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Based on electrical resistivity and Hall-coefficient measurements from 2 to 370 K on slightly reduced
semiconductive rutile single crystals with various oxygen deficiencigsr@n 3.7x10' to 1.3x10'%cm?’,
electronic conduction abev4 K isdiscussed in terms of two conduction bands separated by 0.03—-0.05 eV. In
this range of Q, defects are mostly Ti interstitial ions. lonization of Ti interstitial donors takes place above
about 4 K. The ionization enerdy, depends on the donor concentratip and decreases with increasiNg
for O4<1x10*%cm?. The density of states effective masg* of the lower conduction band is estimated to be
(7-8m, (m, is the free electron magsThe anisotropy of the effective mass is also estimated to be roughly
my* =(2-4)m, andm}* =(10-16)n, in thec anda directions, respectively. The mobility above 50 K of the
lower conduction band electrons is discus4&0163-182606)06235-2

[. INTRODUCTION the results of measurements of electrical resistivitieslall
coefficientsRy, and their anisotropies. Electronic conduc-
Rutile (TiO,) has a tetragonal crystal structure with lattice tion belov 3 K has already been discussed in a previous
parametera=4.594 A andc=2.959 A, and, therefore, has a paper:
large anisotropy in various propertitét the stoichiometric
composition it is an insulator with an energy band gap of
about 3 eV. Upon slight reduction it becomes astype
semiconductor, because nonstoichiometric defects that are Plate-shaped parallelepiped specimens of size aboub12
introduced by the reduction treatment act as donor centers<0.8 mn? were cut from two single-crystal boulésand B
Therefore, its electronic conduction is closely related to deof nominal purity 99.99%, which differ slightly in actual
fect structures. purity. For the anisotropy study specimens having the fol-
Electronic conduction bele 3 K is well explained in  lowing two orientations were prepared from the same boule:
terms of hopping of electrons from lattice defect to latticeone with the longest edge parallel to thexis and the larg-
defect(donor to donorin a process similar to the impurity est face perpendicular to tteaxis (ca specimef, and an-
conduction that is observed in elemental semiconductorsther with the longest edge parallel to theaxis and the
such as Si and G&2 On the other hand, for the interpreta- largest face perpendicular to theaxis (ac specimen[Figs.
tion of electronic conduction above 4 K, various mechanismd(a) and Ib)].
have been proposed involving either small pol4ronstan- These were slightly reduced in vacuum to obtain the de-
dard band conduction in oher two>® bands, and a variety sired Q, then cut into the so-called bridge shape with six
of values for the conduction electron effective mass haveside arms for attaching potential leads and Hall leads on both
been reported. sides of the stem crystal, as shown in Fi¢c)1The experi-
Defect structures have been extensively studied by varimental method for the vacuum reduction has been described
ous experimental methods, and various types of defects have detail in a previous pap&rCopper lead wires of diameter
been reported. The defect structure varies with oxygen defd.1 mm were soldered to the arms with indium. It was con-
ciency Q, but the question of which type of defect is domi- firmed that Ohmic contact was achieved. Electrical resistiv-
nant in which region of @is still under discussioriRef. 5 ities and Hall coefficients were measured from 2 to 370 K by
and references therginin order to identify defects we have the conventional 6-terminal dc technique. In the electrical
performed experiments by electron paramagnetic resonanegeeasurements current was supplied in the direction of the
(EPR,* M transmission electron microscopyand channel- longest edge, i.e., theaxis forca specimens and the axis
ing methods® and have shown conclusively that the domi- for ac specimens. The resistivities thus measured are de-
nant defects are Ti interstitials in the region of @vesti- noted byp. and p,, respectively. FoIR; measurement, a
gated, i.e., 3.¥10<0,<1.3x10"%cm?® (from TiO; gost0  magnetic fieldH between 2000 and 3000 G was applied in
TiO1 g999- the direction perpendicular to the largest face, i#la for
In the present paper, electronic conduction abdvK is  ca specimens andHlic for ac specimens. The Hall coeffi-
discussed in connection with defect structures on the basis @ients thus obtained are denoted Ry , andRy, ., respec-

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. Crystallographic orientations ¢ ca specimens and ol 5 ] ,
. . X . 16 L i i 1 1 L
(b) ac specimens, andc) the dimensions of the bridge-shaped 0 100 200 300 400 500
specimen. The thickness of the specimens is about 0.8anour- 1000/T (K™

rent lead;p, potential lead; anth, Hall lead.

FIG. 2. Electrical resistivitiep and Hall coefficientdRy mea-
tively. In the p measurements two readings were taken withsured forca specimens with various oxygen deficiencieg feom
opposite directions of specimen current to eliminate thermas.7x10' to 1.3x10'%cm?® as a function of reciprocal temperature
emf, and their average was used as the value of resistivity. I/T.
the Ry measurements two readings were taken with opposite
directions of magnetic field for each direction of specimen
current. The resistivities and the Hall coefficients were still
reproducible in measurements made after the specimens had
been kept at room temperature for six months.

lll. EXPERIMENTAL RESULTS 3
Reduction temperatur@%; and oxygen deficiencies f i Ry
the specimens are listed in Table I. Figures 2 and 3 show N
results of p. and R, , measurements for thA-boule ca 10
specimens with various values of;@p to 1.3x10"cn, _F
(Figure 2 has already been shown in a previous p3pEne £ |
Ry curves exhibit two maxima or shoulders at about 3 and EI B
110 K. Below 3 K,Ry; , decreases with decreasing tempera- =~ [
€ -
TABLE I. List of specimens. Oxygen deficiencyyQreduction G
temperaturel g, and resistivity at 300 Kpagg - S
Specimen Oy Tr P300 K B
Boule No. (cm™d) (K) (Qcm) :
Al 3.7x10" 1273 2.48
A2 4.5 1273 1.52 I
A3 5.0 1373 1.46 | |
A A4 5.5 1373 1.35 T —
A5 8.5 1273 0.88 1000/T (K™")
A6 10 1273 1.14
A7 13 1273 1.04 FIG. 3. Electrical resistivitiep and Hall coefficient®Ry; mea-
Blca 7.4 1273 0.81 sured at temperatures higher than 77 K for teespecimens with
B Blac 7.4 1273 3.04 various oxygen deficiencies,Grom 3.7x10™® to 1.3x10'%cm?® as

a function of reciprocal temperatureTl/
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FIG. 4. Activation energies,, E,, and E; as a function of ! 10 10 10
oxygen deficiency @. The results previously obtained for T(K)
04>1.3x10'"%cm® are also included. The error bars of the values of
E, are within the size of the symbo(spen circleg FIG. 5. Hall mobilitiesuy for three specimens.

ture, whilep, increases with a very small activation energy. . .

Between about 4 and 20 K, boR, , and p, decrease with mens,Blca andBlac, which had been reduced in the same
increasing temperature and are approximated in the form gmpoule to have the same, OThe values of fc,Ry,a) and

C exp(E/KT). Above 30 K,p, begins to increase. Three tem- (Pa:Ru.c) are shown in Figs. 6 and 7, and the anisotropy
perature regions are apparent, as distinguished by distinctiV&ioSpa/pc andRy /Ry, ; are shown in Fig. 8. Below 40 K,
features of theRy, , versus 1T curves, below 3 K, from 4to Ru iS negligibly dependent on the specimen orientation,
40 K, and above 110 K. Activation energies obtained in eachVNereag is orientation dependent, wiity, larger tharp, by
temperature region are denoted By, E,, andEs, respec- & factor of 2-3, i.e.p,/p.=2-3. Becker and Hosl_er also
tively. E, was determined from a versus 1T curve below €POrtedps/p.=2 (Ref. 8. Above 40 K,R;; shows orienta-
abou 3 K under the approximatiop=p,exp(E/kT). E, was tion dependen_ce. The activation energyEafobtained from
deduced from the slope of a IggRy4 Tg’z) versus 1T curve  theRy ¢ curve is about 0.08 eV, which is two to three times
between 5.5 and 12 K by assur’riirm, .=1lineg as de- @S large as that obtained from tRg , curve of theca speci-
scribed in Sec. IV A. This temperature range was chosen sg'€n- Itis to be noted thajf, shows a maximum at about 300

that the slopes of these curves are not affected by the pre§ @nd decreases with increasing temperature above 300 K.
ence of the maxima or shoulders around 3 and 11K On the other handy: shows no such maximum up to 370 K,
Fig. 9, wheren/T¥2x(Ry, ,T¥3 ~1]. E; was obtained from which is the highest temperature covered in the present ex-

the slope of a logyRy, ) versus 1T curve between 210 and P€riment and continues to increase very slowly above 300 K.

250 K. E4, E,, andEj are plotted in Fig. 4 as a function of

Oy together with previously reported results for

04>1.3x10"%cn?. E, decreases with increasing,@n the V. DISCUSSION

region Q<10%cm®, but increases in the region  From the point of view of chemical bonding rutile is re-

04>10"%cn?. E, is approximately independent of,O garded as intermediate between ionicity and covalériay.
Figure 5 shows Hall mobilitiegy, . (=Ry o/p.) forthree  polar crystals the interaction of conduction electrons with

ca specimens as typical examples. They exhibit a maximuntattice polarization is important. Therefore, in reduced rutile

around 15 K. Above 30 K, their temperature dependence catihe polaron effect on electronic conduction must be taken

be approximated by ~?5-3%. The maximum value around into account. For a polaron there are two limiting situations,

15 K decreases with increasing 4Oin the region i.e., the large and small polaron limits, depending on its size

0y<10"%cm?®, r¢, which is a measure of the extent of lattice distortion
To investigate the anisotropy in the conduction procgss, induced by excess electrotfs.

and Ry were measured for thB-boule ca and ac speci- If ry is larger than a lattice constant, the large polaron
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FIG. 6. Electrical resistivitiep and Hall coefficient®Ry; mea-
sured for specimenBlca andBlac as a function of reciprocal

temperature 1.
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down. The electron motion between such small polaron
states proceeds via a phonon-activated hopping process, and
in this regime, drift mobility increases exponentially with
temperaturé?

According to the polaron theory, the polaron effective
massm** can be estimated if the electron-lattice coupling
constant and the rigid lattice mas® are known. The latter
accounts for the effect of the periodic lattice on the electron
motion when ions are fixed at their equilibrium positions. On
the basis of the investigations on the width of the conduction
band by various authors, Bogomolov, Kudinov, and Firsov
suggested thatn* was on the order of3—5m, (m, is the
free-electron magsneglecting the crystal anisotropy.

The characteristic length*, which has a value of nearly
the same order as, is given byu 1= (2m* wy/%) "2 (Ref.

14). If, in a rutile crystal, the maximum longitudinal mode
frequencyw,=1.5x10" s™! (Ref. 19 and the rigid lattice
mass given above are used, it follows tbat=2.8—-3.6 A.
Considering tham* was estimated by neglecting the anisot-
ropy, it is possible that the criterion for the large polaron
model is satisfied in the direction, i.e.,r;>c. It might be
said thatr; lies in a region intermediate between the small
polaron and large polaron models.

A. Effective mass

Both models allow consideration of the band conduction

model can be applied. In the case that the electron-latticg ,cess at low temperatures. Therefore, as described below,
interaction measured by the coupling constatd small, the

ionic polarization field, which is determined by the dynam

cal properties of the lattice, adiabatically follows the slow

translational motion of the excess electron. For lakge

(strong coupling the electron becomes self-trapped in a
bound state of its own displacement field. In both cases th
conduction process can be interpreted in terms of the sta

dard band model with a modified effective ma$s.

If r; is smaller than a lattice constant, the small polaron
model can be applied. In this case the coupling constant is
large and the excess electron is strongly localized around a

the density of states effective masg* of the conduction
band can be estimated froRy, data below about 20 K. In
this temperature region the ionization of donor centers takes
place. When only one kind of donor center is present, the
number of electrons in the conduction bamd,is given by

the following equation at low temperatures where the condi-
"ffon Np>N,>n can be satisfied:

"o -

Np—Na N¢ [ mg*
n= _

Ny, 2

Ex
me kT)’

single lattice ion. At low temperatures, narrowing of the con-

duction band due to the electron-lattice interaction must be

N.=2(27mkT/h?)3?2, (1)

considered and the bandwidth is temperature dependent. At
high temperatures of the order 6fvy/(2k) (wg is the fre-
guency of the longitudinal lattice polarization figldthe
bandwidth becomes so narrow that the band picture breakbe effective mass is temperature dependent in the form

HereNp and N4 represent the donor and acceptor concen-
trations, respectively. According to the small polaron model,

E_(o)

p(Q cm), Ry{em/C)

Rua

No.Btca

—ls

(b

“‘\‘\..‘\

No.Blac

FIG. 7. Electrical resistivitiep and Hall co-
efficients R, measured at temperatures higher
than 77 K for specimen&) Blca and(b) Blac
as a function of reciprocal temperaturd 1/

1000/T (K™

15 0
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o . Sy(T) narrow range of oxygen deficiency. Under this assumption,
mg” =My exg —z—|, (2)  the value of (%* /m,) was estimated from the experimental
op data for the three specimeA®, A3, andA4 whose oxygen
through Sy,(T), which contains a factor cothwy/kT).*® Kop  deficiencies fall in the narrow range of

represents the optical dielectric constant. In the low-(4.5-5.5x10"%0,/cm®. The INn/T%?) vs 17T curves for the
temperature region wheréiwykT)>2, cothwy/kT) be-  three specimens are shown in Fig. 9. In the temperature
comes nearly temperature independent. Even if the lowestinge from 5 to 12 K the curves agree well with Et), and
longitudinal mode frequency 710" st is taken forw,  the curves in this range are extrapolated t6-:0. Taking
(Ref. 19, m%* can be considered to be temperature indepenaccount of the scattering of the data points, the ranges of the
dent below 267 K. Therefore, in either the large or the smalextrapolated values oh(T%?),; ., and the values o, are
polaron model the effective massg;* can be estimated from listed in Table Il. The value of rg}* /m,) thus estimated
Eqg. (1) by consideringm?* to be constant. In the present ranges from 2 to 13. It follows that

paper, as described later, the conductivity is interpreted on

the basis of the two-conduction-band model. As the lower mg* =(7-8)me. 5
conduction band provides the basic contribution to the elec-

tronic conduction below 100 K, the effective mass discussed In terms of a simple many-valley conduction-band model,
here is that related to the lower conduction band. The carriem;* is expressed as

concentratiom can be estimated from the Hall coefficient

Ry using the equation mE* =NgHm* my* m3* )13, (6)
w1 where Ny, is the number of valleys, anchY* , m3* , and
H™ 7 nec 3 m3* are the mass parameters along the three principal axes

) ) __ of the ellipsoidal energy minim¥ Measurements of the pi-

In the usual band model, the ratio of Hall to drift mobilities g, qresistivity of reduced rutile above 78 K suggest that the
mnlu is constant and nearly equal to unity. In the small po-minimum of the conduction band is located on teaxis in
laron band regime, this ratio is crystal structure dependent. If space and that the band is not degenei&eom the crys-
the structure has a square Iatt!ce7|n the plane perpendicular {g| symmetry the energy surface consists of one or two ellip-
magnetic fielcH, the ratio is unity:’ This is the case foRy . soids of revolution with respect to the axis. Energy ellip-

in rutile. As shown in Fig. 8Ry is isotropic below 40 K. g4igs have three principal axes alamgg, andc crystal axes

Therefore, the ratio can be considered to be nearly unity in,q have effective masseg* , m** , andm?®* associated
both large and small polaron models. Hence we assUM@iit each axis. i.e.

un/pu=1 below 40 K. From Eq(1), it follows that

n Np—Np [ 27mck| 32/ mi* | 32 mE* = NG (my* mi* mi* )13, @
D A e
T32 B N ( h2 ) ( m (4) * % * % .
A e The values ofm;* andmg* are estimated from the an-

1/T—0
isotropy in mobility at low temperatures. For the ellipsoidal
energy surface model under consideration, the conductivities
0., o, and their anisotropy rati@/o,, and Hall coeffi-
cientsRy ., Ry 5 and their anisotropy rati&y /Ry, , are
given by the following equation&

If Np andN, are knownmy* /m, can be estimated from the
extrapolation of the Im/T%?) versus 1T curve below 20 K

to 1/T—0. Since the defects are mostly Ti interstitial donors
in the specimens with Qless than 18/cm?®, N is estimated
from the relationN,=30,4. For N, we have no definite in-

formation.N, is considered to depend on the impurity con- 2 5 Sk

; ; s € € o My <Tc>
centration and, in some cases, on the oxygen deficiency. |f —n —_ (1), 0c=N —5 (1), — = —o5 "
may be assumed, however, that it is nearly constant within a My me oa Mg (Ta)

®
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FIG. 9. n/T%? values for specimena2, A3, andA4 as a func-
tion of reciprocal temperature I/

TABLE II. (n/T®?) 1, (n is the carrier concentratigndonor
concentratioNp , and ionization energf, for specimen#\2, A3,
andA4.

Specimen  (n/T¥?) 1, Np E,

No. (cm3K™%? (cm™3) (eV)

A2 (1.04-1.10x10'7  2.25x10'® (5.00-5.10x103
A3 1.15-1.22 2.50 4.88-5.00

A4 1.32-1.40 2.75 4.85-4.96

Rue (0
Ry,a <Ta><7'a7'c>.

The assumption tha, .= 1/neccorresponds to the relation
(r2{7)?=1. If 7,/ 7,=const, it follows thaiRy /Ry ,=1
ando/o,=const. This is the case below 40 K, as shown in
Fig. 8. Below 30 K, the Hall mobility and, therefore, the drift
mobility, are oxygen deficiency dependdiftig. 5). In this
temperature region, scattering by ionized centers is impor-
tant. For the anisotropy in the conductivity due to this scat-
tering mechanism, theoretical calculations have been per-
formed by Samoilovictet al?*??and KorenbliZ® Figure 10
shows the relationship amongn}* /mg* , 7,/7., and
o o,, which was obtained from the results of Korenblit's
calculatio®® and Eq. (8). The experimental result
palpe.=0o,=2-3 indicates that the energy surface is ob-
late ellipsoidal with an effective-mass anisotropy
=m}* /mf* =4-10.

In the case of an oblate ellipsoidal energy surface, the

2
H :i<7’_a>2 ’ :i ﬂ mobility in the c direction due to scattering by ionized cen-
© nec(ry*’ @ nec(ra) ()’ ters y; . is given by
© ryen (1-p)*(L+5p)
icT —xx \Tc/)= s
M e (p— 1)+ 5P 1P N[(VP— VP~ 1)/(Vp+ VP~ 1) }In[(24m* KT/4) ke T/Ame?n']

B 29/2K§lrn** 1/2( kT) 32

C

37N, emir

n'=n+(n+Np)

whereN; is the concentration of ionized centers aqgs the
static dielectric constarit:?>As seen from Fig. 5, the mobil-

n+Np
Np

1- : 9

(4=p=<10) andm¥* /m,. In this calculatiorN, was taken to
be equal to B, , becauséN, donors become ionized due to

ity has a maximum around 15 K, which results from thethe trapping oN, electrons byN, acceptors. The magnitude
competition between scattering by ionized centers and bpf N, was estimated from Eql) using m§* =7m,. The
phonons. When both contributions to mobility become equalstatic dielectric constants; are 89 in thea direction and 173

the observed mobilitye,, exhibits a maximum and is ex-
pected to have the valugy; . because(1/uw)=(1/u; )
+(Uuphon- Therefore, u; . is expected to take the value
2uexpr @round 15 K. For specimenA4, which has
Np=2.75x10"%cm® and N,=0.67x10"cn?, the mobility
ui ¢ at 15 K was calculated for various combinations pof

in the ¢ direction® In the present calculation the average
value for a powder sample, 117, was used. The results are
shown in Fig. 11. The experimental valyg,,; at 15 K is
about 650 criV's. Taking account of uncertainty in the
value used forkg in the calculation, the effective mass

mg* is roughly estimated to b&-4m, so thatu; . has a
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FIG. 10. The relationship among conductivity anisotropy FIG. 12. Effective masses;* calculated from Eq(7) for vari-
o lo,, effective-mass anisotropy;* /m:* , and relaxation time  ous values of effective-mass anisotrapg* /m}* .
anisotropyr,/ 7. in the case of ionized center scattering.

These values were estimated based on the one-conduction-

value betweenueyp and Queypt- band model. Baumard and GeVisbtained(8—10m, from

The value ofm;* can also be estimated from E@) with  the study of infrared reflectivity at room temperature for
the condition 4p=<10. Figure 12 shows the obtained rela- more heavily reduced specimens than those used in most
tionship amongn** , m** | andp for mi* =(7—-8)m, and  experiments. Pascual, Camassel and Maffliestimated the
Ny=1 or 2. The value om** falls in the region(1-4m,, lower limit of the effective mass to ben®, based on optical
which is in good agreement with the value estimated aboveabsorption experiments from 1.6 to 300 K. On the other hand

Better agreement is obtained fbk,=1, i.e., a single ellip- Sandin and Keesdfiderived the very large value of 18Q
soid. ForNyg=1, m}* =(10-16)m,. From these analyses it from measurements of specific heat between 0.3 and 20 K.

follows that DeFord and Johnséhreported 12.51, as a rough estimate
based on a study g and Ry for Nb- and Nb+H-doped
mi* =(7-8)m,, m* =(2-4)m,, rutile specimens from 6 to 40 K. This value is of the same

order of magnitude as the present result.
In the following section, the experimental value of the
effective mass will be compared with the values calculated

. . . from polaron theories. In the large polaron model the cou-
For the density of states effective mass various values,. S >
ling constant is given by’

have been reported based on measurements of properti@

m3* =(10-16m,. (10

such as thermoelectric pow&rand specific heat. The values 1/1 1\/e%u
vary in a very wide range fromrg, to 190m,. From mea- a= = (—— — —) ) 11
surements of) in the temperature region from 100 to 300 K, 2\ Kkop Ksi) | g

Thurber and Manté® Acket and Volger, and Cristea and Substituting w=15x104 s% «, =7 (Ref. 27, and
6 - . 1 . H
Babes® derived (20-35m, at room temp_erature{5—13.rl% k=117 into Eq.(11), it follows thata=2.7—3.5. This range
at 300 K and(2-8m, at 150 K, respectively. Frederikse  of yalyes of is typical for the case of intermediate cou-
derived(12—-32m, from similar measurements above 300 K. pling. Lee, Low, and Pines determined that for the interme-
diate coupling caséx<6) in the large polaron model, the

1 conductivity effective masm** is given by

20 *
No. A m** =m (l+ (1/6) (12)
mii}me:1
thatm* =(3-5)m, thus leads to

The assumption
_, m** =(4-8)m,, whereas from other relations given by
Pero SchultZ*[m** =1.89n* (a=3) andm** =3.8an* (a=5)],

>

T oL it follows thatm** = (6—20)m,.

= On the other hand, the small polaron effective mass is
=

/ nearly temperature independent beldw 7 wy/(2k) and ap-
/ proximated by

Sy(T=0)
o b1 i ! i ! m** =m* eX[{—z— . (13
2 4 6 8 10 12 Kop
mijt i - i
The factorS,,(T=0) is approximately given by
FIG. 11. Mobilities in thec direction u; . calculated for speci- 16Z22e*
menA4 using Eq(9). uexpirepresents the experimental value of the Sn(T=0)= (14

3 )
mobility at 15 K. 3hMwgb*
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trapped at an interstitial defect in an ionic crystal assuming a
x106 hydrogenlike wave function for the trapped electron, and
found thatE, can be approximated bE,=m*e*/(24%«2
for small values ofa and B where B=e“u/ksfiwy. When
B=1, the region ofa where this approximation can be ap-
plied extends up to 6. The smaller the valueBptthe larger

o this region becomes. In the case of rutjg=0.35-0.45 and
<5 ' ¢ a=2.7-3.5, so the above relation can be applied. Using
ol ¢ m*=(3-5)m, and k=117, we obtainE,=0.003—0.005

eV. On the other hand, in the small polaron model, the donor
ionization energy is of the order @/«.d, whered is the
distance between a donor center and the nearest T ion.
i the case of rutile, e¥k,d=0.05 eV. The value
& : : E(=0.0098-0.014 eV falls in the intermediate region be-

1 2 3 '8
_3 x10 tween these two.
Np(em™)

FIG. 13. The donor concentration dependence of the ionization C. Two-band conduction

energyE,. The solid curve represents EQ.5). We discuss the smaR,, maxima or shoulders around 110
K in terms of the two-conduction-band model proposed by
where+Z (—-Z2) is the charge of a positivenegative lattice  Becker and Hoslet? At low temperatures the contribution
ion, M is the reduced ion mass, artdl is the lattice of the lower band is predominant, while above about 80 K
distance'® It follows that m** =(1.3-5.0m*=(4-25)M,  electrons become excited into the upper band and its contri-
for wy=1.5x10" s7*, m*=(3-5)m, andb=2.96-4.6 A.  pution becomes larger with increasing temperature. The
These values, which are calculated by neglecting the anisofnaxima or shoulders result from the difference in mobility
ropy in both large and small polaron models, are of the samBetween these two bands. In the following, the analysis will
order of magnitude as those obtained in the present expefbe performed for specimer®lca and Blac in which the
ments. defects are mostly Ti interstitial ions. According to the two-
conduction-band modeRy, , andRy, . are given by

B. lonization energy of a donor center
1 raMQDE+r,, MQ+1

Between about 4 and 20 K, bothand Ry, decrease with Rya=— ,
increasing temperature, and the carrier concentratian- “ ec(MQD+1)(MQE+1) n
creases with increasing temperature according to(Bq.In )
addition, resistivity decreases with increasing. @pon dop- _1n1MQD"+r,c MQ+1 16
ing of Al, which acts as an acceptor, resistivity increases due He7ec (MQD+1)? n '’

to the compensation effettThese results indicate that the here th bscriotsandu denote th i iated
ionization of donor centers takes place in this temperaturg". ere the subscripisandu denote the quantilies assoclate

region. Our EPR experiments performed at 4.2 K reveale(}fv'th th_e_ lower and upper conductlor_1 bands, respectivély.
that, for Q<10%cm’, the main defects ai@ centers, which " addition.n, MQ, D, andE are defined as

were assigned to be Ti interstitial ions, and which increase in
number with increasing Q%! EPR and channeling
experiments’ demonstrated that the dominant defects in the
O4 region investigated in the present study are Ti intersti-
tials. Therefore, the activation enerdy, is an ionization D=/ Ez ./
energy for Ti interstitial donor centers. It exhibits, @epen- —Hialtua, E=HiclHuc

dence (Fig. 4); for O4<1x10cn? it decreases with in- where AE is the energy separation between the upper and
creasing Q, whereas for @>1x10"/cn?® it increases with  lower band minima. The quantities andr . are Hall factors
increasing Q. In the case op-type Si it has been reported given byRy a=ra/necandRy .=r./nec As noted in Sec.
that ionization energy decreases with increasing acceptaw A, r,, andr,, are taken equal to unity, i.e.,,=r,.=1.

ny/ng=(miF Imi¥ )32 exg AE/KT)=MQ,

n+ny,=n, (17)

concentratiorN, in the form of Eq— yN 3" (Ref. 35. If we The carrier concentration can be calculated whe %3

assume thaE, here has a similar dependence upon donor=(m** /m** ) andAE are known. For specimeri&lac and

concentratioN (=30y), it can be approximated by Blca, E,=0.0055 eV andNp=3.7x10%/cn. Using m
E,=0.01215.33x 10‘9N%,’3 (eV), (15) =7m,, the acceptor concentration is estimated from @g.

to be No=1.63x10"cm®. The Hall coefficientsRy, , and

in the region Q<5.5x10'%cm®, although the concentration Ry . were calculated for various sets of parameters
range investigated in the present study is very narrow comAE,m% /m%y ,D,E,r,,,ry) under the assumption that
pared with the case of $Fig. 13. The ionization energy at they are temperature independent. An energy separation

the limit of low donor concentratior,, is about 0.012 eV. in the range of 0.03—0.05 eV gives good agreement between
Taking account of the error bars of the data poiBisranges  experimental and calculatedy , and Ry . curves. Fairly
from 0.0098 to 0.014 eV. In the case of the large polarongood agreement was obtained for the sets of parameters
Simpsori® calculated the ionization enerds, of an electron  (0.047 eV, 10, 0.0001, 0.00079, 0.0023, 0.0046d (0.047
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(@) E(b)
No.Blca No.Blac

1000/T(K ™)

FIG. 14. Comparison of experimental and calculated values of Hall coefficients for spedan@tca (Ry ,) and(b) Blac (Ry ).

Solid curves represent the experimental results. Calculated results were obtained for three sets of parameters,

(AE,m}f /mis \D,E,rya,ryc): O for (0.047 eV, 10, 0.0001, 0.00079, 0.0023, 0.00¥0 for (0.047 eV, 1.7, 0.001, 0.013, 0.033, 0.017
and + for (0.047 eV, 1.7, 0.0015, 0.011, 0.032, 0.p29

eV, 1.7, 0.0015, 0.011, 0.032, 0.02%ut these parameters ture (Fig. 5. In this temperature region phonon scattering
cannot be determined uniquely. The calculated results areecomes dominant. For example, from 30 to 100 K the car-
shown in Fig. 14. They give better agreement in the case afier concentration increases gradually by a factor of about 2.5
Ry a thanRy ., and are more sensitive to the valuesrgf  (Fig. 19, while the mobility greatly decreases by a factor of
andr . than to those oD andE. The difference between more than 10. Therefore, the observed increase ofith
calculated and experimental values results partly from neincreasing temperature above 30 K is attributed to the de-
glecting the temperature dependenceMofD, E, r,,, and  crease of mobility. According to the two-conduction-band
r.c. Becker and Hoslémobtained 0.04—0.06 eV fakE from  model, the contribution of the upper-band electrons having
the analysis of anisotropy ratios of Hall coefficients. By a

similar analysis,AE=0.023 eV was obtained from the

present data. The maximum on tRg , curve is not as large 10°¢ T l
as that on thdr, . curve because the difference in mobility a No.B1
between the lower and upper bands is smaller inctbeec- AE=0.047eV
tion than in thea direction. [ N, mymcet?

el

The smallness of values of,, andr . suggests that the f == A
upper conduction band is rather anisotropic as pointed out by P B
Becker and Hosl&rand Herring®® The conduction bands of 3

rutile originate from the @ level of Ti ions. The calculation
by Kahn and Leyendeck&rsuggests the splitting of the con-
duction band due to the orthorhombic environment of Ti by
the order of several hundredths of an eV. The analysis above _
indicates that the donor centers are mostly exhausted at about '
250 K. As an example, the calculated temperature depen-
dence of carrier concentrationg and n, for myf/mj;
=1.7 is shown in Fig. 15. Therefore, the temperature depen-
dence ofR, curves above 250 K is determined only through
that of theMQ values. This is the reason wigy is inde-
pendent of the oxygen deficiency, O

From the discussion above the smBll, maximum or
shoulder around 110 K is explained qualitatively based on
the two-conduction-band model. The energy separation be-
tween the bottom of the lower conduction band and the bot-
tom of the upper one is 0.03-0.05 eV, and the mobility of an
upper-band electron is higher than that of a lower-band elec-
tron.

20 30
1000/T(K)

D. Mobility above 50 K . . .
y V FIG. 15. Carrier concentrations in the upper and lower conduc-
Above about 30 K, the mobility becomes weakly depen-tion bandsn, andn, of specimenBlca estimated using the two-
dent on Q and decreases rapidly with increasing temperaconduction-band model fakE=0.047 eV andnf} /mjs =1.7.
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8.7x10", and 1.5<10* s™! (Ref. 15. Equation(20) seems

10 ‘ 10 ' to indicate that the interaction with the mode with

E () F(b) ® 31 i ive i
- NoB1ca - % NoBlac wy=7.0x10" s7* (hwyk=534 K) is the most effective in
I i ) this temperature region. Assumimg** = (1+ a/6)m* and
f(@)=1, the values oM™ andm* can be estimated from
N Egs.(19) and(20) as a function ofy; for a=1, m** =78m,,
and m*=67m,, for a=2, m** =30m,, and m*=23m,,
and for =5, m** =6.3m,, andm* =3.5m,. According to
the estimation by Eagle, the coupling constan for the
mode withw,=7.0x10" s ! is the smallest among the three
modes and is given by=0.05Mm*/m,)Y%. The a and m*
values estimated above, however, do not satisfy this relation.
If all three modes are taken into account, the mobifity;
may be obtained from the formuja,,—=er./(m** ) with an
average effective masgn*™) and a relaxation timer,y,
which is given by

107 TR | P 10'2 | iy
10 10? 10010 10? 103 1

3
1
1=1 \ Topt,

Topt

N

i=1 (mj Mopt,j

e
—_—

: (21)

FIG. 16. () Hall mobilities w1y o(=Ry o/p) and drift mobili- - where eachr,y; is a relaxation time associated with an in-

ties ¢ of the lower-conduction-band electrons estimated using thejividual modej 15 The mobility can, therefore, be expressed
two-conduction-band model for specim@&ica for three sets of py

parameters, AE,mg /m%> ,D,E): O: (0.047 eV, 10, 0.0001,

0.00079; A: (0.047 eV, 1.7, 0.001, 0.0)3and +: (0.047 eV, 1.7, 1 A
0.0015, 0.011 The mobilities given by Eq(20) and the mobilities —=—+A,T% (22
calculated using Eq22) for m* =4m, and{m** )=72m, are in- M Topt

dicated by a dotted curve and a chain curve, respectivigjyHall
mobilities uy 4(=Ry /pa) and drift mobilities , of the lower-
conduction-band electrons estimated for specinBdrac in the
same way as for specimaBilca and using the same three sets o
parameters £E,mj/ /mj% ,D,E). The curves were drawn only to
guide the eye.

and the average effective mass can be estimated from the
value ofA;. Using ¢; values estimated by Eagtethe rela-
ftion m** =(1+a/6)m* and Eq. (19 for each individual
mode, and Eq(21), the coefficientsA; and A, were deter-
mined so that the mobilities given by ER2) would take
values as close as possible g for various values ofn*

higher mobility becomes large above about 100 K. For speciPétweenm, and 10n.. The average effective mass was es-
menB1ca the temperature dependence of the mobility in thefimated from the values oA, to be (m™** >>§lme. As an

c direction above 50 K of the lower-band electrops,, was ~ €xample, mobilities thus calculated fom™ =4m, and
estimated from the electrical conductivity data under the as{M"" )=72m, are shown in Fig. 1@) as a chain curve. The
sumption thaM, D, E, andr , are temperature independent. it g e to Eq. (22) is not very good and the estimated
The results are shown in Fig. . Taking account of the {M™") is also much larger than that derived in Sec. IV A.
contributions of both optical and acoustic-phonon scattering] Neré remains some uncertainty in the estimatiop,efand

the mobility x is given by in the fitting to Eqs(20) and(22) due to the following two
assumptions(l) In deriving . the parameters1, D, E, and
1 1 1 r.a Were assumed to be temperature independent(nd

=— (18)  the fitting to Egs.(20) and (22) the anisotropy in effective

M Mopt Macoust
_ N o mass was neglected as a result of the use of(E%). How-
In the large polaron model, the drift mobilify,, is given by ever, it seems to be difficult to explain the mobility above 50
the following equation in the temperature region wherek of the lower-band electrons in terms of the large polaron

gk T>1:4 intermediate coupling model.
.3 The conductivity in thea direction o, increases with
___® m _ increasing-temperature above 250 K, while this is not the
Fopt™ 2> awg (m** ) fla)expwo/kT),  fla)=1. case foro, (Figs. 6 and Y. Such an increase im, was also

(19 observed by Bogomolov and Zhuze, while in ihdirection
For the acoustic-phonon scattering ?CT—3/2 The 1 it was not observed up to 600 K, or at least not so conspicu-
ACoUS " C

values estimated above can be approximated by the equatic?. sly.as in thea d|rect|_on. The d”fF r_noblhty in the a
irection w,;, can be estimated in a similar way to that for

1 e - The estimated mobilitieg,, for specimenB’lac are
— =8.49 expp—534/T) +4.47< 10 °T%2 (cm 2V s), shown in Fig. 160). w, has smaller values tham, and a
Hic (20) different temperature dependence. It is probable that in an
anisotropic crystal the mobility has different temperature de-
as indicated by a dotted curve in Fig.(&6 The longitudinal pendences for different directions. The decreasg;gfwith
optical phonon has three modes withy,=7.0x10" increasing temperature becomes slower above 250 K. When
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the conductivity continues to increase at higher temperatures, On theRy curves a small maximum or shoulder is ob-
as observed by Bogomolov and Zhif2gy,, increases with served around 110 K. This is interpreted in terms of two
temperature; the increase in conductivity with temperature igonduction bands, which are separated by 0.03—0.05 eV in
attributed to the increase in mobility. This is characteristic ofenergy at the bottom of the band. The upper-band electron
the hopping conduction mediated by small polarttishese  has a smaller effective mass, larger mobility, and larger an-
results suggest that the small polaron model is appropriatgotropy than the lower-band electron. The contribution of
for the discussion of conduction by lower band electrons, ahe ypper band to the electronic conduction becomes con-
least, in thea direction, though there is some uncertainty in spicuous above about 100 K.

the estimation Ofwa because th&y, . curve was fitted as- From theR, data below 20 K the density of states effec-
sumingM, D, E, andr ¢ to be temperature independent, andtive massm}* of the lower conduction band was estimated

rather less successfully than R, curve. to be about(7-8m,. The anisotropy of the effective mass
was roughly estimated to ben* =(2-4)m, and m}*
=(10-16)m, from measurements of mobility and the an-
Based on electrical resistivity and Hall coefficientRy isotropy in resistivity.
measurements from 2 to 370 K on slightly reduced semicon- The mobility above 50 K of the lower conduction-band
ductive rutile single crystals with various oxygen deficien-electrons was also discussed. For this temperature range, at
cies Q from 3.7x10'® to 1.3x10"/cn®, electronic conduc- |east in thea direction, the small polaron model must be
tion abowe 4 K was discussed. According to the results of outtgken into account.
EPR and channeling experiments, defects are mostly Ti in-
terstitial ions in this range of Q
Ionizat.ion_ of Ti interstitial donors takes place above about ACKNOWLEGMENTS
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tration Np. If E, has an Np dependence given by The authors thank Professor T. Sugawara for his support
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