal phase at 33 K at

29 GPa. For the sister system CaFe2As2, the transitional

pressure value is about 2 GPa at room temperature, which is

much smaller than that of BaFe2As2. Jorgensen et al.18

reported that the structural transition for BaFe2As2 at room

temperature is from a tetragonal to orthorhombic phase at

17 GPa. Meanwhile, density functional theory calculation19

shows that BaFe2As2 has a transition from a magnetic
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orthorhombic phase to a collapsed tetragonal phase through

an intermediate nonmagnetic tetragonal phase at low tempera-

ture. In contrast, CaFe2As2 transforms from a magnetic ortho-

rhombic phase to a nonmagnetic collapsed tetragonal phase at

3 GPa or 0.48 GPa for hydrostatic or uniaxial pressure at low

temperature. Therefore, the structural evolution of 122-type

iron-based compounds is not yet well understood.

In this work, we report a systematic structural study of

BaFe2As2 at the pressures up to 26.1 GPa using the synchro-

tron X-ray diffraction technique. We found that the lattice pa-

rameters a and c decrease monotonically at pressure range

from ambient to 10.1 GPa. Then the structure exhibits an

abnormal compression behavior, the lattice parameter a first

increases continuously and reaches maximum at 21.0 GPa

while maximum a value even surpasses the ambient condition

lattice constant a and then decreases rapidly till 26.1 GPa, the

highest pressure in this study; but the lattice parameter c
decreases monotonically with increasing pressure in the entire

range of our measurements. Comparing the transition temper-

atures reported in literatures on this system at the studied pres-

sure range,15,20–25 we correlate the internal relationship

between the axial ratio c/a and the Tc reported in the litera-

tures: Superconductivity can only occur in a certain range of

axial ratio, and the maximum Tc under pressure is largely

related to the deviation of this ratio from the optimal value.

II. EXPERIMENTAL DETAILS

Single crystal sample BaFe2As2 was grown by the

self-flux method with the high-purity elements Ba, Fe using

FeAs as the flux, detailed procedures of synthesizing the

samples have been reported somewhere else.13 For getting

good powder diffraction data, one piece of single crystal was

crashed and grounded carefully to make fine powder grains

without large strain.

Powder diffraction was carried out with the angle-

dispersive X-ray diffraction experiments at beamline 16BM-D,

HPCAT, the Advanced Photon Source of the Argonne National

Laboratory. The incident monochromatic beams were focused

to 5–10 lm (FWHM) with wavelength of 0.38745 Å. The ex-

perimental parameters were calibrated with NIST standard

CeO2 powder diffraction. A symmetric diamond anvil cell with

a pair of 400 lm culet size anvils was used to generate high

pressure. A stainless steel gasket preindented to 35 lm thick

with a 180 lm diameter hole was used as the sample chamber.

A small piece of sample pallet with a ruby ball was loaded in

the gasket hole. Silicone oil was used as pressure transmission

medium to maintain quasi-hydrostatic pressure environment in

the studied pressure range. The pressures were monitored by

the ruby fluorescence shifts. A mar345 image plate was used to

collect the powder diffraction patterns. The 2d diffraction data

were integrated using FIT2D26 and analyzed by the Rietveld

refinement with the FULLPROF program.27

III. RESULTS AND DISCUSSION

Figure 1 shows the angle-dispersive powder x-ray diffrac-

tion patterns of BaFe2As2 at various pressures and room temper-

ature. Below 11.8 GPa, the diffraction peaks in all angle range

remain relatively unchanged but shift to high two theta angle

sides, indicating regular compression behavior. At 11.8 GPa, the

original two peaks between 7.5� and 8.5� combine into one.

Upon a further increase of pressure, the diffraction peaks

become wider and the intensity of peaks becomes weaker.

Above 11.8 GPa, the two peaks between 10� and 12.5� become

a single peak and this single peak shifts to the lower angle side,

which is clear evidence of the corresponding lattice expanding

while pressure increasing. Beyond 21 GPa, the powder patterns

look similar. This indicates that the new phase completes the

transition and follows a normal compression behavior.

In order to retrieve crystal structure and precise lattice

parameters, we have conducted Rietveld refinements on all

these power X-ray diffraction data, considering the peak

broadening effect in the high-pressure range. All peaks can

be indexed well with a tetragonal structure (space group

I4/mmm) up to 26.1 GPa. Figure 2 shows a Rietveld refine of

FIG. 1. The integrated powder diffraction patterns of BaFe2As2 at various

pressures and room temperature.

FIG. 2. Observed (solid black circle), calculated (continuous red line), dif-

ference between observed and calculated (bottom blue line), and the posi-

tions of the Bragg reflections (vertical green lines) profiles obtained after

Rietveld refinements of X-ray diffraction patterns of BaFe2As2 using tetrag-

onal space group (I4/mmm) at 4.7 GPa and room temperature. The inset

shows the crystal structure of BaFe2As2 with tetragonal ThCr2Si2-type at

4.7 GPa and room temperature.

083915-2 Yang et al. J. Appl. Phys. 115, 083915 (2014)
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BaFe2As2 at a pressure of 4.7 GPa. The difference between

the observed and the calculated X-ray diffraction intensity

distribution is quite reasonable. When we try to fit the higher

pressure structure with other possible structure such as ortho-

rhombic Fmmm phase, which is reported previously,18 the fit

results are quite poor. The inset shows the crystal structure

of BaFe2As2 with ThCr2Si2-type at 4.7 GPa and room tem-

perature. Comparing to the structure of BaFe2As2 at ambient

pressure, the lattice parameters decrease about 2%.

Figure 3 shows the pressure dependence of the lattice

parameters a and c of BaFe2As2 at room temperature

obtained from Rietveld refinement for entire pressure range.

The lattice parameters a and c shrink in pressure from ambi-

ent to 10.1 GPa. Upon further compression, the structure

exhibits an abnormal behavior: the lattice parameter a first

increases, and reaches maximum at 21.0 GPa, then decreases

to the maximum pressure studied in this investigation; while

the lattice parameter c decreases with pressure in the entire

range of our measurements. We noticed that the structural

transition from a tetragonal to a collapsed tetragonal phase

completes at above 21 GPa, and both phases have the space

group I4/mmm. Below 11.8 GPa, the refinement results give

high precision lattice parameters (error bar is less than 0.1%,

which is smaller than the size of symbol); above 11.8 GPa,

peak broadening and reduced peak intensity cause the fitting

results a little larger uncertainty (about 0.1%–0.2%, on the

size of the symbol in the plot of a and c vs. pressure), which

can be seen from the measured values slightly deviated from

the fitted curve. But nevertheless, this does not change our

main results.

Figure 4 shows the pressure dependence of the axial ratio

c/a and the Tc reported from various groups. The c/a ratio

shows a gradual decrease with increasing pressure till

10.1 GPa and then follows a rapid decrease in pressure range

from 10.1 GPa to 21.0 GPa. Above 21.0 GPa, the ratio c/a is

nearly a constant. The results for Tc vs pressure are obtained

from various groups15,20–25 and summarized in Table I. The

pressure-transmitting medium (“Medium”), the maximum

pressure (“Pmax”) with superconducting phase, the maximum

superconducting transition temperature (“Max Tc”) and the

corresponding critical pressure (“Pc”) are also listed in Table I.

Figure 5 shows the unit cell volume V as a function of

pressure in the parent compound BaFe2As2 at room tempera-

ture, where the red lines are the fitting results by using the

third-order Birch-Murnaghan equation of state,28

P ¼ 3

2
B0

��
V

V0

��7=3

�
�

V

V0

��5=3�

� 1þ 3

4
ðB00 � 4Þ

��
V
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��2=3
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�( )
; (1)

where B0 is the bulk modulus, B 00 the derivative of bulk modu-

lus at ambient pressure, and V0 the volume at ambient pres-

sure. With B 00 being fixed as 4.0, we have B0¼ 54.9 6 2.0 Å3

and V0¼ 203.1 6 0.9 Å3. These results are comparable to

those for the tetragonal phase of electron-doped compound

BaFe1.8Ni0.2As2
29 and those reported earlier for the parent

compound.17

The experimental and theoretical results17,30 show that

the Fe-Fe and Fe-As bond lengths reveal anomaly increase

FIG. 3. Pressure dependence of the lattice parameters a and c of BaFe2As2

at room temperature obtained after Rietveld refinement of data with increas-

ing pressure.

FIG. 4. Pressure dependence of the superconducting transition temperature

Tc and the axial ratio c/a for BaFe2As2.

TABLE I. Summary of pressure studies on the parent compound BaFe2As2.

The pressure “Technique” of Bridgman cell (BC), cubic-anvil press (CAP),

and diamond anvil cell (DAC), in association with a specific pressure

“Medium” are listed. Maximum superconducting transition temperatures

(“Max Tc” in K units) at the critical pressure (“Pc” in GPa units), the

Maximum pressure (“Pmax” in GPa units) are also listed. None indicates no

pressure transmission medium was used.

Technique Medium Max Tc (Pc) Pmax Ref.

BC FC 70/77 35 (3) 9 20

DAC Daphne oil 7373 29 (4) 6 15

BC Steatite 35 (1.5) 7.2 22

DAC None 34 (1) 8.3 21

BC FC 70/77 33 (3) 3 23

CAP Daphne oil 7474 17 (11.5) 16 23

BC1 FC 70/77 30 (5.5) 8 24

BC2 FC 70/77 31 (4.7) 5.7 24

CAP FC 70/77 25 (3) 13 25

083915-3 Yang et al. J. Appl. Phys. 115, 083915 (2014)
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with increasing pressure and this anomaly was associated with

loss of magnetism. The loss of magnetism may increase the

As-As interaction along the c axis. Conversely, this would

change the parameter z of the As atom and may lead to an

increase in the distortion of the As-Fe-As bond angle. This

indicates that the magnetism is a crucial factor controlling the

lattice parameters in the parent compound BaFe2As2.

Up to now, the temperature dependence of the electrical

resistivity measurements of the parent compound BaFe2As2 at

different pressures was carried out by various groups using

the Bridgman cell (BC), the cubic-anvil press (CAP), and the

diamond anvil cell (DAC).15,20–25 Duncan et al.31 found that

the pressure-temperature phase diagrams of BaFe2As2 were

different because of the different pressure environment, which

was provided by the different cells and the different

pressure-transmitting media. As mentioned earlier, we used

Silicone oil as pressure transmitting medium, as it provides

the quasi-hydrostatic condition for the entire pressure range

studied. The structure transformation from the tetragonal to

collapsed tetragonal phase occurs at 21.0 GPa, which is much

lower than that reported previously,17 where the Helium was

used as pressure transmitting medium to maintain the best

hydrostatic condition. In other words, the hydrostatic pressure

increases considerably the critical phase transition pressure

for the parent compound BaFe2As2. This result indicates that

the phase transition is sensitive to uniaxial stress of pressure

as observed by neutron measurements.14

The iron-based compound BaFe2As2 composes of alter-

nating Ba layer and FeAs layer. In this, strongly correlated

electron system, the superconductivity occurs when the mag-

netostructural order is completely suppressed by electron

doping or the application of pressure, etc. However, the

applied pressure has very little effect on superconductivity

in the optimally electron-doped BaFe1.8Co0.2As2 compared

to the underdoped BaFe1.92Co0.08As2.12 As for parent

BaFe2As2 compound, external pressure is needed to tune the

lattice and electronic structure to suppress the magnetic

ordering and induce the superconductivity. The bond angle

As-Fe-As and bond length Fe-As are the key components for

the structure evolution related to superconductivity. The

highest Tc values are found when the As-Fe-As tetrahedral

bond angle is close to the ideal value of 109.47�, which can

be used as a guide to explore the possible higher Tc super-

conductor by electron doping and/or pressure. In this inves-

tigation, Rietveld refinements on the powder diffraction

data at the studied pressure range provide the atomic posi-

tions of all Ba, Fe, and As, which are reflected in the lattice

parameters and space group symmetry. Thus, the lattice

change can be treated as a sensor of the changes of Fe-As

bond length and As-Fe-As bond angle, which directly

reflects the distance between layers. Therefore, there is an

optimized c/a ratio to maintain the As-Fe-As tetrahedral

bond angle close to the ideal value of 109.47� for supercon-

ductivity. For the present compound BaFe2As2, the c/a
decreases gradually below 10 GPa following by a rapid

decrease in the pressure range from 10 to 21 GPa before

reaching a much lower constant. As a result, Tc of

BaFe2As2 may be highest at 4 GPa and then it could

decrease with increasing pressure. At 21 GPa and above,

the ratio c/a is too far for the structure to maintain the

superconducting phase.

Band structure calculations32–35 show that the suppres-

sion of the antiferromagnetic state and the emergence of

superconductivity can be attributed to nesting between elec-

tron and hole Fermi surface sheets. Increasing pressure

results in the reduction of the axial ratio c/a to increase inter-

plane hopping and warp the original cylinder-like Fermi

surface sheets. As a result, the nesting between electron and

hole Fermi surface sheets is reduced. This effect may sup-

press the spin density wave order and induce superconductiv-

ity. These theoretical works demonstrate that the axial ratio

c/a should be related to the superconductivity.

According to the relationship between the pressure and

the Tc shown in Figure 4 and the information in Table I, we

can conclude that the transition pressure for the T to CT

phase transition is relatively low (21 GPa comparing to

28 GPa) with hydrostatic pressure transmitting medium, the

maximum Tc is about 35 K with critical pressure �4 GPa,

and the pressure ranges where superconductivity appears dif-

fer among research groups. Alireza et al.15 reported that Tc

reaches a maximum at about 4 GPa using a miniature dia-

mond anvil cell. They used single-crystalline samples and

Daphne 7373 as a pressure-transmitting medium. Ishikawa

et al.20 reported that the maximum Tc is about 35 K, where

the pressure is about 3 GPa, and the Fluorinert 70 and 77

were used as the pressure-transmitting medium. Uhoya

et al.,21 Mani et al.,22 Yamazaki et al.,23 Colombier et al.,24

and Fukazawa et al.25 also reported the pressure dependence

of Tc but their results are different. Therefore, the transport

property measurements at higher pressures are still necessary

for the clarification. In Figure 4, the behavior of axial ratio

c/a is nicely related to the Tc behavior reported by Fukazaw

et al.25 These authors25 used a cubic anvil apparatus at pres-

sure values of up to 13 GPa with a 1:1 mixture of Fluorinerts

70 and 77. In their experiments, Tc reaches a maximum at

about 3 GPa. When pressure is beyond 3 GPa, Tc decreases.

This offers another evidence of the relationship between the

axial ratio c/a and superconductivity.

FIG. 5. Pressure dependence of the unit cell volume V of BaFe2As2. The red

line represents a fit to the third-order Birch-Murnaghan equation as

described in the text.

083915-4 Yang et al. J. Appl. Phys. 115, 083915 (2014)
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The close relationship between the ratio c/a and super-

conductivity demonstrates that the three-dimensional feature

of the structure in BaFe2As2 is in favor of superconductivity.

This finding supports the three-dimensional nature of the

superconducting gap and its sensitivity to the antiferromag-

netic ordering wave vectors Q along the c axis.36,37 Once the

parent compound becomes superconducting at high pres-

sures, the reduction of the three-dimensional structural fea-

ture would weaken the superconducting behavior and

eventually destroys superconductivity. This picture is con-

sistent with the well established relation between the neutron

spin resonance energies at Q¼ (0.5, 0.5, 0) and (0.5, 0.5, 1)

and Tc in BaFe2�xBxAs2 (B¼Ni, Co).37 In the neutron meas-

urements, Wang et al.37 found that the anisotropic spin gaps

at the two wave vectors Q¼ (0.5, 0.5, 0) and (0.5, 0.5, 1)

decrease with increasing electron-doping. By doping more

electrons, Tc decreases in the overdoped region and the over

spin excitations gradually transform into quasi-two-dimen-

sional spin excitations. Thus, our finding not only follows

that the axial ratio c/a is indeed a measure of spin fluctuation

but also offers evidence for the spin-fluctuation-mediated

superconductivity in these iron arsenide compounds. Indeed,

a close correlation between the spin fluctuations and super-

conductivity under pressure was recently observed in an

Iron-based superconductor.38

IV. CONCLUSIONS

We have investigated the high-pressure behaviors of the

undoped parent compound BaFe2As2 at room temperature

through the high-pressure powder synchrotron X-ray diffrac-

tion technique. The intrinsic relationship between the axial

ratio c/a and the superconductivity in this parent has been

established. We found that the lattice parameter a exhibits an

anomalous behavior upon compression with a S shape while

the lattice parameter c decreases monotonically with pres-

sure. We proposed that the c/a ratio is a measure of the spin

fluctuation strength. The pressure-driven weakness of the

spin-fluctuation strength accounts for the observed reduction

of Tc with the applied pressure in the parent 122 compound.
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