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ABSTRACT: Zero thermal expansion (ZTE) materials are highly desired in modern
industries where high-precision processing is necessary. However, ZTE materials in
pure form are extremely rare. The most widely used are Invar alloys, where the ZTE is
intimately associated with spontaneous magnetic ordering, known as the magneto-
volume effect (MVE). Despite tremendous studies, there is still no consensus on the
microscopic origin of MVE in Invar alloys. Here, we report the discovery of room-
temperature isotropic ZTE in a pure-form cobaltite perovskite, A-site disordered
LaysBaysCoO;_,. The temperature window of the anomalous thermal expansion
shows large tunability by simply altering the oxygen content, making this material a
promising candidate for practical applications. Furthermore, we unveil with
compelling experimental evidence that the ZTE originates from an isostructural
transition between antiferromagnetic large-volume phase and ferromagnetic small-
volume phase, which might shed light on the MVE in Invar alloys.
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ost materials show positive thermal expansion (PTE)
due to anharmonic vibrations of atoms,' > which can
be described by the Debye—Griineisen model.” However,
some materials deviate from the model and exhibit anomalous
thermal expansion (ATE), such as negative thermal expansion
(NTE) and zero thermal expansion (ZTE). ZTE materials
which are invariable in volume over a certain temperature
range are attracting considerable interest because of their
potential applications in precision devices, optics, and
electronics, where dimensional instability induced by thermal
fluctuation should be avoided.°
Most ZTE materials are fabricated by combining normal
PTE compounds with NTE compounds. However, in such
ZTE composites, severe microcracks are often induced by
stress occurring at interfaces or grain boundaries, which
significantly diminish their mechanical performance and
lifetime. The problem can be overcome if ZTE is realized in
a pure-form compound. Only a small number of such
compounds has been discovered so far, such as Invar alloys,”*
Fe[Co(CN)],” antiperovskite manganese nitride,"® (Zr,Nb)-
Fe,,'' PbTiO;-based perovskites,'”'” and Zr,Sn,,Mo,04.""
Furthermore, to meet the requirement for practical applica-
tions, it is crucial that the ZTE occurs in an isotropic manner
and within a temperature window spanning room temperature.
To date, the only pure-form ZTE materials that find wide
applications are Invar alloys. The ZTE in Invar alloys is known
as the Invar effect, first discovered by Guillaume in Fe(4sNij 35
alloy that bears an extremely low linear coeflicient of thermal
expansion, @ = 1.2 X 107® K™, at room temperature.” The
Invar alloys have attracted much attention not only because of

© XXXX American Chemical Society

7 ACS Publications

6785

their broad applications but also due to the mysterious
underlying mechanism. Although it has long been known that
the Invar effect is intimately connected with spontaneous
magnetic ordering, called the magnetovolume effect (MVE),"®
the microscopic origin of the MVE is still under debate.”™"*
Since the discovery of MVE in Fe ¢Nij, 35 alloy, MVE has been
found in various materials that show ATE, such as Mn;AN(A =
Zn,Ga, etc.),'””*' Ho,FesCr,** La(Fe,Si,Co),” Mn;Ge, >
MnCoGe,*® R,Fe;; (R = rare earth elements),”’ Tb-
(Co,Fe),,*® and TFe, (T = transition metal elements)."'"***°
The mechanism of MVE varies in different compounds,
leading to new and emergent physics.

In the present work, we report a new class of pure-form ZTE
material, A-site disordered perovskite LaysBa,;CoO;_,, in
which an ultralow a of —1.32 X 1077 K™' around room
temperature (290—410 K) is observed at x = 0.20, as shown in
Figure 1(a). Also, the thermal expansion property demon-
strates wide and easy tunability. By simply altering the oxygen
deficiency «x, the a value changes significantly, and the
temperature window of ATE shifts as well [Figure 1(a) and
(b)], so that the ATE spans a large region of T—x phase
diagram [Figure 1(c)]. It is worth noting that, as illustrated in
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Figure 1. Lattice constant (a, b), phase diagram (c), and phase transition model (d) of La, sBa; sCoO;_,. (a and b) Lattice constant as a function of
temperature for various oxygen deficiency x measured by neutron powder diffraction. The neutron results are in good agreement with the
macroscopic dilatometry measurement as shown in Figure S10. o denotes the linear coefficient of thermal expansion, showing ATE of different
magnitudes and at different temperature windows depending on the x. The neutron (c) T—x phase diagram for LayBaysCoO;_,. The results are
summarized from the neutron powder diffraction study. P, AF, and F denote the paramagnetic state, antiferromagnetic state, and ferromagnetic
state, respectively. T¢ and Ty are determined by the appearance of long-range ordered magnetic peaks. Tss and Tg represent the starting and
ending temperature of the phase transition, respectively, derived from the analysis of relative Bragg peak breadth fwhm/d. A contour colored plot
describes the a values at different T and «x. The inset illustrates the cubic perovskite structure, which is retained throughout the T—x phase diagram.
(d) The phase transition model for the ATE. The LVP is characterized by the AF (G-type) structure of Co spins (the upper-left inset) at ground
state, while the SVP has the F structure (the lower-right inset). Both phases follow the Debye—Griineisen model, showing PTE, and the ATE

comes from the transition from AF-LVP to E-SVP upon heating.

the inset of Figure 1(c), the crystal structure of
LajsBaysCoO;_, remains cubic perovskite with the space
group Pm3m throughout T—x phase diagram, ie., the ATE
occurs isotropically, which constitutes another benefit for
practical applications. Furthermore, our experimental evidence
in this research reveals that analogous to the Invar alloys, the
ATE in the LayBa;sCoO;_, also arise from the MVE. By
carefully studying the crystal and magnetic structures, we
found the MVE is closely related to the competition between
ferromagnetic small-volume phase (F-SVP) and antiferromag-
netic large-volume phase (AF-LVP). Both phases follow the
Debye—Griineisen model,* exhibiting normal positive thermal
expansion, and the ATE originates from the transition between
AF-LVP to F-SVP, as depicted in Figure 1(d). Especially, when
the reduction in volume from AF-LVP—F-SVP transition
compensates the volume expansion from anharmonic
vibrations of atoms, the ZTE is therefore realized.

Utilizing the high-resolution neutron powder diffractometer,
SuperHRPD, we obtained evidence for phase conversion
between AF-LVP and F-SVP. As shown in Figure 2(a), nuclear
reflection (111) of the x = 0.10 sample manifests itself as a
single peak at high temperatures, but a new peak with larger d-
spacing starts to appear at about 162 K upon cooling, whose
intensity grows at the expense of the original peak until base
temperature. This peak splitting occurs in all Bragg peaks, as
shown in Figure S3, which rules out the possibility of
symmetry breaking of the crystal structure and instead
indicates a transition from a high-temperature small-volume
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phase to a low-temperature large-volume phase. The phase
transition does not finish down to the base temperature
because a small portion of small-volume phase still survives, so
that we cannot define the starting temperature Tgg of phase
transition. From the temperature dependence of relative full
width at half-maximum (fwhm/d) of reflection (111), as
shown in Figure 2(d), we found peak broadening caused by
the large-volume phase when its portion is small. The peak
broadening survives until about 210 K upon heating, defining
the ending temperature of phase transition Tgp. The phase
coexistence during the transition in terms of peak splitting was
also observed in samples of different oxygen content (x = 0.09,
0.12, 0.13, and 0.17), as shown in Figures S2 and S3.

On the other hand, we found that the small-volume phase
and the large-volume phase are coupled with ferromagnetic (F)
and antiferromagnetic (AF) ordering, respectively. As shown in
Figure 2(b), the increase in intensity of the reflection (100)
initiating from 160 K upon cooling indicates the ferromagnetic
ordering with propagation vector kz = (0, 0, 0), while the

. . T11Y. ... -
superlattice reflections (———) initiating at similar temperatures
222

signify the AF ordering with propagation vector kyz =
111
(5’ 22
coexistence of F and AF ordering at low temperatures. As
shown in Figure SS(b), below 130 K, the decrease of
magnetization under the field cooling (FC) process upon

cooling suggests the AF correlation, while the difference
between the magnetization of zero-field cooling (ZFC) and FC

). The magnetization properties also suggest the
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Figure 2. High-resolution neutron powder diffraction on
LaysBaysCoO;_, (x = 0.10). (a) Diffraction patterns of the reflection
(111) at different temperatures. Peak splitting occurs in reflection
(111) at low temperatures, indicating coexistence of LVP and SVP.
(b) Temperature dependences of integrated intensities of the AF

reflection (%%%) and F reflection (100). (c) Rietveld refinement on

the pattern at 13 K by using the model of double phases, i.e., AF-LVP
and F-SVP. The observed and calculated patterns are shown at the
top with the red markers and the solid line, respectively. The green
(purple) bars in the middle denote the indices from nuclear
(magnetic) structures of AF-LVP, while the orange (magenta) bars
represent the indices from nuclear (magnetic) structures of F-SVP.
The bottom blue line represents the difference between observed and
calculated intensities. The residual values R, is 4.73% and Ry is 9.8
and 31.2% for AF and F, respectively. (d) Relative peak breadth
fwhm/d of nuclear reflection (111) at high temperatures before
splitting into two upon cooling. The decrease in fwhm/d as the
temperature increases is associate with the final stage of the
conversion from LVP to SVP, where LVP exists in a short-range
scale. Therefore, the temperature where fwhm/d drops to a nearly flat
level is defined as the final transition temperature Tgg. (e) Mass ratios
as a function of temperature were obtained from Rietveld refinement.
(f) Unit cell volumes as a function of temperature were obtained from
Rietveld refinement. The average unit cell volume is calculated by
Viversge = ViveVive + VsvpVsyp, where R is the mass ratio.

process and the hysteresis loop in the magnetization as a
function of magnetic field (M/H curve) (see in the inset of
Figure S5(b)) at 10 K are indicative of the F correlation. With
the Pm3m cubic crystal structure and magnetic propagation
vector of the two phases, we performed the symmetry analysis
based on the representation theory and obtained the
symmetry-allowed magnetic structures, as shown in Tables
S1 and S2. Through Rietveld refinement, we finally determined
that the two-phase model of AF-LVP and F-SVP, where the G-
type AF structure and F structure are depicted in the inset of
Figure 1(d), can best describe the pattern of x = 0.10 at 13 K,
as shown in Figure 2(c). Based on the resultant mass ratio and
unit cell volume for each phase, we derived the average volume
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as a function of temperature, which exhibits NTE from around
50 to 140 K, as shown in Figure 2(e) and Figure 2(f).

More evidence for the magnetoelastic coupling of AF-LVP
and F-SVP comes from the magnetic-field neutron powder
diffraction. Figure 3 shows the result of the magnetic-field
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Figure 3. Neutron powder diffraction under magnetic field on
LayBaysCoO;_, (x = 0.12). (a, b) The diffraction patterns of
LagsBagsCoO,_, (x 0.12) around AF reflections (a) and F
reflections (b) under 0 and 14 T at 100 K. Upon applying 14 T

magnetic field at T = 100 K, the AF reflection (%%%) is suppressed,

while the intensity of F reflections (100) significantly increases. (c)
The diffraction patterns of nuclear reflection (111) under different
magnetic fields at 100 K. The intensity of LVP decreases while the
intensity of SVP increases upon applying the field. (d) The average
unit cell volumes as a function of temperature under 0 and 14 T. The
blue solid line is calculated from the Debye—Griineisen model. The
average unit cell volume under 14 T is suppressed and approaches the
calculated value.

NPD for x = 0.12. Upon applying 14 T magnetic field at T =

100 K, the intensities of AF reflection (%%%) and LVP nuclear

reflection (111) decrease while the intensities of F reflection
(100) and SVP nuclear reflection (111) significantly increase,
as shown in Figure 3(a—c). Therefore, the magnetic field
induces phase conversion from AF-LVP and F-SVP. Con-
sequently, the average unit cell volume is suppressed, and the
overall NTE is weakened under magnetic field [Figure 3(d)].

Though the splitting of Bragg peaks was not observed in
samples with x > 0.17, which also display ATE, as shown in
Figure 4(a) and Figure S2(h, j), we still can find the evidence
of the coexistence of AF-LVP and F-SVP by analyzing the
evolution of peak width as a function of temperature. As
depicted in Figure 4(b, c), the fwhm/d of reflection (111) of
the sample x = 0.20 increases upon heating from Tgs = 230 K,
reaches maximum at 370 K, and finally reverts to the normal
value at Tgp = 430 K. The unusual peak broadening is
ubiquitous in all Bragg peaks, as depicted in Figure S4(c, d),
indicating that it arises from the lattice inhomogeneity induced
by the coexistence of LVP and SVP. The coexistence of F and
AF ordering was also observed in neutron diffraction and
magnetization, as shown in Figure 4(d). Longrange AF
ordering is directly identified by the appearance of the

magnetic reflection L11) from diffraction. Though magnetic
222
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Figure 4. High-resolution neutron powder diffraction on
LaysBa;sCoO;_, (x = 0.20). (a) Diffraction patterns of reflection
(111) for the samples x = 0.20 at different temperatures. The patterns
show single peaks at all the temperature ranges, while they also exhibit
nearly no shift of position between 250 to 410 K (ZTE). (b) The
comparison of peak width for reflection (111) at 30 and 370 K. For
the better comparison, the peaks are shifted to the same position and
normalized to the same intensity. It is seen that the peak width at 370
K is broader than that at 30 K, showing that there are more severe
lattice inhomogeneities at 370 K. (c) The relative peak breadth
fwhm/d of nuclear reflection (111) is a function of temperature. T
and T represent the starting and ending temperature of the phase
transition, respectively. The peak broadening which arises from lattice
inhomogeneities appears with decreasing temperature, suggesting
coexistence of LVP and SVP between 230 and 430 K. The recovery of
fwhm/d to normal value indicates the transition between LVP to SVP
finishes at temperatures, where a single phase exists. (d) The

temperature dependence of integrated intensity of the AF reflection
(lll). The inset shows the temperature dependence of magnet-
222

ization under 100 Oe in the ZFC and FC processes, respectively.

peak from long-range F ordering was not observed in
diffraction, the difference between the magnetization of ZFC
and FC process and the hysteresis loop in the M/H curve at 10
K indicates the F correlation, presumably in short-range order,
still exists at low temperatures. Moreover, the temperature
window of unusual peak broadening (Figure 4c) coincides with
that of ZTE (Figure la), reflecting that the ZTE is intimately
associated with the conversion between AF-LVP and F-SVP.

In contrast, in the sample x = 0.04, which has single phase
and shows normal PTE throughout the measured temper-
atures, the fwhm/d retains nearly invariant as a function of
temperature, as shown in Figure S8(a), further confirming that
the unusual peak broadening observed in samples with x > 0.17
(Figure S4) is related to the coexistence of AF-LVP and F-
SVP.

Up to now, we have demonstrated in the A-site disordered
perovskite Lay sBay CoO;_, the isotropic ATE exists in a large
area of the T—x phase diagram, including the ZTE spanning
room temperature at x 0.20. The cobaltite has great
advantages for practical use for two reasons: (1) The room-
temperature isotropic ZTE in a pure-form compound can be
directly applied without suffering microcracks and detriment
that often occur during the frequently thermal cycling in the
ZTE composite fabricated by combining NTE and PTE
materials. In the ZTE composites combining PTE and NTE

6788

material, microcracking during repeated thermal cycling may
occur due to the stress at the grain boundaries induced by the
size mismatch between PTE and NTE grains. However, the
pure-form cobaltite perovskite La, ;BaysCoO;_, with isotropic
crystal structure is homogeneous in the scale of grain size, so
that much less stress exists at the grain boundaries. Inside the
grains, stress could be introduced at the boundaries between F-
SVP and AF-LVP domains. In comparison with PTE and NTE
grains, F-SVP and AF-LVP domains are more closely bonded
and in a smaller scale. Therefore, the microcracking problem
should be significantly less severe at the boundaries between F-
SVP and AF-LVP domains. (2) By tuning the oxygen deficient
value x between 0.18 and 0.23, the ZTE can be obtained in a
wide temperature window from 250 to 450 K, which could
satisfy most industrial demands. LaysBa;CoO;_, is a rare
example of pure-form compound that exhibits isotropic ZTE
tunable in a wide temperature window. As far as we know, only
a few materials exhibit these properties, such as the Invar
alloys,7’8 the antiperovskite manganese nitride,"® and (Zr,Nb)-
Fez.11

We have also unveiled with compelling evidence the
underlying mechanism of the ATE in La,BaysCoO;_, is the
phase conversion between AF-LVP and F-SVP. The mecha-
nism is consistent with what we have found in the A-site
ordered perovskite with orthorhombic crystal structure,
PrBaCo0,055,,," > so that we believe the scenario of AF-
LVP—F-SVP transition is ubiquitous in the family of cobaltite
perovskite, regardless of A-site ions and its ordering.

LajsBaysCoO;_, is analogous to the Invar alloys in the
following ways: (1) both systems show ATE that is associated
with the MVE and (2) both structures are cubic and undergo
no change of crystal symmetry throughout the temperature
window of ATE. Therefore, our discovery may shed light on
the microscopic origin of the Invar effect, which has been
under a longstanding debate.***> One of the well-known
models is the 2y-state model,"® which contains two different
magnetic states, the ferromagnetic larger-volume state y, and
the antiferromagnetic small-volume state y,. However, the
existence of the two states has not yet been confirmed
experimentally.'”™'® We validate the two-state model in
Lay sBaysCoO;_, by directly observing the coexistence of AF-
LVP and F-SVP, which was also reported by Troyanchuk.*®

In summary, we have discovered a new class of pure-form
isotropic ATE material in A site-disordered perovskite
LajsBaysCoO;_,. The temperature window of ATE is easily
tunable by changing the oxygen content and especially the
isotropic ZTE for x = 0.20 can be achieved over a broad
temperature range (290—410 K), showing high potential for
practical applications. We also revealed that the microscopic
origin of the ATE lies in the conversion between AF-LVP and
F-SVP.
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