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1. Introduction

The double-layered iridate Sr3Ir2O7 belongs to the Ruddlesden–
Popper series Srn+1IrnO3n+1 (n = 1, 2 and ∞), where n represents 
the number of Ir–O layers in a unit cell [1–5]. In Srn+1IrnO3n+1, 
there is a strong spin–orbit interaction that competes with the 
Coulomb repulsion, crystal field, and other relevant energies 
[3–15]. For n = 1, Sr2IrO4 is the archetype Jeff = 1/2 insulator 
with an anisotropic antiferromagnetic ground state [3, 4, 9, 10, 
12, 13]. For n = ∞, SrIrO3 is a correlated metal showing three-
dimensional physical properties [11]. Intermediate between n 
= 1 and ∞, lies n = 2 Sr3Ir2O7, a Jeff = 1/2 Mott insulator in the 
vicinity of a metal to insulator transition. Therefore, Sr3Ir2O7 
is sensitive to small perturbations in applied magnetic field, 
temperature, and chemical doping [5–7, 9, 14–16].

Pressure is a powerful tool for tuning interatomic distances 
and altering atomic arrangements. For materials with compet-
ing ground states, application of pressure has the potential for 
effectively tuning ground state, and possibly inducing novel 
phenomena. Layered iridates and ruthenates are among good 
examples. Ca2RuO4 experiences a first-order structural transi-
tion from the Mott insulating phase to a ferromagnetic metallic 
phase at 0.5 GPa, then transforms to another higher symmetry 
ferromagnetic metallic phase at around 5.5 GPa via a second-
order structural transition [17–19]. Ca3Ru2O7 undergoes a 
pressure-induced collapse of the antiferromagnetic orbital 
order at around 5.5 GPa, due to the suppression of RuO6 octa-
hedral distortions [20]. Sr2IrO4 experiences a magnetic transi-
tion around 17 GPa without any associated structural transition 
[21]. For Sr3Ir2O7, two pressure and temperature dependent 
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Abstract
We conducted in situ angle dispersive high pressure x-ray diffraction experiments on  
Sr3Ir2O7 up to 23.1 GPa at 25 K with neon as the pressure transmitting medium. Pressure 
induces a highly anisotropic compressional behavior seen where the tetragonal plane is 
compressed much faster than the perpendicular direction. By analyzing different aspects of  
the diffraction data, a second-order structural transition is observed at approximately 14 GPa, 
which is accompanied by the insulating state to nearly metallic state at 13.2 GPa observed 
previously (Li et al 2013 Phys. Rev. B 87 235127). Our results highlight the coupling between 
electronic state and lattice structure in Sr3Ir2O7 under pressure.
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electrical resistivity studies have been recently reported. In one 
study, pressure was increased up to 35 GPa at small pressure 
steps (~1.5 GPa) with hexagonal boron nitride (BN) powder 
as the pressure medium [16], and in the other study the pres-
sure was increased to over 100 GPa without a pressure medium 
at relatively large pressure steps [22]. It was observed in both 
experiments that up to ~ 30 GPa there was a decrease of about 
four orders of magnitude in low temperature resistivity. Also, an 
insulating to nearly metallic transition was observed at a critical 
pressure of 13.2 GPa in the data set using smaller steps [16].

To explore structural behavior of Sr3Ir2O7 under pressure, 
we performed new in situ angle dispersive high-pressure x-ray 
 diffraction (XRD) experiments at 25 K up to 23.1 GPa. We 
 present evidence for a pressure induced second-order structural 
transition occurring near 14 GPa. We also present and discuss the 
strong electron-lattice coupling and its implications for physical 
properties in Sr3Ir2O7.

2. Experimental details

The samples used for the XRD experiment were synthe-
sized by the method described in previous studies [5, 10, 13, 
23, 24]. A symmetric diamond anvil cell (DAC) with 300 μm 
culet size was used. A tungsten gasket was pre-indented to 
a thickness of about 60 μm, and a 120 μm diameter sample 
chamber was drilled in the center. Ruby was used for deter-
mining pressure and neon was used as the pressure transmit-
ting medium. In situ angle dispersive XRD data was collected 
at 16 BM-D at the advanced photon source (APS), Argonne 
National Laboratory (ANL). A gas membrane was used to 
increase pressure in the cryostat. The diffraction images were 
collected using a MAR345 detector and the 2-D diffraction 
images were integrated by using the program fit2D [25]. 
The Rietveld fitting on integrated powder diffraction pattern 
was performed by GSAS and the EXPGUI package [26]. 
Representative MAR3450 files and Rietveld profiles are pre-
sented in supplementary material figures S1 and S2 (stacks.
iop.org/J.PhysCM/26/215402/mmedia).

3. Results and discussion

There has been a debate as to whether the ambient crystal 
structure of Sr3Ir2O7 has the I4/mmm [27] or the Bbcb [5, 28] 
space group, where the lower symmetry orthorhombic Bbcb 
structure is regarded as a supercell with ×a c2  (a and c are 
the lattice parameters for the smaller tetragonal I4/mmm cell). 
Recent results (including ours) of single-crystal XRD stud-
ies favor the I4/mmm structural model [14, 16]. As shown in 
 figures 1(a) and (b), the double-layered perovskite tetragonal 
I4/mmm structure features random positions of the oxygen 
atoms in the tetragonal a–b plane and rotations of the IrO6 
octahedra. Previous studies indicate that the rotation of the 
IrO6 octahedra correlates with the AFM ground state [1, 5, 12].

Representative XRD patterns collected at 25 K during 
compression are shown figure 1(c). All diffraction peaks 
from the sample shifted continuously to larger 2θ, and no 
first-order structural transition was observed over the entire 

pressure range studied. We first fit the well separated and 
intense peaks (0 0 2), (0 0 4) (0 0 10), (1 0 5), (1 0  1), (1 1 0) and 
(2 0 0), together with neon (1 1 1), with Voigt area functions by 
PEAKFIT. Figure 2 shows the linear fittings for the normal-
ized d-spacings below and above 14 GPa. When we extrapo-
late the linear fit from below 14 GPa to higher pressure, they 
increasingly deviate from the experimental data indicating 
a change in compressibility. The transition can also be con-
firmed by monitoring the normalized cell parameters, the c/a 
ratio, and EOS fitting discussed below, and thus the pressure 
of the second-order structural transition is assigned to about 
14 GPa. In addition, the peaks involving the a axis have com-
paratively larger width increases than those mainly involving 
the c axis, which may be explained by the fact that the random 
oxygen sites (50% occupancy sites) tend to have wider distri-
butions upon compression.

Normalized cell parameters and the c/a ratio as a function 
of pressure are shown in figure 3 (cell parameters obtained 
from Rietveld refinements are given in table S2 of the sup-
plementary material (stacks.iop.org/J.PhysCM/26/215402/ 
mmedia)). The a/a0 and c/c0 below 14 GPa can be well 

Figure 1. (a) and (b) Views of Sr3Ir2O7 on b–c and a–b planes 
respectively, half red, half white, O sites are 50% occupied. (c) 
Representative XRD patterns collected at 25 K during compression. 
The peaks at 4.5–5.5 degrees and 12–13 degrees that do not shift 
with pressure are marked by asterisks and come from the cryostat.
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described by linear fits. If we extended these lines, the experi-
mental data increasingly deviated from them, so the data 
above 14 GPa was fitted separately. The data shows a strong 
anisotropy in the a and c directions (table 1), where the a axis 
is compressed about 50 % faster than the c axis. Consistently, 
we can see from figure 2 that the normalized d-spacings of 
(0 0 2), (0 0 4), and (0 0 10) decrease much more slowly than 
other peaks like the (1 1 0) and (2 0 0). The strong anisotropy 
results in an increase in the c/a ratio from about 5.38 at 3.3 GPa 
to 5.44 at 23.1 GPa. A similar but much smaller anisotropy in 

compression was also observed in Sr2IrO4, as the a axis shrank 
about 20% faster than the c axis [21].

Figure 4(a) presents the EOS fitting results from the third-
order BM EOS through EOSFIT [29], and the inset illustrates 
ΔV, the difference between experimental volume and calcu-
lated volume. We compare our fitting results with the other 
study on Sr2IrO4 [21] in table 2. For below 14 GPa and all data 
fittings, V0 is fixed at 317.4 Å3, which is based on temperature-
dependent unit-cell volumes measured on the Sr3Ir2O7 single 
crystal. For all the data, the fitting gives a relatively large pres-
sure derivative of the bulk modulus B′ = 8.2(9) and a large 
VΔV especially above 14 GPa, indicating poor fitting, while 
fitting only the below 14 GPa data gives more reasonable 
values of B′ = 4.3(9). It becomes obvious that the fit below 
14 GPa increasingly deviates from experimental data at higher 
pressure. A second-order BM EOS was used for above 14 GPa 
data, as limited by the number of data points, where it gives 
a comparatively small ΔV, see the inset of figure 4(a). Thus, 
we conclude that the second-order transition occurs at approxi-
mately 14 GPa. Figure 4(b) shows the evolution of incompress-
ibility for the three fits: all the data, the data below 14 GPa, and 
the data above 14 GPa. It is reasonable that the ‘all data’ fitting 
curve falls in between the other two segment curves.

It is remarkable that a critical pressure of 13.2 GPa (see 
figure 5), that represents the insulating to nearly metallic 

Table 1. Linear fitting results of d(a/a0)/dP, d(c/c0)/dP, and d(c/a)/
dP for two regions.

d(a/a0)/dP d(c/c0)/dP d(c/a)/dP

Region/Units GPa−1 GPa−1 GPa

Below 14 GPa −0.0018(1) −0.0012(1) 0.0032(1)
Above 14 GPa −0.0011(1) −0.0007(1) 0.0021(1)

Figure 2. Evolution of normalized peak d-spacings with pressure, 
d0 is the value at 3.3 GPa. Uncertainty in pressure is set to be half 
the absolute difference of the pressure measured before and after 
the diffraction measurement, and the uncertainty of the normalized 
d-spacing is smaller than marker size.

Figure 3. (a) Normalized cell parameters and (b) c/a ratio as a 
function of pressure. a0 and c0 are the values at 3.3 GPa. Errors are 
given by GSAS–EXPGUI program. Solid lines are linear fits.

Figure 4. (a) Evolution of the unit cell volume with pressure and 
the EOS fitting results. Black dots are experimental data, and the 
error given by GSAS–EXPGUI is smaller than the marker size. 
The black, red, and blue curves are results attained by fitting all the 
data, only the data below 14 GPa, and only the data above 14 GPa 
respectively. The inset shows the difference between the volume 
from fitting and the experimental volume (Vfit–Vexp). (b) Evolution 
of incompressibility, B = V × dP⁄dV, with pressure using different 
portions of the XRD data set.
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transition in single-crystal Sr3Ir2O7, was observed under the 
more hydrostatic pressure [16]. The fact that the critical pres-
sure for the electronic phase transition is reasonably close to 
14 GPa for the structural phase transition provides evidence for 
correlations between the electronic state and crystal structure. 
Potential differences in pressure gradients and the deviatoric 
stress environment could affect the structural and electronic 
behavior. A systematic study using different pressure media is 
required for direct comparison of the conductivity and XRD 
results. In our XRD study, neon was used as the pressure 
medium and the pressure was monitored in situ at low temper-
ature, while the pressure in the previous transport study was 
measured at room temperature with BN powder as the pres-
sure medium [16]. For instance, in Sr3Ru2O7, which also has 
a double layer perovskite structure, hydrostatic pressure up 
to 1.4 GPa maintained the paramagnetic state [30], while uni-
axial pressure greater than 0.1 GPa induced a ferromagnetic 
order [31]. It is commonly known that for DACs, the pressure 
tends to increase due to clamping when temperature is low-
ered. Thus at 25 K, the pressure corresponding to the 13.2 GPa 
curve from the transport data could actually increase slightly 
(figure 5). In addition, the deviation from ideal stoichiometry 
may have a profound influence on the transition [32].

Pressure is a powerful means of tuning the balance between 
the strong spin–orbit interaction SOI, Coulomb repulsion U, 
crystal field and other interactions in Sr3Ir2O7 [3, 4, 9, 10, 
12, 13]. It is not surprising that our structural and transport 
results have similar transition pressures to show that the lat-
tice and electronic state are strongly correlated. In terms of 
crystal structure under high pressure, the c/a ratio changes 

from 5.38 at 3.3 GPa to 5.44 at 23.1 GPa, and increases the 
interlayer bond distance to the intralayer bond distance ratio. 
Furthermore, the pronounced decrease of the tetragonal plane 
Ir–O bond distances and relative elongation of the c axis of 
IrO6 octahedra will affect the Ir–O–Ir angle θ (figure 1(b)). 
For the electronic structure under pressure, the band widths 
generally increase. In the case of Sr3Ir2O7, the Jeff = 1/2 and  
Jeff = 3/2 bands will increasingly mix with each other when 
compressed, which would tune the SOI [16, 21]. Indeed, 
changes in the crystal structure inevitably cause changes in the 
electronic structure, thus an electronic transition or vice versa, 
such as the transitions at 13.2 GPa in the electric resistivity and 
14.1 GPa in the lattice. We need to point out that whether this 
second-order transition may involve a subtle change of space 
group (transition to a subgroup or a supergroup) is not differen-
tiable by the powder XRD technique. Among layered ruthen-
ates and iridates, the pressure induced second-order structural 
transition was only reported in Ca2RuO4 where Pbca phase II 
transformed into a higher symmetry Bbcm phase III with the 
disappearance of tilting of RuO6 octahedra [17–19]. Obviously 
this is not the case with Sr3Ir2O7: the high pressure phases II 
and III of Ca2RuO4 are both metallic while Sr3Ir2O7 exhibits 
low temperature insulating behavior up to the highest pressure. 
No IrO6 tilting but random rotations are found in Sr3Ir2O7, in 
contrast to the ordered tilting and rotating in Ca2RuO4, and 
there lies an essential difference between 4d Ru3+ and 5d Ir3+, 
the strong SOI in iridates that contributes to the strong cou-
pling between lattice structure and electronic state.

To better illustrate the nature of the coupling, we can 
compare the similarities and differences between pressure 
and chemically doping in iridates. 5% La doping to Sr was 
found to increase the Ir–O–Ir bond angle θ from 154.922 
to 156.034 degrees at 90 K and induce a fully metallic state 
[16]. For electron-doped Sr2IrO4−δ (0 ≤ δ ≤ 0.04), the dilute 
oxygen vacancies increased the Ir–O–Ir angle from 156.280° 
(stoichiometric) to 157.078° (δ = 0.04) and induced a metal-
lic behavior [32]. Theoretically, the change of θ can affect the 
superexchange interaction, where the electron hopping occurs 
via two t2g orbitals at dxy and dzx for θ = 180° and for dxz 
and dyz at θ = 90° [33]. This suggests that applying external 
pressure could have a similar effect on increasing the bond 
angle and enhancing the itinerancy of electrons. However, 
compared with chemical doping, pressure may be a much 
less effective way to introduce a metallic state, as no itinerant 
electronic was observed up to 104 GPa [22]. Indeed, unlike 
chemical doping, pressure would neither introduce addi-
tional carriers that would shift the Fermi level (EF), nor dis-
order scattering that may lead to bending of electronic bands.  

Figure 5. High pressure electrical transport data for a Sr3Ir2O7 
single crystal up to 35.5 GPa [16]. The inset shows the resistivity at 
3 K and 25 K for all pressure points.

Table 2. Comparisons of fitted EOS parameters.

  EOS Temperature Pressure range V0 B0 B′ Reference

Formula/Units   K GPa (Å3) GPa —  

Sr2IrO4 third-order BM 11 0 to 25 GPa 774 (2) 174 (5) 4.0(7) [21]
Sr3Ir2O7 third-order BM 25 0–25 GPa 317.4a 153(4) 8.2(9) this study

third-order BM 0–14 GPa 317.4a 168(4) 4.3(9)
  second-order BM   14–25 GPa 310(1) 264(8) 4a  

a Indicates fixed value.

J. Phys.: Condens. Matter 26 (2014) 215402
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These may explain the differences between the effects of 
chemical doping and pressure on Sr3Ir2O7. And band struc-
tures calculations may provide important information about 
the evolution of the electronic states.

One interesting question is whether the second-order struc-
tural and electronic transition corresponds to any change in the 
magnetic order. For Sr2IrO4, pressure was found to eliminate 
the weak ferromagnetism at around 17 GPa without changing 
the low temperature insulating behavior [21]. The canted to col-
linear AFM transition (or a less likely paramagnetic-insulating 
transition) was driven by an increased crystal electric field [21]. 
In the case of Sr3Ir2O7, different justifications are desirable to 
explain the dissimilar compressional behaviors between Sr2IrO4 
and Sr3Ir2O7, where the second-order structural transition and 
insulator to nearly metallic transition were only seen in Sr3Ir2O7. 
Thus, how the spin–orbit interaction, Coulomb repulsion, crystal 
field, and long range magnetic order evolve under pressure, and 
what is the effect of the persistent randomness of IrO6 c axis rota-
tion await further calculations and spectroscopy experiments.

4. Conclusion

In summary, we have studied the structural behavior of 
Sr3Ir2O7 under hydrostatic conditions at 25 K up to 23.1 GPa. 
A second-order structural transition was determined at 14 GPa 
by analyzing different aspects of the experimental XRD data. 
This transition occurs at a similar pressure to the insulating to 
nearly metallic transition at 13.2 GPa [16]. Our results high-
light the coupling between the lattice and electronic state, a 
characteristic of the strong SOI in Sr3Ir2O7.
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