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A b s t r a c t .  Magnetic susceptibility measurements were use& to study solid solutions Ti, -xCrx05 
(0 < x < 0.17). Contributions to mngnet'ic susceptibility for the a-phase were defined by the stati- 
stical analysis of the experiinental data. A conclusion was made on the varing character of excliange 
int)eractions in &-Ti3 -,CrxO, with increasing Cr content. In the present work, the information given 
indicates that Cr stabilizes the high-temperature %-Ti& and decreases the tcmperature of s e m -  
conductor-metal phase transition. Magnetic properties of low-t,emperature /3-Ti30 ,phase with chro- 
mium addition are shown to be explained by the exist,ence of exchange-coupled pairs Ti3+-Cr8+. 

Magnetische Eigenschaften von TisOG mit Chrom-Zusatzen 
Inha l t s i ibers ich t .  Magnet'ische Messungen wurden zur Untersuchung der festen Liistingen 

Ti,-lCrxO, (0 x < 0,17) ausgefuhrt. Anteile zur rnagnetischen Suszeptibilitiit der &-Phase werden 
mittels statistischer Analyse der experimentellen Dsten erklart. Riickschlusse aiif den sich andernden 
Charakter der Austauschwechselwirkungen im x-Ti, -xCrx05 mit steigendeni Cr-Gehalt werden 
gezogen. Die Dnten zeigen, da13 Chrom die Hochteniperatur-a-Ti,O,-Phase stabilisiert und die 
Temperatar fur den Halbleiter-Metall-itbergang senkt. Die magnetkchen Eigenschaften der Tief- 
temperatnr-,%Phase kiinnen durch die Existenz von Austausch-Paaren Ti3+-Cr3+ erklart wcrden. 

The semiconductor-metal phase transition accompanied by a sharp change of 
electric, magnetic, structural, and other characteristics, occurs in Ti,O, oxide a t  
450 K. For better understanding the nature of the phase transition in the given 
oxide it is interesting to consider some data on the properties changes of Ti,O, 
under the influence of different factors iiicluding doping. 

Solid solutions Ti,-,Cr,O, (0 2 x 5 0.17) were studied in present ~ o r k .  
Samples were prepared according to  ceramic technology. The main method used 
mas the magnetocheinicsl one : magnetic susceptibility was inensured by the 
Faraday method in the temperature range 7 7  to  11 00 K. Pig. 1 shows the p l y -  
therms of  magnetic susceptibility of Ti,-,Cr,Oj. 

The experimental data analysis shows that the inagnetic susceptibility of the 
low-temperature ( p )  phase of solid solutions is well described by the equntionr : 

(1) = A { C(T - @)-', 
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.Fig. 1 I'olytherms of magnetic susceptibility for D-Ti, -xCrxO,. 
1. x = 0, 2. x = 0.005, 3 .  x = 0.01, 4. x = 0.02. 
6. x = 0.03, 6. x = 0.04, 7. x = 0.05, 8. x = 0.08 
Fig. 2 
1, 2, 3 - Ti positions, I, 11, 111, IT.', V - 0 positions. 

where A-the temperature independent term including the diamagnetic contribution and paramag- 
netism of Van Vleck, C-the Cnrie constant, O-the Wciss constant. 

The parameters if this equation as well as the magnetic moment per a formula 
unit of Ti,, -xCrx05, obtained by a statistical treatment of the experimental data 
are given in Table 1. 

Crystal structure of the low-temperature modification of Ti,O, I?]. Projection on plane ac. 

Table 1 Psrameters of the Curie-Weiss equation for /?-Ti, -xCrx05 
~~ ~ 

x in A . 106, 0, K C, it? P B  a-phase 
Ti, -,Cc,05 cm3/mol cm3/mol . K fraction 

0 52.1 -5 0.00153 0.1105 - 
0.005 44.8 -4 0.00 7 2 7 0.2411 - 

0.010 48.7 -6 0.01278 0.3198 - 
0.020 44.5 - 11 0.02598 0.4559 - 
0.030 47.9 -7 0.03761 0.5686 - 
0.040 56.6 -8 0.0493 0.62881 - 
0.060 64.4 - 13 0.0644 0.7182 0 
0.080 73.4 -9 0.0959 0.9759 0 
0.100 81.4 - 33 0.1676 1.1570 0.161 
0.120 311 - 55 0.2848 1.5090 0.640 
0.150 529 - 33 0.3013 1.5530 0.848 
0.170 774 - 113 0.2388 1 .3E  0.883 
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To explain magnetic properties of pure Ti,O, one can use a model suggested by 
XULAY and DANLEY [I]. I n  the low-temperature modification there exist three 
crystallographically non-equivalent Ti positions : Til,  Ti2, and Ti3 (Fig. 2).  Yosi- 
tions Ti1 and Ti3 are occupied by Ti3+ ions, and those of Ti2 by Ti4+ ions. The 
interionic distance of the three-valent Ti are so that  Til-Ti1 and Ti3-Ti3 pairs 
are formed. Ti3f ions in pairs are coupled with a strong antiferromagnetic inter- 
action of the intramolecular type similar to  that which is observed in coordination 
compounds. This interaction decreases the magnetic susceptibility of the 8-phase 
compared with the metallic &-phase, and causes the absence of the orientational 
paramagnetism connected with Ti3+ ions in the 8-phase of stoichiometric Ti,OS. 
On the /? --f DL transition the interatomic distances in Ti are averaged, the oxide 
transforms into the inetal state and its magnetic suscept,ibility is described by a. 
free electron gas model. 

0,05 0) x in Tf3,Crx05 

Fig. 3 Concentration dependences of experimental, Celp, and theoretical, C,,, Curie constants for 
P-Ti3--xCrX05. 
1. Cth = 2.26Ox Cr$h,Ti3 A-pairs are not formed 
2 .  C,, = 2.125~ CrTil.Ti2,TiS 3+ A-pairs are not formed 
3. Cti, = x Cr;&,Ti3 A-pairs are formed 
4. C,h = 1.298x C'%,~i2,~i3 A-puirs are formed 
5 .  c, = x Cr& 
6. C,, = 1 . 2 5 0 ~  CrTil,Ti2,Ti3 4+ B-pairs are not formed 
7.  C,, = 0.583~ Cr$hTi2, Ti3 B-pairs are formed 

8. c,h = 1 . 8 3 3 ~  cr$&,Ti39 CrTiZ 4+ A-pairs are not formed 
9. c,, = x Cr$&,Ti3, Cr$& A-pairs are formed 
10. Cexp= 1 . 2 0 5 ~  
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The nonzero value of Curie constant obtained for pure Ti,O, (Table 1) is due 
to  presence of eigendefects in the oxide causing the break of some Ti3+--Ti3+ 
pairs. Uncoupled Ti3+ ions ( 3  dl) are paramagnetic centres. They ainount to 
about 0.1% of stoichiometric content of the three-valent Ti in Ti,O,. When Ti,O, 
is doped with Cr, a regular increase of C and ,U occurs. This indicates the formation 
of a large iiurnber of paramagnetic centres. Fig. 3 s h o w  the experimental de- 
pendence of the Curie constant on concentration for the /?-phase of solid solution 
as well as the theoretical relations Ct,](x), calculsted for a number of models 

where pi - the magnetic moment of one paramagnetic centre, ni - a number 
of such centres in a formula unit /l-Ti,-,Cr,O,. The substitution of Ti by the three- 
and four-valent Cr is considered. Besides, the possibility of the formation of 
exchange-coupled Ti3y--Cr4+ and Ti34 -Cr3+ pairs is taken into account. Ti3+-V3+ 
pairs were described by us [3]. I n  both cases one Ti electron and one Cr electron 
participate in the metal-metal bond, and the remaining two electrons and one 
d-electron of Cr, respectively, contribute to  paramagnetism. The substitution of 
Ti by Cr in Ti2 positions which don’t participate in the metal-metal bond, leads 
ti appearance of CI$; or CrtA paramagnetic centres. If Cr is in Ti1 or Ti3 positions, 
then in the case of bond formation the pair Ti3 b-Cr3+ ( 3  d2) (is denoted “A”) 
which in magnetic relation resembles Cr4+, and the pair Ti3f-CrJ 1 ( 3  d’) (is denot- 
ed “B”), similar to  Cr5+, niay be paramagnetic centres. When “A” or “B” pairs 
are not formed, then Cri:.T,? (Cr$h.TJ and Ti3 1 ion which is in the neighbour site, 
are the paramagnetic centres. 

By means of a statistical treatment of the experimental data we obtained 
c e x p  = 1.205 (0 5 x 5 0.08). The comparison of this relation with the theoretical 
ones (Fig. 3, models enumerated) gives the possibility to conclude that, firstly, 
variants 1, 2, 7,  8 may be not considered and, secondly, Cr in /?-phase structure 
replaces Ti in all three crystallographic positions. The calculation shows that about 
21.70/, Cr is diluted in Ti2 positions. So, the final choice should be inade between 
variants 4 and G, that  is to settle what oxidation extent has Cr in the lattice of 
Ti,O,. Being Cr31- i t  form pairs (“A”), in case of Cr*+ pairs (“B”) are not formed. 
When Ti is replaced by Cr corresponding to variant 6, the number of paramagnetic 
centres connected with Ti3+ must increase because of the accuniulation in the 
P-phase of the three-valent Ti ions released from the metal-metal bond as it 
occurs on doping of Ti30, with Zr anct Sc [4]. ’In the case of Ti,-,Cr,O,thereis 
ohserved the decrease of  the integral intensity of the EPR signal connected to 
Ti”’, with “x” increase in Ti,-xCr,O, and its complete disappearanceats > 0.05. 
(In pure Ti30, the Ti3- - pair, where - metal vacancy [4], is responsible, 
in our opinion, for the EPR signal (g-factor 1.9G4). On the doping with Cr, the 
filling of metal vacancies ovcurs which causes the signal disappearence). So,  the 
summation of experimental results is described best by variant “ A ” ,  that  is, 
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A-pairs which can’t be obtained by the EPR method due to  the short spin-lattice 
relaxation time, are the paramagnetic centres in the P-phase. 

I n  Fig. 3 which shows the dependence of Ce,l,(x), a t  x = 0.09, one can see the 
bend which indicates the appearance of the second phase impurity in samples 
studied. The X-ray phase analysis showed that this is a high-temperature modi- 
fication ( L X )  of doped oxide Ti,O,. The existence of the a-phase in these samples 
can he deterniined by the EPR inethod as well. A vide symiiietric line with 
g= 1.96, the intensity of which rises with increased Cr coiicentration in Ti,-,Cr,O, 
is assigned to Cr3+ diluted in n-phase stabilised by the Cr presense to low tempe- 
ratures (77 K). So, i t  may be concluded that Cr electrons are not collectivized a t  
the fl --f LX phase transition but remain in localized states. 

While cdculating the electron effective inasses in &-Ti3O5 phase [*j] it is sug- 
gested that the susceptibility for the n-phase is temperature-independent. We 
think this model to be too crude. The analysis shows that the magnetic suscep- 
tibility of the x-phase is adequately described by the model 

(3 )  x, = A - BT’, 

where according to  [GI  : 

(5) 

where m*-the electron effective mass, n-the free electron concentration, c,-the Ferini energy. 

By means of statistical treatnieiit of experimental data for pure Ti,05 in the 
500 to  1100 K temperature range according to model ( 3 )  the following estimates 
were obtained: A = (0.899 0,010) - 10-3 cm? mol-1, R = (0.1960 & 0.0050) . 

cm3 1nol-l K-2. Then, considering the diamagnetic correction we obtain 
q, = 0.175 ev from (4) and (5). Taking into account that  a t  the semiconductor- 
metal transition every formula unit Ti,O, contributies two electrons into the 
conductivity region, one may evaluate the electron effective mass in the m-phase, 
m* = 29.34 ni,. 

To describe the temperature dependence of the magnetic susceptibility of the 
&-phase of Ti3..%CrYO5 solid solutions (Fig. 4) it is necessary to introduce a term 
proportional to T-l being connected with localized moments. Sssuining the 
additivity of metallic and ionic contributions, we introduce the model : 

(0) 

where C - the Curie constant, 0 - the Weiss constant. However, the simulta- 
neous evaluation of four paraineters (A, B, C and 8)  of the model (6), because of 
its nonlinearily, gave no stable estimates. As a result, the magnetic susceptibility 
analysis of Ti,-,Cr,O, solid solutions was carried out according to two submodels 
(“a” and “b”) of inodel (6). 

z X  = A - BT2 + C(T - @ ) - I ,  
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1. x = 0, 2. x = 0.006, 3. x = 0.01, 4. X= 0.02 ,6. x = 0.03, I;. x = 0.04, 7. x = 0.05, S. x = 
0.08, 9. x = 0.10, 10. x = 0,12, 11. x = 0.16, 18. x = 0.17. 

Jlagnetic susccptibility polytherms for n-Ti3_,Cr,05. 

Fig. 5 Concentration dependences of magnetic moment per one ion of Cr in a-Ti,-,Cr,O, (“a” model) 
and the Weiss constant (“b” model). 
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“a”. Assuming 0 = 0 we take the model of “effective moments”. The con- 
centration dependence obtained, peff, is given in Fig. 5. 

,- 

where x- the amount of Cr-ions in formula unit Ti,-,Cr,O,. 
“b”. In this case the fixed values of Curie constants are calculated supposing 

that Cr3+ ions are the only kind of paramagnetic centres in the a-phase. O(x) 
dependence is given in Fig. 5. 

The concentration dependences A, B, m and E,, obtained according to both 
inodels, are analogous. The monotonous increase of A and B is observed a t  in- 
creased Cr content in solid solutions, related with m* increase. The growth of the 
electron effective mass indicates, in our opinion, the electron scattering on im- 
purities, that is on Cr ions. 

The dependence peff(x) (model “a”) and O(x) (model “b”) shown in Fig. 5, 
represent characteristic curves with a minimum at x = 0.04. At x = 0.12 pen(x) 
and O(x) become constant. Evidently, this dependence may be explained taking 
into account that the systems of collective and localized electrons interact. The 
exchange interaction of conductive and localized electrons niay lead to indirect 
interaction of localized magnetic moments (RKKI-interaction). Sometimes this 
interaction may be of ferromagnetic nature [ 71. The ferromagnetic interaction of 
Cr3+ and Ti3+ ions located in neighbouring sites, may explain the great value of the 
magnetic moment per Cr ion in the region of small concentrations. With the 
increasing Cr content in solid solutions the mean distances between impurity 
atoms are reduced and the possibility of direct antiferromagnetic interaction 
between Cr ions grows up. The sign change of 0 occurs and the magnetic moment 
decreases (Fig. 5). It should be mentioned that the similar concentration depen- 
dence p is described in [S] for (Til-xVx)203. This result indicates it to be evidently 
regular for given type of compounds. 
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