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Abstract

Supercritical fluids are shown to be an excellent reaction media for the synthesis of novel solid state phases at
intermediate temperatures. LiVGe,0Og and NaVGe,O¢ have the common pyroxene structure composed of VOg
linear chains. NaVGe,Ogq crystallizes in the monoclinic space group C2/c with four formula units having cell
dimensions a = 9.960(4) A, b = 8.853(10) A ¢ =15.4861(10) A p = 106.403(3)°. The structure was refined until
R =0.0290 and R, =0.0370. For LiVGe,O¢ in space group P2/c: a = 9.8508(7) A b =8.754(3) A
¢ =5.3948(13) A, p=108(3)°, R=0.0240 and R,, =0.0250. The compounds contain edge-shared VOg
octahedral chains and corner-shared GeO, tetrahedral chains. The presence of these VOg chains results in spin-
Peierls distortion. Structural and physical characterization of the compounds are reported.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Vanadium oxides have a fascinating chemistry because of their variation in oxidation states and
coordination geometry, where one can find octahedral, square pyramidal, tetrahedral as well as trigonal
bipyramidal environments. Vanadium metal can have several oxidation states in its compounds, which
allow them to have very interesting optical, magnetic and catalytic properties. The common oxidation
states of vanadium in solid state compounds are +3, +4 and +5. Trivalent vanadium has two d-
electrons, which are responsible for some unusual magnetic and optical properties.
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LiVGe,Og¢ has recently been synthesized as a powder and its magnetic properties were studied by
Millet et al. [1]. This system is clearly a spin-1 chain, but its magnetic susceptibility is very different
from other spin-1 chains, which is probably due to a spin-Peierls phase [2,3]. After successfully
synthesizing some well-formed crystals of rare earth germanates, we attempted to synthesize some new
vanadium phases, which could have unusual properties.

The title compounds, LiVGe,Og and NaVGe,Og, take on the pyroxene structure, which will accept a
wide variety of metals [4-6]. Alkali metal pyroxenes are extremely attractive due to the variety of
cations. For A+M3+Si206, A =Li, Na and M can be Al, Ga, In, or certain transition metals such as
Fe*™, cr*t, Mn®", Ti*", Sc®* and V3T [7]. LiVSi,Og [8], LiAlSi,Og [9], LiFeSi,Og [9], LiScSi,Og
[10], LiInSi,O¢ [11] and LiGaSi,Og [12] are the only known lithium members of these types of
compounds to date. The silicate form is more common than the germanate, but there are a few known
AMGe,0O¢ compounds in the literature such as NaFeGe,Og [13]. Many scientists have studied
variations in the different pyroxenes [8—12]. Their studies have shown that Li and Na pyroxenes have
the same type of structure with the space group C2/c. This structure type has one-dimensional edge-
sharing VOg chains, which are responsible for interesting magnetic properties such as the spin-Peierls
transition, especially when vanadium (III or IV) ions are present. Vanadium (III) has two d-electrons,
which allows it to form a spin-1 chain and vanadium (IV) has one d-electron that allows it to form a
spin-1/2 chain.

2. Experimental section
2.1. General

Qualitative elemental analysis on single crystal samples of the title compounds were obtained by
energy dispersive spectrometry (EDS) using a JEOL JSM-IC 848 scanning microscope equipped with a
Princeton Gamma Tech (PGT) PRISM detector, which indicated the presence of Na, V, Ge and O with
no significant impurity heavier than F. Optical absorption spectra were obtained on a PC-controlled
SHIMADZU UV-3100 UV-vis/near-IR spectrometer equipped with an integrating sphere. BaSO,4 was
used as the reflectance standard. After the sample was crushed on filter paper, absorption spectra were
obtained from 200 to 2500 nm. Data was collected in reflectance (R%) mode and manually converted to
absorbance (o/s) from the relationship, A = a/s = (1 — R%)2/2R% commonly called the Kubelka—
Munk function [14], where o is the absorption coefficient and s is the scattering coefficient. Band gaps
were refined by extrapolating the linear portion of the absorption edge to (a/s)"”> = 0 where hv ~ E,.
The linear portion of the absorbance edge versus energy (eV) spectra was chosen, and (absorbance)®
and (absorbance)'’? were calculated, and separately plotted as a function of eV. These two curves were
subjected to a linear curve fit and the plot having the greatest linearity represented the nature of the
optical band gap [15]. The magnetic susceptibility of crystalline compounds were measured by a
Quantum Design SQUID (super conducting quantum interference device) MPMS-XE magnetometer.
Relatively clean single crystals (2-20 mg) were manually selected, placed into the top of a gel cup. The
measurements were typically carried out from 2 to 300 K in a field of H = 0.5-1 T and the change in
the total magnetization versus temperature was measured at each temperature. The magnetic
susceptibility was corrected for the container and for the core diamagnetism. Temperature dependence
of the magnetic susceptibility of a single crystal of NaVGe,O¢ (1.1 mm x 0.2 mm x 0.2 mm, and
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0.044 mg) was performed from 2 to 300 K, under a magnetic field strength of 5 T parallel to each of the
three crystal axes.

2.2. Synthesis

Single crystals of the title compounds were synthesized from 0.015 g (1 x 1074 mol) V,03and 0.042 g (4
x 1074 mol) GeO,. NaOH (1.05 M) was used to synthesize the NaVGe,Og. The starting materials were
added to the 0.25 cm OD silver tubes followed by 0.4 mL NaOH and then the tubes were welded shut. These
tubes were then placed into a Tuttle “cold sealed” autoclave and heated at 580 °C for 3 days. Dark green
crystals of NaVGe,Og were obtained with 100% yield. Similarly, LiOH (0.5 M) was used as a solvent
mineralizer and the reactions were heated at 591 °C for 3 days to yield LiVGe,Og (60%, light green needles)
and 40% Li,VGeOs purple polyhedral crystals. Li, VGeOs will be the subject of a future paper.

2.3. Structure determination

A crystal of NaVGe,Og with the approximate dimensions of 0.15 mm x 0.07 mm x 0.07 mm and
0.3 mm X 0.3 mm x 0.3 mm for LiVGe,0q was mounted on a glass fiber with epoxy glue and centered
on the four-circle Rigaku AFCS8 diffractometer equipped with a Mercury CCD array detector. Data
were collected at room temperature (~300 K) using graphite monochromated Mo Ka (4 = 0.71073 A)
radiation.

The unit cell parameters and the orientation matrix were initially determined from a set of seven
screening frames taken at equal intervals of 30° in @ using a 1D Fourier algorithm [16]. Reflection
indexing, Lorentz-polarization correction, peak integration and background determination were
performed using the CrystalClear software. A box size of 15 x 15 pixels (each pixel corresponds to
about 140 um) was used for the integration of all reflections. Unit cell parameters were refined after
integration using all observed reflections to yield the following values: a = 9.960(4) A,
b=8.853(10) A, ¢=5.4861(10)A, «=90°, f=106.403(3)° and y=90° for NaVGe,O4 and
a=9.8508(7) A, b =8.754(3) A, ¢ = 5.3948(13) A, & = 90°, = 108(3)° and y = 90° for LiVGe,O.

An empirical absorption correction was applied using a REQABA routine in the CrystalClear
software package. The structure was solved by direct methods SIR-92 and refined on F' by full matrix,
least squares techniques with TEXSAN [17] and SHELXTL-PLUS [18]. All atomic thermal parameters
were refined anisotropically. Crystallographic data are given in Table 1, and atomic coordinates,
equivalent isotropic displacement coefficients are given in Table 2.

3. Result and discussion

LiVGe,0O¢ and NaVGe,Og¢ have similar structures although they have different space groups, P2,/c
and C2/c, respectively. The unit cell views of both compounds are given down the c-axis in Fig. 1, and
the similarities are very interesting. We have tried to solve the structure of both compounds in the same
space group C2/c, which is a common space group for pyroxene compounds. However, we were unable
to solve the structure of LiVGe,Og in C2/c successfully. X-ray powder patterns of the compounds did
not match, suggesting different structure types. NaVGe,Og is C-centered, because reflections of the
type hkl with h 4+ k = 2n + 1 are systematically absent. The reason for the different lattice types could
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Table 1

Crystal data and structure refinement for LiVGe,Oq and NaVGe,Og¢

Empirical formula
Crystal system, space group

Unit cell dimensions
a (A)
b (A)
c (A
B
Volume (A%), Z
Formula weight
Density (calculated) (mg/ma)
Absorption coefficient (em™h
Temperature (K)
20 range (°)
Index ranges

Total reflectance/independent reflectance
Observed reflections

Number of parameters

Weighting scheme

Final R indices (observed data)

Li VG6206
Monoclinic, P2,/c

9.627(2)
8.754(3)
5.395(1)
108.35(13)

441.5(2), 4
299.06
4.498
15.535
293.2
6.38-59.60

-12 <h <11, -11 <k < 11,

-7<1<L6
4627/1128

718 (I > 3.0a(D))
92

w !l = 6¢%(F) + 0.0003F>
R = 2.40%, wR = 2.50%

N aVGe206
Monoclinic, C2/c

9.960(4)
8.853(6)
5.486(1)
106.103(3)

461.1(3), 4
315.11
4.510
14.879
300.2
6.26-59.66

—-13<h<12,-12<k <11,

-7<1<6
2440/623

517 (I > 3.0a(D))
48

R =2.90%, wR = 3.70%

Goodness-of-fit 1.28 1.42

Largest different peak and hole (e A3 0.81, —0.71 1.26, —1.35

Table 2

Atomic coordinates (x10*) and equivalent isotropic thermal parameters of compounds

Atom X y z Ueq

NaVG6206
Gel 0.21132(3) 1.09549(4) 0.26727(6) 0.00546(12)
V1 0.0000 0.40824(9) 0.2500 0.0051(2)
Nal 0.0000 0.8055(3) 0.2500 0.0140(5)
01 0.3932(2) 1.0829(3) 0.3655(5) 0.0061(5)
02 0.1393(2) 1.0154(3) 0.4938(4) 0.0106(6)
03 0.1385(2) 1.2711(3) 0.1851(5) 0.0097(6)

LiVGGQOG
Gel —1.05270(5) 0.65920(8) —0.81890(8) 0.00538(13)
Ge2 —1.45395(5) 0.65720(8) —1.23631(8) 0.00572(13)
V3 —1.24848(9) 0.34304(11) —0.96117(13) 0.0045(2)
04 —1.3831(4) 0.4788(5) —1.1711(7) 0.0129(10)
05 —0.8648(4) 0.6674(5) —0.7519(6) 0.0074(9)
06 —1.3592(4) 0.1672(5) —1.1769(6) 0.0059(8)
o7 —1.1314(4) 0.4954(5) —0.7430(6) 0.0076(9)
08 —1.3839(4) 0.7106(5) —1.4963(6) 0.0108(9)
09 —1.1122(4) 0.8099(5) —0.6516(6) 0.0099(9)
Lil0 —1.2429(11) 0.5155(12) —0.459(2) 0.015(2)
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Fig. 1. Unit cell view of (a) NaVGe,Og down the c-axis, (b) LiVGe,Og down the c-axis where Ge atoms are shaded circles, V
atoms are solid circles, O atoms are open circles and cations are full thermal ellipsoids with 70% probability.

possibly be explained by the differences in cation size. LiVGe,Og is definitely not C-centered because
there is no systematic extinction among hkl reflections. Both structures have systematic extinctions for
the two-fold screw axis and c-glide; therefore, this did not help to decide the space group. It seemed
reasonable to assign the space group of P2,/c to LiVGe,Og because LiFeGe,Og, LiAlGe,0g and
LiGaGe,Og all have the space group of P2,/c [19].

It can be seen from the unit cell view of NaVGe,Oq (Fig. 1a) that vanadium has six bonds to six
oxygen atoms, thus forming an octahedron. These VOg octahedra are edge shared along the c-axis
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(a) (b)

Fig. 2. (a) A polyhedra projection of the unit cell. VOg are shown as cross-hatched polyhedra, and GeO, tetrahedra are open
polyhedra. (b) VOg chain in LiVGegOg and NaVGe,Og.

forming V,0;, dimers that are vertex shared with the GeO, tetrahedra. This linkage of octahedra and
tetrahedra forms channels along the c-axis in which the cations reside. The polyhedra structure for the
unit cell of NaVGe,Og along the c-axis is shown in Fig. 2. Bond distances and angles are basically the
same for both compounds (Tables 3 and 4). The average V-O bond distance in VOg octahedra is

Table 3

Selected bond distances of compounds (A)

NaVG6206
V(1)-0(3) 1.932(3) V(1)-0(3) 2.062(3)
V(1)-0(3) 1.932(3) Ge(2)-0(3) 1.715(3)
V(1)-0(1) 2.062(3) Ge(2)-0(1) 1.735(3)
V(1)-0(1) 2.062(3) Ge(2)-0(2) 1.736(3)
V(1)-0(1) 2.063(3) Ge(2)-0(2) 1.755(3)

LiVG6206
Ge(1)-0(4) 1.760(4) Ge(2)-0(9) 1.748(5)
Ge(1)-0(7) 1.716(4) V(3)-0(6) 1.917(5)
Ge(1)-0(8) 1.769(4) V(3)-04) 2.068(5)
Ge(1)-0(8) 1.770(4) V(3)-04) 2.097(4)
Ge(2)-0(6) 1.707(5) V(3)-0(5) 2.066(5)
Ge(2)-04) 1.749(4) V(3)-0(5) 2.068(3)

Ge(2)-0(9) 1.758(4) V(3)-0(7) 1.950(5)
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Table 4

Selected bond angles (°) of compounds

NaVGeZO(,
0(3)-V(1)-0(3) 102.64(17) 0(3)-V(1)-0(1) 91.61(11)
O0(3)-V(1)-0(1) 166.54(12) O(1)-V(1)-0O(1) 79.95(12)
O(3)-V(1)-0(1) 87.75(11) O(1)-V(1)-0(1) 96.77(11)
0(3)-V(1)-0(1) 87.75(11) O(1)-V(1)-0O(1) 175.66(14)
O(1)-V(1)-0O(1) 166.54(12) 0(3)-Ge(2)-0(1) 117.62(13)
O(3)-V(1)-0(1) 83.39(15) 0(3)-Ge(2)-0(2) 108.91(13)
O0(3)-V(1)-0(1) 91.61(11) O(1)-Ge(2)-0(2) 110.77(13)
O(1)-V(1)-0O(1) 91.10(12) 0(3)-Ge(2)-0(2) 103.99(14)
O(1)-V(1)-0O(1) 96.77(11) O(1)-Ge(2)-0(2) 111.48(12)
0(3)-V(1)-0(1) 79.95(12) 0(2)-Ge(2)-0(2) 102.89(9)
0(3)-V(1)-0O(1) 91.10(12)

LiVG6206
O(4)-Ge(1)-O(7) 118.4(2) 0(6)-Ge(2)-0(5) 115.8(2)
0O(4)-Ge(1)-0(8) 107.92) 0(6)-Ge(2)-0(9) 101.4(2)
0O(4)-Ge(1)-0(8) 105.7(2) 0(6)-Ge(2)-0(9) 112.9(2)
O(7)-Ge(1)-0O(8) 106.7(2) 0(5)-Ge(2)-0(9) 109.8(2)
O(7)-Ge(1)-0(8) 108.4(2) 0O(5)-Ge(2)-0(9) 110.8(2)
O(8)-Ge(1)-0O(8) 109.7(2) 0(9)-Ge(2)-0(9) 105.2(2)
0(6)-V(3)-0(4) 169.1(2) 04)-V(3)-0(7) 91.2(2)
0(6)-V(3)-0O(4) 89.3(2) 0(4)-V(3)-0(4) 80.9(2)
0(6)-V(3)-0(5) 86.8(2) 0(4)-V(3)-0(4) 175.0(2)
0(6)-V(3)-0(5) 94.0(2) 04)-V(3)-0O(7) 98.5(2)
0O(6)-V(3)-0O(7) 98.3(2) 0O(5)-V(3)-O(4) 95.6(2)
0(4)-V(3)-0(4) 94.6(2) O(5)-V(3)-0O(7) 174.9(2)
0(4)-V(3)-0(4) 83.8(2) O(5)-V(3)-0O(7) 84.7(2)
O04)-V(3)-0(5) 81.5(2)

2.03(8) A, while the average Ge—O bond distance in GeQOy is 1.75(2) A (Table 3). This V-O bond
length is in agreement with the study of Schindler et al. [20]. Their study shows that the distribution of
V?T—0 bond lengths has a range of 1.88-2.18 A. The VOg octahedron is distorted with an average O—
V-0 right angle of 90(5)° and GeQy is a distorted tetrahedra with an O—-Ge-O angle of 109(5)°. The
environment of the cation in the two compounds is different. The Li ion has five bonds to oxygen atoms
with average bond distances of 2.16(9) A. However, in the sodium analog, the sodium atom has six
bonds to oxygen with an average bond distance of 2.46(4) A.

4. Physical properties
4.1. Diffuse reflectance measurements

Both compounds absorb strongly at wavelengths around 450 nm and 700 nm. Light of wavelengths
between 500 and 700 nm is almost completely transmitted. This result correlates with the color of the

crystals. The calculated optical band gap is 2.4 eV (510 nm) for LiVGe,O¢ and 2.3 eV (534 nm) for
NaVGezO(,.
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4.2. Magnetic measurements

As previously stated, VOg octahedra are edge shared down the c-axis to form V,0;q dimers, which
are vertex shared with GeO, tetrahedra. This linkage of octahedra results in a very interesting magnetic
property called spin-Peierls transition [2,21]. The spin-Peierls transition is one of the most interesting
phenomena observed in a low dimensional quantum spin system. It occurs in crystals containing linear
1D chains of spin-1/2 ions coupled by the antiferromagnetic exchange interaction. Below a spin-Peierls
transition temperature, Ty, the structure underlying the lattice changes so that the chains become
dimerized. The spin-Peierls is a special case of alternating antiferromagnetic chains, whereby the
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Fig. 3. Plot of magnetic susceptibility: (a) LiVGe,Og, (b) NaVGe,Og.



M. Emirdag-Eanes, J.W. Kolis/Materials Research Bulletin 39 (2004) 1557-1567 1565

0.018
0.016 - ol T ek
0.014
[ **'“lﬂ*.\.\.
> 0.012 . 212K
(_ED 0.01 4 /‘i . m\rﬁﬂ\‘:\‘\‘\“\‘\.\. 208K
5 0.008 -
> 0.006 - 72K T4 (017
- X (0.257)
0.004 —4—X(05T)
0.002 1 ——X(15T)
—XGT)
0 T T T T T T T T T 1
0 5 10 15 200 5 30 35 40 45 50 55

Temperature (K)

Fig. 4. Field dependence study for NaVGe,Og.

structure changes by dimerizing because of coupling of magnetic spins rather than electrons. The
temperature dependence of the magnetic susceptibility for NaVGe,Og is shown in Fig. 3.

Magnetic susceptibility measurements were made by using 1.78 x 10~ mol of NaVGe,Og crystals
between 2 and 300 K in a magnetic field of 0.5 T using a SQUID magnetometer. We were also able to
perform single crystal measurements and a field dependence study to prove that NaVGe,Og has a spin-
Peierls transition. It should be noted that LiVGe,O¢ has already been widely established as a spin-
Peierls compound [1]. However, this sodium analog is new.

The first requirement for a spin-Peierls transition is that the compound should have a 1D linear chain
(Fig. 2b). The second is that susceptibility of the compound should show a rapid decrease below the
transition temperature since the spin-Peierls transition is essentially an antiferromagnetic transition. A
plot of y versus temperature is given in Fig. 3 and a very sharp drop was observed in the case of
NaVGe,Og around 27 K, where the lowest point of the drop occurs at 7 K. There are two possibilities
for this drop in magnetic susceptibility. One could explain this as a simple, structural phase change that
is occurring as a result of a spin-Peierls transition. In Fig. 4, the temperature dependence of magnetic
susceptibility for a crystalline sample of NaVGe,QOg is shown under various magnetic fields. It can be
seen that the transition temperature shifts to lower temperatures with increasing magnetic field, which
coincides with a third criterion for spin-Peierl transitions. If it were a simple structural phase transition
there would not be a shift of the transition at lower temperatures. Therefore, this field dependence result
suggests a spin-Peierls transition. The fourth criterion is that susceptibility in all directions y; (i = a, b,
c) exponentially drops to small, constant values below the transition temperature. This is a very
important result. The origin of this rapid decrease in the susceptibility could be due to 3D
antiferromagnetic long-range order (AF LRO) or 1D long-like antiferromagnetism [2]. In both cases,
the susceptibility decreases rapidly as the temperature approaches 0 K in only one direction of the
crystal and remains finite in the other directions. As seen in Fig. 5, there is a decrease of susceptibility
in all directions suggesting neither 3D AF LRO, nor 1D long-like antiferromagnetism behavior is taking
place.



1566 M. Emirdag-Eanes, J.W. Kolis/Materials Research Bulletin 39 (2004) 1557-1567

0.01 -

0.009 ~

0.008 - a,b

0.007 ~

X (emu/mole)

0.006 -

0.005 -

0.004 T T T T 1
0 20 40 60 80 100

Temperature (K)

Fig. 5. Temperature dependence of magnetic susceptibility in all directions for NaVGe,Qg.
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