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We report high-pressure powder synchrotron X-ray diffraction measurements of overdoped

BaFe1.8Co0.2As2 under quasi-hydrostatic pressure up to 40.1 GPa. Our results indicate that a

tetragonal (T) to collapsed tetragonal (CT) phase transition occurs at 16.8 GPa and the two phase

coexist until 30 GPa, which has not been previously observed in iron arsenide compounds. Both the

lattice parameters a and c show discontinuous change for the T and CT phases. The decrease of the

c lattice parameter is as large as 12.2% owing to the uniaxial pressure effect. The axial ratio c/a
of the T phase exhibits similar features to the other 122-type compounds below 16.8 GPa,

whereas there is a very small increase with increasing pressure in the two phase coexistence

region. Because of the relationship between the axial ratio and superconductivity, the abnormal

expansion may be related to the sudden increase of the strength of antiferromagnetic spin

fluctuations. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870860]

I. INTRODUCTION

In the iron-arsenide-based superconductors, the 122-

type AFe2As2 (A¼Ba, Ca, Sr, or Eu) family has attracted

great interest because of their unique properties. BaFe2As2 is

the common parent compound with a tetragonal (T) structure

(space group I4/mmm) and is non-superconducting at ambi-

ent pressure but exhibits a tetragonal to orthorhombic phase

transition associated with magnetic ordering from the para-

magnetic to the antiferromagnetic (AF) state at low tempera-

ture.1,2 The orthorhombic phase with AF ordering can be

suppressed by chemical substitution or pressure, and then

superconductivity develops. Electron doping via cobalt

substitution in Ba(Fe1�xCox)2As2 compounds are probably

the most well-studied systems because of the availability of

high-quality single crystals. Superconductivity with this type

of dopant exhibits the dome shape in certain doping

regions.3,4 In the underdoped region, various experiments3–5

have revealed that the structural/magnetic phase transitions

are gradually suppressed and the superconducting tempera-

ture (Tc) increases with increasing Co concentration. These

phenomena indicate that there is competition between super-

conductivity and antiferromagnetism.6 In-plane resistivity

measurements have shown that the anisotropy in resistivity

arises because of impurity scattering by Co atoms substituted

in Fe sites, and the magnitude increases for 0 � x � 0:04

and then decreases before disappearing above the optimal

doping level (x � 0:06).7 However, in the overdoped region,

the structural/magnetic transitions are totally suppressed.

This makes the physical properties of the overdoped com-

pounds different from the underdoped compounds.8 The

superconductivity was proposed to be associated with the

strength of spin fluctuations and Fermi surface nesting.9–13

The structure of the Fermi surface markedly changes by

increasing the doping level.14–16 A Lifshitz transition occurs

at a doping of x � 0:1 with an ellipsoid centered at the

Brillouin zone (Z), and this Z ellipsoid disappears and the

central pocket becomes electron-like above x � 0:2, which is

another Lifshitz transition, and the superconductivity com-

pletely disappears.16

Pressure plays an important role in superconductivity as a

cleaning parameter without introducing the disorder effect. For

Co substitution, the effect of pressure on the superconductivity

depends on the doping level. Transport measurements17–19

have shown that Tc is strongly enhanced in underdoped com-

pounds, for example, Tc at x � 0:041 increases from 11 to

25 K by the application of pressure.17 In contrast, overdoped

materials show very little increase in Tc by applying pressure.17

Most of the studies on Co substitution have focused on the

properties at low pressures before the absence of superconduc-

tivity. In fact, a non-magnetic collapsed tetragonal structure is

observed in the parent compound and the superconductivity

disappears under pressure.20 In addition, a second supercon-

ducting phase has been found in the 122*-type iron-based

superconductors with a higher Tc than that in the first super-

conducting phase after it disappeared.21 A detailed understand-

ing of the properties of these compounds at high pressure is

therefore of particular importance.

In this study, we chose the overdoped material

BaFe1.8Co0.2As2 for the experiments because of its unique

properties mentioned above. We investigated the structural

properties of this overdoped material at pressures up to

40.1 GPa. Coexistence of the low-pressure T phase and the

high-pressure collapsed tetragonal (CT) phase occurs,

which is observed for the first time for the 122 iron arse-

nide compounds. The axial ratio c/a is not continuous but

increases after passing through a minimum. This behavior

indicates a potential reemergence of superconductivity

owing to the enhancement of the AF spin fluctuations at

high pressures.a)Electronic mail: xjchen@ciw.edu
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II. EXPERIMENTAL DETAILS

A single crystal sample of BaFe1.8Co0.2As2 was grown

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

and Co using FeAs as the flux. The detailed procedure for

synthesizing the samples has been reported previously.22

The X-ray powder diffraction measurements were carried

out at the 4W2 beam line of the Beijing Synchrotron

Radiation Facility (BSRF). The wavelength of the X-ray

radiation was 0.6199 Å. An applied pressure was generated

by a symmetric diamond anvil cell with 300 lm culet size

anvils. A stainless steel gasket preindented to �40 lm with a

central hole of 120 lm in diameter was used as the sample

chamber. The powder sample ground from single crystals

was loaded into the chamber with silicon oil as the

pressure-transmitting medium. The pressure was determined

by the shift of the fluorescence line of the ruby.23 The sample

to image plate (MAR345) detector distance was refined

using the diffraction data of CeO2 standard. The

two-dimensional powder images were integrated using

the program FIT2D24 to give the intensity versus 2h plot.

The structural fits were performed using GSAS.25

III. RESULTS AND DISCUSSION

Typical angle dispersive powder X-ray diffraction data

collected for BaFe1.8Co0.2As2 at various pressures and room

temperature are shown in Fig. 1. The left part of Fig. 1 shows

a portion of the diffraction patterns at selected pressures dur-

ing the pressure increasing cycle. At the lowest pressure

(0.9 GPa), the X-ray diffraction pattern corresponds to the T

phase, which has been identified for other doped and

undoped 122-type compounds. Upon compression above

16.8 GPa, the diffraction profiles show a dramatic change. A

new peak appears on the left shoulder of the (103) peak, and

the Bragg peaks at around 2h¼ 17.5� and 18.5� converge

and then merge, indicating the onset of a structural transition.

In the pressure range 16.8–30 GPa, the intensity of the (103)

peak decreases while that of the new peak increases. This

indicates the coexistence of the low-pressure T and

high-pressure phases. The phase transition is complete after

the (103) peak disappears at 30 GPa and the high-pressure

phase remains stable up to 40.1 GPa. The right part of Fig. 1

shows an enlargement of the peaks from 2h¼ 11�–15� at

pressures ranging from 16.8 to 27.8 GPa, and the competition

between the intensities of the (103) peak (down arrow) and

the new peak (up arrow) of the high-pressure phase is clearly

shown.

As previously mentioned, a first-order phase transition

from the T phase to the CT phase has been found in 122-type

iron arsenide materials under pressure.26–28 We refined the

diffraction patterns above 30 GPa for the CT phase, and one

of the fitting results is shown in the top panel of Fig. 2. The

result is quite reasonable for the high-pressure CT phase. In

addition, we refined the patterns in the pressure region from

16.8 to 30 GPa for the T and CT phases, and the refinement

and experimental data for 20.5 GPa are in good agreement.

This provides the evidence for the coexistence of both the

low-pressure and high-pressure phases as mentioned above.

Therefore, a transition from the T to the CT phase occurs at

high pressure with an intermediate region with the coexis-

tence of the two phases. This observation is different from

that of the parent compound.20,28 In the parent compound

BaFe2As2, the diffraction patterns can be indexed to the

single tetragonal structure over the whole pressure range

even during the transition process.20 Carefully comparing

the diffraction patterns obtained in this study with the

diffraction patterns of the overdoped compound

BaFe1.84Ni0.16As2,29 we found that a similar phase coexis-

tence could occur in the Ni-doped compounds, although the

existence is not as obvious as in this study. It seems that the

coexistence of the T and CT phases is a universal phenom-

enon in the overdoped regime.

FIG. 1. X-ray diffraction patterns of BaFe1.8Co0.2As2 for various pressures

at room temperature (left panel). The enlargement of the diffraction patterns

for 16.8–27.8 GPa with 2h from 11� to 15� (right panel) shows the structural

transition with two coexisting phases. The up arrow indicates the emerging

peak, while the down arrow indicates the disappearing peak.

FIG. 2. Observed (black open circles) and calculated (red line) X-ray dif-

fraction patterns, and the difference between the observed and calculated

profiles after fitting (blue line). The bottom panel is obtained with the T

phase, the middle panel with both the low- and high-pressure phases, and

the top panel with the CT phase.
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In Fig. 3, we show the pressure dependence of the lattice

parameters a and c, and both show distinct changes. A clear

decrease in the lattice parameter c (as large as 12.2%) and a

4.4% increase of lattice parameter a are observed at

16.8 GPa. This clearly shows that a structural transition from

the T to the CT phase occurs for this compound. The large

decrease in c is ascribed to As–As hybridization in 122-type

compounds,30 i.e., the As ion below the top Fe-plane forms a

bond with the As ion above the lower Fe-plane, with the loss

of Fe-magnetic momentum. Therefore, the collapse transi-

tion from the T to the CT phase is also a magnetic transition

from a paramagnetic to a nonmagnetic state, in which the

total energy difference between the two states is compen-

sated by the formation of a new As–As bond. Upon forming

the CT phase, the previously weakly connected FeAs layers

are pulled together and the As–As bond strength increases.

The crossing mirror plane As–As bonding would decrease

the Fe–As bond strength by altering the Fe–As bond angles

and increasing the lattice parameter, a as observed in the

present experiments. In the parent compound BaFe2As2, the

decrease in c is 4.9% with He as the pressure transmitting

medium,28 but 15.5% with no pressure transmitting me-

dium.27 The decrease of the lattice parameter c in this study

with silicon oil as the pressure medium is slightly smaller

than that with no pressure medium. Thus, the reason for the

larger decrease in c in this material compared with BaFe2As2

may be because of the uniaxial pressure effect. However, the

abrupt changes of the lattice parameters a and c are very

different from those of the parent compound, in which the

lattice parameter a exhibits intermediate anomalous expan-

sion with a S shape and c gradually decreases at high pres-

sures.20 From the results of 122-type compounds in the

literature, such abrupt changes were ascribed to the different

types of electrons in Eu-compounds, i.e., the changes in

EuFe2As2 were continuous, but in EuCo2As2 and EuNi2As2

they exhibited strongly discontinuous features.31 Conversely,

in the undoped and underdoped CaFe2As2 compounds, the

distinct abrupt changes were observed under pressure and/or

at low temperature because the smaller size of Ca results in

the two FeAs layers being much closer than in Ba-based

compounds, which is beneficial for the formation of the

As–As bond.32,33 It has been found19 that the Co doping

effect can induce the decrease of the distance between the

FeAs layers. Nevertheless, these studies indicate that Co

doping should account for the abrupt change of the lattice

parameters, although more evidence is required to figure out

how the Co doping works in the overdoped region.

With regard to the pressure dependence of the lattice

parameters, in the case of the two phase coexistence region,

a and c show different pressure dependence in the T and CT

phases. It is worth noting that c of the T phase is almost

unchanged, whereas a shows a slight decrease in the two

phase coexistence region. The changes of the two lattice

parameters result in a slight increase of the axial ratio, as

shown in Fig. 4. This probably indicates a second-order

phase transition. Density functional theory calculations30

predicted that the phase transforms to a nonmagnetic T phase

and then to a nonmagnetic CT phase in Ba-compounds, but

the nonmagnetic T phase has not been observed in

experiments.

To obtain more insight into the structural properties, we

examined the axial ratio as a function of pressure shown in

Fig. 4. The axial ratio exhibits different features in the three

regimes. Below 16.8 GPa in the pure T phase, the axial ratio

is almost constant below 6 GPa and then rapidly decreases

with increasing pressure until the critical transition point.

The c/a axial ratio has been found19 to be closely related to

the superconductivity, especially the Tc, as reported in 122-

type iron-based compounds previously. Hence, the Tc of the

Co-dopant in this study may maintain a relatively high value

up to 6 GPa, and then decrease as the pressure is increased.

In fact, similar variation of Tc as a function of pressure has

been observed in the sister BaFe1.9Ni0.1As2 compound in

electronic transport experiments.34 Upon further compres-

sion, the axial ratio abruptly changes by as much as 7.4%

between the T phase and CT phases. In the pressure range

from 16.8 to 30 GPa for the coexistence, the axial ratio

monotonically decreases in the CT phase but only exhibits a

FIG. 3. Lattice parameters a (red solid squares) and c (blue solid circles) of

BaFe1.8Co0.2As2 as a function of pressure. a increases abruptly and c exhib-

its a large decrease at 18.7 GPa, which indicates the onset of the transition

from T phase to CT phase.

FIG. 4. Axial ratio c/a for the low- and high-pressure phases of

BaFe1.8Co0.2As2 as a function of pressure up to 40.1 GPa. The solid line is

the linear fitting results of the data in the CT phase.
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very small increase in the T phase with increasing pressure.

The axial ratio of the CT phase continues linearly decreasing

up to 40.1 GPa. This is similar to other 122-type compounds.

We fitted the data as a function of pressure and obtained the

linear equation c/a¼ 2.673–0.006 P, which is almost the

same as that in the parent compound.35

Figure 5 shows the pressure dependence of the unit cell

volume (V) of BaFe1.8Co0.2As2 at room temperature. We

separately fitted the pressure–volume data using the

third-order Birch–Murnaghan equation of state36 at fixed

B00 ¼ 4 for the pressure ranges 0.9–15 GPa (T phase) and

18.2–40.1 GPa (CT phase). The fitted ambient pressure vol-

umes V0 were 204.9(0.7) Å3 for the T phase, which agrees

well with reported values for the parent material,20 and

196.4(2.7) Å3 for the CT phase. The measured equation of

state shows considerable stiffening at the tetragonal to col-

lapsed tetragonal phase transition, as evidenced by the change

in the slope of the volume–pressure curve at 16.8 GPa in

Fig. 5. Based on the measured data, the transition is

first-order with a volume change as large as 3.7%. The

obtained values of the bulk modulus were B0¼ 66.3(2.7) GPa

for the T phase and B0¼ 69.5(5.1) GPa for the CT phase.

This indicates that the CT phase is less incompressible than

the T phase. The B0 of the CT phase in this material was only

about 45% of the value of the parent BaFe2As2 material,28

whereas the B0 values in the T phase of both compounds are

almost the same. The large discrepancy of the B0 values in

the CT phase is probably because of the different B00 values

(B00 ¼ 1:8 in BaFe2As2).28 Therefore, we refitted the data of

the CT phase of BaFe1.8Co0.2As2 by setting B00 ¼ 1:8 and

obtained B0¼ 141.9(5.1) GPa, which is close to the B0 value

of the parent compound (153 GPa).

The decrease of Tc or superconductivity in 122-type

compounds has been suggested to result from the suppres-

sion of the AF spin fluctuations, and thus the decrease of the

effective mass m*.13,34,37 As previously reported in opti-

mally doped and overdoped BaFe2�xNixAs2, AF spin fluctua-

tions were found to substantially decrease with increasing

pressure, and the decrease of the Tc was also observed with

pressure.38 Magnetic measurements of optimally doped

BaFe2(As0.65P0.35)2 suggested that the decrease of m* could

account for the Tc decrease with pressure.39 As the Tc is

strongly related to the structure and magnetism, the axial

ratio should be correlated with the AF spin fluctuations.

Thus, our observed decrease of the axial ratio indicates a

decrease of AF spin fluctuation and a decrease of m* and

superconductivity under pressures above 6 GPa.

With increasing pressure, an isostructural transformation

from a T phase to a CT phase occurs and the superconductiv-

ity disappears. The large decrease of the axial ratio in the CT

phase reflects the strong suppression of AF spin fluctuations,

which has been observed in CaFe2As2 by high pressure

inelastic scattering measurements.40 Although the same tran-

sition from the T to the CT phase is observed in this material,

the coexistence of the two phases occurs before complete

phase transition. This behavior has not been observed in the

122-compounds.20,28,41–43 Moreover, the axial ratio of the T

phase slightly increases with pressure when the T phase

coexists with the CT phase. Since the decrease of the axial

ratio of the T phase corresponds to suppression of the AF

spin fluctuations and a decrease of m*, the increase of the

axial ratio may reflect variations of the AF spin fluctuations

and m*, i.e., the increase of the strength of the AF spin fluc-

tuations. It is an intriguing finding because it indicates that

there may be a second superconducting phase under pres-

sure. In fact, a second superconducting phase has been found

in the 122*-type iron base superconductors and has a rela-

tively high Tc compared to the first superconducting phase.21

Further experiments are required, such as resistivity meas-

urements, to verify this finding.

For Ba(Fe1�xCox)2As2 system, the Fermi surface topol-

ogy has been proposed to be an important factor for the

superconductivity.14–16 The shape of the Fermi surface at the

doping level (x¼ 0.2) for this studied compound is an ellip-

soid centered at Z, which is a result of a Lifshitz transition

due to the doping effects.16 Upon increasing the doping

level, this Z ellipsoid shrinks in size until it disappears

accompanied by the central pocket becoming electron-like,

which marks another Lifshitz transition, and the supercon-

ductivity disappears. Pressure should have a similar effect as

doping because of the similarity between overdoping and

pressure. Thus, the Lifshitz transition could also occur at the

some critical pressure in this studied compound.

IV. CONCLUSIONS

We have performed high-pressure X-ray diffraction

measurements of BaFe1.8Co0.2As2 up to 40.1 GPa. Our

results revealed that a T to CT phase transition occurs at

16.8 GPa. Unlike the parent compound, the two phases coex-

ist at pressures ranging from 16.8 to 30 GPa before formation

of the pure CT phase. Because of the Co doping effect, both

a and c exhibit abrupt changes when the phase transition

occurs. The large difference in c between the two phases

suggests the importance of the uniaxial pressure effect. The

c/a axial ratio of the T phase slightly increased in the two

phase coexistence region. The slight difference of the axial

ratio may indicate a new superconducting phase because of

FIG. 5. Equations of state for the tetragonal (T) and collapsed tetragonal

(CT) phases of BaFe1.8Co0.2As2 for pressures up to 40.1 GPa. The blue solid

squares and red solid circles represent the experimental data for the T phase

and CT phase, respectively. The solid black curves are the fitting results of

the two phases with the third-order Birch–Murnaghan equation.
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the possible enhancement of the AF spin fluctuations at high

pressures.
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