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The 3d transition metal insulator Bi2CrAl3O9 forms with a quasi-one dimensional structure char-
acterized by linear chains of edge-sharing, Cr-and Al-centered, distorted octahedra. The UV/Vis
spectrum of high quality single crystals is marked by broad absorption edges corresponding to direct
transitions across a 1.36 eV insulating gap. Measurements of DC magnetic susceptibility χ reveal a
fluctuating moment of 2.60± 0.01 µB/Cr – reduced from the 3.87 µB/Cr expected for Cr3+, while
the Weiss temperature ΘW = −21± 1 K implies that the prevailing local moment interactions are
weakly antiferromagnetic in nature. Some 10% of the fluctuating moment is quenched, presumably
due to the onset of an antiferromagnetic or spin glass phase at temperature T ? = 98 ± 3 K, while
measurements of magnetization vs. field H at T ≤ 10 K scale as H/T 0.68(4), suggesting the presence
of quantum fluctuations associated with a disordered phase. Density functional theory calculations
carried out within the generalized gradient approximation are in excellent agreement with exper-
imental results, asserting that short-range magnetic interactions remnant above T ? stabilize the
insulating state.

I. INTRODUCTION

Bi2M4O9-type oxides, where M represents an osten-
sibly trivalent metal, form a class of narrow gap insu-
lators that often host band edges or gap states with
nearly dispersionless transition metal 3d character. Ac-
cordingly, these materials give rise to a wide variety of
optical and magnetic phenomena, including photocatal-
ysis1, fluorescence2–5, photocurrent excitations6, magne-
todielectric effects7,8, and multiferroicity9.

Bi2Fe4O9 is a unique member of this class of materials
in that it provides one of the few experimental realiza-
tions of the Cairo pentagonal lattice. Here, local mag-
netic moments situated at the vertices of a framework of
non-regular pentagons form a geometrically-frustrated,
five-fold analogy to the three-fold kagome lattice 10–12. In
general, Cairo pentagonal systems can be driven through
several competing phase transitions by tuning the size
of the moment and the ratios of the exchange coupling
constants12–14. In the J = 1/2 quantum limit, strong
quantum fluctuations may even give rise to exotic spin
nematic and non-magnetic phases12,15. For its part,
Bi2Fe4O9 is an antiferromagnet below Néel temperature
TN = 264 ± 3 K with a large, J = 5/2 Fe3+ ordered
moment reaching 4.95± 0.08 µB/Fe as T → 0 K16 and a
correspondingly large fluctuating moment 6.3±0.3 µB/Fe
above TN

10. Upon ordering, the moments are con-
strained within the ab plane in a peculiar and frustrated
magnetic structure consisting of two domains in which
pairs of moments are oriented 90◦ from corresponding
pairs on the same site in the opposite domain, realizing
in the aggregate a four-fold rotational symmetry within
an orthorhombic system10.

Similar – if perhaps more complicated – physics arises
in Bi4Fe5O13F, which forms from a stacking variant of the
Bi2Fe4O9 Cairo pentagonal planes17,18, providing a win-
dow into the inherent tunability of exchange interactions

among the pentagonal elements. The crystal structures
of these two intimately related compounds are composed
predominantly of octahedra and tetrahedra of O arranged
in layers within the ab plane, similar to the structure we
show in figure 1. In both Bi2Fe4O9 and Bi4Fe5O13F, the
octahedrally- and tetrahedrally-coordinated atomic posi-
tions are fully occupied by Fe3+ in the 3d5 configuration,
and it is this network that gives rise to the Cairo pentag-
onal lattice within the plane.

We present in this work the crystal structure and
the optical and magnetic properties of Bi2CrAl3O9, an
isostructural analog in which the magnetic species is rel-
egated to a single, half-filled site. Unlike Bi2Fe4O9, the
tetrahedrally-coordinated atomic positions of this anal-
ogous compound are occupied instead by non-magnetic
Al, while the octahedrally-coordinated positions contain
equal parts Al and J = 3/2 Cr3+, distributed statis-
tically. Because these octahedra are arranged in edge-
sharing chains along c, Bi2CrAl3O9 gives rise to a disor-
dered, quasi-one dimensional motif in place of the frus-
trated, quasi-two dimensional Cairo lattice of Bi2Fe4O9

and Bi4Fe5O13F. Through optical and magnetic measure-
ments on high quality single crystal samples, we find in
Bi2CrAl3O9 a comparatively more itinerant system with
a narrower band gap, a fluctuating moment markedly re-
duced from the Cr3+ free ion value, the onset of partial
magnetic order at T ? = 98 ± 3 K, and the suggestion
of quantum fluctuations emerging from this frustrated,
disordered system as T → 0 K.

II. METHODS

We grew single crystals of Bi2CrAl3O9 as large as
500 µm × 100 µm × 50 µm from commercial Cr2O3

and Al2O3 powders and excess Bi2O3 flux. Some 2.5 g
of these precursors were assembled in atomic ratios of
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24 Cr2O3 + 5 Al2O3 + 76 Bi2O3, heated in air to 1323 K
over a period of two hours, held at this temperature for
two hours, and cooled to 1098 K over a period of 64
hours. After removal from the furnace, we mechanically
extracted the green, translucent, plate-like crystals from
the regulus. We determined their crystal structure us-
ing an Oxford Gemini single-crystal diffractometer with
Mo Kα radiation by employing a charge-flipping algo-
rithm19–21. We collected UV-Vis diffuse reflectance spec-
tra with photon wavelengths λ = 900 to 310 nm in a
Cintra 40 double-beam spectrometer equipped with an
integrating sphere and using BaSO4 as a reference. The
resolution in λ was 1.0 nm. We carried out DC mag-
netization measurements on a collection of single crys-
tals enclosed within a gold sachet via a Quantum Design
Physical Property Measurement System with the Vibrat-
ing Sample Magnetometer option. Samples were zero-
field cooled to base temperature T = 3 K, a DC field
was applied, and measurements were carried out upon
warming. We performed density functional theory DFT
calculations using the Quantum ESPRESSO package22,23

with the Perdew-Burke-Ernzerhof parametrization of the
exchange correlation potential in the generalized gradi-
ent approximation and with Standard Solid State Pseu-
dopotentials24. We found the onsite Coulomb interac-
tion U and the intra-atomic Hund’s exchange JH from
first principles by employing an internally-consistent lin-
ear response technique25,26.

III. RESULTS AND DISCUSSION

A. Quasi-one dimensional, disordered crystal
structure

As we show in figure 1(a), the crystal structure of
Bi2CrAl3O9 is composed of distorted, vertex-sharing oc-
tahedra and tetrahedra of O, while Bi occupy the inter-
polyhedral channels. Our refinement of single crystal
x-ray diffraction data reveals that the tetrahedra are
solely occupied by Al, while the octahedra are occu-
pied by both Cr and Al. Our overall refined composition
Bi2Cr1.01(2)Al2.99(2)O9 is indistinguishable from half Cr
and half Al occupancy of the octahedral site. While we
were able to synthesize crystals with lower Cr content,
we were not able to increase the overall Cr:Al ratio be-
yond 1:3, suggesting an upper limit to Cr solubility in the
Bi2Al4O9 structure. Our results are in close agreement
with those of previous reports of polycrystalline samples,
in which Rietveld refinement of diffraction patterns from
calcined powders resulted in Bi2CrxAl4−xO9 with x no
larger than 1.2 before the breakdown of Vegard’s rule
and the appearance of secondary phases27. On the other
hand, our observation of transition metal site preference
provides a marked contrast to Bi2FexAl4−xO9, in which
Fe and Al atoms are distributed nearly uniformly across
both sites28. Our x-ray diffraction refinement provides
clear evidence that in Bi2CrAl3O9, Cr is constrained to

FIG. 1. (Color online) (a) The unit cell of Bi2CrAl3O9 with
Cr0.5Al0.5-centered distorted octahedra colored in red, Al-
centered tetrahedra colored in blue, Bi drawn in white, and
O drawn in black, as indicated. The obtained space group
is Pbam, and the lattice parameters are a = 8.1354(12) Å,
b = 7.7532(10) Å, and c = 5.7518(9) Å. Refinement parame-
ters are residual R = 2.58, weighted residual wR = 2.45, and
goodness of fit S = 1.02. (b) An optical microscope image of
a typical crystal illustrating its plate-like habit. (c) A view
of the chain of Cr0.5Al0.5-centered, distorted octahedra ori-
ented along c with nearest-neighbor (Cr0.5Al0.5)-(Cr0.5Al0.5)
distances d1 and d2 and O-(Cr0.5Al0.5)-O angles θ1 and θ2
indicated. Colors are as in (a). (d) The (0kl) reciprocal space
map showing well-indexed, clean, round reflections and no
evidence of an occupancy-related superstructure.

the octahedral site and the Cr:Al ratio on this site is 1:1
within a narrow window of experimental uncertainty. An
example of our flux-grown single crystals is shown in fig.
1(b).

Fig. 1(c) offers a closer look at the distorted and
disordered octahedrally-coordinated Cr0.50Al0.50 sites
in Bi2CrAl3O9, which form edge-sharing chains along
c with alternating nearest-neighbor distances between
Cr0.50Al0.50 sites along the chain equal to d1 =
2.760(2) Å and d2 = 2.992(2) Å. For comparison, inter-
chain Cr0.50Al0.50 distances are uniformly 5.6189(6) Å or
longer, suggesting that magnetic interactions between
nearest-neighbor Cr in this compound may be primar-
ily quasi-one dimensional. Meanwhile, intra-chain O-
(Cr0.5Al0.5)-O angles θ1 = 86.8(2)◦ and θ2 = 79.98(19)◦,
indicate significant distortion from the regular octahe-
dron θ1 = θ2 = 90◦, indicating that energy levels associ-
ated with Cr3+ are likely to be additionally split by dis-
tortions from the ideal octahedral crystal field. Bond va-
lence sums are 3.299(16) for the octahedrally-coordinated
Cr and 2.746(12) for the octahedrally-coordinated Al,
consistent with the expectation of Cr3+. Meanwhile, the
apparent modest underbonding of Al3+ and concurrent
overbonding of Cr3+ suggests additional structural dis-
tortions of the octahedra that are not captured in the
aggregate model. Specifically, local bond distances may
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be respectively on the order of 1% larger and smaller in
the CrO6 octahedra and AlO6 octahedra than in the av-
erage model, contributing to composition-induced local
strain within the octahedral chains.

It is conceivable in this structure that the Al and Cr
occupying the distorted octahedrally-coordinated sites
could segregate in an orderly manner, thereby giving rise
to a new periodicity, perhaps most likely along the chain
direction. On the contrary, fig. 1(d) shows an example of
a reciprocal space map of the (0kl) plane, as integrated
from our x-ray diffraction images, in which all spots are
indexed by the lattice parameters. As shown in the fig-
ure, there is no evidence of any superstructure-derived re-
flections, such as might be related to occupancy ordering
beyond the boundaries of the unit cell. Other reciprocal
space planes are similarly well-indexed. The absence of
any such reflections in the integrated maps indicates that
if ordering occurs, it be limited to within the unit cell.

Accordingly, we also considered structural solutions
with the maximal non-isomorphic, non-centrosymmetric
space group Pba2 to address the possibility of reduced
symmetry as would stem from ordered occupancy of the
octahedrally-coordinated site within the cell. This group
lacks the inversion operator, the removal of which would
permit Cr and Al to alternate freely within the octahe-
dral chains. Even with this lower symmetry group, how-
ever, the residuals and the goodness-of-fit of our structure
solutions are not improved over those associated with
the Pbam space group of the Bi2Al4O9 structure, sug-
gesting that the Cr/Al occupancy of the octahedrally-
coordinated site likely remains disordered even at the
unit cell level. We similarly considered monoclinic distor-
tion of orthorhombic Bi2CrAl3O9 to space groups P21/c
and P2/c again without improving the quality of the re-
finement. This outcome suggests that the edge-sharing
octahedra of fig. 1(c) host a disordered, statistical dis-
tribution of N -member chains of Cr along c, where often
N = 1, but also N = 2, 3, 4 . . . as populations of higher
N chains arise with diminishing likelihoods.

B. Optical gap and Cr3+-derived optical transitions

Fig. 2 shows that Bi2CrAl3O9 is an insulator with a
narrow energy gap, the structure of which can be un-
derstood in terms of the local physics of octahedrally-
coordinated Cr3+. In Fig. 2(a) we show the as-measured,
background-subtracted diffuse reflectance spectrum col-
lected from a mosaic of ∼50 µm thick single crystals
mounted to the surface of an integrating sphere with
light incident upon the (100) surfaces. Reflectance R
approaches 100% at the low photon energy hν end of
the spectrum, demonstrating that the crystals approach
transparency in the near infrared. R reaches a local min-
imum at 2.06 eV (602 nm) and a local maximum at
2.36 eV (525 nm), in excellent agreement with the ob-
served green color of the crystals, before decreasing fur-
ther as hν increases, presumably due to photo-excitation

FIG. 2. (Color online) (a) The UV-Vis diffuse reflectance
R spectrum (black) of a mosaic of Bi2CrAl3O9 single crystals
plotted as a function of incident photon energy hν from 1.38 to
4.00 eV, corresponding to wavelength λ = 900 to 310 nm. The
green dashed lines are guides for the eye to indicate the po-
sitions of likely 4A2(t32) →4 T2(t22e) and 4A2(t32) →4 T1(t22e)
transitions, as indicated. Inset: The fine structure of the
R-lines, resulting from 4A2(t32) →2 E(t32) transitions. The
dashed blue lines are guides for the eye. (b) The square of
the Kubelka-Munk function f(R)2 plotted versus hν (black),
where the solid red lines are best fits of the Tauc relation to
the linear regions (see text).

of charge carriers across the gap. The dominant contri-
bution to the spectrum consists of the two broad absorp-
tion bands indicated by dashed lines in the figure, which
likely correspond to transitions of nearly octahedrally-
coordinated Cr3+ from the ground state to the first and
second excited quartet states29. In terms of irreducible
representations of the Oh group and of Cr 3d states,
these two transitions equate to: 4A2(t32)→4 T2(t22e) and
4A2(t32) →4 T1(t22e), respectively30, and signify the pro-
motion of a single electron from the Oh-stabilized t2g
states to an eg state. The transitions are spin-allowed
by Pauli exclusion, while their widths suggest substan-
tial vibronic broadening associated with the emission of
several phonons.

The sharp transitions shown more clearly in the in-
set to fig. 2(a) are likely the so-called R-lines, which
signify lower energy transitions from the ground state
to the excited doublet state 4A2(t32) →2 E(t32) involv-
ing no change of orbital. They are spin-forbidden but
nevertheless occur due to spin-orbit coupling to spin-
allowed bands within the same hν range. We observe
a fine structure consisting of four clear minima at 1.715,
1.749, 1.757, and 1.773 eV, suggesting that line split-
ting arises both from the distorted crystal field and from
Cr3+ spin-orbit coupling ζ. The magnitudes of split-
ting we observe are consistent with typical values of ζ
for Cr3+ in octahedral coordinations29. Additionally,
we observe a small dip in R at 2.26 eV, which is a
likely a Fano-type anti-resonance associated with a spin-



4

forbidden 4A2(t32) →4 T2(t32) transition 31. As a whole,
the spectrum reveals that Bi2CrAl3O9 is an insulating
system in which the Cr can be modeled as Cr3+ sub-
ject to spin orbit interactions as well as to a distorted
octahedral crystal field that is consistent with our x-ray
structural model. A key consequence of this model is
its Cr3+ half-filled 4A2(t32) ground state, which Hund’s
rules imply will yield magnetic moments with high-spin
J = 3/2 configuration.

We estimate the energy gap of Bi2CrAl3O9 from lines
of best fit tangent to the square of the Kubelka-Munk
function f(R)2 as shown in fig. 2(b). These tangent
lines were determined from linear regression to the Tauc
relation αhν = C(hν−Eg)β , for absorption coefficient α
and band gap Eg, where C is a fitting parameter depen-
dent in part upon the geometry of the exposed surface.
The exponent β is dictated by the nature of the allowed
transitions across the gap, with β = 1/2 corresponding
to direct transitions and β = 2 indirect. In the case of
Bi2CrAl3O9, the linear best fits are clearly superior when
β = 1/2, suggesting that the gap is direct, as is that of
Bi2Al4O9 itself, which explicitly lacks 3d transition metal
states near the gap32.

The observed maximum in R at 2.36 eV (Fig. 2(a))
separates two distinct linear regions in f(R)2, which in-
tercept the hν axis at 1.36 and 1.71 eV respectively. A
spin-split band gap has been proposed to explain the
parallel observation of two absorption edges in ferro-
magnetic Bi2Fe4O9

6,33, and DFT calculations support
this proposal, finding the density of states N(E) at the
bottom of the conduction band EF to be mainly com-
posed of nearly dispersionless states of predominantly
octehedrally-coordinated Fe-3d character34,35. Although
a number of magnetic origins have been put forth for the
lower energy absorption edge observed in Bi2Fe4O9, we
caution that its nature remains controversial36. Nonethe-
less, the similarity suggests that N(E) in Bi2CrAl3O9

may likewise consist of largely Cr-3d character near EF
and moreover that spin polarization may remain a fea-
ture of the electronic structure even at T = 301 K, the
temperature at which our spectrum was collected. DFT
calculations that we discuss below will clarify the nature
of the states near the gap in Bi2CrAl3O9. In any case,
to place the magnitude of our observed gap in context,
its extent is only half that of the 2.8 eV gap of undoped
Bi2Al4O9

32. Interestingly, it is also substantially nar-
rower than the 2.1 eV gap of Bi2Fe4O9

37, suggesting that
Bi2CrAl3O9 is a comparatively more itinerant system.

C. Magnetic fluctuations, order, and disorder

Figure 3 shows that Bi2CrAl3O9 is a Curie-Weiss para-
magnet above temperature T ? = 98 ± 3 K and suggests
that this compound may enter an ordered or spin glass
state with zero net magnetization M at this tempera-
ture. In fig. 3(a), we plot the T -dependence of the
dc magnetic susceptibility χ = M/H, where the field

FIG. 3. (Color online) (a) The temperature T dependence of
the dc magnetic susceptibility χ = M/H with applied field
H = 10, 000 Oe of a collection of Bi2CrAl3O9 single crystals
(black circles). Solid lines are fits as described in (b). (b) The
T dependence of 1/χ (black circles). The red and blue solid
lines are fits to the Curie-Weiss law across temperature ranges
T > 80 K and T < 75 K, respectively, and correspond to fluc-
tuating moments of 2.60±0.01 µB/Cr and 2.33±0.01 µB/Cr,
as indicated. (c) χT plotted as a function of T (black circles),
clarifying the discontinuity in slope at 79 ± 3 K. The solid
violet line is a smoothed representation of the data, obtained
by 5 point moving window average. (d) The T dependence of
Fisher’s specific heat d(χT )/dT computed from the smoothed
curve in (d).

H = 10, 000 Oe. As T is raised from 3.0 K, χ decreases
sharply and monotonically, as expected by the Curie-
Weiss law χ(T ) = C/(T − ΘW ), for Curie constant C
and Weiss temperature ΘW . The small magnitude of
χ = 0.26×10−2 emu/mol Cr at T = 300 K suggests that
the sum of any T -independent contributions to χ such as
Pauli, Van Vleck, or core diamagnetic susceptibilities is
small – as is typical of an insulator – and we find it un-
necessary to subtract a constant χ0 from the presented
data in subsequent analyses. The dominant contribution
to χ is apparently Curie-Weiss-like in character, consis-
tent with the presence of large and fluctuating Cr3+ local
moments.

Closer inspection of the reciprocal susceptibility 1/χ
reveals a discontinuity in slope at 79 ± 3 K, as shown
in fig. 3(b). Within the range 80-300 K, the data are
well modeled by a fluctuating moment corresponding to
2.60 ± 0.01 µB/Cr with a modest negative Weiss tem-
perature ΘW = −21 ± 1 K, indicating the local para-
magnetic moments maintain a weak tendency towards
anti-alignment. Below 75 K, the discontinuity in the
slope of 1/χ results in a ∼ 10% smaller fluctuating mo-
ment 2.33 ± 0.01 µB/Cr with vanishingly small ΘW =
−1.3±1 K. Both of of our obtained fluctuating moments
are notably less than the expected 3.8 µB/Cr3+ free ion
value, suggesting that hybridization of the Cr-3d orbitals



5

in this system is important to an extent not observed in
Bi2Fe4O9

16, a second indication that Bi2CrAl3O9 is com-
paratively more itinerant. Interestingly, Cr substitution
in the doped Cairo system Bi4CrxFe5−xO13F appears to
reduce the fluctuating moment in that compound from
5.4 µB/Fe for x = 017 to 3.9 µB per transition metal for
x = 1, an effect ascribed to increased transition metal hy-
bridization with O38, suggesting that the enhanced itin-
eracy we infer may be associated with disorder induced
by Cr substitution.

The disappearance of ∼ 10% of the moment from the
Curie-Weiss susceptibility in Bi2CrAl3O9 implies that
some 0.27 µB/Cr enters a net M = 0 antiferromagnetic
or spin glass phase, while the remaining 2.33±0.01 µB/Cr
remains fluctuating at temperatures below the transition.
The signature of this putative transition is more obvious
in fig. 3(c), which plots the T dependence of the product
χT and betrays an obvious discontinuity of slope near
T = 80 K. Multiplying the quantities χ and T has the
undesirable effect of magnifying the portion of the mea-
surement with the lowest ratio of signal to noise, so we
smoothed the data by applying a moving window aver-
age. As the figure shows, the moving average provides
an excellent representation of the data for T > 20 K,
which includes the region of interest, and permits us to
calculate Fisher’s heat capacity by d(χT )/dT ∝ Cm the
magnetic contribution to the specific heat39. As we show
in fig. 3(d), the quantity d(χT )/dT exhibits a sharp
increase coincident with the 1/χ slope discontinuity at
79± 3 K before reaching a broad, pronounced maximum
at T ? = 98±3 K, which we identify as the transition tem-
perature. Above this point, d(χT )/dT decays slowly over
a temperature range well in excess of 100 K, suggesting
that short-range magnetic correlations remain significant
at temperatures considerably beyond T ?. We note that
such a broad feature in Cm extending a factor of two or
three above TN is consistent with exact models of linear
chains of finitely-many Heisenberg moments with anti-
ferromagnetic coupling40, suggesting that similar physics
may be at play here. Most interestingly, short range
antiferromagnetic order was very recently observed in
neutron scattering experiments carried out above TN in
Bi2Fe4O9, suggesting that the tenacity of short range cor-
relations beyond long range ordering temperatures may
be a general feature among magnetic Bi2M4O9-type ox-
ides41.

We note that T ? is substantially greater than the mag-
nitude of the Weiss temperature in the paramagnetic
phase ΘW = −21 ± 1 K. Given that ΘW represents an
average of the inter-moment coupling constants42, this
discrepancy implies that the statistical occupancy of the
Cr0.50Al0.50 position gives rise to several local configu-
rations with competing interactions, perhaps stemming
from Cr chains of irregular lengths. That ΘW < 0 in
bulk implies that the tendency towards anti-alignment
is comparatively stronger, and it may be this interac-
tion that gives rise to the presumptive phase transition
at T ? = 98 ± 3 K involving ∼ 10% of the fluctuating

FIG. 4. (Color online) (a) Magnetic isotherms measured with
T incremented in 1 K steps as indicated. (b) Magnetization
M plotted as a function of H/T to illustrate deviation from
Brillouin function-like behavior. Colors as in (a), as indicated.
The upper and lower solid black lines are the g = 2, J = 3/2
Brillouin function with magnitude arbitrarily adjusted to the
T = 10 K and T = 4 K data, respectively. (c) M plotted
as a function of H/T γ with the critical exponent γ = 0.68(4)
indistinguishable from 2

3
, colors as in (a). (d) χT γ plotted

as a function of T for γ = 1 (red), γ = 0.68(4) (green), and
γ = 0.5 (blue), with near T -independence in the second case
supporting the value of the critical exponent γ = 0.68(4).
The solid green line serves to provide a horizontal guide for
the eye.

moment.

Fig. 4 supports this picture of correlated, disordered
chains and shows that M at T ≤ 10 K cannot arise from
individually fluctuating local moments. Plots of M(H)
displayed in fig. 4(a) are non-linear even at T = 10 K,
and the non-linearity becomes increasingly pronounced
as T is lowered, appearing at first glance as would be
expected of local paramagnetic moments. The observed
T → 0 moment at H = 50, 000 Oe approaches 0.8 µB/Cr,
but remains short of saturation. When the same data are
plotted as a function of H/T as in fig. 4(b), however, the
scaling is poor, and furthermore, they are clearly in dis-
cord with the Brillouin function BJ for J = 3/2 and
g = 2, even if we constrain the overall magnitude of BJ
for maximal agreement with the data. Plainly, the cur-
vature of M(H) is non-Brillouin-like, regardless of our
choice of free parameters, leading us to conclude that the
freely fluctuating moments of fig. 3 develop correlations
with their neighbors by T ≤ 10 K.

Correspondingly, if we reject Brillouin H/T scaling,
and instead plot M against H/T γ , for critical exponent
γ = 0.68(4), the isotherms collapse to nearly a single
curve as shown in fig. 4(c). We note that achieving
data collapse does not require implementation of a re-
duced temperature t = T − Tc for some critical temper-
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ature Tc
43, suggesting that the fluctuations responsible

for the observed scaling persist from an undetected tran-
sition that may occur at or near to Tc = 0 K. More-
over, that γ < 1 implies that these fluctuations may
be associated with a disordered, potentially quasi-one-
dimensional phase. By way of analogy, γ < 1 is found
for the disordered phase of random transverse-field Ising
spin chains (RTISC), which provide a convenient point
of comparison in that they are exactly soluble across a
wide range of parameters, including both ordered and
disordered phases44,45. In disordered RTISC systems, χ
diverges at low temperatures as χ(T ) ∼ 1/T γ (γ < 1),
suggesting that M adopts a universal function of H/T γ

for small H, just as we observe in Bi2CrAl3O9 in fig. 4(c).
Meanwhile, plots of χT γ shown in fig. 4(d) clarify the
concomitant 1/T γ-dependence of χ throughout this tem-
perature range. As the figure shows, when γ = 0.68(4),
the quantity χT γ is independent of T to within 1.4%
across the range 3.0 ≤ T ≤ 12.0 K, while the γ = 1
and γ = 0.5 curves betray obvious T -dependence (also
seen in fig. 3(c) for γ = 1). We do not mean to imply
that Bi2CrAl3O9 is necessarily an RTISC system, merely
that the compositional disorder and low-dimensionality
that we infer from our crystallographic characterization
of this system are potential roots of the observed H/T γ

scaling. We also reiterate that the sum χ0 of any Pauli,
Van Vleck, or core diamagnetic contributions is anO(1%)
effect. Accordingly, the observed M(H/T γ) arises solely
from coexistence of a static moment associated with the
T ? = 98 ± 3 K phase and thermal and quantum fluc-
tuations of some ordered state, frustrated by chemical
disorder, that would coalesce only at T < 3 K if at all.

D. Origin of the gap

Fig. 5 shows the results of DFT calculations that re-
produce the observed high temperature gap and moment,
while together emphasizing the importance of spin po-
larization at T = 300 K in Bi2CrAl3O9. In the inset to
fig. 5(a), we show the assumed structure we used as the
input for the calculations, which models the bulk, disor-
dered Cr0.5Al0.5 site occupancy to first order by placing
a Cr atom within every second octahedron. Calculations
were performed with experimental lattice parameters and
atomic positions. In contrast to Bi2Al4O9, which is a sim-
ple band insulator32, our calculations of the N(E) within
this model find a metallic ground state in non-spin po-
larized, uncorrelated (i.e. U = 0) Bi2CrAl3O9. As we
show in fig. 5(a), the absence of spin polarization leaves
minimally-dispersive bands of predominantly Cr-3d char-
acter to dominate N(E) near the Fermi energy EF . The
largest contribution to N(E) in this range is a broad Cr-
3d-derived peak. Clearly, the distorted octahedral crys-
tal field we observe in our spectroscopic measurements
is by itself far too weak to gap the Fermi surface. Of
course, this supposed metallic DFT ground state is in di-
rect contradiction with these very results. We conclude

FIG. 5. (Color online) (a) Density functional theory (DFT)
calculation of the density of states N(E) of Bi2CrAl3O9 cal-
culated in the absence of spin polarization (black line). The
partial Cr-3d contribution to N is shown in red. Inset: The
input crystal structure of Bi2CrAl3O9 that models the statis-
tical occupancy of the Cr0.5Al0.5 sites for the calculations. Cr
are colored in red, Al in blue, Bi in white, and O in black.
(b) Spin polarized DFT calculations with an static antifer-
romagnetic moment corresponding to the experimental value,
colors as in (a). (c) Non-spin polarized DFT calculations with
Hubbard U calculated from first principles, colors as in (a).
(c) Non-spin polarized DFT calculations with Hubbard U and
Hund’s JH calculated from first principles, colors as in (a).

that the experimentally observed optical gap must there-
fore be opened by effects outside of DFT, such as U ,
spin-polarization, intra-atomic exchange, or some combi-
nation thereof.

We performed additional calculations to elucidate the
mechanism responsible for opening the observed charge
gap. Fig. 5(b) shows DFT calculations performed un-
der the assumption of a antiferromagnetic order with
propagation vector k = (0, 0, 0) and static moment µ =
0.27 µB/Cr as inferred from our magnetic measurements.
With the addition of spin polarization to the model, a
gap of 1.4 eV opens around N(E), in excellent agreement
with the observed experimental gap ∆E = 1.36 eV, while
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we find a moment of 2.26 µB/Cr, again in strong accord
with the 2.60 ± 0.01 µB/Cr experimental high temper-
ature paramagnetic moment. The sole addition of spin-
polarization to this simplified DFT model removes these
major, qualitative disparities with experiment.

While these calculations adequately model the ob-
served properties in the presumptive ordered state below
T ? = 98± 3 K, they do not explain why Bi2CrAl3O9 re-
mains insulating in the paramagnetic state. To address
this discrepancy, we carried out DFT+U calculations in
the absence of spin polarization, which we present in fig.
5(c). Here, we apply a value of U = 3.8 eV, which we
calculated from first principles according to a linear re-
sponse technique25. As the figure shows, U prompts the
formation of upper and lower Hubbard bands, butN(EF )
remains finite at our realistic U = 3.8 eV. Even with
the tendency of DFT to underestimate energy gaps, an
eventual d − d Hubbard-type gap emerging from larger
U would still remain well short of the wide 1.4 eV gap
found in the spin-polarized calculations and the 1.36 eV
gap observed in diffuse reflectance. We conclude that
on-site Coulomb repulsion cannot alone be responsible
for the observed optical gap above T ?. Given the failure
of realistic U to explain an observe charge gap beyond
the onset of magnetic order46, we determined a realistic
Hund’s JH = 0.9 eV by an analogous technique. Inter-
estingly, our DFT+U+JH calculations in fig. 5(d) show
that the primary effect of JH in this system is to merge
the Hubbard bands. Typically, a charge gap is stabilized
by JH in systems with half-filled d orbitals, while itiner-
acy is instead promoted in non-half-filled cases49. That
JH appears to promote metallicity in Bi2CrAl3O9 sug-
gests that the orbital hybridization we infer from mag-
netic measurements may marginally displace this mate-
rial from the ideal half-filled 3d configuration. Given the
inability of both U and U + JH calculations to achieve
realistic gaps in this system, we are left to conclude that
the dominant factor contributing to the observed charge
gap above T ? is remnant spin polarization. This inter-
pretation is consistent with our experimental observation
of enhanced d(χT )/dT even at temperatures well beyond
the putative ordering temperature.

While our DFT calculations and magnetic measure-
ments together point to an insulating state stabilized by
wave vector-independent magnetic correlations, we can-
not at this point rule out the possibility that the gap
originates with a high temperature charge density wave
CDW or spin density wave SDW state. Specifically, at
some temperature above 300 K, the quasi-one dimen-
sional character of the crystal structure might result in
electron-phonon interaction-induced distortion of the lat-
tice and a gap opening in the Fermi surface at the nest-
ing wave vector. Given the absence of evidence of such a
phenomenon in our x-ray diffraction measurements, the
magnitude of any charge modulation would have to be
small, perhaps only a few percent – for instance as has
been observed in transition metal chalcogenides47 – and
the resulting satellite peaks might be so weak as to be un-

ambiguously detectable only through electron diffraction
or synchrotron-based techniques. Conceivably, this pur-
ported distortion could explain the two-gap feature we
observe in our spectroscopic measurements, as our dif-
fuse reflectance technique integrates the gap over wave
vectors. A hypothetical picture arises that a CDW tran-
sition that occurs at T > 300 K would open a second gap
mostly at the nesting wave vector, which would modu-
late the gap generated primarily by local interactions.
Further measurements, perhaps supported by more so-
phisticated dynamical mean field theory calculations, are
required to confirm or to disprove this picture and to
comment conclusively on the mechanism by which the
gap is opened.

IV. CONCLUSIONS

Taken together, our experimental and theoretical re-
sults reveal that Bi2CrAl3O9 is a magnetic insulator, in
which the Cr3+ t32g

4A2 ground state is stabilized by a
distorted local octahedral symmetry, with the first ex-
cited 2E doublet promoted some ∆E = 1.75 eV above.
The resulting high-spin t32g bands are subject to signifi-
cant Cr-O hybridization and accordingly host local mag-
netic moments of 2.60 ± 0.01 µB/Cr, arranged in disor-
dered chains and reduced in magnitude from the free ion
value. At high temperatures, the dominant excitations
of this configuration would be the spinons, and presum-
ably they are gapped, permitting us to observe only the
Curie-Weiss susceptibility of the moments themselves48.
Meanwhile, short range correlations remnant from the
eventual ordered state perpetuate an insulating gap of
width 1.36 eV even at temperatures well in excess of
T ? = 98 ± 3 K. Below T ?, a fraction of the overall mo-
ment coalesces into short-range order as the chains lock
together, but this transition would only affect the low-
est energy part of the spinon spectrum, and most of the
spectral weight at higher energies is untouched by the
onset of order. At the lowest temperatures, the static
moment of the ordered state coexists with frustration-
induced fluctuations among the disordered, correlated
chains. If crystal sizes can be improved, inelastic neu-
tron scattering measurements to probe the magnetic ex-
citation spectrum would prove enlightening across these
three distinct temperature regimes.

The structural framework from which these proper-
ties arise is a quasi-one dimensional chain of distorted,
edge-sharing octahedra that x-ray diffraction measure-
ments find to be occupied statistically by both Al and
Cr3+. This occupancy marks the single greatest struc-
tural difference between Bi2CrAl3O9 and the Cairo pen-
tagonal lattice compounds: Cr3+ is resident only within
the octahedrally-coordinated sites along these chains,
while the interconnecting tetrahedra are relegated to the
non-magnetic Al species. Yet even with one of the two
magnetic sites of Bi2Fe4O9 essentially eliminated, while
the remaining site is half-emptied and disordered, it is
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remarkable to what extent the emergent properties are
qualitatively parallel between these two materials. Both
host reasonably large, high-spin local moments, dual
absorption edges within an insulating gap, and short-
ranged correlations that stabilize this gap well into the
paramagnetic phase. As some of the few realizations of
the Cairo pentagonal lattice, Bi2Fe4O9-like systems may
have access to a rich and tunable collection of often exotic
phases12–14, but our study suggests that the local physics
that ties together Bi2CrAl3O9 and Bi2Fe4O9 appears to
be indelible.

This immutability suggests that the exotic states pre-
dicted to arise in Cairo pentagonal systems in the J =
1/2 quantum limit may prove to be inaccessible from the
Bi2M4O9 crystal structure across the range of transition
metals M = V3+ . . .Ni3+ due to the challenge of realizing
a J = 1/2 configuration. Our review of crystallographic
databases finds that Cu does not appear to occupy the
Bi2M4O9 or related structure-types in either its Cu1+ or
Cu2+ configuration. It remains to be seen if Ti3+ ions
– where J = 1/2 may be more feasible – will be suf-
ficiently small as to fit in the tetrahedrally-coordinated
environment, occupancy that ultimately is required if the
pentagonal lattice is to be completely filled. Like Cr3+,
Ti3+ appears to show limited solubility in Bi2M4O9-type

materials50, and competing phases such as Bi2Ti4O11

limit Ti occupancy to octahedrally-coordinated sites, and
even then, elementary valence counting suggests the non-
magnetic Ti4+ configuration to be preferred51. Realiza-
tion in a Bi2Fe4O9-like material of the predicted exotic
quantum phases of Cairo systems might prove unattain-
able, requiring in the end the discovery of an entirely new
crystal structure capable of hosting a pentagonal lattice.
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