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The optimal superconductivity (7. =~ 30 K) in BaFe2(As1—Pz)2 can be reached when the coupled
antiferromagnetic (AF) order (Tn) and orthorhombic lattice distortion (7s) are suppressed to zero
temperature with increasing of P concentration or hydrostatic pressure. Here we use transport
and neutron scattering to study the c-axis pressure effects on electronic phases in underdoped
BaFez(Aso.72Po.28)2, which has Ty = Ts ~ 40 K and T. ~ 28 K at zero pressure. With increasing
c-axis pressure, T and Ts are slightly enhanced around P. ~ 20 MPa. Upon further increasing
pressure, AF order is gradually suppressed to zero, while T, is enhanced to 30 K. Our results reveal
the importance of magnetoelastic couplings in BaFeaz(As1—5Pz )2, suggesting that the c-axis pressure
can be used as a tuning parameter to manipulate the electronic phases in iron pnictides.

PACS numbers: 74.70.Xa, 74.70.-b, 78.70.Nx

The parent compounds of iron-based superconduc-
tors are long-range ordered antiferromagnets below a
Néel temperature Ty and also display tetragonal to or-
thorhombic lattice distortion below Ty (Ty > Tn)' 3.
High-temperature superconductivity in these materials
can be induced by charge carrier doping, chemical pres-
sure, and hydrostatic pressures that act to suppress T
and Ts in a manner akin to other unconventional super-
conductors such as cuprates and heavy-fermions*. To
understand the microscopic origin of superconductiv-
ity, it is therefore important to sort out the interplay
amongst magnetism, lattice distortion, and superconduc-
tivity. Compared with charge carrier doping and chem-
ical pressure via element substitution, which can also
cause lattice disorder, hydrostatic and uniaxial pressure
can tune the electronic, magnetic, and superconducting
properties of the system without inducing additional lat-
tice disorder® 15,

BaFegAss, one of the parent compounds of iron-based
superconductors, undergoes a tetragonal to orthorhom-
bic structural transition at 7T, and orders in a colin-
ear antiferromagnetic (AF) structure below Ty (Tny =~
T, =~ 140 K)'17, Upon electron or hole doping to form
BaFey_, T, Asy (T = Co, Ni)'¥¥20 or Ba;_, A, FeaAsy (A
= K, Na)2b22 static AF order is suppressed and ex-
otic magnetic phases such as incommensurate and C4
magnetic order appear before doping induced optimal
superconductivity. In the case of isoelectronic doped
BaFeq(As1_;P;)2, the structural and AF phase transi-
tions are always coupled and increasing P-doping sup-
presses Ts/Tn near x = 0.30 where the optimal super-
conductivity is achieved at T, ~ 30 K?32%. The sub-
stitution on the arsenic site by the smaller phosphorous
atom is regarded as introducing chemical pressure in the
system. Magnetic susceptibility measurements under hy-

drostatic pressure of underdoped BaFeq(As;—,P,)2 point
to a similar superconducting phase diagram with max-
imum 7. ~ 30 K'25. Given the similar electronic
phase diagrams of P-doped and hydrostatic pressured
BaFeq(Asi_, P )2, it would be interesting to test the ef-
fect of uniaxial pressure of the electronic phase diagram
of the system?%26,

Previous study on BaFey(As;_,P,)2 with in-plane
strain added along the orthorhombic axis reveals in-
creased Ty and decreased T,.2728, suggesting that the
effect of the in-plane strain is similar to decreasing x
by shifting the phase diagram?”2®. These results are
analogous to the effect of an in-plane strain on electron-
doped BaFey, ,T,Asy (T = Co, Ni)!*30, Since in-plane
strain already breaks the C; symmetry of the tetrago-
nal phase and induces orthorhombic lattice distortion,
strain-induced AF order reveals the subtle balance be-
tween magnetism and superconductivity. On the other
hand, pressure dependence of the thermodynamic mea-
surements reveal that a c-axis aligned uniaxial strain on
BaFeq(As;_,P.)o increases T, and may correspond to
an increased P-doped level?®. Therefore, it is surprising
that our recent neutron diffraction and transport mea-
surements on optimally doped BaFes(Asg.70Pg.50)2 found
that a c-axis aligned uniaxial pressure can spontaneously
induce static stripe AF order with slightly suppressed
T.3L.

As the AF order and nematic phase in
BaFeq(As;_,P;)2 disappears in a weakly first-order
fashion near optimal superconductivity [Fig. 1(a)], the
Tn/Ts is sensitive to change of phosphorous concen-
tration near = 0.302%. Thus, we choose to carry out
transport and neutron diffraction studies on the under-
doped compound BaFes(Asg.72Pg.2s)e with Ty = Ty
~ 40 K and T, =~ 28 K, to further investigate the



effect of a c-axis pressure on the electronic properties
of BaFeq(As;_,P.;)2 and determine the origin of the
observed quantum critical fluctuation near optimal
superconductivity?*32 34, We find that a c-axis aligned
uniaxial pressure can significantly affect the AF ordering
temperature T, while only slightly modify supercon-
ducting transition temperature T.. As a function of
increasing uniaxial pressure P., T and Ts are slightly
enhanced at P, ~ 20 MPa firstly. Then, they are
gradually suppressed to zero at P, ~ 280 MPa with T, ~
30 K. These results suggest that a c-axis aligned pressure
can be used as a tuning parameter to manipulate the
complex electronic phases in iron pnictides.

We chose to study the effects of a c-axis aligned uniax-
ial pressure on slightly underdoped BaFes(Asg 72Pg.25)2
superconductor with Ty = Ts =~ 40 K and T, =~ 28 K,
because of its close proximity to optimal superconduc-
tivity but with distinctively different electronic phases to
the = 0.30 compound in zero pressure?*. The crys-
tal structure of BaFey(As;_,P,)2 and its response to a
c-axis aligned pressure is shown in Figs. 1(b, ¢)3%. A
custom designed pneumatic uniaxial pressure apparatus
was used in the transport measurements, which can con-
trol the applied pressure precisely regardless of thermal
contraction of the sample and apparatus?>3!. The c-axis
pressures have been applied successively at 300 K on the
same BaFea(Asg.72P¢.25)2 crystal in each measurement.

Figure 1(d) shows temperature dependence of the re-
sistivity at different c-axis pressures up to 280 MPa
on sample A. At zero pressure, we find a kink around
40 K due to the AF order and orthorhombic structure
transition?. With increasing P., the superconducting
transition temperature gradually increases and reaches
maximum (7. ~ 30 K) with the disappearance of the
kink above T, at P. = 280 MPa.

Assuming that the kink in temperature dependence of
the resistivity indeed arises from AF order, we can deter-
mine c-axis pressure evolution of the ordering transition
Txn by plotting the resistivity derivative dR/dT versus
P. in Fig. 1(e). Inspection of the figure reveals only
one clear dip at each pressure, similar with the results
measured in ambient conditions and in-plane strain on
BaFey(As;_,Py)2 compounds?427:28  suggesting coupled
AF order and orthorhombic lattice distortion at all stud-
ied pressures. This is different from the electron-doped
pnictides where two anomalies in dR/dT corresponding
to the distinct T and T, respectively?S.

As a function of increasing P., T shown as a dip in
dR/dT increases slightly below 20 MPa, then it gradually
decreases until vanishing at P. = 280 MPa. Figure 1(f)
shows the temperature dependence of the resistivity near
T. as a function of P.. With increasing P,, we see a
slight increase in T, until the maximum T, ~ 30 K is
achieved around 280 MPa. We note that the normal state
resistance behavior above T at low pressures is different
from the curve of 280 MPa. To confirm these results,
we carried out the resistance measurements on another
single crystal from the same batch marked as sample B.
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FIG. 1: (a) The schematic electronic phase diagram of
BaFes(As1—zPz)2 with 0.2 < z < 0.4*2, where antiferro-
magnetic order (AF), superconductivity (SC), Fermi liquid,
Non-Fermi liquid are marked. The red dashed line marks the
position of the z = 0.28 compound measured in this work.
(b) The crystal structure of BaFea(Asi—5Pz)2. The purple,
silvery and blue balls indicate the Fe, As/P, and Ba positions,
respectively. (¢) The schematic diagram of the FeAs tetrahe-
dron. The red arrow indicates the increasing Fe-Fe distance
due to a c-axis pressure. (d) Temperature dependence of the
in-plane resistance for pressures up-to 280 MPa along the c-
axis below 100 K of sample A. Data were normalized to 100
K resistance. (e) The temperature derivative of the in-plane
resistance at different pressure of sample A, which reveals
the T and Ts more clearly. (f) Temperature dependence of
the resistance around 30 K at different pressures of sample A
reveal the superconducting transition temperature evolution.
(g) Temperature dependence of resistance under c-axis pres-
sures of sample B, which is another single crystal from the
same batch of sample A.
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FIG. 2: Temperature dependence of the magnetic scattering
intensity measured on MIRA-II for BaFez(Aso.72Po.28)2 with
a c-axis pressure of (a) P. = 3 MPa, (b) 33 MPa, (c) 66
MPa and (d) 100 MPa at Q4 = (1,0,1). The solid lines
are guides to the eye. Four figures are plotted in the same
vertical scale so pressure-induced magnetic scattering change
can be directly compared. Dashed lines in (a) and (b) mark
the AF transition temperatures T .
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FIG. 3: Rocking scans across the Q4 = (1,0,1) position
measured under different pressures. The solid lines are Gaus-
sian fits to the data. The signals are measured at 28 K with
background subtracted. The background scattering is mea-
sured above Ty but at different temperatures, it may result in
intensity comparison of the pressure dependence of the scat-
tering to be different from those of Fig. 2.

Similar to sample A, we find that uniaxial pressure indeed
suppresses the AF order continuously, until it vanishes
around 300 MPa [Fig 1(g)]. The reduction in T and the
increased T, for 20 MPa < P. < 280 MPa is also seen in
previous work where the value of P, is unknown?®.

To confirm the pressure-induced changes in AF order,

we carried out neutron diffraction experiments in the
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FIG. 4: (a) The c-axis pressure dependence of the ordered
magnetic moment at 7' = 28 K estimated assuming a stripe
AF structure. The ordered moments are calculated from com-
paring the magnetic signal intensity from the temperature
scans with a weak nuclear structure peak intensity. (b) Elec-
tronic phase diagram of BaFes(Aso.72Po.28)2 as a function of
c-axis applied pressure extracted from the transport data of
Fig. 1. The diamonds and circles are T'xys and T¢s correspond-
ing to the left and right scales, respectively. Red diamonds
are T'vs obtained from the neutron data.

same compound using the MIRA triple-axis spectrom-
eter at Maier-Leibnitz, Garching, Germany*'*2. The
BaFeq(Asg.72P0.28)2 crystal was clamped between two Al
plate and loaded in an in-situ uniaxial pressure cell*3.
Due to the large single crystal used to ensure the signal
strength in neutron scattering experiments, the in-situ
uniaxial pressure cell cannot reach the high pressure limit
of the transport measurements as shown in Fig. 1(d).

Figure 2 summarizes temperature dependence of the
scattering at the AF ordering wave vector Q4 = (1,0,1)
for pressures up to 100 MPa. At P. ~ 3 MPa, the
BaFes(Asg 72Po.28)2 orders below 40 K [Fig. 2(a)]. The
reduction in magnetic scattering below ~ 28 K is due to
the appearance of superconductivity®!. Upon application
of a P, =~ 33 MPa pressure, the Ty increases from = 40
K to =~ 44 K. Although it is difficult to determine the Ty



precisely from the temperature dependence of the mag-
netic scattering at 66 MPa and 100 MPa, we can clear
see the reduction in magnetic scattering with increasing
pressure. Benefiting from the in-situ pressure cell used in
the measurements, we can compare the scattering inten-
sity in Figs. 2(a-d) directly and estimate the magnetic
ordered moment at 28 K assuming a stripe AF structure.
The magnetic ordered moment reaches a maximum at 33
MPa and then decreases with further increasing pressure
[Figs. 3 and 4(a)], consistent with the evolution of T de-
termined from transport measurements in Fig. 1. Figure
3 shows the rocking scans through the Q4 AF Bragg
peak at 28 K, indicating that uniaxial pressure does not
change magnetic correlation length. These results con-
firm that the pressure evolution of resistivity data is due
to bulk properties changes in system and consistent with
a non-monotonic suppression of the magnetic order be-
fore it vanishes at 280 MPa.

To summarize the transport and neutron scattering re-
sults, we plot in Fig. 4(b) the magnetic (Tx) and super-
conducting (7¢) transition temperatures as a function of
P.. Both Ty and T, in Fig. 4(b) are determined from the
dR/dT curves of transport data shown in Fig. 1. The
T'ns determined from our neutron diffraction experiments
in Fig. 2(a, b) have also been plotted, and their differ-
ences to the transport measurements can be attributed
to the accuracy of neutron measurements and/or tiny dif-
ferences in phosphorous concentrations between the two
crystals used in these measurements. With increasing
pressure, Ty approximately decreases continuously for
P. > 20 MPa before vanishing abruptly at P. = 280
MPa where optimal superconductivity with T, ~ 30 K
is achieved. Simple linear fits to the data for 20 MPa
< P. < 280 MPa yield a reduction in T of -25 +
3 K/GPa. For comparison, we note that for optimal
z = 0.30 compound, a c-axis pressure can induce Ty in-
crease at the rate of 48 + 2 K/GPa3!, suggesting the sen-
sitivity of magnetism to quantum fluctuations near opti-
mal superconductivity in BaFes(Asi_;P,)2. Although
neutron diffraction measurements in the high-pressure
regime of P. > 100 MPa is desirable to confirm the sup-
pression of Ty to zero attributed from the disappearance

of the dip in dR/dT in transport measurements, such
experiments are rather difficult for the in-situ uniaxial
pressure device used in the neutron diffraction experi-
ments.

In general, electronic phases in iron pnictides such
as BaFeq(As;_,P.)2 are believed to be related with
crystal structural parameters including pnictogen height
(the height of As/P to the Fe layer), a, ¢, and the
c/a ratio®™ 40, Specifically, increasing P-doping level in
BaFeq(Asi_,Py)2 is linearly associated with decreasing
pnictogen height, a and ¢ axis, while the ¢/a is held
constant3®. For comparison, a c-axis pressure, while de-
creases the c-axis and expands a-axis lattice constants,
barely changes the iron-pnictogen height®'. From the
P, dependence of the electronic phase diagram in Fig.
4(b), we see the non-monotonic evolution of the AF order
in BaFeo(Asg 72Pg.28)2 before its disappearance around

> ~ 280 MPa with the appearance of optimal super-
conductivity. Although a microscopic origin of such a
phase diagram is still unclear, our results suggest that
both the out-of-plane and in-plane magnetoelastic cou-
pling are important for optimal superconductivity and
the appearance of a quantum critical point.

In summary, we have systematically studied the c-axis
uniaxial pressure evolution of the AF phase and super-
conductivity in underdoped BaFes(Asg 72Po.28)2 super-
conductor. With increasing P., the AF order can be
gradually suppressed to zero around at P. = 280 MPa
with the appearance of optimal superconductivity, after
the initial enhancement at ~ 20 MPa. These results in-
dicate that in addition to isoelectronic doping and hy-
drostatic pressure, uniaxial pressure along the c-axis can
be used as a tuning parameter to manipulate the elec-
tronic phases and study in the interplay of magnetism
and superconductivity in iron pnictides.
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