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We spectroscopically investigated the energy gap of the correlated antiferromagnetic insulator
LaMnPO;_,F, (x=0.0 and 0.04) as a function of temperature and pressure, separately, in conjunc-
tion with many body electronic structure calculations. These results show that the electronic struc-
ture in all measured regimes is well described by a model that includes both Mott-Hubbard interac-
tions and Hund’s rule coupling. Moreover, we find that by appying external pressure, thereby reduc-
ing the effective Mott-Hubbard interaction and Hund’s coupling, the energy gap in LaMnPO;_,F,

can be fully closed, yielding a metallic state.

I. INTRODUCTION

Progress in the physics of correlated electron systems
is often initiated by the discovery of new materials that
feature complex interplay between charge, spin and or-
bital degrees of freedom. One such class of materials are
the recently synthesized Mn-pnictides. Initial reports on
the insulating materials BaMnsAss, CaMnsSby, LaM-
nPO, LaMnAsO and LiMnAs suggests that these com-
pounds possess rich phase diagrams, highlighting the im-
portance of electronic correlations'™1°. Typically, these
systems form as antiferromagnetically (AF) ordered in-
sulators with many bands residing in the vicinity of the
Fermi energy. The electronic correlations of such multi-
band systems are often not well described solely with the
Hubbard interaction (U), which only considers Coulomb
repulsion of interacting carriers. Rather, the interaction
of the carriers through the spin channel, via Hund’s cou-
pling (Jg) may also be necessary!!. In the case of LaM-
nPO, recent work has suggested that it is a Mott-Hund’s
insulator, meaning both U and Jy act in concert to re-
produce the observed insulating ground state®!2. Ac-
cordingly, this new system warrants detailed examina-
tion, as many exotic phenomena, such as quantum criti-
cality, phase separation, and high temperature supercon-
ductivity often appear when correlated antiferromagnetic
systems are metallized.

In this work, we have spectroscopically probed the en-
ergy gap (Eqqp) of the AF insulator LaMnPO in the high
pressure (HP) and high temperature (HT) regimes. The
power of infrared spectroscopy, in the context of unre-
solved issues related to LaMnPOQO, is that it is the only
experimental technique that can directly probe the elec-

tronic band structure at both high pressures and elevated
temperatures. These measurements were also carried
out on LaMnPOg g6F¢.04, as doping in other correlated
AF systems has frequently led to exotic phenomenal!3.
Our results reveal that Eggp in both undoped and doped
LaMnPO, is reduced from 1.0 eV in the AF state, to 0.85
eV in the para-magnetic (PM) state at 725K, a reduction
of only 15%. In contrast, by applying pressure, Eqqp in
LaMnPO;_,F, (x=0.0, 0.04) is systematically reduced,
yielding a full gap collapse above 20 GPa. The combined
high pressure and high temperature measurements show
that the band collapse is not caused by the elimination
of AF order or the pressure induced structural transi-
tion near 16.2 GPa. The optical data, combined with
DFT+DMFT calculations establish a realistic descrip-
tion of the LaMnPO ground state, and provide quantita-
tive estimates of the U and Jy that govern the electronic
structure. Additionally, we can unambiguously show that
the emergent charge carriers at high pressures arise from
a collapsed band within the bulk, thereby excluding al-
ternative interpretations of the metallic stateS 4.

II. EXPERIMENTAL TECHNIQUES AND
DISCUSSION

A. Sample Growth.

Single crystals of LaMnPO;_,F, were grown from a
NaCl-KCl eutectic flux. The crystals formed as thin
plates of dark luster with typical dimensions of Imm X
lmm x bSum. The sample thickness of 5um was con-
firmed both by modelling the raw transmittance spec-



tra while matching the periodicity of the interference
fringes and by inspection. Doping with fluorine was ac-
complished by introducing MnF5 powder to the samples
prior to the crystal growth process. The F concentration
of the synthesized crystals was determined via potentio-
metric measurements, as described previously®, and the
crystal structure was confirmed by single crystal x-ray
diffraction.

B. High Temperature Measurements

Transmittance spectra of undoped and doped LaM-
nPO were measured from 0.01 to 1.5 eV, at temperatures
ranging from 295K to 450K. The measurements of un-
doped LaMnPO, in the spectral range near Egqp (0.8 eV
< w < 1.1 eV) were extended up to 725K using a custom
elevated temperature sample stage. The raw transmit-
tance data for undoped and doped LaMnPO, at 295K,
are shown in Fig. 1la and 1b, respectively. The magnitude
of Egqp is extracted from the absorbance (at), where «
is the absorption coefficient of the material, and ¢ is the
sample thickness. Assuming incoherent transmittance,
as appropriate in the case of limited experimental resolu-
tion or non-parallel crystal surfaces, absorbance is related
to the absolute transmittance T'(w) and reflectance R(w)
vial®:

_ w 2efat

1 — R(w)%e—2at

Near the energy gap, where R(w) is a nearly frequency
independent value of Ry, the lineshape of ot is approxi-
mately given by — log(T(w)). The (1— Rg)? correction to
the (at)? spectra, which accounts for the reflectivity at
the interface between the sample and the high pressure
medium, is within the error bars of Eggp, as discussed
in sectionV. Likewise, since at is large near the band
gap, the denominator 1 — R(w)?e~2%* ~ 1. In the case of
a direct gap material, the x-axis intercept of a linear fit
to (at/w)? yields Egqp'%t7. The (at)? spectra (colored
lines), corresponding to the measured values of transmit-
tance, are plotted in Fig. 1c and 1d, along with the linear
fits to (at/w)? (dashed gray lines).

The values of Egqp, obtained from the absorption spec-
tra are plotted as a function of temperature in Fig. le.
The shadowed region in the inset of Fig. 1le highlights an
area in the vicinity of the bulk Neél temperature (Ty)
of 375K+5K. There is no abrupt change in Egq, upon
crossing the bulk AF to paramagnetic (PM) transition in
either the undoped or doped samples. Additionally, Egqp
of the doped samples follows a trajectory very similar to
the undoped sample, albeit at a slightly lower energy.

The resilience of Egqp to temperature suggests that
long-range AF correlations do not play a major role in
defining the electronic structure of LaMnPO. However,
prior work has demonstrated that short range AF corre-
lations persist up to 700K'2. We explored the effect of

these remaining AF correlations on Eg,p, by measuring
the transmittance of undoped LaMnPO, at temperatures
up to 725K. There is a slight discontinuity in the tem-
perature dependence of Eqqp between 450K and 500K,
which we attribute to changes in the experimental setup,
necessary to accommodate temperatures above 450K. In
this extended temperature range, Eqqp, of undoped LaM-
nPO monotonically decreases with increasing tempera-
ture. Upon reaching the completely PM state at 725K'2,
the energy gap is only 0.85 eV, which is 0.15 eV lower
than Eqqp at 295K.

The value of Egqp predicted from DFT+DMFET cal-
culations in the AF (PM) state is indicated by the blue
triangles at 300K (700K) with the corresponding band
structure calculations shown in Fig. 1f (1g). These cal-
culations predicted that the elimination of AF order re-
duces Egqp by 0.12 €V, closely matching our experimen-
tally measured values in the PM state. Therefore, while
it is likely that the short-range AF correlations contribute
to the 1.0 eV energy gap in LaMnPO;_,F,, they cannot
produce it alone. Rather, the energy gap is stabilized
primarily by the Hubbard U in concert with the Hund’s
Jg. This stands in stark contrast to theoretical work on
the cuprates, where it has been suggested that the energy
gap of the insulating parent compounds would not exist
without the AF order'®.

C. High Pressure Measurements

To further explore the role of electron interactions in
producing the optical gap, we examined the pressure de-
pendence of the absorption edge in both the undoped and
doped LaMnPO samples. In general, the application of
pressure increases the electron kinetic energy, and may be
expected to reduce the effect of electron correlations'®.
Of additional interest is the tetragonal to orthorhombic
structural transition in LaMnPO near 16.2 GPa, and its
affect on the electronic structure, which we are able to
explore with these high pressure measurements?.

The high pressure data were obtained using an FTIR
spectrometer, coupled to a diamond anvil cell (DAC) in
which cryogenically loaded nitrogen was used as the pres-
sure medium?’. The limited size of the DAC required
sample dimensions that were less than 40x40x15 pum3.
Due to limitations imposed by the low energy cut-off of
the detector, and the diffraction limit related to the small
sample size, energy gap values below 0.12 eV could not be
measured. Furthermore, accurate measurement of trans-
mittance was not possible in the region near 0.25 eV, due
to absorption in the diamond anvil.

Transmittance spectra near Egqp, were obtained at a
series of increasing pressures (P). The corresponding
(at)? spectra are plotted in Fig. 2a and 2b, for z = 0.0
and x = 0.04, respectively, where the increase in (at)?
indicates the onset of interband transitions. The ab-
sorption edge is systematically and rapidly suppressed
with increasing P. The maximum P, at which a well



0.9»3 x=0 d X:0.0I4 e' Il' (m] IX:O '
x=0 (Th)
0.6f : 295K 325K 1.0} A xo004
370K Hﬁ
0.3l ] 400K —~ | A
. 425K 450K P Og
o 500K 550K - Og
< 0.0 * : 600K 4 § (n ]
= T y 650K w '
£ 09rb x=0.04 1 08} ommg A
8 725K S YA .
+~ 0.6 o g AAA
® Ll
0.3 Bl : 09 300 350 400 450 £ |
. N Temperature (K) rXMrzrRAZ
0.0 . L P 0.6 L— I R L R
0.1 1 0.8 1.0 400 600
w(eV) w(eV) Temperature (K)

FIG. 1. Transmittance spectra of LaMnPO:_,F; for x = 0.0 and = = 0.04 are plotted in panels (a) and (b), respectively. The
corresponding absorption spectra (at)? are plotted in (c) for x=0 and (d) for x=0.04. The dashed gray lines plotted on top of
the experimental (colored) lines show the linear fit to the (at/w)? form at the highest and lowest temperatures for each sample.
The colored in (d) indicates the measurement temperature of the correspondingly colored spectra for both samples. The x-axis
intercept of these linear fits were used to determine the value of the optical gap, Fgap. The value of Eqqp extracted from the
linear fit is plotted as a function of temperature in (e). We do not observe any anomalies in Egqp upon crossing T (shadowed
in the inset). The energy gap obtained from transmittance measurements at temperatures greater than 450 K are indicated by
the open squares. Band structure calculations are shown for the AF (f) and PM (g) state, revealing a reduced direct energy
gap at the I' point in the PM state. The Egqp values calculated for LaMnPO in the AF and PM states are indicated in (e) by

the blue triangles at 300K and 700K, respectively.

defined absorption edge is still observable, defined as

r—0 (Pi_0.04), is 18.8 GPa (15.1 GPa) for the undoped
(doped) sample. These pressures are indicated in Fig. 2f,
2¢g and 2h. At P above P*, the well defined absorption
edge is obscured by the appearance of intra-gap absorp-
tion features, which will be discussed later in the text.
Accordingly, we only extracted a numerical value of Egqp
for P < P*.

To determine Egqp of the LaMnPO;_,F, samples un-
der high pressure, we utilized the same method employed
for the high temperature data, with linear fits to (at/w)?
indicated by the dashed gray lines in Fig. 2a (2b) for
x=0.0 (x=0.04). The extracted values of Egq, for both
undoped and doped samples are plotted as a function of
pressure in Fig. 2c. For P < P*, the reduction of Egqp
obeys an approximately linear relationship with pressure.
Assuming this trend continues for P > P*, we performed
a linear fit of the lower pressure E¢qp values to estimate
the pressure at which the gap closes, i.e. Egqp=0. These
linear fits, indicated for the undoped (doped) sample by
the black (red) dotted line in Fig. 2a, suggest that gap
closure would occur at P=28 GPa (P=25 GPa).

For comparison, DFT+DMFT calculations were car-
ried out for undoped LaMnPO at a series of pressures,
with details of the calculations detailed in section IV.
The smallest direct energy gap in the calculated band
structure is plotted as the green circles in Fig. 2c. Be-
low 16.2 GPa, the pressure dependence of the theoretical

Egap is well captured by a linear fit, indicated by the
green dotted line in Fig. 2c. Increasing the pressure to
16.2 GPa produces a more rapid decrease in E¢qp, which
deviates from the linear trend found at P<14 GPa, sim-
ilar to behavior of the experimentally determined Egqp.
Full gap closure is theoretically anticipated to occur by
30 GPa®, where the corresponding metallic band struc-
ture, calculated via DFT+DMFT, is shown in Fig. 3c.
For direct comparison between the experimental data and
theoretical results, the optical conductivity (o1 (w)) spec-
tra were extracted from the DFT+DMFT calculations.
The o1 (w) spectra were then converted to (at)? (plotted
in Fig. 2i) via the relationship!®:

4oy

o (2)

where a Kramers-Kronig inversion of o; was used to
obtain n(w), and t = 5um. These spectra show a sys-
tematic suppression of the absorption edge, similar to
the experimentally obtained absorbance spectra shown
in Fig. 2a and 2b. Moreover, absorption peaks in the
theoretical (at)? spectra appear above the tetragonal to
orthorhombic phase transition at 16.2 GPa. These peaks
are due to interband transitions at the M-point, which
become allowed in the orthorhombic phase as can be seen
in Fig. 3b, and qualitatively resemble the absorption fea-
tures that are experimentally observed, and highlighted
in Fig. 2d and 2e. Also, it is this structural transition
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FIG. 2. In (a) and (b) we plot the (at)? spectra of LaMnPO1_,F,, for x=0.0 and x=0.04 respectively, at a series of increasing
pressures. The dashed gray lines indicate the linear fits to (at)?/w? which are used to determine the value of Egap. Above 18.8
GPa in (a), and above 15.1 GPa in (b) peaks appear in the (at)? spectra, which are detailed in (f) and (g). In (c) the value
of Egap that we extracted for undoped (doped) LaMnPO are plotted as the black filled squares (red open squares). The black
(red) lined rectangles indicate the pressure over which we metallicity emerges in the undoped (doped) sample. Complementary
high pressure resistance data for the undoped sample (x=0.00) are plotted in blue, corresponding to the right axis, which

was taken from'

. The green, open circles, indicate the smallest direct energy gap determined from DFT4+DMFT electronic

structure calculations. The green dotted line shows the linear relationship between the theoretical Egqp and pressure for P<
14 GPa. The low w region of the (at)? spectra, of both undoped and doped LaMnPO are highlighted in (f) and (g), where P}
is indicated in the legend. In the undoped (at)? spectra, where the applied pressure was 21.7 GPa, there appears to be a small
peak at 0.15 eV, indicated by the pink arrow. Likewise, in the (at)2 spectra of the doped sample, there is a pronounced peak
at 0.35 eV when P=17.2 GPa (indicated by the pink arrow), and increasing the pressure to 19.5 GPa yields a small peak at
0.19 eV (yellow arrow). The Further application of pressure results in the suppression of these intra-gap features. For further
comparison between theory and experiment, in (f) we have plotted the (onf)2 spectra, extracted from DFT4+DMFT electronic
structure calculations. The 16 GPa and 30 GPa (at)? spectra have been scaled by 0.05 and 0.02, respectively, so that they can

be seen alongside the lower pressure spectra.

that produces the deviation from linearity in the theo-
retically predicted values of Egqp at 16.2 GPa, described
earlier in the text. Interestingly, the intra-gap absorp-
tion peaks that indicate the tetragonal to orthorhombic
transition in the theoretical absorption spectra at 16.2
GPa, do not appear in our experimental data until pres-
sures greater than 18.8 GPa. We attribute this to differ-
ences in the level of uniaxial pressure between the pres-
sure medium used in the x-ray diffraction measurements,
and our transmittance measurements. This latter fact,
in conjunction with the error bars inherent in high pres-
sure measurements, can account for the difference in the
pressures at which the intra-gap peaks emerge.

As stated earlier in the text, the band edge at high
pressures is obscured by the intra-gap absorption peaks,
which make it difficult to precisely determine the pres-
sure at which the gap collapses. One method to esti-
mate the pressure where the energy gap is fully closed
is to compare our measured absorption spectra, to that
obtained for a known metallic sample. Accordingly, we
measured the absorbance of an iron (Fe) flake in the same
experimental setup used for the high pressure measure-

ments. The absorbance spectra of Fe is plotted along-
side the high pressure absorbance spectra of LaMnPO
in Fig. 2d and 2e as the gray solid line. The Fe sam-
ple that we used was smaller than either the undoped or
doped LaMnPO sample. Thus, it’s absorption was no-
tably smaller at low w due to diffraction of light around
the small sample. Regardless, the absorbance of Fe is
plotted alongside that of undoped (doped) LaMnPO in
Fig. 2d and 2e, multiplied by an arbitrary factor to make
direct comparison the spectra easier. Notably, the Fe ab-
sorbance spectrum at low w linearly increases with w, as
expected when the wavelength of the incident light shifts
away from the diffraction limit. Besides this increase,
there is no significant feature in the (at)? spectra of Fe
sample, as would be expected for a metallic, and opaque,
material. Accordingly, we consider the LaMnPO;_,F,
sample to be opaque, and Egqp=0, when its lineshape
resembles that of the Fe flake, and the spectral features
are suppressed. Using this criterion, we conclude that
the pressure at which undoped LaMnPO becomes opaque
(P2_¢.00) is above 21.7 GPa, where the spectral feature is

x

still visible, but below 24.7 GPa. Likewise, the pressure



of opacity for LaMnPOg 96F.04 (P2 4) lies between
19.5 GPa and 21.1 GPa. The decrease in P° with dop-
ing suggests that higher dopings could reduce P? further,
and more highly doped LaMnPO;_,F, samples could be
metallized with relatively small pressures.
Complementary high pressure resistance (R) measure-
ments of LaMnPO were carried out, and reported in'4.
They found that R of undoped LaMnPO is reduced with
increasing pressure, until it saturates at pressures above
20 GPa, consistent with the pressure at which we identify
Egap=0. The measured R values are plotted alongside
our experimentally determined Egqp in Fig. 2c. Gen-
erally, opacity at low energies arises from free carriers.
Thus the observation of opacity, the saturation in resis-
tance at pressures above 20 GPa, and the systematic re-
duction in Eq,, at lower pressures all suggest a metallic
state has been induced via collapse of the band gap.

D. On the Nature of the High Pressure Metallic
State

The calculated band structure is plotted in Fig. 3a,b,
and c for pressures of 1 bar, 16 GPa, and 30 GPa. At 1
bar, the smallest direct energy gap is at the I" point, and
is 1.0 eV. At 16 GPa, the direct band gap at the I" point
is reduced in energy. However, LaMnPO also undergoes
a tetragonal to orthorhombic structural transition which
allows interband transitions at the M point, which are
smaller in energy than those at the I' point. These newly
allowed interband transitions at the M point produce
the intra-gap features observed in the absorption spec-
tra, and highlighted in Fig. 2d and 2e. Increasing the
pressure to 30GPa results in a fully closed gap, with many
bands cross the Fermi energy, yielding a metallic system.

Further insight into the correlations in this system can
be revealed by examining the partial density of states
(PDOS) calculated when correlations are both neglected,
and when they are included. Thus, in Fig. 4a, 4b, and 4c,
we show the PDOS calculated using DFT. At 1 bar (Fig.
4a), the system is strongly metallic, with all orbitals pos-
sessing a non-zero PDOS at Er (Energy=0). Increasing
the pressure to 16.2 GPa (Fig. 4b) reduces the PDOS of
most orbitals in the vicinity of Ep, with the exception of
the xz and yz orbitals, which develop a sharp peak just
below Er. By 30 GPa (Fig. 4c), the PDOS is suppressed
for all orbitals, most notably the x?-y? and xy orbitals,
which in fact become gapped. The PDOS calculated via
DFT+DMFT reveals a significantly different trend. At
1 bar (Fig. 4d), DFT+DMFT predicts the PDOS of all
orbitals is zero at Ep yielding an insulating system, as
verified by experiments in the main text, and in Refs.*5.
The calculation at 16.2 GPa (Fig. 4e) indicates that most
of the orbitals in LaMnPO develop a significant peak in
the PDOS immediately below, and at approximately 0.1
eV above Ep. However, the electron correlations, though
reduced by pressure, are still strong enough to sustain the
energy gap. Finally, at 30 GPa (Fig. 4f), DFT+DMFT

16.2 GPa

r< R A Z

FIG. 3. The band structure of LaMnPO at 1 bar (a), 16.2
GPa (b) and 30 GPa (c), calculated using DET+DMFT

finds that the system is highly metallic, where all but the
xy orbital has a non-zero PDOS at Ep.

It is particularly interesting to compare the PDOS
obtained from DFT at 30 GPa, to the complementary
DFT+DMFT PDOS at the same pressure. At this pres-
sure, these two methods of calculation seem to produce
qualitatively similar PDOS spectra for all orbitals. Typ-
ically, when DFT produces similar results to calculations
where correlations are included, it indicates that the ef-
fect of the correlations on the electronic system have been
largely reduced. However, the electronic bandwidth, cor-
responding to the width of the peak in PDOS near En-
ergy = 0.0 eV, is still smaller in the DFT4+DMFT cal-
culations than those obtained from DFT, indicating cor-
relations are still present. In the case of LaMnPO, this
would mean that increasing the pressure from 16.2 GPa,
to 30 GPa, tunes the system from a Mott-Hund’s in-
sulator to a correlated metal. The intermediate region
between these two pressures warrants further study, as
moderate correlations often herald a complex and excit-
ing phase diagram, the most salient examples of this be-
ing the cuprates and Fe-pnictides?'23. However, this
region remains largely unexplored, and the transmission
is effectively zero in the metallic state, thus no useful
data on the free carrier dynamics can be obtained using
the spectroscopic transmission techniques utilized in this
work. Future studies, both theoretical and experimental,
are required to ascertain the landscape of this moder-
ately correlated region of the phase diagram. One very
likely outcome would be the revelation of an orbitally



selective Mott transition, which can be expected when
Mott-Hubbard interaction and Hund’s coupling are both
present, and substantial crystal field splitting differenti-
ates the Mn 3d orbitals, as in this class of material2!-24-26,

DFT DFT+DMFT
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FIG. 4. The PDOS in LaMnPO is calculated using DFT at
1 bar (a) 16.2 GPa (b) and 30 GPa (c). Likewise, the PDOS
extracted from DFT+DMFT at 1 bar (d), 16 GPa (e) and 30
GPa (f) is also shown

III. CONCLUSION

Our data reveal that by applying pressure to LaM-
nPO, we are able to induce a bulk metallic state, which
is not directly caused by the elimination of AF order,
or the structural transition. Furthermore, our results
can be consistently described using DFT4+DMFT, as-
suming the presence of AF ordering, a Mott-Hubbard
U and Hund’s rule Jy. The coexistence of these cor-
relations suggest this system resembles the Fe-pnictides,
albeit with an insulating ground state. These results also
imply that the insulator-metal phase transition is shifted
to lower pressures with F-doping. Our findings identify
LaMnPO;_,F, as an exciting playground in which the
parameters of pressure and doping may be tuned to reveal
a complex phase diagram, as is often found in strongly
correlated systems.

IV. APPENDIX A: THEORETICAL
CALCULATIONS

Density functional theory (DFT) band structure cal-
culations were done using the full-potential linear aug-
mented plane wave method implemented in Wien2K?7 in
conjunction with a generalized gradient approximation?®
of the exchange correlation functional. To take into ac-

count strong correlation effect, we further carried out
first-principles calculations using DFT+DMFT?? which
was implemented on top of Wien2k and documented in
Ref.?0. In the DET+DMFT calculations, the electronic
charge was computed self-consistently on DFT+DMFT
density matrix. The quantum impurity problem was
solved by the continuous time quantum Monte Carlo
method?!+32, using Slater form of the Coulomb repulsion
in its fully rotational invariant form. We used a Hub-
bard U=8.0 eV and Hund’s rule coupling J=0.9 eV for
all the DFT4+DMFT calculations at all pressures, consis-
tent with previous publication'?. The Hamiltonian used
for these calculations is:

H=Y (—uN; + Hinld!,)) + > td},dj,,
i (ig)v

- - 3

2
Hipgld!,] = 1

JN; + % (U - ;.1) Ni(N; —1) = JS;.
In this Hamiltonian, dl—LV is the creation operator on site 4
for an electron of type v, where v = (mo), with o and m
indicating the electron spin and orbital, respectively3.
Further details on the Hamiltonian and the theoretical
methods can be found in33

We used the experimentally determined lattice
structures®, including the internal positions of the atoms
as shown in Table I

V. APPENDIX B: ALTERNATIVE
DETERMINATION OF Ecqp

If one has access to the complex dielectric constant
(€ = €1 + iea), the magnitude of Eg,p, can be precisely
determined from the x-axis intercept of a linear fit to
(€2)?7.  Accordingly, we measured the transmittance
spectra over a broad range (100 cm~! to 12,000 cm~1)
during some of the high temperature measurements, and
modelled these spectra to obtain é. Moreover, by si-
multaneously fitting the periodicity of the interference
fringes, along with the transmittance amplitude, we ac-
curately determined the thickness of these crystals to be 5
(£0.3)um. An example transmittance spectra, obtained
at 295K, is shown in the inset to Fig. 5a (black line),
along with the corresponding model (gray line). The
resulting (e2)? spectra, which were obtained at tempera-
tures from 295K to 450K, are plotted in Fig. S2a (colored
lines), along with the linear extrapolation at each tem-
perature (gray lines). The values of Eg,, corresponding
to this alternative analysis are plotted in Fig. 5b (filled
black squares), along with the values of Eg,, obtained
from the (at/w)? analysis (open black squares), described
in the main text'”. An inspection of Fig. 5a, reveals that
the (at/w)? analysis tends to underestimate the value of
Egap by approximately 300 cm™!, and thus establishes
the size of the error bars. Importantly, this difference is
small when compared to the magnitude of the Egqp. In
addition, the (at/w)? analysis captures the overall behav-
ior of Egqp. Both of these latter facts confirm the validity



IP (GPa)\Space group \a (A) \b (A) \c (A) \zLa \zP ‘
0 P4/nmm (#129)[4.05786|4.05786(8.84341[0.138790.6569
3 P4/nmm (#129)(4.0350 |4.0350 [8.712 [0.1415 |0.6526
6 P4/nmm (#129)(4.0122 |4.0122 |8.581 |0.1443 |0.6512
9 P4/nmm (#129)(3.9945 |3.9945 |8.451 |0.1425 |0.6428
12 P4/nmm (#129)(3.9768 |3.9768 |8.322 |0.1407 |0.6345
14 P4/nmm (#129)]3.95344|3.95344(8.34822(0.1416 |0.6260
16 Cmma (#67) 5.0937 |5.6664 |8.169 ]0.1485 |0.612

30 Cmma (#67) 5.20408|5.37473|7.4245410.1091 |0.5676

TABLE I. Crystal parameters used in the electronic structure calculations

of this method for extracting Eqqp, and analyzing trends,
particularly when one lacks the full e; spectra.
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FIG. 5. (a) The (e2)? spectra, obtained for undoped LaM-
nPO at a series of temperatures. The linear fits, which were
used to determine Egq, are indicated by the gray lines. (b)
An example broadband transmittance spectra at 295K (black
line), and the corresponding model fit (gray line) are shown.
(c) The energy gap extracted using the linear fit to (e2)? is
plotted vs temperature (filled black squares), along with Ecap

obtained from the (at/w)? analysis (open black squares).
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