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ABSTRACT: We report bulk dilatometry and diffraction data through the Ty;r = 427 K metal-insulator transition of the n = 3
member of the V,0,,; Magnéli series. Besides VO,, V305 is the only other vanadium oxide with a potentially useful MIT
transition above room temperature. A narrow (AT = 10 K) abrupt negative thermal expansion of o, = -21.4 x 10-® (dilatometry)
and ay =-213 x 10-°K! (crystallographic) is observed. We argue that the combination of the MIT along with the simultaneous
vanadium charge ordering are responsible for such large values. The low temperature magnetic properties are also clarified
and neutron diffraction measurements show a k = [¥2 % 0] magnetic structure at 1.5 K. DFT calculations of the exchange

interactions support the low dimensionality and allow modelling the magnetic susceptibility.

The origin of the metal-insulator transition (MIT) in
strongly-correlated materials is a longstanding problem as the
different possible causes often occur simultaneously. For
instance, the archetypal VO, ! where electronic (Mott) and
structural (Peierls) transitions occur at 340 K, or V,03, with
electronic, structural and magnetic (Slater) transitions at 160
K, ? are textbook examples. Besides, the transition of VO, being
above room temperature opens potential applications such as
thermochromic windows, memory devices or optical
switches.3”7

The only other, somehow underestimated, vanadium oxide
that shows MIT above room temperature is V30s. It belongs to
the Magnéli series of oxides V,03,.; (3 < n < 9) which can be
derived by ordered omission of chains of oxygen atoms and
crystal shear planes along the [1-21] direction in the respective
rutile end member VO,. 8° The structures may also be viewed
as slabs of n-octahedra long rutile-like units interconnected by
V,05 sections as shown in Figure 1.1 Most of these phases show
a MIT along with a Peierls-like V-V dimerization inside the
rutile-like edge sharing units, similar to VO,. Their MITs are
strongly influenced by the local metal-metal coordination and
the phase transitions arise as results of both electron lattice
interactions within the VO,-like and electronic correlations
within the V,03-like regions of the crystal ' However, V305 (n
= 3) being a 1:1 mixture between VO, and V,03 and with no
clear dimerization at the transition deserves special
attention.'? 13 The MIT of V305 occurs at 427 K *15 and it is
accompanied by a structural transition from I-centred to
primitive monoclinic symmetry (I2/c to P2/c) and a charge
ordering between V3* and V#* (see Figure 1b). The magnetism
of V305 is controversial, with a reported broad maximum in the
susceptibility and a reduced magnetic heat capacity (1.3% of

the configurational spin entropy). It has been interpreted as
one-dimensional (1D) correlations occurring at 76 K. 16

In this paper we revisit V305 at both structural (high
temperature) and magnetic (low temperature) transitions. We
observe an overlooked and potentially useful abrupt negative
thermal expansion occurring at the MIT via diffraction and
dilatometric measurements. We unveil the spin structure with
neutron diffraction at 1.5 K and clarify the dimensionality of the
magnetic topology via DFT calculations obtaining the exchange
interactions and modelling the magnetic susceptibility data.

Experimental

Polycrystalline V305 was synthesized from a stoichiometric
mixture of VO, and V,03 in a vacuum sealed quartz ampule
heated at 1150 °C for 24 hours. V,03 was prepared from
reduction of V,05 under hydrogen at 700 °C and VO, from a 1:1
V,03:V,05 mixture at 700 °C. X-ray diffraction (XRD) was
performed on a Cu-K,; Bruker D8 Advance diffractometer on a
Bragg-Brentano geometry in the 5° < 20 < 90° range.
Synchrotron XRD (SXRD) was measured on cooling from 100 K
down to 10 K using the BL04 beamline at ALBA, Barcelona (A =
0.413336 A). Neutron powder diffraction (NPD) data were
collected at 1.5 and 80 K for 10 hours at each temperature on a
half gram pure sample using the D20 beamline at the ILL,
Grenoble (A = 2.41 A). Rietveld refinement was done with
Fullprof Suite.'” Mode analysis was made with the ISODISTORT
internet-based tool. 1819

Magnetic measurements were performed on a Physical
Properties Measurement System (PPMS) Dynacool (9T) system
from Quantum Design. Zero field cooling (ZFC) and field cooling
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(FC) procedures between 2 < T <300 Kunder a 0.1 T magnetic
field were measured. Heat capacity was collected on the same
system following a relaxation method. Resistivity
measurements were collected on warming on a dense pellet
using a Linkam chamber with the van der Paw method.
Thermal expansion coefficient was measured using a Netzsch
402 C dilatometer.

DFT calculations were performed applying the local density
approximation (LDA+U, U = 5 eV) with the Perdew-Burke-

2) V504 V407

[V3+]

V509 [v3.6h

V305 [V3.33+]

]

Ernzerhof exchange-correlation potential using the Vienna ab
initio simulation package (VASP) with the basis set of projected
augmented waves on a 3x5x4 k-mesh. 20 2L 22 For the
calculations of the magnetic exchanges identified in the text, we
mapped the total energies for a number of collinear spin
configurations onto a classical Heisenberg model to obtain
individual exchange couplings and the effective on-site
exchange interaction Joy =5 eV in a 5 x 4 x 3 Monkhorst-Pack
(MP) grid.

[V4+]

Figure 1. a) Sections of the structures of VO,, V,03 and vanadium Magneli phases for n = 4, 5 and 6 along with their average oxidation
state. The blue bonds represent the dimerization Peierls-like transition that the structures suffer at low temperatures along the
rutile-like section. b) [101], [001] and [010] projections of the low temperature structure of V305 where the n = 3 rutile-like sections
and the connections between them are highlighted as orange “bow-tie” chains. The pink bonds represent the linking between the

different ab layers through face shared octahedra stacking along c.

Results and discussion

Review of V30s. The structure of V305 has been previously
reported from single crystal diffraction data below (300 K, LT)
and above (458 K, HT) its metal - insulator transition at Ty, =
427 K.1213 We report in Table 1 our Rietveld refinement in the
LT phase from SXRD data collected at 10 K. The main difference
between the LT (P2/c space group) and the HT (I2/c space
group) modifications is the loss of the I-centering along with a
charge ordering in one of the two available positions at high
temperature. Thus, the LT structure splits its mean V333+
valence from two into four independent vanadium sites with
only one of them being in a 4+ oxidation state (V1 in Table 1).
For the LT phase, Figure 1b shows the n = 3 rutile-like edge-
shared octahedra split in two different chains V1 - V3 - V1 and
V2 - V4 - V2. These are inter-connected in the ab plane via
corner sharing and intra-connected by edge sharing, defining a
bow-tie in orange in Figure 1b. These ab double bow-tie planes
are interconnected along ¢ through V1 - V1 (2.817(8) A) and

V2 - V2 (2.763(8) A) face-shared octahedra, see pink-bonds in
Figure 1b.

Figure 2a shows our Rietveld refinement of the room
temperature XRD data of V3;Os; the presence of poorly
crystallized VO, secondary phase is marked with an asterisk.
Figure 2b also shows the thermal evolution of the main
diffraction maxima (002) and (310) through the transition at
427 K. The refined cell parameters (Figure 2c¢) show a clear
anisotropic transition with a and b shrinking abruptly on
warming while ¢ and f expand.

Table 1. Structural parameters and bond valence sums (BVS)
of V305 from data collected at 10 K from SXRD (Rgragg = 4.74%).
The bottom part shows the magnetic moments obtained from
NPD data at 1.5 K (Rngg = 14.20%). Refined in PZ/DC, a =
9.85884(3) A, b = 5.03439(1) A, ¢ = 6.99456(2) A, B
109.4616(1) °.
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Ato site X y z BVS

m

Vi | 4g 0.1314(3) 0.0074(6) | 0.4109(6) | +3.9(1)

V2 | 4g 0.3709(3) 0.4971(6) | 0.0910(6) | +2.9(1)

v3 | 2c 0 Y 0 +3.0(1)

v4 | 2d v 0 0 +3.0(1)

01 | 4g 0.3007(9) 0.146(1) | 0.462(1) | -2.2(1)

02 | 4g 0.1856(9) 0.339(1) | 0.026(1) | -2.0(1)

03 | 4g 0.082(1) 0.151(1) | 0.636(1) | -1.9(1)

04 | 4g 0.420(1) 0.343(1) | 0.862(1) | -1.9(1)

05 | 2e 0 0297(1) | % -1.9(1)

06 | 2f v, 0185(1) | % -1.9(1)

Bond | A Bond | A Bond | A

V1-01  1.73(1) | vV1-03 1.94(1) | v1-03 1.98(1)

V1-02  1.92(1) | V1-03 217(1) | v1-05 2.02(3)

V2-01  2.03(1) | v2-04 1.98(1) | v2-04 1.97(1)

v2-02  1.90(1) | V2-04 2.13(1) | v2-06 2.09(1)

V3-02  1.95(1) | V3-03x2 2.03(1) | V3-05x2  2.02(1)

X2

V4-01  203(1) | V4-04x2 201(1) | V4-06x2  1.98(1)

X2

I Ly W Total (ug)

V1 (4+) 0 0.47(4) | 0.47(4 0.67(6)
)

V2 (3+) 0 -0.38(2) | 0.98(1 1.05(5)
)

V3 (3+) 0 -1.17(4) | 0.53(1 1.28(4)
)

V4 (3+) 0 1.17(4) | 0.53(1 1.28(4)
)
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Figure 2. a) Rietveld refinement for XRD of V30s. Asterisks
represent the main reflexion of VO, present as poorly
crystallized secondary phase. b) High Temperature XRD of
(002) and (310) main reflexions of V305 with a clear transition
at Tyyr =427 K. c) Thermal evolution of the cell parameters that
evidences the anisotropy of the transition.

The transition from the LT to the HT phase shows an abrupt
discontinuity at Tyr leading to a narrow overall Negative
Thermal Expansion (NTE) of the lattice volume as shown in
Figure 3a. The expansion coefficient ay = AV/(VAT) reaches -

213 x 10° K1 in a 10 K range, comparable to the colossal NTE
value of -410 x 10 K'* in a 70 K range observed in BiggsLag,os.
NiO3. 23 In the later compound these large values result from
the volume collapse at the metal-insulator along with a charge-
transfer transitions. However, the origin of such NTE values in
V305 arise from the MIT and vanadium charge-ordering
transition. This is confirmed by the thermal variation of
interpolated BVS in Figure 3a where a critical variation in
charge states is seen from ~350 K up to Ty;r. The main effect
being the formation of the short vanadyl bond V1-01 (~1.7 A)
along with the V - V distance change in the rutile-trimers (in
the ab plane) from equivalent 2.93(2) A at 440 K, to 2.83(2) A
and 3.05(2) A at 400 K for V1 - V3 and V2 - V4 respectively.
The evolution of the cell parameters and the volume in the LT
phase in the 10 - 100 K and 300 - 420 K temperature range is
presented in the Supporting Information.
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Figure 3. a) Thermal evolution of the unit cell volume (top) and
the BVS (bottom) for the vanadium atoms in V3;0s. b)
Dilatometric linear thermal expansion of V305 on heating and
cooling (top) showing a 2 K hysteresis and temperature
dependence of the electrical resistance (bottom) in a semi-log
scale. Insets show the transition.

Dilatometric measurements on a polycrystalline pellet of V305
were made under heating and cooling cycles as shown in Figure
3b. The strain AL/Ly (Ly are the values at 400 K) increases with
increasing temperature up to 420 K indicating the standard
positive thermal expansion, but decreases above 420 K. The
average observed linear thermal expansion coefficient aj
between 420 and 430 K is -21.4 x 10-° K'1. This value is close to
the NTE (GNTE) of -25 x 10 K'! observed also by dilatometry
in the anti-perovskite manganese nitride
(MnggsFep04)3(ZnosGegs)N ceramic over a 70 K temperature
range.?* The derived bulk thermal expansion is only about 30%
of the crystallographic value (Ysay = 71 x 10°¢ K1), suggesting
that V305 ceramics showing GNTE should be accessible through
further materials processing, such as reduction of the particle
size minimizing pore formation.?> A hysteresis of 2 K is
observed between warming and cooling cycles.

The MIT transition in V305 has been previously stablished at
427 K through resistivity measurements in single crystals.*
Our own measurements on a sintered pellet of V305 are shown
in Figure 3b. However, grain boundary resistances preclude a
clear picture of the MIT transition and only a change in the
slope at the correct temperature was observed.

T T T T T T
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Figure 4. a) Magnetic susceptibility of V30s. The fit follows the
equation described in the text. Inset shows the Fisher’s Heat
Capacity (dxT/dT vs T) showing two transitions at 50 Kand 76
K. b) Thermal evolution of the specific heat divided by
temperature showing two clear magnetic transitions at 76 K
and 50 K after subtraction of the lattice contribution. Inset
shows the calculated magnetic entropy reaching 44% of the
ideal value for V30s.

The thermal dependence of the magnetic susceptibility is
shown in Figure 4a. Curie-Weiss fit was possible only above
275 K (see Supplementary Information), resulting in a pey =
2.50(1) pp per V. Although this value should be taken with
caution, it agrees well with the expected value of pye, = 2.51 g
per V333 for V30s. It is also in accordance with the
measurements performed on single crystals and their reported
fit in the 290 - 700 K temperature range.!* The low
temperature region fit was only performed after knowledge of
the magnetic structure, considering the interplay between
magnetic exchanges deduced from DFT calculations as
described later.

Figure 4a inset shows Fisher’s heat capacity d(xT)/dT where
two maxima at Ty = 76 K and a previously unidentified
transition at 50 K are observed. These two transitions are also
observed in the magnetic contribution of the heat capacity as
presented in Figure 4b. The recovered magnetic entropy
reaches its saturation at 200 K ( 10 J/mol K) but represents
only about 44 % of the expected configurational spin entropy

ACS Paragon Plus Environment

Page 4 of 9



Page 5 of 9

coNOTULT A WN =

Chemistry of Materials

AS=R(2In3 +In2)=24]/mol K for 2 x V3* (S = 1) and one V**
(S = %2). These results suggest the setting of significant low-
dimensional spin correlations at high temperatures.

The magnetic structure of V305 has been solved via neutron
powder diffraction (NPD) using a difference pattern between
10 hours long collections at 1.5 K and 80 K as shown in Figure
5a. No attempt was made to obtain neutron diffraction in
between the two magnetic transitions due to long collection
times and small ordered moment at high temperatures. All the
magnetic diffraction maxima at 1.5 K can be indexed with the k
= [¥% Y% 0] propagation vector. The best fit to the data was
obtained with the mC2- irreducible representation in a {(-2, 0,
0), (0, 2, 0), (0, O, -1)} supercell with the monoclinic C2/c
magnetic space group (15.91, Ryqg = 14.2 %) using ISODISTORT
and Fullprof. The magnetic structure is non colinear and
consists of four independent vanadium sites with the moments
confined in the bc plane and refining respectively to 0.67(6),
1.05(5), 1.28(4) and 1.28(4) pg for V1,V2,V3 and V4 in Table 1
(V3 and V4 reached equal values and therefore constrained for
final refinements). These values agree with the charge ordering
(Tyr = 427 K), showing the lowest moment for V1, the
vanadium in a 4+ oxidation state, see Figure 5b.

The spin structure can be understood starting with the layers
confined in the ab plane and the “bow-tie” chains described in
the structural part, see Figure 1b. These “bow-tie” sublattices
show intrinsically the same order with V1 - V1 (V2 - V2) being
AFM coupled and the central linker V3 (V4) being frustrated.
All together they form V1 - V1 - V2 - V2 - V1 - V1
antiferromagnetic chains with V3 and V4 as ferromagnetic
linkers along a between them, see red (AFM) and blue (FM)
thick bonds in Figure 5b. The coupling between these layers is
through the face sharing octahedra, see Figure 1b.

In order to understand the magnetic structure of V305, the spin
exchange interactions were examined via DFT + U calculations.
In order to keep the number of interactions meaningful, an ab
layered structure was finally considered with 5 different in-
plane exchange interactions (J1-/5) and one interlayer coupling

(Jinter)- Several magnetic configurations were calculated in a
charge-ordered b-doubled unit cell, resulting in local magnetic
moments in agreement with S = % and S = 1 for V#* and V3*
respectively (see Supplementary Information). However, for
the exchange couplings calculations, all magnetic sites have
been assigned to an average n = 5/3 electron filling in
accordance to the V333* mean valence. Thus, the vanadium
charge-ordered state was not directly considered and the
couplings considered as equal were: V1-V1 (J3’) = V2-V2 (J3”),
V1-V3 (J4') = V2-V4 (J4™), V1-V4 (J2') = V2-V3 (J2") and V1-V1
Uinter) = V2-V2 (Jinter”), see Figure 5c and d. The relevant
distances, the exchange interactions and the magnetic
structure are shown in Figure 5. The three main in-plane
interactions (J1 = 243 K, J2 = -150 K and J3 = 85 K) form a
system of linear alternating antiferromagnetic chains (J1 - J3 -
J1) coupled ferromagnetically (/2), these agree with the
experimental magnetic structure described above. Although
bond lengths between J1 and J5 are very similar (3.40 A vs 3.38
A), the exchange interactions are more than five times apart
and of opposite sign (243 K vs -44 K), such difference is striking
but explained by the short vanadyl bond present in the V4 (V1
- 01, 1.72 A) as seen in Fig. 5b. It has been previously
established that the magnetic orbital of a V4 in a solid with
vanadyl bond is contained in the d,, orbital, in the equatorial
plane of the (1 - 4 - 1) vanadium octahedron i.e. perpendicular
to the short and the long bonds (1.72 and 2.17 A).26 Thus, the
exchange path through the V1 - 01 bond is mainly cancelled,
since the overlap with the apical oxygen p-orbital is almost
zero. This bond appears at the MIT transition and along with
the vanadium charge ordering, they are responsible for the
negative thermal expansion.
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Figure 5. Magnetic structure of V30s. a) Rietveld fit to the NPD 1.5 K - 80 K difference pattern. b) [001] view of the refined magnetic
structure of V305 from a) along with the magnetic moments for each vanadium. Small red spheres represent O1 and their vanadyl
bond. Red/Blue thick bonds are the strongest AFM/FM interactions. Broken black bond represents the V - V bond involving the
vanadyl short V1 - O1 distance. c¢) Magnetic structure along the [010] with the exchange interaction in between layers Jin d)
Averaged between primed and double-primed relevant V - V distances and J exchange interactions calculated from DFT in the low
temperature structure of V30s, see text for details. Red/blue/green/yellow spheres/spins are for V1/V2/V3/V4 respectively.

Considering the two-dimensional magnetic structure obtained
from NPD and confirmed by DFT, the low temperature
magnetic susceptibility was modelled. In the low temperature
region, a broad maximum is observed around ~125 K and
evidences the low dimensional behaviour, previously
interpreted as 1D spin correlations.!® The magnetic
susceptibility was thus fitted above the long range magnetic
ordering in the 100 K< T < 300 K temperature range with the
analytical expression Ycnain(T) for an alternating AFM chain J1 -
J3 with dominating dimers (0.35 JI = J3 from DFT values) as
reported by Hatfield.?”?® The V3 and V4 spins (i.e. 1/3" of the
total spin content) were considered as a paramagnetic
independent contribution but interacting with the chains
through a Curie-Weiss term called &, below. The interchain
spin-exchange interaction was allowed in the molecular field
expansion with ;e = (2S(S+1)/3) inter/kp), with the number
of surrounding chains z = 4: 2 in-plane, 2 apical. Thus, the
observed susceptibility was modelled with the following
expression for S = 1 (see SI for full details):

2 Xchain(T) 1 C;
X= 3( Xehain(™) ) + E(T— 92) +TIP [1]
1-— Bmter[ c ]

The fit results in J1 = 326(2) K, and Jyer = -40(1) K, which are
in good agreement with the DFT values and confirm the FM
coupling between the chains. 6, = -132(2) K implies a Jo, * -50
K (AFM), opposite to what expected, however this represents
the average interaction in between the layers, which is still
small compared with the considered in-plane interactions and
outside the energy scale of the concerned low dimensional
topology above the transition.

Conclusions

Judging from the already gained experience in applications of
VO0,, V305 is a potentially useful material at high temperatures,
serving as an ideal playground for expanding uses already
known. For instance, very recently, V305 has been tested for
volatile resistive switching and showed promising behaviour
for neuromorphic computing.?® Moreover, the abruptnegative
thermal expansion due to the ab plane revealed in here
enlarges the possibilities of V30s. In contrast, VO, does show
some anisotropy in its structural behaviour but with an overall
positive thermal expansion through its MIT.3? Although the
GNTE values reported for V305 are for a narrow temperature
range (ay=-213x10° K'and a;, =-21.4x 10°K! fora AK = 10
K), known strategies may help to broaden the transition as
observed in the Ge-doped anti-perovskite nitrides. 2131 The
mechanisms behind the GNTE in V305 are the MIT along with
the charge-ordering of the vanadium atoms. The MIT is solely
responsible of the NTE for instance in V,03 32 and charge-
ordering has only recently been identified as a key factor for
the NTE of V,0P0,.23 The mixing of both behaviours is probably
responsible for the GNTE values observed in here.

At low temperatures, V305 shows a broad maximum in the
magnetic susceptibility which is now identified as a 2D
behaviour. The exchange interactions obtained from DFT
model correctly the susceptibility and are also in accordance
with the magnetic structure from NPD collected at 1.5 K. This
consists of ab planes formed by AFM chains coupled FM. The
2D correlations are likely to start below the T,y with the same
ab plane being responsible of the GNTE in V30s.
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The Supporting Information includes additional
crystallographic parameters, additional graphics and details
for the DFT magnetic configurations. It is available free of
charge via the Internet at http://pubs.acs.org.
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