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Metal(semiconductor)—insulator transitions (MIT) accompanied by
huge temperature-induced resistivity changes as well as selectively
optical switches received much attention during the past decades for
the construction of intelligent devices such as electrically driven Mott
field-effect transistors, temperature sensors, and energy-efficient smart
windows.' Generally, the well-known MIT materials only include two
main categories of oxides (V,0,,—1, MNiO;, Sr,RuQy, Ti, 03, Fe;0,,
etc.) and sulfides (BaVSs, NiS, NiS,_,Se,, etc.).?

Currently, atomic structural analysis gave us inspiration that
oxyhydroxide haggite V,Os(OH)s would be a new catalog of MIT
material. For the haggite phase, it consists of double octahedron
chains linked by an octahedron corner to form the corrugated sheets
that are parallel to the (001) plane.” Moreover, the presence of
infinite V—V chains in haggite along the b-axis with the nearest
V—V distances of 0.299 nm (Figure 1) inspired us to further pursue
its potential physical properties due to its structural similarity with
tetragonal rutile VO, (metallic phase) for the characteristic of infinite
vanadium atom chains. For the transformation of rutile to mono-
clinic VO,, with the driving force of decreased temperature, the
small distortion of infinitely linear V—V chains in rutile VO, to
form zigzag vanadium-atom chains in monoclinic VO,* accounts
for the occurrence of metal—insulator transition (Figure S1).
Analogously, haggite is particularly attractive for potential electrical
transitions due to the presence of infinitely linear V—V chains
similar to those in rutile VO,. Therefore, haggite has more
promising temperature-driven switch properties and represents a
new catalog of oxyhydroxide MIT materials.

Figure 1. (a) Atomic supercell structure of haggite V4Os(OH), projected
along a random direction, from which the linear vanadium atoms could be
clearly seen. (b) Supercell structure of orthorhombic haggite V,Oq(OH),
projected along [010] and the vanadium atom built chains parallel to the b
axis of the haggite structure.

However, although haggite mineral was discovered from the
Colorado Plateaus region in the 1950s,” it has been significantly
neglected ever since, while in the past decades the chemical and
physical information of haggite only comes from its mineral sample
due to the absence of a chemically synthetic sample. Herein, we
highlight an available pathway to accomplish the challenge by a
controlled oxidation reaction of V(OH),NH, in a formic acid
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(HCOOH) buffer solution, representing the first synthetic case for
a haggite phase. The XRD reflection of the synthetic product (Figure
S2) matches well with that of standard JCPDS card No.74-1688,
corresponding to haggite V4O4(OH)s with the space group Cyjp.
And the calculated XRD pattern from the haggite crystal cell is
identical to the experimental pattern, providing direct evidence for
the haggite phase of the synthesized product.

However, although haggite has a definite position for vanadium,
oxygen, and hydrogen atoms (Figure 2a) with a given space group
of Cy, by Evans and Mrose, the symmetry equivalence of
hydrogen atoms seems to be ignored in that case. Our careful
analysis clarified the formula of haggite as V,0¢(OH),, rather than
V,404(OH)g, due to the presence of four hydrogen atoms that are
face shared by two neighbored unit cells (Figure S2).
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Figure 2. (a) Supercell structure (1 x 1 x 2) of haggite. Top view (b) and
side view (c) of the charge density of a selected vanadium-atom plane for
a2 x 2 x 1 haggite super cell.

Moreover, since the valence for all the vanadium ions in V4Og(OH),4
should be +4 while the V,04(OH) should have a mixture of a 1:1
ratio of V3 and V**, the vanadium valence of as-obtained haggite
product by theoretical and experimental analysis then provides another
clue to determine the number of hydrogen atoms in haggite. First, in
haggite all the vanadium atoms have the same valence based on the
theoretical calculation of charge density. The top view of valence
charge contour plot for a 2 x 2 x 1 super cell was shown in Figure
2b, while the corresponding atomic localization for vanadium and
oxygen atoms were discerned by a side view plot (Figure 2c), where
all the vanadium atoms have the same color scope with the same charge
value of 10.7577 (e) (Table S1), revealing uniform vanadium valence
in haggite. Second, direct experimental information for the valence
state of vanadium ions is further provided by the analysis of the surface
molecular and electronic structure of the products by XPS (Figure S3),
as well as the redox titration results. They both experimentally verified
that all the vanadium atoms in haggite have a uniform valence state
of +4, thus rationalizing the formula V,Os(OH), for haggite.

TEM and FE-SEM images (Figure S4—5) show the nanobelt
morphology with width ranging from 100 to 400 nm, lengths up to
hundreds of micrometers, and the thickness of nanobelts being
10—40 nm, in which the preferred crystallographic orientation of
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nanobelts is along the [110] direction. Also, the orientation angle
value of 87.9° between (110) and (001) is fairly consistent with
that calculated from monoclinic crystallographic parameters of
haggite V,04(OH), (88.0°), providing further evidence for haggite
V404(OH),. In our case, the nanobelt structure and observed
crystallographic orientations mirror the internal crystal structure of
haggite V,Os(OH),. The fact that the average longest and relatively
shorter V—O bonds were along the [001] and [110] directions,
respectively, reveals that the [110] direction has a relatively high
stacking rate, enabling fast growth along the [110] axis (Figure
S5). Actually, the relative stacking rates of the octahedron at various
crystal faces answer for the growth direction of haggite nanobelts.

Haggite is theoretically and experimentally found to be a
semiconductor with a small band gap of 1.4 eV. As is known, the
critical separation distance for electrons itinerant or localized in a
crystal structure answers for the strength of the V—V coupling
interaction between 3d electrons of neighboring atoms with a
distance value of 2.94 A for a V**—V** jon. In our haggite case,
the nearest distance (2.99 A) for neighboring V4*—V** in the
infinite chains is slightly larger than this critical distance, implying
the electron clouds of vanadium atoms could not overlap each other
in the infinite V4*—V*" chains to form metallic behavior, resulting
in it being a semiconductor. Also, the UV—vis spectrum gives
further information for semiconductivity for the as-obtained haggite
with an accepted band gap value of 1.4 eV (Figure S6). The first-
principle calculation (LSDA + U method ©) with an effective orbital
potential value of Uy = 4 eV for V 3d electrons also yields the
semiconducting ground state (S4), in agreement with the experi-
mental band gap results.

As is shown in Figure 3a, in the high temperature range, the
resistivity is relatively low, and it shows the increase of electrical
resistivity as the temperature decreases with dp/d7T < O (Figure S7),
behaving similarly to the semiconductor character” of the synthetic
haggite. Below 100 K, the resistivity rapidly increases by >10* orders
of magnitude down to the low temperature studied with an inflection
point at 66.6 K (inset in Figure 3a). The abrupt increase at 66.6 K
gives direct evidence for a transition from the small-gap semiconductor
at higher temperature to an insulator at lower temperature.

144 . 4
10000 b
=12 {b) ¥ 4
8000 E =0
104 H y
6000 S 30
[3 % fos ZFC ]
o S, s S
B 2000t Lo o8 n 2
— Warming Curves 44 TK)
o
e B = = : E 2 a ;
Temperature (K) 0 50 100 150 200 250 300
T(K)

Figure 3. (a) Temperature dependence of the resistivity of the synthetic
haggite sample. Inset: the differential resistivity versus temperature (7) plot
in the temperature range <110 K. (b) ZFC and FC magnetization measured
as a function of temperature (4 to 300 K). Inset: left part is the magnified
part for ZEC curves, where the temperature Tt of the semiconductor—insulator
transition was indexed; right part is inverse susceptibility (7 of synthetic
haggite with best linear fits according to the Curie—Weiss law.

The curves of magnetic susceptibility dependent on temperature
show an anomaly jump of the magnetic susceptibility at ~66 K
(Transition temperature, Tt), showing the magnetic response for the
semiconductor—insulator transition. Furthermore, the straight lines in
the right side inset in Figure 3b are the best fits for the Curie—Weiss

law y(T) =y, + C/(T — 0)® above 100 K and below 40 K. From the
linear extrapolation of the high temperature part of the susceptibility
curves, a negative extrapolated Curie—Weiss temperature (0 = — 517
K) can be obtained, indicative of the presence of a strong antiferro-
magnetic interaction between V ions in the haggite sample. The change
of magnetic susceptibility in the range 40—100 K, as well as the distinct
Curie—Weiss temperatures of —517 and —12.6 K for the high
temperature and low temperature magnetic phases, respectively, clearly
reveals that a magnetic phase transition takes place accompanied by
structural changes. In our case, due to the presence of vanadium ion
chains similar to those in metallic VO,, for the haggite case, the
characteristic feature of charge localization occurs due to pairing of
vanadium ions, and some of these pairs have a spin-singlet ground
state.” Thus, the electrons in the high-temperature semiconductor are
much more localized to form an insulator at lower temperature,
accompanied by the changes in magnetic properties, leading to the
semiconductor—insulator transition of oxyhydroxide haggite.

In conclusion, synthetic haggite V,O4(OH)4 has been successfully
obtained for the first time after a delay of more than 50 years. Our
careful analysis clarifies the formula of haggite as V4,O¢(OH)4, rather
than the long-standing known V4O4(OH)s. The semiconductor of
haggite shows a rapid increase of resistance by >10* orders of
magnitude down to low temperatures, giving the first case of the
oxyhydroxide compound showing semiconductor—insulator transi-
tions. More intriguingly, the haggite product’s nanobelt that can
act as connecting units have potential in the construction of
intelligent switching devices in future investigations.
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