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The magnetic and electric properties of Vz03+X were investigated by measurements of magnetic 
susceptibility, electrical resistivity, magnetotorque, Mijssbauer of doped “Fe, and NMR of ‘%, and the 
results were compared with those of the (V1-XTix)Z03 system or highly pressured VsOs. The results 
obtained are as follows: (1) The metallic state shows an antiferromagnetic ordering at TN (x). The value of 
TN for metallic V203, obtained by interpolation to x = 0, shows the coincidence between V~0s+~ and the 
(V1--xTiX)z03 system. (2) Magnetic susceptibility of VzOs+, is expressed as x&~Os+~)= 
(1 -.~),&V.~+)+x~i&~). ~~(9’) obeys the Curie-Weiss law (,~&ti’) = 0.77/T+ 17). (3) In the 
insulating phase, the electrical resistivity p is expressed as a common equation: p = lo-‘.* exp(E/kT). 
This implies that the substitution of Ti or nonstoichiometry (V+4 + metal vacancies) has little influence on 
the carrier mobility (or bandwidth). (4) There is a critical length in the c-axis (~14.01 A) where the 
metal-insulator transition takes place. This suggests that the length of the c-axis plays an important role in 
the metal-insulator transition of VzOs-related compounds. 

1. Introduction 

Vanadium sesquioxide (V203) shows a 
successive phase transition of insulator to 
metal to insulator. One is a sharp first-order 
transition from a high-temperature metallic, 
corundum phase to a low-temperature anti- 
ferromagnetic insulating, monoclinic phase 
at about 170°K (Ttl), accompanied by a 
change in resistivity of about 7 orders of 

* From the viewpoint of defect structure, the notation 
VZO~+~ has to be changed to Vz-YOj, because the 
nonstoichiometry in VsOs originates from the metal 
vacancies. However, in this paper we use the notation 
VzOs+, for convenience. 

i Muah work has been done on the anomalous 
behavior of the electrical resistivity, magnetic suscep- 
tibility, and lattice constant appearing in VsOs at around 
SOO’K (Ttz). McWhan eral. (Ref. (5)) attributed it to the 
supercritical behavior and also claimed the material is 
insulating above T,z. Honig’s group (Whys. Rev. L&t. 32, 
13, 1974) reported that the material is a metal, a semi- 
metal, or a degenerated-band semiconductor above Tt2. 
From a nuclear magnetic resonance study, Kerlin ef al. 

magnitude and a reduction of magnetic 
susceptibility. The other’ is a continuous 
change back to a paramagnetic insulating 
state at around 500°K (Tt2), showing an 
anomaly that is marked by continuous 
change of the lattice parameter, resistivity, 
and magnetic susceptibility. 

The effect of various dopants such as SC, 
Ti, Cr, Fe, Zr, Al, and Mg on these tran- 
sitions has been extensively studied by Bell 

(Solid Srafe Commun. 13, 1125, 1973) concluded that 
above T,z, VzOs is an insulator with localized magnetic 
moment. They showed that the observed relaxation rate 
below 320’K satisfies quite well the Korringa relation, a 
characteristic of metals, and above 550°K is constant as 
expected for a paramagnetic insulator. This behavior of 
the high-temperature relaxation rate directly reflects the 
localized character of the 3d electrons on every atomic 
site in the insulating phase. This NMR experiment is 
most persuasive to us, because NMR is one of the most 
powerful tools for examining the electronic state of 
materials. Therefore, we believe that above TQ., VzOs is 

an insulator with a local moment. It is to be noted that 
the purpose of paper is to make clear the PM-API 
transition of V203. 
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Laboratories (1-3). Their experiments on 
the mixed-oxide systems (Vi-,Cr,)z03 and 
(V1-,Ti,)203 as a function of temperature or 
pressure (3-5) have shown that these tran- 
sitions can be regarded as a transition from a 
highly correlated metallic phase to a local- 
ized insulating phase, which was originally 
proposed by Mott (6, 7). The generalized 
phase diagram adopted from Ref. (3) is 
shown in Fig. 1. This phase diagram is con- 
structed from three defined regions: 
paramagnetic metal (PM), paramagnetic 
insulator (PI), and antiferromagnetic insula- 
tor (AFI). The first-order PM-PI phase 
boundary is terminated at a critical point and 
the continuous change of VzO, at around 
500°K is due to supercritical behavior, being 
analogous to the solid-solid phase boundary 
in cerium metal (8,9). 

On the other hand, these phase transitions 
have been studied by controlling anion 
content (nonstoichiometric compounds) 
(10-16) or by substituting another anion 
such as fluorine for oxygen in Vz03 (17). As 
shown in the results, nonstoichiometry and 
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FIG. 1. Generalized phase diagram for the metal- 
insulator transition in Vz03 as a function of doping with 

Cr or Ti and as a function of pressure (Ref. (3)). The 
solid and open symbols represent increasing and 
decreasing pressure or temperature, respectively. 

the substitution of fluorine suppress the 
insulating phase. 

In the metallic phase, the magnetic 
susceptibility obeys the Curie-Weiss law 
with C =0.657 (emu/mole) “K and 0 = 
600°K (18). It has been an interesting prob- 
lem whether the metallic phase orders 
magnetically at lower temperatures. 
Unfortunately, the first-order transition of 
stoichiometric V203 occurs at Ttl. To stabil- 
ize the metallic phase, down to the lowest 
temperature, there are three methods, i.e., 
the substitution of Ti for V, excess oxygen 
(V203+X), and high pressure. The nuclear 
magnetic resonance (NMR) study on the 
pressure-stabilized metallic V203 (19) 
revealed that no magnetic ordering was 
observed down to 4.2”K, which suggests that 
the metallic state has no localized moment, in 
contrast to the paramagnetic insulating 
phase. Our recent studies on the nonstoi- 
chiometric V203+x (16,20) confirmed that 
V203+X shows a paramagnetic metal (PM) to 
an antiferromagnetic metal (AFM) transition 
at about 10°K in the composition region 
O.O4<x ~0.08. The magnetic ordering of 
the metallic phase was also observed on the 
(V1-XTiX)203 system by Dumas and Schlen- 
ker (21) and our group (22). These results 
are at variance with the reports of McWhan 
et al. (3, 12). 

In this paper, we report the details of the 
magnetic and electric properties of the 
system V203+*. The comparison of the 
V203+X system with the (VI-,Ti,)203 system 
or the obtained phase diagram to the 
generalized phase diagram will be also dis- 
cussed. 

2. Experimental 

The powder samples of V203+X were pre- 
pared by the ceramic method, i.e., the 
weighed mixtures of stoichiometric VZO~ 
and V205 were pressed into a pellet, heated 
for 2 days at 6OO”C, then for 3 days at 1300°C 
in an evacuated silica tube, and then quen- 
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ched in ice water. The stoichiometric V203 
powder samples were prepared by reducing 
VZ05 in hydrogen gas at 800°C for 3 days. 
The obtained V203 samples have a high Td 
(about 170°K on heating). The oxygen 
content in V203+X was analyzed by oxidizing 
the sample to VZ05 in air at 600°C. The 
accuracy of this method was estimated to be 
*0.002 in x of VZO~+,. The lattice 
parameters at room temperature vs 
composition (x) curves were determined (see 
Fig. 2). These curves were used to determine 
the composition of the powder or single- 
crystal samples for which the physical pro- 
perties were measured. 

Single crystals of VzO3 were grown by the 
chemical transport method (23). The pro- 
cedure was the same as that of the crystal 
growth experiments on VhOr3 reported in a 
previous paper (24); the temperature :0 f the 

-X 

FIG. 2. Lattice parameters, volume, and c/a vs x in 
V203+x at room temperature. The circles are from the 
present work, triangles from Ref. (I 1 ), and squares from 
Ref. (12). A second-phase V305 starts to appear at 
x >0.08 in the present work. 

charge zone was 1000°C and that of growth 
zone was 950°C. Single crystals of V~03+~ 
were prepared by heating a small crystal of 
V203 embedded in a large quantity of the 
powder sample of V203+X in an evacuated 
silica tube at 1300°C for 3 days. 

The samples (V1-XTix)203 (0 G x c 0.3) 
were prepared by arc melting of an appro- 
priate mixture of VZ03, Ti metal, and TiOa. 

The magnetic susceptibility measurement 
was made with a magnetic torsion balance. 
For the Miissbauer measurement, V203+, 
samples doped with 1% 57FeZ03 were pre- 
pared by the ceramic method. The velocity 
scale in Mossbauer spectra was calibrated 
with pure Fe metal. Susceptibility curves of 
57Fe-doped samples showed that the effect of 
the impurity Fe on the intrinsic properties of 
VZO~+~ is not so significant. The magneto- 
torque measurement was carried out with a 
torque magnetometer, using a single-crystal 
specimen of lo-20 mg. The magnetization 
measurement was made with a flux 
magnetometer using a 50-kOe supercon- 
ductor magnet. The electric resistivity 
measurement was made by the ordinary 
four-probe method using single-crystal or 
sintered samples. The NMR measurement 
was made with an ordinary coherent or 
incoherent, high-power pulsed NMR spec- 
trometer. 

3. Results 

3.1. Latttice Parameters 

The lattice parameters obtained at room 
temperature vs composition (x) are shown in 
Fig. 2, including the data of Nakahira et al. 
(II ) and McWhan et al. (12). Both the a-axis 
and c-axis of corundum structure show a 
smooth decrease up to x = 0.080 in VzOj+, 
and then become scarcely dependent on X, 
coinciding with the appearance of V305; as 
the second phase. This suggests that the limit 
of nonstoichiometry in the corundum phase 
is about x = 0.080. The dependence of the 
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lattice parameters on x is in good agreement 
with the findings of Nakahira et al. and 
McWhan ef al., although the limit of 
nonstoichiometry is different among the 
three works (X = 0.06 for McWhan ef al. and 
x = 0.10 for Nakahira et al.); the discrepancy 
of the limit of x may be caused by the 
difference of the temperatures at which the 
samples were prepared. 

The temperature dependence of the lattice 
parameters for the x = 0.00, 0.020, 0.045, 
and 0.062 single-crystal samples was 
measured in the temperature region from 
77°K to room temperature. The results are 
shown in Fig. 3. The u-axis smoothly 
decreases with decreasing temperature and 
the c-axis linearly increases with decreasing 
temperature. The volume decreases with 
temperature. The samples of x = 0.00 and 
0.020 show the metal-insulator transition 
and the samples of x = 0.045 and 0.062 are 
metallic down to absolute zero. For x = 
0.045, the c-axis, extrapolated to 4.2”K, 

coincides very well with the data of McWhan 
et al. (25) but the u-axis does not, as shown in 
Fig. 3. 

3.2. Magnetic Susceptibility and 
Magnetization Measurements 

The magnetic susceptibility k) was 
measured in the temperature range from 4.2 
to 900°K. The results are shown in Figs. 4 
and 5. The PM-AFI transition of VZ03 
accompanies a reduction of ,y at T,i. As 
shown in Fig. 4, Ttl decreases with increasing 
X, and the samples with x ~0.035 do not 
show a PM-AFI transition. Above 80”K, the 
temperature dependence of x in the 
nonstoichiometric VZO~+~ is very similar to 
that of stoichiometric V203, Below this 
temperature, x gradually deviates from the 
Curie-Weiss law and the deviation increases 
with increasing x. These results are in g&d 
agreement with those of McWhan ef al. (12). 
It is to be noted that x of the samples with 
x 20.035 shows an anomaly at about lOoK, 
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FIG. 3: Lattice parameters vs temperature for samples of V z 0 3+x in the temperature range from 77°K 
to room temperature. The solid symbols are from the present work, open symbols for x = 0.045 from Ref. 

(25) and for 4 and 5.5% Ti from Ref. (3). 
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FIG. 4. Magnetic susceptibility vs temperature curves for Vz03+, below 250°K. The PM-AFI 
transition temperature shifts downward with increasing x and the samples with x P 0.035 do not show the 
transition. Note an anomaly at around 10°K (TN) for the samples with x ~0.035. The inset shows the 
dependence of TN on x. It was confbmed in Sect. 3 that this anomaly at TN is caused by the 
a&ferromagnetic ordering. 

which suggests the antiferromagnetic order- 
ing. The temperature at which x shows an 
anomaly decreases slightly with increasing x, 
i.e., 11°K for x = 0.035 and 8°K for x = 
0.080, as shown in the inset of Fig. 4. 

On the other hand, the PM-PI transition 
of V,O, at Tf2 is characterized by a plateau in 
the x vs T curve. As shown in Fig. 5, the 
temperature region (Tt2) in which the x vs T 
curve shows a plateau becomes narrower and 
shifts toward higher temperature with 
increasing x up to about x = 0.03. In the 
samples with 0.040~~ c 0.080, the x vs T 
curves show no plateau and the PM-PI tran- 
sition smears out. 

The measurement of the magnetization for 
the sample with x = 0.040 was made in the 
field up to 50 kOe at 4.2 and 1.36”K. The 
magnetization (M) is proportional to the 
applied field (H) at both temperatures and 
shows the absence of any significant satura- 
tion. The slope (M/H) is slightly larger at 

4.2”K than at 1.36”K. This is consistent with 
the behavior of x measured with the 
magnetic torsion balance. These results 
suggest that the curves correspond to those in 
the antiferromagnetic regime. 

3.3. Miissbauer Effect Measurements 

Mossbauer effect measurements (16) were 
made for the purpose of confirming the 
magnetic ordering. The measurements were 
made on the “Fe-doped samples with x = 0, 
0.02, 0.04, and 0.06 at 4.2”K, 77”K, and 
room temperature. The obtained results are 
summarized in Table I. At room temperature 
the Miissbauer spectrum of each sample is a 
single line, the isomer shift (IS) is about 
0.65 mm/set relative to pure Fe metal, and 
the linewidth is 0.4 mm/set. The x = 0 and 
0.02 samples show the PM-AFI transition 
and show magnetic hyperfine splitting below 
the transition temperature. The hyperfine 
field (Hi) for x =0.02 at 4.2”K is 452 kOe 
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FIG. 5. Magnetic susceptibility vs temperature curves 
for VZO~+~ above 300°K. The temperature interval of 
the PM-PI transition becomes narrower and shifts 
toward higher temperature with increasing x, as shown 
by the broken line. In the samples with x ~0.04, the 
PM-PI transition smears out. 

and is nearly equal to that for stoichiometric 
V,O,. The IS of the AFI phase is about 
0.63 mm/set and a little smaller than that of 
the PM phase. The Miissbauer parameters 
for the AFI phase are reasonable as values 
for trivalent iron, although the hyperfine 
field is somewhat smaller than is typical. 

TABLE I 

M~SSBAUER PARAMETERS 

(kzef 
IS 

(mm/set) 

vzo3 

v203.02 

v2hM 

V203.06 

300 para. 0.67 f  0.03 
77 387zt2.5 0.64 

4.2 458 0.62 

4.2 452 0.63 

4.2 273 0.73 

300 para. 0.64 
77 para. 0.78 

4.2 263 0.73 
2 283 0.76 

The x = 0.04 and 0.06 samples, which 
show no PM-AFI transition, are still 
paramagnetic at 77°K and show a smaller 
hyperfine field at 4.2”K. The hyperfine field 
for x = 0.04 at 4.2”K is 273 kOe and those 
for x = 0.06 at 4.2 and 2.O”K are 263 and 
283 kOe, respectively. These results support 
the hypothesis that the anomaly of the 
susceptibility curves at about 10°K is caused 
by the magnetic ordering. The extrapolated 
hyperfine field to absolute zero is about 
290 kOe, which is too small to regard as the 
field of a trivalent iron. The small hyperfine 
field and the large isomer shift, compared 
with that of the AFI phase, reflect the metal- 
lic properties of the matrix. 

3.4. Magnetotorque Measurements 

Magnetic anisotropy was measured by 
magnetotorque measurements. Torques 
under the various field intensities at 4.2”K, 
77”K, and room temperature were measured 
both in the c plane (the plane perpendiculay 
to c-axis) and in the c-a plane (the plane 
perpendicular to the c plane) of the single 
crystal of VZOS.~So which is metallic down to 
the lowest temperature. The torque curves in 
the c-a plane are shown in Fig. 6. The curves 
show twofold symmetry at all temperatures 
and the torque amplitudes are proportional 
to the square of the field strength (H), as 
shown in the inset of Fig. 6. Therefore, the 
torque T is given by the formula 

T = iAxH2 sin 20. 
As shown in Fig. 6, the two principal axes in 
the c-a plane are the c-axis and the a-axis at 
all temperatures and therefore A,y is xa - xC, 
where 0 is the angle of the direction of the 
applied field from the c-axis. The c-axis is 
the axis of difficult magnetization (Ax = x0 - 
,Y~ >O) at 77 and 300”K, but the curve at 
4.2”K changes the phase by 90” as compared 
with the curves at 77 and 300”K, i.e., the 
c-axis is the axis of easy magnetization (Ax = 
,ya -xc < 0). Torque amplitude (T,,,) at 
4.2”K is much larger than at 77”K, suggesting 
that the increase of the magnetic anisotropy 
is due to antiferromagnetic ordering. 
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FIG. 6. Torque curves in the c-a plane for single- 
crystal VzOa.Oso. The principal axes are the a- and c-axis 
at all temperatures. The curve at 4.2”K has a large 
torque amplitude and changes phase by 90” compared 
with the curves at 77 and 300°K. 

On the other hand, the torques in the c 
plane were nearly zero at all temperatures, 
i.e., Ax = 0. This reflects the symmetry of 
crystal structure (hexagonal) in the 
paramagnetic state. In the antiferromagnetic 
state, it is regarded that the direction of 
antiferromagnetic spin is in the direction of 
the difficult axis. From the results that the 
difficult axis is the u-axis at 4.2”K, it is 
confirmed that the direction of the antifer- 
romagnetic spin axis is in the c plane. The 
result that the torques in the c plane are 
nearly zero suggests that the three magnetic 
domains exist in the c plane and are caused 
by the crystal structure (hexagonal sym- 
metry). 

Figure 7a shows the temperature depen- 
dence of the torque amplitude (T,,). T,,,, 
sharply increases with increasing tempera- 
ture and afterward smoothly decreases with 
increasing temperature, showing a maximum 
at around 8°K. Tmax is related with Ax by the 
formula Ax = 2T,,/H2, where Ax is xa - 
xc. Figure 7b shows X~ and xc vs temperature 
curves, directly measured using a single 
crystal of V203.08~ with magnetic torsion 

. I 

“T (K1 ” 

FIG. 7. (a) Temperature dependence of torque ampli- 
tude (T,,,,) at 1.5 kG and Ax(=xa -x,). T,,,, and Ax 
are combined by the equation T- = $AxH*. The solid 
triangles are from the direct measurements of xa and xc. 
(b) Magnetic susceptibility along the a-axis and c-axis vs 
temperature curves for single-crystal VaOs.cs~. 

balance. The obtained temperature depen- 
dence of A,y(=,y, -xc) is in good agreement 
with the results from T,,,,, as shown by the 
solid triangles in Fig. 7a. From the tempera- 
ture dependence of Tmax and the directly 
measured X~ and x0 it is confirmed that the 
Neel temperature, TN, is about 8°K in 
vzo3.oso. 

3.5. NMR Measurements 

The above-mentioned experiments are 
somewhat macroscopic, so we studied 
51V NMR of nonstoichiometric VZ03+,. A 
part of the results has been already reported 
(20). We have observed two signals in the 
samples with x = 0.04 and 0.06 at 1.8”K. One 
is the zero-field spin-echo signal distributed 
around 64 MHz and the hype&e field is 
estimated to be 58 rt 2 kOe. The other is the 
broad spectrum obtained by sweeping the 
external field at constant frequency, and this 
spectrum may be interpreted as due to the 
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interplay of the external field and the 
hyperfine field, both being nearly the same 
magnitude, in the randomly oriented anti- 
ferromagnetic powder sample. The esti- 
mated hyperfine field is about 9 kOe. These 
signals were assigned for the former to be 
due to the V4’-like sites, associated with the 
charge compensation caused by nonstoi- 
chiometry, and for the latter to be due to the 
matrix V sites, respectively. From these 
results, it is directly proved that the metallic 
V203tx orders antiferromagnetically at 
lower temperature. 

On the other hand, the spectra with strong 
intensity centered at 207 MHz and very 
weak intensity distributed around 79 MHz 
were observed at 1.8”K in the samples with 
x = 0.01 and 0.02, which show the PM-AFI 
transition. The estimated hyperfine fields for 
these spectra are 184.9* 0.5 and 71 f 1 kOe, 
respectively. The former is almost equal to 
the hyperfine field (185.0*0.1 kOe) found 
in the AFI phase of V203. The weak spectra 
may be due to V”’ sites and the hyperfine 
field is nearly the same as that (about 
80 kOe) of V4+ in MagnCli phase oxides 
V,02,-i (26,27). This shows that in the AFI 
phase of VzO3+, the matrix V sites have the 
same electronic state as in the AFI phase of 
stoichiometric V2O3, and V4+ sites are local- 
ized in the matrix, having nearly the same 
magnetic properties as that of other insulat- 
ing vanadium oxides. A detailed NMR study 
on the metallic V203+X is now in progress 
and will be reported elsewhere. 

3.6. Electrical Resistivity Measurements 

Electrical resistivity measurements of 
V2O3+* were made on single crystals or 
sintered samples in the temperature range 
from 1.8”K to room temperature. The results 
of single crystals on cooling are shown in Fig. 
8a. The samples with x = 0,0.017, and 0.028 
show a PM-AFI transition at Ttl with a 
resistivity change of the order -10’. The 
samples with 0.040 and 0.062 are metallic in 
the temperature region 1.8 - 300°K. Within 
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FIG. 8a. Resistivity vs temperature curves for 
crystals of V203+x on cooling. 
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FIG. 8b. Resistivity vs reciprocal temperature for 
sintered samples of V~os+~. The PM-APf transition is 
suppressed with increasing x, showing a hysteresis by 
about 20°C between cooling and heating. The samples 
for x 2 0.040 remain metallic down to absolute zero. 
The resistivity of the metallic phase of sintered samples 
is higher by lo’-’ orders than that of single crystals, 
probably caused by the grain boundary effect. 

the experimental error, the value of resis- 
tivity (-10F3 Cl * cm) in the metallic state 
hardly depends on the nonstoichiometry. 
The resistivity measurement of the AFI 
phase was unsuccessful due to the breaking 
of the crystals through the PM-AFI tran- 
sition but was performed successfully in 
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sintered samples. The results are shown as a 
plot of logp vs 103/T in Fig. 8b. In the 
sintered samples, the resistivity of the metal- 
lic phase is higher by lo’-* orders than that 
in single crystals, and therefore the resistivity 
change at T,i is smaller than that in single 
crystals. This might be caused by the grain 
boundary effect of sintered samples. The 
value of resistivity in the insulating phase is in 
good agreement with that of single crystals. 
Composition dependence of Ttl, activation 
energy (Ea) for resistivity in the AFI phase, 

nonstoichiometry is in good agreement with 
the work of McWhan et al. (12). 

The resistivity of the metallic phase for the 
samples with x =0.040 and 0.062 as a 
function of temperature is shown in Fig. 10. 
In both samples, the resistivity decreases 
almost linearly down to 130 - 150°K and 
more quickly below this temperature. The 
temperature dependence of the resistivity 
below about 130°K shows a T'.4 dependence 
for x = 0.040 and a T'.* dependence for x = 
0.062, as shown in Fig. 10. The resistivity of 

and magnitude '(Ap) of the discontinuity in 
resistivity at T,, are shown in Fig. 9. T,l shifts 
downward with increasing x, showing a 

” 

metallic. E, estimated from the slope of a 
plot of log p vs 103/T decreases with 
increasing x from about 0.15 eV at x = 0 to 
0.04 eV at x -0.03. Thereafter, E, falls 

p 

” 

-A 

FIG. 10. Resistivity vs temperature for the samples 
FIG. 9. Plot of metal-insulator transition temperature with x = 0.040 and 0.062 in V203+x. Both samples are 

(T,r), activation energy (DE.), and discontinuity in resis- metallic down to the lowest temperature. The resis- 
tivity (Ap) vs composition (x) for sintered samples. The tivities for x =0.040 and 0.062 show T’.4 and T1.2 
shaded region of T,, shows a hysteresis between cooling dependence at lower temperature, respectively. The 
and heating. insets show the temperature dependence of the resis- 

tivity in both samples below 30°K. Note that the resis- 
* Ap is defined as Ap = logpTtl -log 10e3, where pTtl is tivity shows a minimum at 8 - lOoK, corresponding to 

the resistivity for sintered samples just below To. TN. 
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metallic nonstoichiometric V203+X shows no 
T2 dependence of the resistivity, which was 
observed in the metallic V203 stabilized by 
high pressure (28). It is noted that the resis- 
tivity of the samples with x = 0.040 and 
0.062 shows a minimum at 8 - lO”K, cor- 
responding to TN, as shown in the inset of 
Fig. 10. 

3.7. Phase Diagram 

The phase diagram of the V203+X system, 
obtained from the above-mentioned 
experimental results, is shown in Fig. 11. The 
PM-API transition shows a hysteresis on 
cooling and heating, and the line of Ttl in Fig. 
11 was obtained from the intermediate 
value. The AFI phase is suppressed with 
increasing x and disappears at x 2 0.035. On 
the other hand, the temperature interval, 
where the PM to PI phase transition takes 
place gradually, becomes narrower and shifts 
toward higher temperatures with x up to 
approximately x = 0.03, and the transition 
smears out at x 30.04. At x 2 0.035, the 
system remains entirely metallic and shows a 
transition from paramagnetic to antifer- 
romagnetic at lower temperature. The tran- 

FIG. 11. Phase diagram of VZO~+~, obtained from 
experimental results. 

sition temperature TN slightly decreases with 
increasing x (11°K for x = 0.035 and 8°K for 
x = 0.080), as shown in the inset of Fig. 11. 
At x > 0.080, the V305 phase appears as the 
second phase. 

4. Discussion 

4.1. Magnetic Properties 

x obeys the Curie-Weiss law with C = 
0.657 (emu/mole)“K and 0 = 600°K in the 
metallic phase of V203 (18). The value of C 
is reasonable for V3+, i.e., 3d2 state. If there 
were local moments in the metallic phase, 
they should have ordered magnetically at low 
temperature. The results of nuclear magnetic 
resonance under high pressure at 4.2”K, 
however, did not show any magnetic order- 
ing (19). From the results, it was concluded 
that the metallic state has no localized 
magnetic moment, in contrast to the PI 
phase, and the observed temperature 
dependence of the susceptibility must be 
related to strongly interacting but still 
itinerant electrons. 

In the VZO~+~ system, the value of x 
increases with x and the temperature 
dependence of x is very similar to that of the 
stoichiometric V2O3 above 80°K. Below this 
temperature, x gradually deviates from the 
Curie-Weiss law and the deviation increases 
with x. This result suggests that the molar 
susceptibility of V2O3+* consists of the 
matrix component and the excess 
component. On the basis of the ionic model, 
V3O3+, can be regarded as a mixed valence 
oxide consisting of lOO( 1 -x)% V3+(matrix) 
and 100x% v’. Therefore, it may be 
reasonable to conclude that the matrix 
component is due to lOO(1 -x)% V3+ and 
the excess component is due to 100x % v”“. 
Then, the molar magnetic susceptibility (x2) 
of VZO~+~, may be expressed as follows: 

Xh =xiXMW+> + (1 -Xi)Xh4W3+)9 (1) 

where ,Y~(V+) and xM(V3’) are the molar 
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susceptibilities related to v*’ and V3+ 
(matrix), respectively. We tried to estimate 
the magnetic susceptibility xhl(v+) by the 
following procedure. From Eq. (l), we have: 

1 
=X3=: 

I 
5 xMw+) +xh4W3+). 

I 

Therefore 

(3) 

xM(v+‘, = (l -‘i)(’ -%) x AxXij 
, (4) 

Xi-Xi 

xM(v’) calculated from Eq. (4) has almost 
same value between different compositions 
and two examples of xM(v’) and the inverse 
vs temperature curves are shown in Fig. 12a. 
The obtained xr,.&v+) obeys a Curie-Weiss 
law: x~(v4’) =0.77/T+ 17 (emu/mole). 
The Curie constant is much larger than C 
calculated for v”‘, i.e., S = d and is nearly 
equal to C of the metallic state of VZ03. The 
results of the NMR study suggest that v”’ 
ions in metallic VZO~+~ behave as a localized 
impurity, having magnetic moment. The 
metallic phase of VZ03 is regarded as a 
system having a strong electron correlation 
and x apparently obeys the Curie-Weiss law 
with C = 0.657 (emu/mole)“K. Therefore, 
v”’ ions are a rather localized impurity but C 
of impurity v”’ may be enhanced by the 
strong electron correlation. 

Let us calculate xM(V3’) by use of the 
obtained xM(v’) and Eq. (2). The result is 
shown in Fig. 12b as a function of tempera- 
ture. The obtained xM(V3’) shows a good 
agreenent with the observed XM for VZ03 of 
the metallic phase. 

Thus, it can be concluded that the 
magnetic susceptibility of VZO~+~ consists of 
the v’-like site component and the matrix 
component, and the matrix component has 

the same magnetic properties as the metallic 
phase of VZ03, which is consistent with the 
NMR results (20). As V~03 transforms from 
metallic to insulating state at about 170”K, 
the temperature dependence of x&V203) at 
lower temperature cannot be measured. The 
obtained temperature dependence of 
xM(V3+) may predict that of the magnetic 
susceptibility of metallic V203 down to the 
lowest temperature. The most interesting 
result is that ,yM(V3’) decreases with 
decreasing temperature below about 80°K in 
spite of the absence of the magnetic ordering. 
The temperature dependence of the 51V 
Knight shift corresponds to that of magnetic 
susceptibility, and therefore a NMR study of 
the majority sites of the metallic VZO~+~ at 
low temperature is now in progress. 

On the other hand, the addition of Ti also 
stabilizes the metallic phase. x vs T curves of 
the (Vi-,Ti,)TOa system measured for 
comparison are shown in Fig. 13. In this case, 
the deviation from the Curie-Weiss law with 
increasing x at lower temperature was not 
observed and x slightly decreases with 
increasing x, in contrast to the VZO~+~ 
system. Ti3+ has the same electronic state 
(3d’) as v”‘. If the titanium enters as the 
localized impurity Ti3+ in the matrix, the 
same effect as that caused by v”’ is expected 
in the magnetic susceptibility. So Ti3+ is 
regarded as a delocalized impurity. McWhan 
et al. proposed that Ti3+ adds a slightly larger 
eT orbital (29) to the matrix band and there- 
fore causes an increase in the bandwidth, in 
contrast to the case of Cr3+ addition (3). The 
decrease of x with increasing Ti concen- 
tration may be related to the increase of the 
bandwidth. 

Thus, not only from NMR but also from 
the magnetic susceptibility measurements, it 
was concluded that in VZ03+, the v”’ sites 
behave like rather localized ions. On the 
other hand, Ti ions in the (Vi-,Ti,)203 
system have a delocalized character, which 
may contribute to the stabilization of the 
metallic phase. 



182 UEDA, KOSUGE, AND KACHI 

0 

PM 

P 
1 

e 
;l.O - 

..------- __..___ 
, f 

E PM m 
P f .._. __--__-_---- ----- 
X0.5 - t Ttr 

I4 
AFI 

I 
0 

1 
1.0 200 loo 

T  (IO 

tb) 

FIG. 12. (a) Magnetic susceptibility x,(v”) and the inverse vs temperature in the VsOs+, system (see 
text). The solid circles are from xi = 0.064 and xj = 0.045, and the solid squares from Xi = 0.080 and 
xj = 0.045 in Eq. (4). xM(v’) obeys a Curie-Weiss law: ,Q.#‘) =0.77/T+ 17. (b) Magnetic suscep- 
tibility x&V’+) vs temperature in the VsOs +x system. The solid line shows the temperature dependence 
of xr&+) calculated using x&J?+) and Eq. (2). The broken line shows the temperature dependence of 
the magnetic susceptibility of stoichiometric VsOs. The calculated &V3+) shows a good agreement with 
the observed xs, for VsOs of the metallic phase. Note that ,y&V3+) decreases with decreasing tempera- 
ture below about 80°K, in spite of the absence of the magnetic ordering. 

4.2. Electric Properties 

It is well known that the impurity Cr3+ 
stabilizes the insulating phase of V,O,. The 
addition of Cr3+ causes a remarkable rise in 
the resistivity of the metallic phase. Mean- 
while nonstoichiometry and the substitution 
of Ti for V stabilize the metallic phase, but 
the resistivity of the metallic phase is little 
affected. Figure 14 shows the comparison of 
E, and Ap of V203+x with those of 

(V1-,Ti,)20S reported by Kuwamoto et al. 
(30). In both systems, T,r shifts downward 
with increasing x, and then there is an abrupt 
drop-off to 0°K as x passes the critical 
composition x, above which the alloy system 
remains entirely metallic, where xe is about 
0.033 for VzOS+x and 0.055 for 
(V1--xTix)zOJ. E. diminishes from 0.15 eV to 
0.04 eV smoothly and falls abruptly to zero 
at x = xc in Vz03+x, and in the (V1-xTix)zOJ 
system E. approaches zero asymptotically at 
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FIG. 13. Magnetic susceptibility vs temperature curves for the (Vr-,Ti,)aOs system (0 cx s 0.30). The 
magnetic susceptibility does not show the excess magnetic susceptibility, in contrast to the VZO~+~ system. 

Ttl + 0. In the VZOS+, system Ap is almost 
independent of x (Ap = 7 orders of magni- 
tude) and thereafter falls abruptly to zero at 
x =xC. In the (Vr-xTiX)zOs system Ap 

ESWI AP 
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FIG. 14. Comparison of activation energy (E.) and 
discontinuity in resistivity (Ap) vs transition temperature 
(T,r) for the systems Va03+r and (V1-,Ti,)zOa. It is to 
be noticed that the composition x in V~0s+~ or 
(Vt-xTix)sOs is implicitly expressed by T,r. The open 
symbols represent Vz03+x from the present work and 
the solid symbols (V1-xTix)20s from Ref. (30). The 
most significant difference between both systems is that 
Ap is almost independent of To, i.e., x, in the VaOs+, 
system and decreases with decreasing T,, in the 
(V1--xTix)zOs system. 

decreases from 7 to 1.5 orders of magnitude 
with increasing x. The most significant 
difference between both systems is the x 
dependence of Ap. 

Figure 15 shows a plot of log ~~~~ (resis- 
tivity just below Ttl) versus E,/kT,, for both 
systems. All measured points are scattered 
on the line for which the slope 
(logp/E./kTtl) is =1/2.3. This implies that 
the temperature dependence of resistivity of 
both systems in the insulating phase is 
expressed as a common equation: p = 
PO exp EJkT, where PO is 10-l.’ Q. cm. In 
general, the electrical conductivity a(= l/p) 
is proportional to carrier concentration n 
and carrier mobility ~1, i.e., p = ripe (e, elec- 
tron charge). For the case of the semicon- 
ductor, n ccexp -E,/kT. In our case, p. is 
common for both systems, as mentioned 
above. This means that both the nonstoi- 
chiometry and the substitution of Ti for V do 
not affect the carrier mobility of the insulat- 
ing phase, i.e., band structure or bandwidth. 
In the system (VI-,Ti,)203, the composition 
dependence of Ap is fully explained by the 
dependence of *he value Ea/kTtl on the 
composition. In this case, the values of 
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FIG. 15. Resistivity of the AFI phase at T,i vs 
E,/kT,, for the VzOs+, and (V1--rTix)ZOJ systems. The 
open circles represent the VsOs+, system and solid 
circles the (V1-XTix)zOs system. The numerals show the 
composition x in VsOs+, or (V1-XTiX)203. The solid 
line shows p =10-i.* exp(EJkT& All measured 
points are scattered on the solid line. This implies that 
the temperature dependence of resistivity of both 
systems in the AFI phase is expressed as a common 
equation: p = 1O-‘.8 exp(E,/kT). 

Ea/kTtl decrease with increasing x. In the 
case of VZO?+,, the values of Ap hardly 
depend on the composition, reflecting that 
the values of E./kT,, are almost constant 
(= 10). It is not clear why E,/ kTtl is constant 
in the VZO~+~ system and is changeable in 
the (V1-,Ti,)203 system. The estimated 
p0(z10-1.8 fl* cm) by the interpolation to 
Ea/kTtl = 0 is larger by about 1 order than 
the resistivity (-3 orders) of the metallic 
phase. This suggests that the metallic state 
realized by E,= 0 in the AFI phase is 
different from the metallic state of the PM 
phase intrinsically and therefore the PM- 
API transition is first order. 

McWhan et al. proposed a large T2 term as 
a significant character of the metallic phase 
of V203 from the resistivity measurements of 

high-pressure stabilized metallic VZO~ (28). 
In the system V203+X, the metallic VZ03+, 
shows no T2 dependence of resistivity and 
the temperature dependence of the resis- 
tivity at low temperature can be fitted to T’.4 
(for x = 0.040) or T1.’ (for x =0.062) 
dependence rather than T*, as shown in Fig. 
10. This T’.2-1’4 dependence of resistivity 
saturates at 100 - 150°K. We have no proper 
theory which explains such a T’.2-1.4 
dependence. This behavior may be also 
related to the highly correlated electrons. 
The resistivity of metallic V203+, shows a 
minimum at about 8”K, as shown in the inset 
of Fig. 10. The minimum of resistivity is 
probably caused by the magnetic ordering. 

4.3. The Metallic Antiferromagnetism 

McWhan et al. measured the low- 
temperature heat capacity of metallic 
V1.9703 (VZO~.~~) several years ago (25). In 
this study, they observed the large linear 
term (y) of the heat capacity and the excess 
heat capacity (AC;) above that calculated 
from yT + /3T3. The origin of the excess heat 
capacity was concluded to come from a tran- 
sition of an impurity phase and not from 
intrinsic properties of the materials. The 
temperature at which the excess heat 
capacity shows a peak is in good agreement 
with TN observed in the nonstoichiometric 
metallic V203cX (see Fig. 4 in Ref. (25)). 
Accordingly, it can be deduced that the ori- 
gin of AC: comes from the magnetic tran- 
sition. As the majority of V sites are almost 
completely delocalized judging from the 
results of NMR measurements, the contri- 
bution of the majority sites to the heat 
capacity due to the magnetic entropy change 
can be estimated to be very small. Therefore, 
the observed excess heat capacity is regarded 
as the heat capacity due to the magnetic 
ordering of v+-like sites. If the V4+-like 
sites are completely localized, the magnetic 
entropy change caused by the magnetic 
ordering is estimated to be AS= 
R ln(2S + 1) = 0.046 X 1.38 = 0.063 cal/“K 
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with S = b, taking the proportion of v”’ into 
consideration. AS calculated from Fig. 4 in 
Ref. (25) is about 0.015 cal/“K and smaller 
than that estimated as S = f. However, this 
value may be reasonable, considering the 
greater delocalization of the moments in the 
minority sites of the AFM phase (20). 

The existence of the AFM phase was 
confirmed in this study. Our main interest is 
the magnetism of the majority V sites. The 
very small hyperfine field (9 kOe) of the 
majority sites is considered to be due to 
either the transferred hyperfine field from 
the localized v+-like sites or the contact 
hyperfine field associated with the d-spin 
polarization of the majority V sites. If the 
former is the case, only the vc-like sites 
with low concentration order magnetically in 
the nonmagnetic metallic matrix. This fea- 
ture may belong to the spin-glass regime. 
However, the metallic antiferromagnetism 
observed in the nonstoichiometric V20XcX 
does not show any of the characteristics of 
the spin-glass3 If the latter is the case, the 
magnetically ordered state can be regarded 
as an itinerant antiferromagnetism. 

Recently, it was confirmed by Dumas and 
Schlenker (21) and then us (22) that the 
metallic phase stabilized by the substitution 
of Ti for V also shows the antiferromagnetic 
ordering. In this system, the magnetic 
susceptibility does not show the excess 
magnetic susceptibility, in contrast to the 
system V203+X, as shown in Fig. 13. Whether 
the observed AFM phase in both systems is 
induced by extrinsic condition (the addition 
of Ti or nonstoichiometry) or is intrinsic in 
V203 is an interesting problem. The inter- 

3 For example,, the sharpness of the anomaly of 
magnetic susceptibility at Tf (freezing temperature) 
depends on the external field in many spin-glass 
materials but does not in the case of Vz03+X, and Tr 
roughly shows a linear concentration dependence in the 
spin-glass regime but TN for VzOs+, slightly decreases 
with increasing of p’ concentration (x). Therefore, we 
concluded that the AFM phase of the V203+X system 
does not deal with a spin-glass. 

polated TN (-10°K) to x = 0 in the Vz03+, 
system is in good agreement with that (see 
Fig. 1 in Ref. (22)) in the (V1--xTiX)z03 
system. This suggests strongly that the 
metallic phase of stoichiometric V203 orders 
antiferromagnetically if the metallic phase is 
stable down to the lowest temperature.4 

4.4. The Metal-Insulator Transition 

The doping experiments of various cations 
such as SC, Ti, Cr, Fe, Zr, Al, and Mg or the 
study of nonstoichiometric Vz03+X 
confirmed that only two cases, i.e., the 
substitution of Ti for V and the nonstoi- 
chiometry, stabilize the metallic phase down 
to the lowest temperature and the other 
dopants stabilize the insulating phase. These 
results suggest that the valence and ionic size 
of the impurity and electron concentration 
are not such significant controlling factors on 
the metal-insulator transition. Figure 1 
shows that there is an empirical scaling 
between the addition of Cr3+ or Ti3+ and the 
pressure (negative and positive, respec- 
tively). This type of phase diagram as a 
function of pressure was originally proposed 
by Mott. McWhan et al. proposed that the 
PM-PI transition is an example of a Mott 
transition, that is, the highly correlated 
metallic state transforms to an insulating 
state in which electron correlation plays a 
dominant role, as in Mott-Hubbard insula- 
tors, by further dilating the lattice due to the 
addition of Cr (2-4). 

We shall discuss the PM-AFI transition on 
the three cases in which the metallic phase is 
stabilized, i.e., (1) highly pressured Vz03, (2) 
the (V1-,Ti,)203 system, and (3) the Vz03+, 
system. The dependence of the lattice 
parameters for these three samples at 
room temperature on the composition x or 

4This seems to be somewhat inconsistent with the 
data of Gossard er al. (Ref. (19)). They confirmed by 
NMR study that the pressure-stabilized metallic phase 
of V203 does not order magnetically down to 4.2’K. 
However, it may be possible that the Neel temperature is 
suppressed below 4.2”K by high pressure (~26 kbar). 
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pressure is shown in Fig. 16. The depen- 
dences of the lattice parameters on variables 
are different from one another in cases (l), 
(2), and (3) as follows: 

Case (1): u-axis decreases, c-axis slightly 
increases, and volume decreases 
with increasing of pressure; 

Case (2): u-axis increases, c-axis 
decreases, and volume increases 
with x ; 

Case (3): u-axis, c-axis, and volume 
decrease with increasing x. 

It is to be noted that the addition of Ti3+ 
results in the increase of the volume. 

- P tkbar) 
14.01~~~0 

437 - 

, 

431 - 

I.88 - 

z*z ’ 

FIG. 16. Comparison of the lattice parameters vs 
composition x or pressure for Vz03+=, (VI-,Ti,)20s, 
and pressured VzOS. The solid circles represent VzOs+, 
from present work, the solid triangles (V1--xTix)zOp 
from Ref. (3), and the solid squares pressured V,O, 
from Ref. (2). 

Accordingly, it seems that the scaling 
between the addition of Ti and a positive 
pressure does not make sense for the volume. 
As the volume of the insulating phase is 
larger than that of the metallic phase in 
VZ03, it is reasonable that the pressure 
stabilizes the metallic phase. V2Os is an 
insulator above Ttz and below Tu, and the 
temperature dependences of the u-axis and 
c-axis in the intermediate metallic phase 
differ from each other, i.e., the u-axis dilates 
and the c-axis contracts with temperature. 
McWhan er al. (3) suggested that the 
itinerant to localized transition at T,z is pri- 
marily in the eT band, which then induces 
localization in the uT band, where the uT 
band is associated with the bonding orbitals 
along the c-axis and the eT band is associated 
with orbitals which lie in the c-plane (29). 
This interpretation is consistent with the 
dilating of the u-axis and then the expansion 
in V-V distance in the plane when the 
temperature increases. This implies that the 
dilation of the u-axis with temperature plays 
an important role in the PM-PI transition at 
T2. 

Next, let us show that the dilation of the 
c-axis with decreasing temperature is closely 
related to the PM-AFI transition at Ttl. 
Figure 3 shows the temperature depen- 
dence of the lattice parameters of 
nonstoichiometric VZO~+~. In all samples, 
the u-axis smoothly decreases and the c-axis 
increases almost linearly with decreasing 
temperature. The samples with x = 0.00 and 
0.020 show the metal-insulator transition at 
about 160 and 80“K, respectively, and the 
length of the c-axis just before the transition 
is almost equal in both samples and the value 
is about 14.012 A. On the other hand, the 
samples with x = 0.045 and 0.062 show no 
metal-insulator transition and the length of 
the c-axis, interpolated to T = 0, is much 
shorter than 14.012 A. These results suggest 
the existence of critical length of the c-axis 
below which the alloy system remains 
entirely metallic. 
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In the system (V1-,Ti,)203, the c-axis 
decreases with increasing of the composition 
x, and therefore the above-mentioned 
interpretation can be applied to the system. 
McWhan ef al. (3) reported that the 
coefficient of thermal expansion (cy) of the 
c-axis at 298°K is -5.6 x 10m6/‘K for the 
sample with .r = 0.04 in (V1-XTiX)z03. We 
tried to estimate the temperature change of 
the c-axis for the samples x = 0.04 and 0.055 
using the length of the c-axis of each sample 
at 298°K and (Y, assuming that a is almost 
independent of the temperature and the 
composition X. The results are shown by the 
broken line in Fig. 3. The calculated line for 
the x = 0.04 sample reaches to the critical line 
at about 60°K and for the x = 0.055 sample 
does not reach to the critical line even at 
zero. This predicts that the x = 0.04 sample 
shows the PM-AFI transition at about 60°K 
and the composition x = 0.055 is almost the 
critical composition above which the alloy 
system remains entirely metallic. The pre- 
diction is consistent with the observed results 
in the (V1-,TiX)203 system. Thus, we found 
out that the decrease of Ttl with x in the 
V203+X and (V1-,Ti,)203 systems is closely 
connected with the c-axis decrement with x, 
which is a common character in both systems, 
and moreover there is a critical length of the 
c-axis (~14.01 A) below which the 
compound remains metallic. 

In case (l), the c-axis slightly increases 
with pressure but nevertheless the metal- 
insulator transition is suppressed with 
increasing pressure. It is very difficult to state 
the reason for this result, because there is no 
data on the temperature dependence of 
lattice parameters under pressure. 

In the (V1-XCrX)z03 system, the addition 
of Cr3+ causes a rise in the resistivity of the 
metallic phase and the addition of Ti or 
nonstoichiometry does not greatly affect the 
electric property of the metallic phase. 
Therefore it is likely that another more 
significant factor on the PM-AFI transition 
may exist in the system (Vi-,Cr,)z03. 

However, the system related to Vz03 shows 
the PM-AFI transition when the c-axis 
crosses over a critical value, at least in 
v203+x. 
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