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Abstract

We studied single crystals of orthorhombic Sr2VO4 containing spin-singlet dimers of V4+ (3d1)

and those with Ti or Nb substituted for V. We found that both Ti and Nb doping induces the

evolution of a Curie-Weiss component in the magnetic susceptibility, but the rate of evolution with

doping is several times higher for Nb doping. We also found that Nb doping induces the conduction

of d electrons. These results can be explained by the hybridization of the Nb 4d states with the 3d

states of the neighboring V ions, possibly causing rearrangement of the d electron in the doubly

degenerate e states in the V ion.

PACS numbers: 75.30.Cr,75.10.Jm,75.25.Dk,78.40.Ha
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I. INTRODUCTION

Spin-dimer systems are one of the simplest systems with a spin-singlet ground state.

There are several examples of the spin-dimer systems that exhibit spin-gap behavior in

the temperature (T ) dependence of magnetic susceptibility, indicating a spin-singlet ground

state.1–8 In several compounds, neutron inelastic scattering has been measured and a spin-

gap structure has been observed in the spin-excitation spectrum.3,9–11 In addition, the mag-

netization or spin-excitation spectrum under the application of a strong magnetic field has

been measured in some of the compounds and characteristic behaviors arising from the

spin-singlet ground state have been observed.2,4,7,8,12,13

One of the intriguing issues regarding the spin-gap state is how it changes with doping.

For example, the appearance of antiferromagnetic ordering when nonmagnetic impurities

are introduced into a spin-singlet ground state has been observed experimentally in some

compounds14,15, although there have been a limited number of studies on this issue, probably

because of the lack of compounds suitable for study.

Sr2VO4 with V4+ (3d1 electron configuration) is known to have two polymorphs. One

has the K2NiF4 structure with a tetragonal lattice of V4+ ions.16–28 This compound exhibits

successive structural phase transitions at ∼ 100 K but does not exhibit magnetic ordering,

and its possible exotic orbital ordering has been discussed. However, this tetragonal phase

is stable only in a limited range of the temperature and oxygen partial pressure during the

synthesis, and an orthorhombic phase is more stable under a wider range of conditions.29,30

In this orthorhombic phase, V4+ ions form a hexagonal-closed-packed (hcp)-like structure,

where two inequivalent triangular lattices of V ions stack alternately along the a axis of

the orthorhombic structure, as illustrated in Fig. 1 (a). There are six inequivalent bonds

connecting the V ions in the neighboring layers, denoted by (1)-(6) in Fig. 1 (a), and one

of them (shown by thick lines) is shorter than the others, corresponding to a V dimer. As a

result, all the V ions form a dimer in this crystal structure. Each V ion is surrounded by four

oxygen ions in a nearly tetrahedral configuration with no overlap with those surrounding the

neighboring V ions [Fig. 1 (c)]. This orthorhombic Sr2VO4 exhibits typical spin-gap behavior

in the T dependence of the magnetic susceptibility, which arises from the spin-singlet state

on the short V-V bonds (V dimers).29,30

In the present study, we grew single crystals of orthorhombic Sr2VO4 with V dimers
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FIG. 1: (Color online) Atomic positions of (a) V ions, (b) V ions and Sr ions, and (c) V ions

in a dimer, a Sr ion, and oxygen ions in orthorhombic Sr2VO4. The thick lines in (a) represent

the shortest V-V bonds forming a spin-singlet dimer. The data of the atomic positions are from

Ref. [29]. The pictures were drawn by VESTA.31. (d) A Laue photograph on the bc plane of

Sr2V0.95Nb0.05O4. (e)(f)(g) x dependence of the lattice constants.

and those with part of the V ions substituted by Ti or Nb, and studied how the magnetic,

transport, and optical properties of the compounds change with doping. We found that Nb

doping causes evolution of a Curie-Weiss component in the magnetic susceptibility, of which

the rate cannot be explained by a doping of localized nonmagnetic impurities. We also found

that Nb doping induces the electrical conduction. These results can be discussed in terms

of the hybridization of the 4d orbitals of Nb ions with the 3d orbitals of the neighboring V

ions.
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II. EXPERIMENT

For the single-crystal growth of Sr2VO4, SrO, which was obtained by heating SrCO3 at

1000 ◦C for 12 hours, and V2O3 with a Sr:V molar ratio of 2:1 were mixed and left in air

for several days. During this process, the SrO appeared to absorb water in the air and the

powder became sticky. Then the powder was pressed into a rod and sintered in a floating-

zone furnace in a flow of H2 7%/Ar gas slightly below its melting temperature. The sintered

rod was ground and pressed into a rod again, and a single crystal was grown by melting the

rod in the floating-zone furnace in a flow of H2 7%/Ar gas. For the Ti- and Nb-doped crystals,

the same method was employed with TiO2 or Nb2O5 as a starting material. A typical size

of the crystals is 5 mm in diameter and 3 cm in length. Some of the grown crystals were

hygroscopic and broke into pieces over a period of hours to months. We speculate that a

small amount of SrO remaining as an impurity inside the grown crystal absorbed water and

was responsible for the deterioration of the crystals. For Sr2V1−xTixO4, x can be increased

to ∼ 0.2 but for Sr2V1−xNbxO4, a K2NiF4 phase appeared as an impurity phase when x was

larger than 0.05. We measured the x-ray powder diffraction of the crushed single crystals

and the lattice constants obtained by the analysis are shown in Figs. 1 (e)(f)(g). The a and

b lattice constants increase slightly with Ti doping.

The orientation of the crystals was determined by the Laue method (Fig. 1 (d)). The

amounts of Sr, V, Ti, and Nb were determined by induction-coupled plasma (ICP) analysis,

and the results are summarized in Table 1.32 Magnetic susceptibility was measured by a

SQUID magnetometer with an applied magnetic field of 0.1 T. Resistivity was measured by

the two-probe technique with an electrometer for the undoped sample with high resistivity

and by the four-probe technique for the Nb-doped sample with relatively low resistivity.

Thermopower was measured by the conventional steady-state method. Optical reflectivity

on the polished surface of the crystal was measured by a grating spectrometer between 0.7

and 5 eV and by a FTIR spectrometer between 0.08 and 0.8 eV. An Al mirror with known

reflectivities was used as a reference for obtaining the reflectivity.
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TABLE I: Amounts of Sr, V, Ti, and Nb in the crystals determined by ICP.

x Sr V Ti

0 1.98 1.00 0.00

0.03 1.97 0.97 0.03

0.05 1.97 0.95 0.05

0.07 1.94 0.93 0.07

0.10 2.00 0.90 0.10

0.15 1.98 0.85 0.15

0.20 1.95 0.80 0.20

x Sr V Nb

0.03 1.97 0.97 0.03

0.05 1.97 0.95 0.05

III. RESULTS AND DISCUSSIONS

Figure 2 (a) shows the T dependence of the magnetic susceptibility χ for orthorhombic

Sr2VO4 with the magnetic field applied along the a, b, and c axes. A peak exists in χ(T )

at ∼ 50 K for all the data, which is almost the same as that for the polycrystalline samples

previously reported.29,30 Hardly any anisotropy of χ(T ) exists.

Figure 2 (b) shows χ(T ) for the Ti-doped samples, Sr2V1−xTixO4, with an unknown

direction of the magnetic field. As can be seen, the magnitude of the low-T Curie component

gradually increases with increasing Ti concentration x, although the peak at ∼ 50 K barely

changes. Figure 2 (c) shows χ(T ) for x = 0.05 with the magnetic field along the three

different axes. These is also hardly any anisotropy in χ(T ) in the Ti-doped samples. To

observe the Curie component more clearly, the inverse magnetic susceptibility 1/χ is plotted

as a function of T in Fig. 2 (d). A linear T dependence of 1/χ(T ) below 15 K and a decrease

in the slope with increasing x are clearly observed.

The spin-gap formula of χ(T ) for the s = 1/2 dimer system was first discussed by Bleaney

and Bowers,1 which is given as

χSG(T ) =
C1

T
(

1 + 1
3
exp(J/kBT )

) , (1)

where J corresponds to the excitation energy from the spin-singlet ground state to the spin-
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FIG. 2: (Color online) Temperature dependence of the magnetic susceptibility (a) for Sr2VO4 with

the magnetic field applied along the a, b, and c axes, (b) for Sr2V1−xTixO4 with various values

of x for an unknown direction of the magnetic field, (c) for Sr2V1−xTixO4 with x = 0.05 with

the magnetic field applied along the a, b, and c axes, and (d) inverse magnetic susceptibility for

Sr2V1−xTixO4 with various values of x. The solid lines in (b) are the results of the fitting.

triplet excited state for the V4+ (3d1) dimer with an antiferromagnetic interaction. The

coefficient C1 for the parent compound Sr2VO4, C
p
1 , is theoretically given by

Cp
1 =

Ns2g2µ2
B

kB
, (2)

where N is the number of V sites with s = 1/2 spins, g is the g-factor (∼ 2), and µB is the

Bohr magneton. We fitted the experimentally obtained χ(T ) with the sum of χSG(T ), the

Curie-Weiss component χCW(T ), and a T -independent component χ0,

χ(T ) = χSG + χCW(T ) + χ0, (3)

where

χCW(T ) =
C2

T + θ
. (4)

Note that there are five parameters (C1, J , C2, θ, and χ0) in this formula. The results of the

fitting are shown by solid lines in Fig. 2 (b). The x dependence of the parameters is shown
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FIG. 3: (Color online) Dependence on the dopant (Ti or Nb) concentration (x) of (a) C2 (the

magnitude of the Curie-Weiss component) (b) C1 (the magnitude of the spin-gap component), (c)

J (the size of the spin gap), (d) θ (the Weiss temperature), and χ0 (the T -independent component)

for Sr2V1−xTixO4 (circles) and Sr2V1−xNbxO4 (squares). For each parameter, see Eqs. (1)-(4).

The solid lines in (a) and (b) represent the theoretical curves given by Eqs. (5) and (6), respectively.

The dashed line in (a) is a guide to the eyes.

in Fig. 3 by solid circles. As can be seen, the magnitude of the Curie-Weiss component C2

increases whereas that of the spin-gap component C1 decreases and the size of the spin gap

J barely changes with increasing Ti concentration x.

To understand the increase in C2 and the decrease in C1 with Ti doping, let us consider

the following model. We assume that the valence of Ti is 4+ and that there are no d electrons

in Ti. If Ti4+ (3d0) is substituted for one of the two V4+ (3d1) ions in a spin-singlet dimer,

an s = 1/2 spin appears, and if the magnetic interactions of this spin with the other V spins

are sufficiently small, a Curie-Weiss term with a small Weiss temperature θ (which has been

experimentally shown to be several kelvins) should appear. However, the fact that if both V

sites are substituted by Ti, then no Curie-Weiss term appears must be taken into account.

For Sr2V1−xTixO4, the probability that only one of the V ions in the dimer is substituted
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by Ti, the probability that both are substituted by Ti, and the probability that neither of

them are substituted by Ti are 2x(1 − x), x2, and (1 − x)2, respectively. Therefore, the

magnitudes of the Curie-Weiss term and the spin-gap term are given by33

C2 = x(1− x)
Ns2g2µ2

B

kB
, (5)

C1 = (1− x)2
Ns2g2µ2

B

kB
. (6)

We plot the x dependences of C2 and C1 given by Eqs. (5) and (6) as solid lines in Figs.

3 (a) and (b) respectively. As can be seen, the experimental results are in good agreement

with the theoretical curves. Together with the fact that J hardly changes with x [Fig. 3 (c)],

it can be concluded that the Ti ion introduced into the s = 1/2 dimer acts as a localized

s = 0 ion.

We also measured χ(T ) for the Nb-doped samples, as shown in Fig. 4. The results are

qualitatively the same as those for the Ti-doped samples, although the evolution of the

Curie-Weiss term with x is much faster for the Nb-doped samples. We also fitted χ(T )

with Eq. (3) and plot C2 and C1 as functions of x by closed squares in Figs. 3 (a) and

(b), respectively. As can be seen, C2 increases much faster with Nb doping than with Ti

doping. This indicates that the Nb ion introduced to the V dimer network does not act as a

simple localized s = 0 ion but affects the neighboring V dimers, resulting in the simultaneous

suppression of many singlet dimers in Sr2V1−xNbxO4. Note that hardly any anisotropy in

χ(T ) also exists in the Nb-doped samples, as shown in Fig. 4 (c).

The temperature dependence of the resistivity ρ for Sr2VO4 and the Nb-doped samples is

shown in Fig. 5. For Sr2VO4, ρ is on the order of 107 Ωcm at room temperature irrespective

of the direction and further increases with decreasing T . The activation energy of Sr2VO4

estimated from ρ(T ) is ∼ 0.5 eV. On the other hand, ρ for Sr2V1−xNbxO4 with x = 0.05 at

room temperature is many orders of magnitude smaller than that for the parent compound

and furthermore, it does not diverge at the lowest T , though a slight increase with decreasing

T is observed. Note that there is clear anisotropy in the resistivity of the Nb-doped crystals;

ρa is lower than ρb and ρc.

To further confirm the conducting state in the Nb-doped sample, the Seebeck coefficient

S for Sr2V1−xNbxO4 with x = 0.05 was measured, as shown in Fig. 6. S is negative and its

absolute value decreases with decreasing T , a typical behavior of a metallic state. From these
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FIG. 4: (Color online) Temperature dependence of (a) the magnetic susceptibility and (b) the

inverse magnetic susceptibility for Sr2V1−xNbxO4 with various values of x in an unknown direction

of the magnetic field and of (c) the magnetic susceptibility for Sr2V1−xNbxO4 with x = 0.05 with

the magnetic field applied along the a, b, and c axes. The solid lines in (a) are the results of the

fitting. (d) Schematic picture of the electronic state in the V dimer without and with Nb doping

at a nearby site.
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results, it can be concluded that Nb doping in orthorhombic Sr2VO4 results in a conducting

state.

Figures 7 (a) and (b) respectively show the optical reflectivity spectra below 5 eV at

room temperature for Sr2VO4 and Sr2V1−xNbxO4 with x = 0.05. Several structures below

2 eV and a peak at 4.5 eV are observed in all the polarization spectra of both compounds.

The peak at 4.5 eV can be assigned to the charge-transfer excitation from the oxygen 2p

state to the V 3d state. We performed a Kramers-Kronig transformation of the reflectivity

spectra and obtained the optical conductivity [σ(ω)] spectra shown in Figs. 7 (c) and (d).34

We found, however, that the spectrum below 3 eV depends on the way of extrapolation

of the reflectivity spectra above 5 eV to the extent that the uncertainty arising from the

extrapolation exceeds the difference in the spectra associated with Nb doping. Accordingly,

a quantitative discussion of the dependence of the optical conductivity spectra on Nb doping

is difficult.

In all the polarization σ(ω) spectra obtained both with and without Nb doping, a peak

at 1.2 eV [shown by triangles in Figs. 7 (c)(d)] and a broad background from 0 to 3 eV

are observed. On the basis of a previous result on the optical spectrum of VO2 having V4+

similarly to the present compound,35 the broad background can be assigned to Mott-gap

excitation between the neighboring V 3d states. On the other hand, the peak at 1.2 eV can

be assigned to intraatomic excitation within the V 3d states (crystal-field excitation).36 In the

present compound, V is surrounded by four oxygen ions in the tetrahedral configuration and

accordingly, the doubly degenerate e states have a lower energy than the triply degenerate

t2 states, and a d electron is accommodated in one of the e states. Thus, the peak at 1.2 eV
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FIG. 7: (Color online) (a)(b) Optical reflectivity spectra and (c)(d) optical conductivity spectra

for (a)(c) Sr2VO4 and (b)(d) Sr2V1−xNbxO4 with x = 0.05 with polarization along the a, b, and c

axes.

can be assigned to the intraatomic excitation from the e state to the t2 state of the V ions.

One of the differences in the optical spectra with and without Nb doping is the anisotropy

of the spectra. For the parent compound, the reflectivity in the case of polarization along

the b axis (Rb) is higher than that along the other axes but for the Nb-doped compound, Rb

is lower than the Ra and Rc. As a result, the increase in the reflectivity with Nb doping is

greatest for Ra. This is also the case for the σ(ω) spectrum and is consistent with the lower

resistivity (higher conductivity) along the a axis in the Nb-doped samples, as experimentally

observed (Fig. 5).

Another characteristic of the optical spectra is that, in addition to the peak at 1.2 eV

observed in all the polarization spectra, a peak at 1.7 eV [shown by arrows in Figs. 7 (c)(d)]

exists only in the σa(ω) spectrum for both the undoped and Nb-doped samples. Note that

the corresponding structure also exists in the reflectivity spectrum along the a polarization

direction. Although the a axis is a special direction for the hcp lattice of V ions, none of

the V-V bonds are along the a axis, as shown in Fig. 1 (a). Furthermore, for the VO4

tetrahedra, the a axis is not a special axis, as shown in Fig. 1 (c). On the other hand, one
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of the four inequivalent Sr ions exists close to one of the two inequivalent V ions, forming

a V-Sr bond with a length of only 1.5 Å, and the direction of the bond is almost along the

a axis, as illustrated in Fig. 1 (b). Thus, a possible origin of the structure at 1.7 eV in the

σa(ω) spectrum is the Sr ion existing near the V ion affecting the d orbital of the V ion,

resulting in excitation only when the polarization is along the V-Sr direction.

Let us consider how the doped Nb ions act in the orthorhombic Sr2VO4. The main

difference between Ti and Nb is that Ti4+ is d0 whereas Nb5+ is d0. Thus, one idea is that

the substitution of Nb5+ for V4+ results in the electron doping into V4+. Note that a doping

effect on Sr2VO4 with a K2NiF4 structure by the introduction of oxygen offstoichiometry23,26

or the substitution of H− for O2− [27] has been studied previously. However, in the present

compound, the doping effect only cannot explain the greater evolution of the Curie-Weiss

term with Nb than Ti doping. Namely, the electron doping into V4+ may enhance a Pauli

paramagnetic susceptibility but does not cause the Curie-Weiss term, since it is difficult to

break the spin-singlet V-V bonds but to keep the two V spins localized by electron doping.

Furthermore, it is unlikely that only the 5 % electron doping alone to the Mott insulator

with a resistivity of more than 107 Ωcm at room temperature results in the conducting

ground state, since there is an empirical rule that Mott insulators with higher resistivities

require a large number of doped carriers to make them conducting. Indeed, various 3d

transition-metal oxides with a perovskite structure have been studied37–39and found that

even if the resistivity of the undoped sample (a Mott insulator) is the order of 101 Ωcm at

room temperature, the resistivity of the sample with 5 % doping usually diverges at the

lowest T .

Thus, it is more likely that 4d orbital of the Nb ion extending in a wider range in space

and thus being strongly hybridized with the 3d orbitals of the V ions at the neighboring

sites plays an important role both for magnetism and transport properties. In other words,

the doped Nb ions act not only as donors but as increasing the bandwidth. However, it

may be difficult to break the spin-singlet V-V bond and to create two s = 1/2 spins only by

increasing the hybridization between the V 3d orbital and the Nb 4d orbital. One possible

scenario is that the occupation of the d electron in the V ion changes with the Nb doping

to a neighboring V site [Fig. 4 (d)]. The strong antiferromagnetic interaction within the

V-V dimers in the parent compound indicates that one of the doubly degenerate e states of

one V ion forms a strong bond with an e state in the other V ion in the dimer. However,
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the unoccupied e state in the V ion can be hybridized with the 4d state of the neighboring

Nb and its energy can be lowered as a consequence. As a result, in the Nb-doped sample, it

is possible that the d electron in the V ion now occupies the state that was unoccupied in

the parent compound, and the strong antiferromagnetic interaction between the V ions no

longer exists. Such rearrangement of the electron in the e state associated with Nb doping

at a nearby site can explain the faster suppression of the spin-singlet state in the Nb-doped

samples.

Let us also consider the origin of the larger conductivity along the a axis when Nb ions

are doped. As discussed in the introduction, there are various inequivalent V-V bonds in

the present compound. Among them, a spin-singlet state exists on the shortest bond with a

length of 4.08 Å, as shown in Fig. 1 (a). With Nb doping, however, the 4d orbital existing

in the doped Nb is hybridized with the 3d orbitals of the neighboring V ions, causing the

conductivity of the Nb-doped samples. Regarding the V-V bonds in the quasi-hcp lattice of

the V ions, there are five different V-V bonds, which are denoted as V-(n)-V with n = 2−6,

in addition to the shortest V-V bond denoted as V-(1)-V [Fig. 1 (a)]. If we consider the

chains of V ions V-(1)-V-(n)-V-(1)-V-(n)-· · · (n = 2 − 6), two of them are along the a axis

[Figs. 8(a) and (b)], one is along the c axis [Fig. 8(c)], one is along the b axis [Fig. 8 (d)],

and the other one is along the 〈011〉 direction [Fig. 8 (e)]. This means that the number of

chains containing the shortest V-V bonds is largest along the a axis, and this can explain

why the conductivity along the a axis is larger for the sample with Nb doping.

IV. SUMMARY

We grew single crystals of orthorhombic Sr2VO4 composed of spin-singlet V4+ (3d1)

dimers and those with Ti or Nb substituted for the V site, and studied their magnetic,

transport, and optical properties. Regarding the spin-gap behavior in the magnetic suscep-

tibility of the parent compound, a Curie-Weiss component evolves with the doping of Ti and

Nb. The rate of evolution of the Curie-Weiss component with the Ti doping is quantitatively

consistent with a model in which the nonmagnetic localized Ti4+ ion is substituted for V4+

in the spin-singlet dimer, whereas the rate for Nb doping is several times higher than that for

Ti doping. We also found that Nb doping to the V site results in an electrically conducting

state. These experimental results suggest that the 4d state of the Nb ion is hybridized with

13



(a) (b) (c)

(d) (e)

FIG. 8: (Color online) Chains of V ions including the shortest V-V bonds [annotated as (1)] in

orthorhombic Sr2VO4. The annotation of the bonds (n) is the same as that in Fig. 1 (a).

the 3d state of the neighboring V ion. This causes possible rearrangement of the electron

in the e state of the V ion, resulting in the disappearance of the strong antiferromagnetic

interaction within the V dimers. We also found from resistivity and optical measurements

that the Nb-doped sample has higher conductivity along the a direction, and this can be

understood from the V-V network in the crystal.
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