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Mott localization in the van der Waals crystal Crl;: A GGA+DMFT study

L. Craco,"? S. S. Carara,' Y.-C. Shao,>* Y.-D. Chuang,? and B. Freelon*>
Unstitute of Physics, Federal University of Mato Grosso, 78060-900, Cuiabd, Mato Grosso, Brazil
2] eibniz Institute for Solid State and Materials Research Dresden, D-01069, Dresden, Germany
3Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
4Department of Physics, University of Houston, Houston, Texas 77204, USA

STexas Center for Superconductivity, University of Houston, Texas 77204, USA

Using the generalized gradient approximation plus dynamical mean-field theory (GGA+DMFT) we confirm
the importance of multi-orbital dynamical correlations in determining the paramagnetic insulating state of
Crl;. While the ferromagnetic phase reveals weak electronic correlation effects due to strong spin-orbital
polarization, the Mott insulating state of paramagnetic Crl; crystal is shown to be driven by the interplay between
orbital-dependent one-electron lineshape and multi-orbital electronic interactions. To probe the paramagnetic
Mott insulating state we performed x-ray absorption spectroscopy (XAS) measurements for the two structural
phases of Crl;. Our study is relevant to understanding the orbital-selective electronic structure reconstruction of
Mott insulators and should be applicable to other van der Waals bonded materials from bulk to the ultrathin limit.

I. INTRODUCTION

Intrinsic van der Waals magnetic materials have received
growing interest [1-4] due to their potential for a wide spec-
trum of spintronic applications and the opportunity for the
development of functional heterostuctures [5]. Of particular
interest is chromium triiodide (Crlz) [6], showing a layer-
dependent magnetic ground state [7,8]. In this system the
magnetic moments are aligned in the out-of-plane direction
of each layer and antialigned in adjacent layers [5,8—11].
As a result, monolayer Crlz is ferromagnetism [12] bilayer
Crl; has an antiferromanegtically ordered ground state [§]
and bulk Crlj is a ferromagnetic semiconductor [11-13] with
Curie temperature of 7o = 61 K and band gap of approxi-
mately 1.6 eV [6]. Upon cooling, Crl; undergoes a structural
phase transition around 220 K from the high-temperature
monoclinic (space group C2/m) to the rthombohedral (R3)
low-temperature phase [14-16], see Fig. 1. It is noteworthy
that Crl; displays electric field controlled magnetism [17] and
strong magnetic anisotropy [14,18]. The magnetic properties
of Crl; mono and bilayers can be controlled by electrostatic
doping [17] or by pressure in atomically thin films [19]. Monte
Carlo simulations for the Heisenberg model predicts Curie
temperatures of chromium trihalides up to 90 K, which could
be further increased by applying biaxial tensile strains [20].
With the main absorption peaks lying in the visible part of the
spectrum, Crlj; is considered to be a possible candidate for fu-
ture magneto-electronic and magneto-optic applications [20].

It is now recognized that in narrow-band transition-metal
oxides and halides localized moments naturally emerge in the
incompletely filled 3d shells of the transition metal ions [21].
This is known to be a consequence of strong electron correla-
tion effects in the solid [22]. On general grounds narrow band

transition-metal systems often follow in the rubric of Mott-
Hubbard and charge-transfer insulators [22,23] where on-site
electron-electron interactions are described by Hubbard-type
many-body (multiband or not) model Hamiltonians. With
this in place and using a Rayleigh-Schrodinger perturbation
expansion of a multiband Hubbard model, the authors of
Ref. [21] derived analytic expressions for the superexchange
coupling constants between Cr ions of Rb,CrCl, and the CrX3
(X = Br, CL, I) family. Importantly, the degree of electron-
electron interactions in CrCls and CrBrj crystals have been
estimated using a combination of photoemission and ultra-
violet reflectance spectroscopy [23], predicting an average
on-site Coulomb interaction U of 3.45 + 0.25 for CrCl; and
2.95 £ 0.25 for CrBrj in good qualitative accord with the U
values used in our GGA+DMFT calculations for Crlz bulk
crystal [24].

Electronic structure, band gap, and magnetic properties
from bulk down to single layer Crl; were investigated by
different ab initio density functional theories (DFT) imple-
mented within the generalized gradient approximation (GGA)
and GGA+U schemes. [7,11-13,20]. These calculations cor-
rectly describe the insulating electronic state of ferromagnetic
Crls, with almost fully spin-polarized minority, spin-|, elec-
tronic states. Moreover, a perusal of extant GGA+U studies,
which explicitly take into account the effect of local electron-
electron interactions in the Cr 3d shell, reveals that the
on-site Coulomb interaction U for Crl; could be in the range
between 1.0 and 3.9 eV [7,11,12]. However, in spite of
these theoretical efforts, neither the insulating state of Crlz
above T¢ [1,9] nor the orbital-selective electronic structure
reconstruction of paramagnetic Crls crystal have been dis-
cussed so far. In this work we shed light onto this problem
within the GGA+DMFT approximation [25], showing that
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FIG. 1. Schematic
(b) rhombohedral crystal structure of Crls. Black lines represent the
unit cells.

representation of (a) monoclinic and

the emergent strongly correlated electronic state is caused
by large dynamical transfer of spectral weight with concomi-
tant formation of orbital-selective localized moments in Crls.
Similar to BiFeOs [26] our study highlights the importance
of incorporating dynamical many-particle aspects of multi-
orbital (MO) electronic correlation effects within the Cr-3d
orbitals to correctly derive the insulating spectra of para-
magnetic Crl;. Likewise, here we present a self-consistent
many-particle study of electronic structure calculations using
the GGA+DMFT approach for Crl; crystal. We show how
this can provide a consistent explanation for the more relevant
electron correlation fingerprints in the unoccupied states near
the Fermi level, Er.

II. RESULTS AND DISCUSSION

Here, the DFT calculations were performed for the nor-
mal and the spin-polarized electronic state of Crl; using the
SIESTA ab initio simulation package [27]. Generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
implementation [28] was applied as the exchange correlation
functional. Norm-conserving pseudopotentials of Troullier-
Martins [29] in Kleinman-Bylander nonlocal form were used
to represent the ionic core potential. The Kohn-Sham or-
bitals [30] are expanded in a linear combination of atomic
orbitals of finite range which is determined by a common
confinement energy shift of 0.01 Ry [31]. The precision of the
real-space grid integration is determined by an energy cutoff
of 200 Ry [32]. The respective Brillouin zone is sampled by a
10 x 10 x 10 Monkhorst-Pack grid [33] for a primitive cell of
bulk Crl;. All the lattice constants were taken from Ref. [16].
Finally, the atomic positions were fully optimized until all the
force components became smaller than 0.04 eV/A. Within
this, in Fig. 2 we display the band structure of ferromagnetic
Crl; bulk crystal, confirming that the electronic and magnetic
properties of Crls are represented by the ferromagnetically or-
dered ground state [12]. As expected [12,34], due to intrinsic
spin-polarization the degenerated bands get split, resulting in
an indirect energy band gap of 0.54 and 3.23 eV for the major-
ity (spin-1) and minority (spin-|) electrons, respectively. As
seen, for the spin-1 electrons, the conduction band minimum

Energy (eV)

FIG. 2. GGA band structure of ferromagnetic Crl; rhombohedral
bulk crystal, with the Fermi level (Er) being set to zero. The solid-
red and dashed-blue lines indicate, respectively, the attribution of the
majority and minority spin states.

and valence band maximum are located at the I" point and in
the line from I" to M. On the other hand, for the spin-| elec-
tronic channel, the indirect band gap originates from M and I'
points in accord with earlier studies [34]. It is also noted that
the conduction and valence band state close Er are exclusively
occupied by spin-4, rendering a half-semiconducting elec-
tronic state [34] relevant to spintronic and spin photovoltaic
devices based on single-spin semiconductors [12].

To provide insights for the emergent electronic reconstruc-
tion due to Mott-Hubbard localization [21] as well as the
emergence of upper Hubbard bands [22] in the monoclinic and
rhombohedral structural phases of paramagnetic Crls, we use
x-ray absorption spectroscopy (XAS). The total fluorescence
yield (TFY) mode of XAS spectra were recorded using the
gRIXS end station at Beamline 8.0.1 at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory [35].
Commercial Crlz samples from HQ graphene were used in the
measurement. The samples were cleaved ex sifu in the dark Ar
environment to minimize the degradation before being intro-
duced into the experimental load lock chamber. During the
measurement, the photon polarization was in the horizontal
plane (;r-polarization) and the beamline energy resolution was
set to 0.35 eV. The sample was oriented at 45° incidence angle
relative to the surface normal. A GaAsP photodiode for TFY
collection was located at 140 degrees emission angle relative
to the incident x-ray beam, that roughly face to the sample
surface. An open cycle cryostat with flowing liquid nitrogen
(LN2) was used to cool the sample down from 300 to 80 K for
temperature-dependence measurements. The XAS spectra at
the Cr L2,3-edge were first normalized to the incident photon
flux from an upstream Au mesh and further normalization to
make the pre- and post-edge spectral weight to be 0 and 1,
respectively.
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FIG. 3. Effect of ferromagnetic spin-ordering on the bare GGA
orbital- and spin-resolved density of states (DOS) of rhombo-
hedral Crl; bulk crystal, showing strong orbital-spin polarization
effects. Comparison between the total GGA and GGA+DMFT(MO-
IPT) [24] DOS for the Cr 3d-states of Crl; (lower-inset), displaying
weak transfer of spectral weight due to strong orbital and spin polar-
ization. Upper inset displays the total GGA 3d-DOS of monoclinic
and rhombohedral crystal structure, showing similar electronic struc-
ture within the paramagnetic phase of Crl;.

Before delving into the emergent Mott insulating state [22]
of paramagnetic Crls, it should be noted that in earlier studies
the hidden correlated electronic structure of ferromagnetic
crystals has been studied [26,36,37], showing why they can
be semiquantitatively understood using DFT+DMFT with
sizable MO correlations. Here, we extend this aspect to char-
acterize first the electronic properties of ferromagnetic Crls
and its link to spin and orbital polarization. To begin with, in
the two main panels of Fig. 3 we show the orbital-resolved
GGA density of states (DOS) of the majority (1) and mi-
nority ({) spin channels of ferromagnetic Crl;. Owing to the
octahedral environment of the Cr sites, the 3d (magnetic or
not) states are split in low-lying #,, and high-lying e, groups.
These two groups are composed by twofold-degenerate 7,
and e, and a nondegenerate f,, orbital [38]. Consistent with
earlier DFT studies for bulk Crl3 [11-13] and as expected
for ferromagnetic systems, the majority spin band is found
at lower binding energies, while the minority spin channel
gets almost completely depopulated due to large spin splitting.
Interestingly, while the nondegenerate ground-state orbital is
almost fully polarized, residual 7,,» and e, electronic states
are found above the Fermi energy Er = w = 0. As seen in
Fig. 3, near Er the valence and the conduction band of the
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FIG. 4. Rhombohedral orbital-resolved GGA DOS of paramag-
netic Crl;, composed by twofold-degenerate 1,,» and e, orbitals and
a nondegenerate t,, orbital. An important feature to be seen is the
narrow bare bandwidth and the fact that all bands in GGA span a
small region near Ey. This confirms that the electronic states relevant
to Crl; are the Cr 3d-states.

majority spin channel are well separated, with a finite gap
between them, characterizing the band-insulating state of fer-
romagnetic Crl; [11]. Taken together, our GGA results in
the main panels of Fig. 3 suggest strong spin-orbital dif-
ferentiation in Crl; which would lead to decreased electron
correlation effects through increasing spin polarization. To
confirm this aspect we show in the lower-inset of Fig. 3 the
GGA-+DMFT [24] result (see our discussion below) for ferro-
magnetic Crlz, showing very similar total DOS as compared
to the bare GGA result. The central result to be seen in this
inset is the tinny band broadening modification observed in
the GGA+DMFT DOS. Hence, due to strong spin-orbital
polarization intrinsic MO dynamical correlations lead to weak
spectral weight redistribution within the correlated MO elec-
tronic structure of ferromagnetic Crls.

According to our results in Fig. 3, the insulating state in fer-
romagnetic Crlj is of orbital-selective type, where electronic
localization is restricted to a particular subset of the active
orbitals present in the problem. This tendency is clearly visi-
ble in Fig. 3, where the majority #,, band is fully polarized,
while in the #,,-1 and eg—T channels conduction band states
are found above Er. Our results thus suggest the coexistence
of distinct orbital degrees freedom in ferromagnetic Crlz at
low energies. Interestingly, in addition our GGA results in
the upper inset of Fig. 3 shows nearly similar total DOS for
the monoclinic (C2/m) and the rhombohedral (R3) structural
phases of paramagnetic Crlz. This result implies weak bulk
electronic structure reconstruction across the structural phase
transition, and future spectroscopy studies are called for to
corroborate the emergence of similar paramagnetic lineshapes
in exfoliated Crl; systems.

We now turn our attention to the bare electronic structure
within the paramagnetic phase of rhombohedral Crl;. Consis-
tent with previous DFT calculations for the nonmagnetically
ordered phase of Crl; [11], our GGA results in Fig. 4 show



that the active electronic states in this chromium trihalide
compound involve the Cr 3d carriers, where all d-bands have
appreciable weight near Er. As seen, in the distorted R3
phase, the five Cr orbitals split into a nondegenerate #,, band
and two twofold-degenerate 1, and e, orbitals [38]. As com-
mon to transition-metal compounds, the e, states are higher
in energy and almost fully polarized within GGA. However,
as shown below strong MO electron-electron interactions will
scatter electrons among different orbital channels via the in-
terorbital Coulomb interaction U’ and the Hund’s exchange
parameter Jy [21], lowering the electronic e, states towards
the valence band and thus reducing the large GGA orbital
polarization of paramagnetic Crl;. Importantly, the narrow
bare bandwidth W near Er (which is close to 1 eV for all
active Cr orbitals) in GGA puts paramagnetic Crl; within
Mott-localized family of strongly correlated transition-metal
compounds [22].

Although first-principles GGA and GGA+U calculations
have provided reliable structural and magnetic ground-
state information for Crlz [7,11-13], they are known to
generically fail to capture the ubiquitous dynamical cor-
relation effects [22,25], and so cannot access MO Mott-
localization and the emergence of Hubbard satellites (local
moments) at high energies. Combining DFT with DMFT
is the state-of-the-art prescription for overcoming this prob-
lem [25]. Thus, as common to correlated materials within
GGA the one-electron part of the MO Hamiltonian for
Crl reads Ho =Yy o, €a(K)Cy . o Ckao + D00 €iaoMiao
where a = (tyy1, b, e2) denote its diagonalized 3d or-
bitals and €,(k) is the corresponding band dispersion,
which encodes details of the one-electron band structure.
These five Cr-3d bands are the relevant one-particle inputs
for MO-DMFT which generates a Mott-Hubbard insulat-
ing state as shown below. The many-body Hamiltonian
for Crlz is Hin=U ),  Niathiay + U’ Zm#b i alip —
Ju Zw £b Si.a - Sip. (Here U is the on-site Coulomb interac-
tion, U' = U — 2Jy is the interorbital Coulomb interaction
term, and Jy is the Hund’s coupling needed to describe
superexchange coupling constants and magnetic interac-
tions of Cr-based compounds, including Crl; [21]. To avoid
double-counting of the (static) mean-field contributions from
the electron-electron interactions already included in the
DFT [39], the one-particle orbital energies are corrected from
their bare GGA values to € ,, = €40 — U(nig0 — %) +

31 (i — 1) [B6] sothat Hy = 37y €a.0 (K)o Chao +
Y iao €iaoliac. We evaluate the many-particle Green’s
functions [G 4,0 (w)] of the MO Hamiltonian H = Hj +
H;ye within GGA+DMFT [25], using MO-iterated perturba-
tion theory (MO-IPT) as impurity solver [40]. The DMFT
solution involves replacing the lattice model by a self-
consistently embedded MO-Anderson impurity model, and
the self-consistency condition requiring the local impurity
Green’s function to be equal to the local Green’s function
for the lattice. The full set of equations for the MO-IPT case
can be found in Ref. [40] so we do not repeat the equations
here. This interpolative ansatz is known to account for the
correct low- and high-energy behavior of the one-particle
spectral function and self-energies of Hubbard-like models
in the large-D limit (DMFT). It ensures the Mott-Hubbard

o (eV)

FIG. 5. Comparison between orbital-resolved and total GGA and
GGA+DMFT(MO-IPT) [24] DOS for the Cr 3d-orbitals of rhom-
bohedral Crl;. Noteworthy is the electronic reconstruction and the
formation of a Mott-Hubbard gap and Hubbard satellites at low
and high energies, respectively, due to strong dynamical transfer of
spectral weight within single-site DMFT approximation.

metal-insulator transition from a correlated metal to a Mott
insulator as a function of the Coulomb interaction U. The
MO-IPT scheme is computationally very efficient, with real
frequency output at zero and finite temperatures [41], enabling
the study of electronic structure reconstruction and transport
properties of real materials with different magnetically or-
dered states and superconducting phase instabilities. Our real
frequency MO-IPT scheme [40] has a proven record of good
semiquantitative agreements with experiment for a range of
correlated materials, and as shown recently it gives results
for the spectral functions and self-energies in qualitatively
accord with numerical exact continuous-time quantum Monte
Carlo (CT-QMC) calculations [42,43], in spite of the fact
that fully charged self-consistent DFT4+DMFT calculations
are presently unreachable within our perturbative treatment.
In view of this, below we focus on the correlated spectral
functions of paramagnetic Crls bulk crystal and leave the
extension of our approach as well as the derivation of the
Mott-localized DFT+DMFT band structure for a future work.

Let us now discuss our GGA+DMFT(MO-IPT) result ob-
tained within the Cr>t oxidation state in Crl; [3]. In Fig. 5
we display the effect of considering MO dynamical electron-
electron interactions on the orbital-resolved spectral functions
of the rhombohedral Crl; parent compound. As seen at fixed
U values [24] and Jy = 0.85 eV [11] the system is a true
Mott-Hubbard insulator [21] where all orbital sectors display
a Mott-Hubbard gap at E [22]. In spite of the orbital-selective
transfer of spectral weight, the lower and upper Hubbard
bands at high energies are visible in a more or less pronounced
way, depending on the orbital character, in all orbital-resolved
spectral functions. This behavior highlights the intrinsic ten-
dency towards large transfer of spectral weight and Mott
localization in transition-metal compounds [22] where the
U/W ratio is usually sizable. Moreover, as seen in Fig. 5,
paramagnetic Crlj is in the all-orbital Mott localized state
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FIG. 6. Comparison between experimental XAS data and total
GGA+DMFT(MO-IPT) DOS for the monoclinic (circles and solid
line) and rhombohedral (squares and dashed line) structural phases of
paramagnetic Crl;, showing in the main panel (a) the deconvoluted
GGA+DMFT(MO-IPT) DOS using Lorentzian broadening. Notice
the qualitative good theory experiment accord of the low-energy
spectral lineshape. The right-inset (c) displays our experimental XAS
results in the large energy window, showing good agreement with
extant measurements [44] and confirming a bulk behavior that is
nearly independent of crystal and band structure details: This in-
trinsic behavior is validated in the left inset (b), where the total
GGA+DMFT(MO-IPT) spectral functions are also in good quali-
tative agreement with differential conductance of tetralayer Crl; [45]
at energies above £0.05 eV, providing support to the view of orbital-
dependent Coulomb correlation effects in Crl; [24].

with a narrow orbital-selective band-gap size followed by
incoherent shoulder features relevant to low-energy optical
and spectroscopy responses of paramagnetic Crl;.

Combining XAS measurements and GGA+DMFT calcu-
lations (see Fig. 6), we show that the electronic structure
of paramagnetic Crl; needs to be described by localized 3d
orbitals, rather than itinerant states found in the bare GGA
limit. It is interesting to notice in Fig. 5 that similar Mott
localization can still occur in Crl; even if the on-site Coulomb
interaction U is orbital-selective, as due to strong interorbital
Mott mechanism, which equally blocks the hopping between
the Cr sites. This peculiar behavior is caused by interorbital
Coulomb correlation effects, so a single-site DMFT descrip-
tion is appropriate to Crl; and analogs. We also emphasize
that the GGA+DMFT scheme used in this work can be ap-
plied to investigate the two-particle excitations probed, for
example, in transport and NMR experiments.

In Fig. 6, we compare the GGA+DMFT spectral functions
with XAS data obtained within the two structural phases of
Crl; crystal. Interestingly and consistent with our GGA results
in Fig. 3, our XAS results show weak electronic structure
reconstruction over the entire energy range probed in exper-
iment [see Fig. 6(c)], implying that the resonant absorption
processes probed in by XAS is nearly independent of band and
crystal structure details. This is corroborated by our theory-
experiment comparison of the GGA+DMFT total DOS and

FIG. 7. Evolution of the

GGA+DMFT(MO-IPT) orbital-
resolved and total DOS of rhombohedral Crl; bulk crystal with
increasing the on-site Coulomb interaction U(= U,zg] :U,zg2 =
U, ,), showing all-electron Mott localization at U = 5.5 eV. The
baie GGA result is shown for comparison.

differential conductance through a tetralayer Crl; tunnel
barrier [45], providing support for the electronic structure
reconstruction in spite of our choice for the orbital-dependent
Coulomb correlation effects [24]. It worth noticing, however,
that since only the five 3d-bands of Crl; were included in the
GGA-+DMEFT treatment, in our theory-experiment compari-
son in the main panel of Fig. 6 we restrict the energy window
up to 3.5 eV above Ep: this is beyond the region where only
the five d-bands dominate in GGA. Clearly, good qualitative
agreement with both XAS results is obtained at energies be-
low 1.7 eV. In particular, the low-energy lineshape is faithfully
reproduced. Remarkably, our GGA+DMFT calculations in
Fig. 6(a) reproduce the two main low-energy features at 0.58
and 1.64 eV in good qualitative agreement with XAS results.
Here, the double-bump features seen in XAS of Crl; are
interpreted as arising from collective intra and interorbital
fluctuations within the Mott-localized electronic state. Taken
together, our results in Figs. 6(a) and 6(b), which display the
theory-experiment comparison between GGA+DMFT total
spectral function and differential conductance of tetralayer
Crl; [45], constitute a consistent rationalization of basic one-
particle responses of paramagnetic Crls and serve as a basis to
explore the MO electronic reconstruction of bulk and ultrathin
Chromium trihalides [13,46].

What would be the electronic structure reconstruction in
Crl; towards all-electron Mott localization if one assumes
orbital-independent Coulomb interactions, i.e., U,zgl = U,zg2 =
Ueg2 = U? To answer this question of fundamental importance
in Fig. 7 we show the changes in the correlated spectra upon
increasing the on-site Coulomb interaction U. As seen, while
at U = 2.5 eV the 1, orbital is near to selective Mottness,
an orbital-Kondo phenomena (characteristic of systems with
orbital degeneracy) [36,47] develops within the 7, and e,
orbital channels. Additionally, due to U’-induced orbital prox-
imity effect, a Kondo-quasiparticle resonance also emerges
at low energies in the Log! orbital sector at U = 4.0 €V, as
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FIG. 8. Temperature dependence of the electrical resistivity of
paramagnetic Crl; bulk crystal obtained using GGA+DMFT(MO-
IPT) spectral functions, showing its intrinsic insulating behavior as
T — 0: The theory curves have been rescaled in a way that p(T)
for the monoclinic phase coincides with that of tetralayer Crl; [45]
at T = 40 K. Inset shows the electrical resistivity within the experi-
mental T range.

clearly seen in Fig. 7. Finally, due to strongly enhanced MO
electronic interactions, at U = 5.5 eV Crl; is an all-electron
Mott insulator, showing well-resolved Hubbard bands and
Mott-Hubbard gaps. However, while the #,,1 orbital is fully
Mott localized, the double degenerated orbitals are close to
selective Mottness, showing valence band low-energy shoul-
ders. Taken together, strong dynamical correlations due to
sizable U and U’ cause appreciable spectral weight transfer
over large energy scales, from low to high energies across
the Mott metal-insulator transition, which leads to a drastic
modification of the total spectral function as compared to
that shown in Figs. 5 and 6, providing support to intrinsic
orbital-selective Coulomb correlation effects in Crls [24].

As a further illustration for the correlated MO nature of
paramagnetic Crls, in Fig. 8 we display the T-dependence
of electrical resistivity [pg.(T) = 1/04.(T]), computed using
the GGA+4+-DMFT orbital-resolved spectral functions for the
two structural phases of Crl; in 0,4.(T) [42] assuming, as in
Fig. 6, orbital-dependent Coulomb interaction effects. Various
interesting features immediately stand out. First, p;.(T — 0)
is large with clear insulating-like behavior above 40 K, in
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