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Structural origins of the low-temperature orthorhombic to low-temperature tetragonal
phase transition in high-7, cuprates
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We undertake a detailed high-resolution diffraction study of a plain band insulator, La,MgO,, which
may be viewed as a structural surrogate system of the undoped end-member of the high-7, superconductor
family La,_,_,A>*R>*CuO, (A = Ba, Sr; R = rare earth). We find that La,MgO, exhibits the infamous low-
temperature orthorhombic (LTO) to low-temperature tetragonal (LTT) phase transition that has been linked to the
suppression of superconductivity in a variety of underdoped cuprates, including the well-known La,_,Ba,CuOy,
(x = 0.125). Furthermore, we find that the LTO-to-LTT phase transition in La,MgO, occurs for an octahedral
tilt angle in the 4°-5° range, similar to that which has previously been identified as a critical tipping point
for superconductivity in these systems. We show that this phase transition, occurring in a system lacking
spin correlations and competing electronic states such as charge density waves and superconductivity, can be
understood by simply navigating the density functional theory ground-state energy landscape as a function of
the order parameter amplitude. This result calls for a careful reinvestigation of the origins of the phase transitions
in high-7, superconductors based on the hole-doped, n = 1 Ruddlesden-Popper lanthanum cuprates.
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I. INTRODUCTION

High-temperature superconductors based on La,_,Ba,
CuO4 (LBCO), in which unconventional superconductivity
was first reported [1], continue to receive significant atten-
tion for their intertwined electronic orders and promise of
insights towards room-temperature superconductivity (SC)
[2—4]. Nevertheless, a comprehensive understanding of the
origin and mechanism behind such phenomena remains elu-
sive [5]. While significant efforts have recently been made to
explain the interplay of their competing electronic states [6,7],
these fall short of reconciliation with the complex structural
behavior concurrently observed [8].

The doping-dependent temperature phase diagram of the
canonical system, LBCO, exhibits two pronounced regions of
superconductivity, with peaks in the critical transition temper-
ature for superconductivity, 7, at x = 0.095 and 0.155, on
either side of a pronounced dip for x ~ % doping [9]. This
suppression of 7. is understood to be coincident [10] with
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a structural phase transition, commencing below 80 K (7ir)
from the low-temperature orthorhombic (LTO) phase (Bmab)
to a low-temperature tetragonal (LTT) phase (P4, /ncm) [11].
This phase transition has been linked to the emergence of
a charge density wave (CDW) state [12] that is thought to
compete with three-dimensional superconductivity [13—15].
Since the LTT phase itself is not observed in the undoped
end-member, La,CuQy, and appears otherwise to be localized
in the temperature, doping, and composition phase diagram
at points coincidental with suppression of 7, [11,16,17], it
has often been assumed that this phase arises as a result of
an interplay between electronic, spin, and lattice degrees of
freedom near x ~ % chemical doping [18,19]. However, the
contrary position, that the electronic ordering in cuprates is
sensitive to the structural order and not the other way around,
has also been discussed [11,20]. It is evident, therefore, that
consensus on the important and contentious issue of the origin
of these transitions has not yet been reached.

A great deal of work has been done towards accurately
elucidating the structure-property relationships in this class of
materials [21]. This has yielded a few simple connections: for
example, that the structural transitions occur in response to
mismatch of the La-O and Cu-O bond lengths [22] and that
a greater difference between La and the R dopant favors the
LTT phase [23] (see below). However, these are all drawn
as observations from electronically complex materials where
this convolution serves to obfuscate a clear disentangling of
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electronic and structural contributions to those phase transi-
tions. A notable example for this paper is that, while it is
understood that a higher variance in the size of the A-site
cation stabilizes the LTT phase [21], lower variance is also
linked to stabilizing superconductivity [24], which will it-
self impart a contribution to the total energy landscape. To
properly resolve the structure-property relationships in these
materials, the specific contributions need to be precisely and
individually understood.

To make progress in understanding any entanglement be-
tween structural symmetries, superconductivity, and charge
density waves, it is important to understand the precise
symmetries and structural mechanisms implicated in their be-
havior. Indeed, even in the undoped end-member, La,CuQOy,
the true structure and its physical origin remain a topic of
discussion [25-27], where observations of low-temperature
less-orthorhombic (LTLO) or even monoclinic distortions to
the LTO structure have been assessed. To gain insight into
this question, we synthesize a surrogate of the end-member,
La;MgO,. Charge balance is here achieved with all atoms
adopting low-energy, closed-shell electronic configurations
and, thus, it is reasonable to infer that the structural behavior
be void of electronic ordering contributions.

II. EXPERIMENTAL DETAILS

Polycrystalline La,MgO, was prepared via high-pressure
synthesis from stoichiometric amounts of La, O3 (Alfa Aesar,
99.999%, dried by heating at 1273 K for 12 h) and MgO
(Acros, 99.99%). The starting materials were mixed thor-
oughly, sealed in a gold capsule, and heated at 1273 K at
6 GPa for 30 min in a DIA-type cubic anvil high-pressure ap-
paratus. The sample was quenched to room temperature after
the heating program, and the pressure was released slowly.
La,MgO, adopts a Ruddlesden-Popper (RP) n = 1 structure
consisting of single MgOy perovskite slabs separated by LaO
rocksalt layers (Fig. 1). As Mg>" has almost the same ionic
radius as Cu®* (0.72 vs 0.73 A, respectively) [28], it may
be viewed as a structural surrogate to the end-member of the
RP n = 1 superconducting cuprate La, CuQy, but with the key
difference being that it necessarily lacks the electron-electron
correlations from which competing emergent phenomena may
arise.

To ascertain the temperature-dependent structural phase
diagram, synchrotron x-ray powder diffraction measurements
were conducted on beamline 19A of the Taiwan Photon
Source, National Synchrotron Radiation Research Center
(TPS, NSRRC), with a 20- and 16-keV incident beam (A =
0.61994 A and A =0.77495 A) for the low- and high-
temperature sweeps, respectively, using a microstrip system
for time-resolved experiments (MYTHEN) detector. The
La,MgO, sample was sealed in a 0.1-mm borosilicate cap-
illary for low temperature and 0.1-mm quartz capillary for
high-temperature experiments, each kept spinning during data
collection for better powder averaging. A Cryostream 800
Plus (Oxford Cryosystems) was utilized for data collection
from 100 to 450 K with intervals of 50 K (omitting 400 K).
A hot air gas blower (FMB Oxford) was utilized for data
collection from 300 to 1000 K, at intervals of 10 K from
300 to 370 K, 50 K from 400 to 500 K, and 10 K from

FIG. 1. (a) and (b) Off-axis representations of the two unique
planes and (c) and (d) views along the ¢ axis of the basal planes
of the LTO and LTT structures common to the lanthanum cuprates
and shared by La,MgO,, showing the sense of the BOs octahedral
tilts and excluding A-site cations for clarity. The arrows indicate the
displacement of visible [(a) and (b)] and apical [(c) and (d)] oxygen
atoms with the buckles to the BO, planes further illustrated. (e) High-
temperature tetragonal (HTT) phase with untilted octahedra with
the positions of the A-site (La, etc.) ions indicated (green spheres).
B-site (Mg, Cu, etc.) and oxygen atoms are depicted in blue and red,
respectively.

510 to 1000 K. All measurements were taken upon warming.
Rietveld refinement of the data was performed in TOPAS 6 [29]
using the symmetry-adapted displacement formalism [30],
as implemented in ISODISTORT [31]. All refinements were
performed in the (a + b, a — b, ¢) supercell with respect to
the 7/4/mmm, high-temperature tetragonal (HTT) aristotype
phase, and in the common subgroup Pccn with appropriate
constraints imposed on the symmetry-adapted displacements
and lattice parameters to reproduce the symmetry of the HTT
(F4/mmm in the aforementioned supercell), LTO, or LTT
phase. For each phase, the scale factor, isotropic thermal dis-
placement parameters (for each atom type), Stephens strain
parameters [32], and atomic positions as described above were
fitted, along with impurity phases as detailed in the Supple-
mental Material (SM; see Ref. [33]) [10,29-32,34-40]. For
the temperature range 300-340 K of the high-temperature
sweep, we observed clear phase coexistence of the LTO and
LTT phases (Fig. 2), although a model reliable enough for
structural discussion could not be obtained until 370 K. Fur-
ther details and representative fits are given in the SM.

III. RESULTS AND DISCUSSION

For temperatures above 950 K, the aristotypical n =1
RP symmetry is observed with space group F4/mmm in the
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FIG. 2. A plot of the Rietveld fit to the (a) (110)yyr diffrac-
tion profile, which becomes (b) (200) 1o or (020).ro and, further,
(c) (200).rT, shown at 990, 500, and 100 K, respectively. In all
cases a single-phase model is used to fit the data. (d) and (e) show
the evolution of peak profiles across the LTO-to-HTT and LTT-to-
LTO phase transitions, evidencing second- and first-order behavior,
respectively.

supercell setting, with any splitting of the (200) diffraction
profile clearly absent [Fig. 2(a)]. Below 950 K, a second-order
phase transition occurs, evidenced by a continuous evolution
of the lattice parameters (Fig. 3). This phase is well fit by the
Bmab (LTO) phase (Fig. 1) that is typically taken to be the
ground-state structure of undoped La,CuOy [41]. The diffrac-
tion profile of the (200) peak shows a continuous splitting
into well-resolved (200) and (020) reflections. This phase
transition may be described as an out-of-phase rotation of the
MgOg octahedra about a axis. Following the conventions of
ISODISTORT [31], the order parameter (OP) associated with
this tilting may be labeled as transforming as the irreducible
representation (irrep) X;r(a;O), while the tilt system of the
perovskite slabs can be labeled in Glazer notation as a~a~c’
with respect to the lattice vectors of the aristotypical HTT
cell.

Below 350 K, a third distinct phase is observed with tetrag-
onal symmetry and fitting well to the LTT phase that has been
much discussed in the underdoped cuprates, most notably in
LBCO (x ~ %). This corresponds now to alternating tilting of
the octahedra about the [110] and [110] axes in the perovskite
layers, centered at z and z + %, and may be described by
an OP transforming as the irrep X;r(a;a) (a—a’%). We note
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FIG. 3. Parameters extracted by Rietveld refinement against
variable-temperature powder diffraction data collected on La,MgO,.
Colors denote LTT (blue), LTO (green), and HTT (F'4/mmm setting;
red) single-phase regimes. HTT cell parameters are reported in the
supercell setting for clarity. Angles of the octahedral tilt and Mg-O-
Mg buckle are determined from the refined atomic positions. The X3
OP mode amplitude is the total mode amplitude A, value as defined
by ISODISTORT [31]. A discussion of the errors in this plot can be
found in the SM.

that this occurs at a temperature much higher than in the
lanthanum cuprates and speculate that this is due to the lack
of Jahn-Teller distortion in the Mg compound compared with
the cuprate. This will affect the rumpling at the interface of the
perovskite and rocksalt layers, in turn affecting the mismatch
between the M-O bonds (mentioned above). Discussion of this
is beyond the scope of this paper and will be the subject of a
future large body of work.

Upon warming through this transition, a clear coexistence
between the LTT and LTO phases is observed [Fig. 2(e)].
Along with the discontinuous jump in the lattice parameters
and refined magnitude of the OP (Fig. 3), this behavior is
typical of the first-order nature of the phase transition that
is expected in the absence of a group-subgroup relationship
between the two phases and replicated throughout the doped
lanthanum cuprates, for which the sample is a surrogate. Fur-
ther justification for using La,MgO, as a surrogate system
in our investigations of the origins of the soft-mode phase
transition in lanthanum cuprates is provided by a comparison
of various crystallographic and structural parameters in the
SM [33]. Since this phase transition has invariably been found
to be concomitant with the suppression of superconductivity
and the formation of CDWs, the observation of the LTT phase
in a system that is a plain band insulator, i.e., lacking the
possibility of strong electronic correlations, allows an oppor-
tunity for clear insight into the structural contributions to the
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FIG. 4. (a) The energy landscape for a given direction and mag-
nitude of the X;(a;b) OP with simultaneous interpolation of the '}’
OP and strain field between the HTT, relaxed LTO, and relaxed LTT
phases, calculated relative to the nonstandard, F4/mmm, HTT phase
(see SM for further details). (b) Plot of the the energy landscape
along the X7 (a;0) and X7 (a;a) OP directions at the calculated relaxed
values of strain and '} OP for the LTO and LTT phases, respectively,
relative to the HTT aristotype (see SM). All mode amplitudes given
are A, values as defined by ISODISTORT [31]. The black data points
denote the positions of the lowest-energy structures along each OP
direction.

mechanism of the LTO-to-LTT phase transition, isolated from
the influences of competing electronic phenomena.

To obtain further insight into the origin of the LTO-to-LTT
phase transition in La,MgO,, we perform single-point energy
calculations using density functional theory (DFT) to map
out an energy landscape spanning the X7 (a;0) and X (a;a)
OPs. The symmetry in all cases can be described within the
Pccn space group, which is a common subgroup of both the
LTT and LTO phases and encompasses intermediate-tilt prop-
agation vectors that describe the so-called low-temperature
less-orthorhombic (LTLO) structure. Figure 4(a) shows the
energy landscape associated with an interpolation of the
strain, the X7 OP magnitude and direction, and the I')” OP
magnitude between the relaxed HTT, LTO, and LTT phases

(see SM). While our results are qualitatively similar to earlier
calculations performed on La,CuQj, [20], those earlier results
neglect spin polarization and electron-electron correlations
that need not be modeled in our surrogate system. We note
that the reported energy differences between the LTT and
LTO phases are small and would be expected to change if
spin polarization and electron-electron correlations were mod-
eled. Furthermore, it has been pointed out [10] that these
calculations may overestimate the experimentally observed
octahedral tilting angles. It is thus hard to justify that such
a study could provide concrete proof of the structural origin
of the LTO-LTT phase transitions in the cuprates.

Our single-point energy calculations reveal no metastable,
local minima for any intermediate Pccn phases between the
LTO and LTT structures. This is further supported by full
structural relaxations of intermediate Pccn structures which
invariably relax to the LTT structure. Since the Pccn phase
has lower symmetry than the LTO and LTT phases, we would
equally expect its vibrational entropy to be lower. The lower
entropy of this phase also makes a stable Pccn phase unex-
pected with increasing temperature. The LTO-to-LTT phase
transition can then not occur via a continuous rotation of the
OP that passes through the Pccn phase, meaning it must be
first order. This is consistent with the first-order nature of
the phase transition evidenced experimentally [i.e., the pro-
nounced phase coexistence; Fig. 2(e)].

While our DFT calculations do not explicitly capture the
effect of temperature, we may still gain valuable insights into
the sequence of phase transitions in La,MgO,. Figure 4(b)
shows the energy landscape with respect to the magnitude of
the X;” OP along the (a;0) and (a;a) OP directions for strain
and Ff’ magnitudes fixed at the calculated relaxed structures
for LTO and LTT, respectively. This reveals that there is a
clear departure of the LTO and LTT phases from the har-
monic approximation (which requires that all OP directions
be isoenergetic) at an amplitude of around A, = 0.35 A. Such
an amplitude lies within the discontinuous region between the
LTO and LTT phases, at around 300-350 K in our diffraction
study [Fig. 3(d)].

The origin of the experimentally observed LTT-to-LTO
phase transition in La,MgO, may then be understood within
the quasiharmonic approximation in which the thermal lat-
tice expansion renormalizes the OP amplitude, as we have
found in our previous work on RP n =1 systems in which
we included the effects of thermal expansion [42]. The in-
crease in amplitude of the OP upon cooling leads to a
scenario where the LTT structure becomes more favorable
from an enthalpic perspective. Any entropic contributions to
the Gibbs free energy that favor LTO at higher temperatures
are evidently then quickly overwhelmed. The observation
of such a crossover between LTO and LTT superstructures
in our surrogate system at a tilt angle between 4° and 5°
may indicate why a similar value has been identified as
a critical octahedral tilt angle for superconductivity in the
family of compounds Laz_x_yA§+R;+CuO4 (A =Ba,Sr;R =
rare earth) [21], where superconductivity is presumed to be
the preserve of the LTO phase.

Finally, we turn our attention to La,CuQOy4, where we em-
ploy DFT with an on-site Hubbard U on the Cu site of
9 eV (see SM), an approach which has been demonstrated
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to be effective in approximating the electronic ground state
of La,CuQO4 [43,44]. While our DFT+U calculations for
La,MgO, find the LTT phase to be lower in energy than
the LTO phase by ~11.2 meV /f.u., for La,CuQy this energy
difference is of the order of the typical accuracy of DFT. Prior
calculations on La,CuQy4 using the strongly constrained and
appropriately normed (SCAN) exchange-correlation func-
tional also found the two phases to be very close in energy
[45]. Earlier calculations investigating the energy landscape
of the tilt mode in La,CuQ,4 using fixed lattice parameters
taken from experimental structures also found similar energy
differences [20].

These results are consistent with the experimental obser-
vations that the LTO-to-LTT phase transition is not observed
upon cooling for La,CuQy4 [25-27,41] but is evidenced here as
occurring at significantly elevated temperatures in La,MgO,.
The small energy scale associated with variation in the ionic
radii and changes in spin and electron correlations that oc-
cur as the La,CuQy4 system is doped towards x = % may
be sufficient to affect small changes in the amplitude of the
X3 OP, in turn triggering or indeed inhibiting the transition
from LTO to LTT in these systems. This resulting change in
structural symmetry is what has often been correlated with the
suppression of superconductivity in these systems.

In conclusion, we have shown that the infamous low-
temperature tetragonal (LTT) to low-temperature orthorhom-
bic (LTO) phase transition, observed in many underdoped
lanthanum cuprates, may be reproduced in the surrogate plain
band insulator, La,MgO,, which is presumably devoid of
electron-electron correlation inherent to the competing super-
conducting and CDW states. The transition is shown to be
triggered simply by the change in order parameter magnitude
associated with the tilt of the BOg octahedra (B = Mg or Cu).

In the doped La,CuQy, small changes in magnetic and elec-
tronic correlations (experimentally or in silico) will couple
to the order parameter magnitude, consequently selecting
either LTO or LTT as the ground state, which presumably
themselves favor superconductivity or CDW formation, re-
spectively. It is noteworthy that the tilt angle at the relevant
OP magnitude lies close to the critical value of tilting that has
been associated with the suppression of superconductivity in
the doped lanthanum cuprates. It may be further illuminating
to investigate how the phase behavior in these electronically
simple phases responds to external stimuli, such as a strain
field which could be achieved by the formation of epitaxial
films.

The diffraction data used in this paper, along with crys-
tallographic information files of the experimental and DFT
optimized structures, are available as supporting data sets
[46].
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