PHYSICAL REVIEW B VOLUME 61, NUMBER 14 1 APRIL 2000-II

Evidence for two-band magnetotransport in half-metallic chromium dioxide
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Magnetotransport measurements were made on patte¢h&d, oriented CrQ thin films grown by the
high-pressure, thermal decomposition of gréhto rutile substrates. The low-temperature Hall effect exhibits
a sign reversal from positive to negative as the magnetic field is increased above 1 T, which may be interpreted
within a simple two-band model as indicating the presence of highly mohpile=0.25 nf/V s) holes as well
as a much larger number of less mobile electrams Q.4 electrons/Qr Between 50 and 100 K, the field at
which the sign reversal occurs rapidly increases and a contribution from the anomalous Hall effect becomes
significant, while the large, positive transverse magnetoresistdiiRe observed at low temperatures changes
over to a predominantly negative MR. These changes correlate with a thermally activated dependence in the
resistivity of the formT2e~*/T with A~80 K, reflecting the lack of temperature dependence in the resistivity
at low temperatures andT& behavior above 100 K. The high mobilities at low temperature which result in the
observed positive MR reflect the suppression of spin-flip scattering expected for a half-metallic system. How-
ever, the changes in magnetotransport above the tempetatrest be due to the onset of spin-flip scattering,
even thoughkgA is much less than the expected energy gap in the minority spin density of states. The
significance ofA is discussed in terms of recent models for another half-metallic system, the perovskite
manganites, and the possible formation of “shadow bands.”

[. INTRODUCTION the Goodenough model is split into two bands in laisd all
subsequentcalculations. Thus in the latter case the Fermi
Chromium dioxide has long been a technologically im-energy would fall into a local minimum in the density of

portant magnetic material, for as a powder it adheres well tstates generated by these partially overlapping bands, possi-
media suitable for use in the magnetic-recording industrybly giving rise to both hole and electron conduction in the
However, it is not a stable Cr-O phase under normal condisense of a semimetal.
tions, and special methods are needed to fabricate the Spin-polarized transport has also been a topic of renewed
material—such as high-pressure, thermal decomposition ofiterest since the discovery of giant magnetoresistance
higher Cr oxides. Under such conditions, Gr@ystallizes (GMR) in 1988. In a half-metallic ferromagnet, the conduc-
as microscale needles. Thus not much has been known abdifin electrons should be completely spin polarizet least
the electronic structure of CigQas it was difficult to make Wwell belowT¢). This makes Cr@a good candidate for use
crystals large enough for transport measurements. There & a spin injector and has sparked the revival of Lif@n-
one exception in the early work on Cypby a group at film growth techniques, including the original high-pressure,
Dupont! and a group at General Electric pioneered thethermal decomposition methdds well as a chemical vapor
growth of thin epitaxial films on rutile substratt¥he mea- deposition(CVD) technique discovered in the late 1970%.
surements in both cases showed indisputably metallic cornumber of measurements, including Kerr efféciphoto-
ductivity, with the resistivity varying asT? at low emission spectroscopy, Andreev reflectio? infrared
temperatured This established CrQas the only known fer-  Spectroscopy; Raman spectroscopy, and
romagnetic, metallic binary oxide. Along with a phenomeno-magnetotranspoff,*® have been recently publishetto
logical, molecular-orbital model proposed by Goodendughname a few
that provided an explanation for the metallic and magnetic For applications that involve moving spin-polarized carri-
nature of CrQ, these works constituted the basis of theers through an interface, it is essential to know what states

knowledge of electronic transport in Cs@or over two de- are available near the Fermi energy and how these states
cades. evolve with temperature. The magnetotransport measure-

Interest in the unusual properties of transition-metal ox-ments described here should help address these issues and
ides has prompted a number of band-structure calculation@etermine the potential usefulness of Gii® sensor or spin-
on CrQ, over the past few years® One was by Schwartz, €lectronic devices.
who predicted that CrPwould be half-metallic: the majority
spin has a_metalllc bz_ind structure, while the minority spin Il EXPERIMENT
has a semiconductorlike gap. His results can generally be
said to agree with the Goodenough model. A notable differ- CrO, films were fabricated by the high-pressure thermal
ence is that the narrow, half fult* conduction band from decomposition of Cr@ onto (110-oriented single-crystal
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FIG. 1. Resistivity vs temperature taken during slow cools from FIG. 2. Magnetoresistance curves at various temperatures for
room temperature. For sample F57 the current is parallel to the - 9 P

crystallographicc axis, perpendicular for sample F39. The solid §amp|e F57, with field either perpendicular to the film plane or

lines are from fits of Eq(l) to the data; the fit parameters are given 'nl'%laﬁ] ardn pir:lrzlilr(]el ItT\)/ItF??j Cturriehnhc?;: a(;e: j:nhimitofaf”yr |r: t:te
in the plot. The fit to F57 was limited to 150 K. piloh. the fongrtudina ata IS shited do y £ for clanty.

MR=[p(H)—p(H=0)]/p(H=0).

rutile (TiO,) substrates, as detailed previouShSuch films

2 . . . _
have shown a record spin polarization of 9%%and have A T< dependence could indicate either electron-electron or

been used in many recent studig<**The films were tex- electron-magnon interactions. For the latter case, an expo-

tured and polycrystalline in character, exhibiting needlelikenentlal prefactor as in Eq1) would normally b_e_ attributed
: ) . ' : . t0 a gap in the magnon spectrum. In Ref. 16 it is shown that
grains aligned in the film plane. Magnetic measurements in:

catea Cu femperature of 395 K and an atomic magnetf(°5 = 6,20 4001 o080 o 8y S0 K e
moment near 2z, in accordance with published values. The P P

approximately 0.5«m-thick films were patterned into Hall cessibility of minority spin states for spin-flip scattering pro-

. . . . Gesses. A very similar form has been observed for the half-
bars using photolithography and wet chemical etching, an Tetallic, colossa-MR manganitéd. For Cro,, the
electrical leads were attached with indium solder or Silvertempereiture& is clearly too Iowgto be r.elated direc’ély 0 the
paint. Four-probe magnetore3|s_tar‘(¢dR) and Ha]l—effect band gap of order 1 eV predicted by any of the band-
measurements were made simultaneously with a low- tructure calculations
frequency ac technique. For the Hall measurements, the Vol Perpendicularfield .perpendicular to the fim plajiand
age perpendicular o the_curr_ent in a Hall cross geometry WaI%)ngitudinal (field in-plane and parallel to the curreniR
collected for opposite directions of the magnetic field. Themeasurements on sample E57 are shown in Fia. 2. Trans-
data could then be corrected for the magnetoresistive contri- P g. =

bution due to misalignment of the voltage probes which isverse(ﬂeld in-plane and perpendicular to the curjehtR

symmetric with field, to obtain the Hall voltage which is g?nasgr;mszhgor Z?rgglgicz?sr e;rr(? ds?rgﬁvgvgszgmg ?;ol\?vwa
antisymmetric in field. P ' Perp

We will refer to two specific samples in what follows. All strong positive effect while the longitudinal MR is small and

measurements made on the sample designated as F57 wlggative. The positive contrlbu_tlo_n to the MR falls off in
conducted in an 8-T superconducting magnet system bep_wagnltude as the tempergture IS mcrt_aased, and the MR be-
tween 0.3 and 320 K. Similar measurements were made fof° > dominated by a linear, negative contrlbutlon_Tor
sample F39 at temperatures below 150 K, and we establish 1 A.bT?ese measutrerrlteptstr?re in good agr(taem;arFlét ‘;V't;‘f‘?f-
that the Hall effect and perpendicular MR were qualitatively ™. ul aré in contrast 1o the measureéments of Rel. 17, In
the same for the two samples over this temperature rang .h'Ch a nggatwe,_saturatmg MR dominates at IO.W tempera-
All high-field measurements, which were conducted in anu'eS for films which have a factor 20 larger residual resis-
18-T superconducting magnet system at the National Higlji'vIty than the films studied here and in Ref. 18.

Magnetic Field LaboratoryNHMFL), were made on F39. I_-|a_||-effept measurements show a rema}rkable amount of
variation with field and temperature. At high temperatures

[Fig. 4@)] the Hall signal resembles the magnetization and
reflects the dominance of the second term in the phenomeno-

Resistivity traces taken during slow cools are shown inlogical expression,
Fig. 1 for both samples. For F39 the current is perpendicular
to thec axis while for F57 the current is parallel to thexis. pPr=RoB+RsuoM, 2
The dependence is rather flat at low temperatures, with re-

sidual resistivities between 4 angi§) cm. The data may be WhereR, signifies the ordinary Hall coefficient aritk is the
fit by the phenomenological expressith, anomalous Hall coefficient. Above magnetic saturation the

slope is positive linear, indicating that holelike carriers domi-
p=po+AT2e 4T, (1) nate the ordinary Hall coefficient. As the temperature is low-

Ill. RESULTS
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FIG. 5. Hall resistivity vs field for sample F39 at the indicated
temperatures, with fields up to 18 T. The sign reversal is observed
up to 90 K and the trend continues at 100 K. There is a small
contribution from the anomalous Hall effect evident at low fields
between 70 and 100 K.

FIG. 3. Magnetoresistance traces for sample F39 at the indicated
temperatures with field in-plari@arallel toc) and perpendicular to  Sign at a fieldB,. B is observed to increase smoothly as the
the current. For each isotherm above 10 K the data are shifted dowi@mperature is raised, such that higher field measurements
by a constant amount for clarity. Solid lines represent fits of(By. are necessary to determine its value at temperatures around
to the data; above 70 K the fit curves are further shifted downA and above. Such measurements were made on sample F39
relative to the data in order to offset the negative MR contributionfor temperatures between 10 and 100 K, as shown in Fig. 5.
to the data and demonstrate the high-field fit quality. The insetThe sign reversal is observed to continue up to 100 K, with
shows the difference between the data and the fit curve for temperg, directly measureable up to 90 K.
tures 70 K and above. Raw MR data taken at 130 K are shown for
comparison.

koH (T)

IV. ANALYSIS

ered, the anomalous Hall coefficient rapidly decreases. At 10 A Hall effect
and 50 K[Fig. 4(b)], the anomalous Hall effect is completely ) ) i o
absent, yet the Hall resistance is observed to curve smoothly A sign reversal in the ordinary Hall effect clearly indi-

from a positive slope to a negative slope, and then to changeates contributions from both hole and electronlike orbits on
the Fermi surface. This can be due to field-induced changes

in the nature of a particular orbit, as for magnetic breakdown
in elemental CF° and for intersheet field-dependent scatter-
ing in Cd?! These effects are normally accompanied by dra-
matic oscillations in the MR, which we do not observe here.
Sign reversals with field are also observed in some of the
simple metals, such as Al and i for which a complete
analysis involves integration over their known Fermi
surface€® Sign reversals with field are fairly common in
semiconductors when heavy holes—light electrons are en-
countered, and can be understood with a simple two-band
model. As a first approximation, the two-band model may
also be applied in the simple metdlé&e Al and In, see Ref.
23) and alloy$* in order to understand the essential physics.
We take this approach here, for lack of any measurement of
the Fermi surface. Qualitatively, the field dependence that
we find can be understood immediately with the two-band
model in terms of the produab,7= uB particular to each
uoH (T) band, wherew, is the cyclotron frequency; is the relaxation
FIG. 4. Hall resistivity vs field for sample F57 at temperaturest'me’ andy is thg mobility. The pOS|t|v§ slope in .lOW fields
between 150 and 300 Ka), and between 10 and 100 ). The r_eflects th_e_ dominance of highly mobile holes in the low-
data in(a) are dominated by a large, negative anomalous Hall effield condition, WhermB<1 er thh bands.. .AbOVBO' the
fect; a linear positive slope may be observed above the magnetfd©les have moved into the high-field conditiqnB3>1, and
saturation field. The low-temperature data show a sign reversal  the negative slope reflects the dominance of the more numer-
with field at 10 and 50 K and strong curvature above 50 K which isOUS €lectrons.
unrelated to the anomalous Hall effect. Solid lines are fits of(8. To obtain more quantitative results, we may fit the data to
to the 10- and 50-K data. The 70 and 100 K data are shifted dowithe expression for the two-band Hall resistigiyignoring
for clarity. the anomalous term for the momegnt
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_ 07Ry~ 02R.— 07,0 2R\ Re(Ry — Re) B

Pr= (oot O'h)2+ Ugoﬁ(Rh—Re)sz

B, ©

where o, and o}, are the individual electron and hole band
conductivities, respectively, ariRL, andR,, are the respective
Hall coefficients. All four parameters in this case are posi-
tive, as the signs have been explicitly incorporated into Eg.
(3). This expression is general for two bands, with no as-
sumptions made about the parameters. In the simplest case of
spherical hole and electron Fermi surfaces, these parameters
are field independent ari®,=1/ne and R,=1/pe, wheren

andp are the electron and hole carrier concentrations, respec-
tively, ande is the magnitude of the electronic charge. We
begin our analysis with these simplifying assumptions. We
note that Eq(3) is of the form

R, (10"°@m/T)

o b—cx FIG. 6. The normal Hall coefficierR, vs B? for sample F39,

PH_ - (4) whereR; is defined in Eq(2) and was obtained by subtracting out

B 1+ax the anomalous Hall-effect contribution to the data shown in Fig. 5
. (see text for details Solid lines are fits of Eq4) to the data. The

WhereXEBZ_ ar_ld a, b, andc are functlons_ of _the band pa- inset shows the dependence hofthe zero-field value oR;) vs

rameters. Finding the values afb, andc will give us three o nerature for both samples F39 and F57. In the two-band model,

equations in the four unknown band parameters. Thus in 0l jg given by Eq.(7b).

der to determine any of the band parameters, we must have

another equation. Following Ref. 24, we use the zero-field Fits of Eq.(4) to the F39 data are shown in Fig. 6. The fits

yE

resistivity to relate the two-band conductivities: were forced to match the low- and high-field asymptotic be-
havior at low temperatures, and do not match the intermedi-
lp~o=0etay. ®)  ate field region well. In particular, the fit curves tend to over-

shoot the intercept,, resulting in a lower value fot. Since
the low- and high-field extremes are better defined regimes
?v_vithin the assumption that high fields do not affect the Hall
coefficient3, we have favored obtaining the best valuedbof
andc/a over a fit procedure in which the overall difference
between the fit curve and the data is minimized. This pre-
sents a problem for fitting the data at temperatures above 50
K, as the high-field regime moves above 18 T. The data may
be fit very well with Eq.(4); however, forcing the fit curve to
overshootx, in a way that mimics the fits at low tempera-
tures gives a feel for the range of possibla.

The parametera, b, andc may be transformed back to
the band parameters with the following equations:

[ 2 Re\?
ol [ e

(The approximation of b~ ¢ is estimated to be accurate to
about 1% —better than the absolute accuracy of the measur
ment ofp.) Using the zero-field resistivity is consistent with
the assumption of spherical Fermi surfaces.

We start with three parameter fits of E@) to the low-
temperature F57 data, having definedin terms ofo, and
p. The fits are shown in Fig.(8). We find thatR.<R;,,
implying n>p (by a factor of 500. The value forR, corre-
sponds to 0.4 electrons/Cr. The Hall mobility for fitile band
(i=e,h) is defined as

mi=oR. (6)

At 10 K, we find the hole mobility to be about 0.25°HV s.

The electron mobility is a factor 20 smaller. The data indi- a=
cate that the electrons are the dominant conduction carriers,

in agreement with early thermopower measurements that

showed a small andegativeSeebeck coefficiert. _ OhMnh— Tegle [ Oh 2 o6\’

We now turn to the high-field data for sample F39 and use b= o2 e Rn— o Re. (7b)
Eq. (4) for the fitting, since it provides a more transparent
method for determining these parameters, as we will show. ReR;,

The data above 50 K were corrected for the anomalous Hall c= a,
contribution; the values obtained f&g are discussed below. Rn—Re
In Fig. 6 we plot the F39 data &R, vs B? on a semilog where we have used Eq&) and (6) to simplify the expres-
scale. Three features are noteworthy: the horizontal asymgions. Because of the speculative nature of the high-
tote at low field, corresponding to the low-field limit of Eq. temperature fits, it is instructive to first examine the tempera-
(4) in which y—b; the x intercept at the fielcky= Bg, where  ture dependence &f (Fig. 6, inse}, including data up to 300
y=0 in Eqg. (4) such thatbo=cx, and soc=h/xy; and an- K from sample F57. Equatiofi’b) shows that is the dif-
other horizontal asymptotéobservable in the data for the ference between the Hall coefficients of each band weighted
lowest temperature onhat high fields, corresponding to the by their relative conductivities. If the carriers experience
limit y— —c/a. Thus for much of the data we can directly similar scattering rates and the carrier concentrations do not
infer the values fob andc and, at the lowest temperatures, change significantly with temperature, thieshould not de-

a. pend on temperature. This is indeed the case at 10 and 50 K,

(70)
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FIG. 7. Temperature dependence of the band parameters det%mperature value gf, was increased. The qualitative tem-
mined from the two-band analysi§ Qf the H.aII-effect data. The tOpperature dependencies do not change.
panel(a) shows the two Hall coefficients, witR. scaled by 1000. The values folRg were found by extrapolating the linear
The bottom panefb) shows the wo mobilities on a semilog scale, Iportion of the Hall data at fields above technical saturation of
with u. scaled by 10. Open circles are for holes, closed circles fo N o ) .
elecirons. the magnetization tq zero fleld,_ theintercept is equal to
RsuoMg, whereMg is the experimental value for the satu-
ration magnetization. An upper bound f&s at 50 K for
and above 100 K. Between 50 and 100 K, howelels  sample F57 is estimated to be 50 * Q m/T (no contri-
observed to increase sharply, implying that the ratiéo. is  bution is detectable for sample F39 at 50 Khe values thus
increasing in that temperature range. obtained forRg are plotted vs temperature for both samples
The band parameters have been calculated from the exn a log-log scale in Fig. Rg increases by three orders of
perimental values fob, ¢, andc/a; their uncertainties were magnitude between 50 and 300 K; the dashed line in Fig. 9
found by analytically propogating the large uncertainties asshows al* curve for comparison. This strongly suggests that
sociated withc andc/a through Eqs(7). The resulting val-  the primary contribution to the anomalous Hall effect is from
ues for the Hall coefficients and mobilities are shown in Fig.the side jumpmechanisnt® which scales inversely with the
7. All of the values decrease with temperature, including anean free patf’ If the carrier polarization is proportional to
surprising factor 5 decrease R, between 10 and 100 K. the magnetization as inferred from the anomalous Hall data
The behavior of the mobilities is qualitatively similar for for some half-metallic Heusler alloy§,then Rg=pAL/\
both bands. The inverse of the mobilities normalized to their: p2, where\ is the mean free path ankl is the side jump
10-K values are plotted together in Fig. 8. Both curves mayistance(of order 1 A); this suggests &* dependence since
be described with aif?e”*'T dependencéwith A=80 K).  pocT2 above 100 K. A more detailed analysis along the lines
We note thaR;, andu. are quite sensitive to the value of the of Ref. 28 is made more difficult here by the presence of two
resistivity used in determining the parameters, although thi®ands, both of which may contribute to side jufipand
was not included in the uncertainty calculation. It was ob-whose relative contributions are changing with temperature,
served that by decreasing the residual resistivity from 4.8 tas indicated by the Hall measurements.
2 u€) cm, the low-temperature value 8, could be scaled
down to roughly its high-temperature value while the low- B. Magnetoresistance

A positive transverse MR is also characteristic of the two-

8 T T T T band model. Furthermore, the longitudinal MR is zero in the
simplest case of spherical Fermi surfaces. The expression for
the two-band MR &

& o holes
E e celectrons Ap = p(B)—p(B=0) = ax (8)
e 4r 0(0) p(B=0) 1+ax '
e . .
I wherea andx are the same as in Eq§.a and(4), and¢ is
related to the band parameters by
0 20 40 60 80 100 _ On (1+ pelpp)? ©
T (K) Te (1-Re/Rp)?

FIG. 8. Inverse mobilities, normalized to their 10-K values, vs We note that Eq(8) predicts a saturating quadratic behavior
temperature. The inverse of the mobility is proportional to the scatWith field sincex=B?. The solid curves in Fig. 3 show the
tering rate. The solid lines are fits of the functidifT)=1 result of fitting Eq.(8) to the transverse MR data, using the
+AT?e AT with A=80 K. values ofa obtained from the Hall fits and allowingto vary
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as a fitting parameter. These data were chosen since the fidlitrease inp and o},) rather than, say, different scattering
is in-plane and along the axis, thereby minimizing the in- rates. This is difficult to understand; however, it is interesting
fluence of demagnetizing or anisotropy fields. At low tem-to note that a similar, inexplicable decrease in the Hall coef-
peratures, the MR data is well described by 8).up to 3—4  ficient was observed for the half-metallic Heusler alloy
T, above which the theoretical curve saturates while the exNiMnSb for temperatures between 4 and 100 K, with con-
perimental curve continues linearly. While not particularly stant behavior above 100 R .Sinceb is constant above 100
well understood, this behavior is often found for many ma-k e suspect thaR,, is as well. There is also a measurable
terials, the most notable example being the “free-electron”yocrease irR. between 10 and 50 K as shown in Fig. 7,
metal potassiuri” At higher temperatures, much better over- g to that of PtMnSb from Ref. 33. That these features

all agreement is observed. We firgdto be approximately have some commonality in half-metallic ferromagnets and

1/10 at 10 K, Increasing to approximately 1/4 for 70 K andthe likely association with an energy scalevarrants further
above—values which are larger by a factor of 2 to 3 than

: A investigation.
what one would obtain by evaluatiggwith the band param- . L . .
eters shown in Fig. 7. This suggests that' o is somewhat The evolution of spin disorder with temperature is a key

larger than indicated by the Hall measurements, but not urroblem in CrQ. Since the temperatute heralds not only a

2 . . . . .
reasonably so considering the simplicity of the model. Fur-T~ Increase in the resistivity, but also the onset of the anoma-

thermore, it is evident at low fields for temperatures abovdoUs Hall effect and negative MR, it seems clearly related to
50 K that there is a negative MR contribution which in- @ Magnetic scattering process. In a half-metallic ferromagnet,
creases in strength with increasing temperature. Subtractin@agnetic scattering is limited by the inaccessibility of minor-
the fit curve of Eq(8) from the data gives some indication of ity spin states. Scattering processes requiring a spin-flip are
the form of the negative MR, shown in the inset to Fig. 3. completely suppressed. For this reason, it was supposed
that double magnon scattering—which does not induce a
spin flip—would be the dominant scattering process at low
V. DISCUSSION temperatures in the manganites, giving T*°, and single

The most important point to be made from the Hall-effectMagnon scattering would be supressed by a fagtén’*eT,
data is that both electrons and holes are responsible fo¥ith E4 the minority spin gap. All of the band-structure cal-
charge transport in CrO The electrons make the dominant culations indicate ak of the order of eV, and clearly is
contribution to the conductivity, but the highly mobile holes on a much lower energy scale than this. But realistically, at
determine low-field magnetotransport properties. The dispaifinite temperatures there will be fluctuations in the localized
ate characteristics of the two bands as determined by analysismoments, and on a length scale characterized by the mag-
of the low-temperature Hall effect suggest that the holes deon wavelengttf there will be a finite, effective density of
not originate from overlappingl bands, in the sense of a minority states aEg . Since the low-temperature magnetiza-
nearly compensated semimetal with both holes and electrontion of CrO, follows the BlochT%2 law,'*¢ these minority
The lack of significant difference in the temperature depenband states may evolve as the “shadow bands” discussed in
dence of the scattering rates between the two bands demoRef. 37. Single magnon scattering in the mangariiésch
strated by Fig. 8 indicates that the effective mass of the holemay have a small number of minority statessateven at 0
is much less than that of the electrons and is more charactek) was studied by Jaimet al® They relate the suppression
istic of a broadp-like band. This picture is most consistent of the T? term in the resistivity to the minimum magnon
with the band-structure calculation of Korotiet al,’ in energyDqnin (D is the spin-wave stiffness constamthich
which states of Of character are observed to extendeto; connects the majority and minority band Fermi momentum
these states are in addition to those due to the narrow, hyectorskg; andkg . A more recent mod&t considers the
bridized p—d bands. Recent x-ray-absorption spett@end  “nearly” half-metallic ferromagnet(namely, the mangan-
electron energy-loss specifehave shown good agreement ites), and stipulates that the minority spin band at dbes
with this band-structure calculation. not conduct because of Anderson localization. The authors

The high hole mobilities and low carrier number should predict thatp= T2 above a characteristic temperature around
give rise to Shubnikov—de Haas oscillations in the MR. No60 K. All of these models probably hold some portion of the
evidence for oscillations were observed in the MR, even ugruth and are in many ways complimentary. They all predict
to 18 T at temperatures as low as 30 mK. Measurements assentially an onset of spin disorder scattering at tempera-
de Haas—van Alphen oscillations should be more conclusivepres of order 100 K, above which the resistivity increases as
since it is known that Shubnikov—de Haas oscillations can b&? or T2, Both of the latter manganite mod&ls®refer to a
“shorted out” by the larger Fermi surfaces when both smallmechanism for the negative, nonsaturating MR. In Ref. 19 it
and large surfaces are preséht. is observed that the applied magnetic field opens a gap in the

We do not wish to overinterpret the temperature evolutionmagnon spectrum, which would reduce magnon scattering.
of the band parameters determined from the Hall-effectn Ref. 38 it is noted that an applied field will increase the
analysis, considering the uncertainties involved. We may sajAnderson localization length and thus reduce the magnon-
with confidence that the temperature dependence of the pacattering matrix element.
rameterb (which corresponds to the initial, low-field slope of ~ We turn now to comparisons with previously published
the Hall data shows that the relative characteristics of theHall data. In the earliest wor¥ a Hall measurement at 300
two bands are changing as the temperature is raised througth showed a large, negative anomalous Hall effect, with a
A, and specifically thav,/o, is increasing. The analysis negative slope above the saturation of the magnetization. We
indicates that this is due to a decreaseRipn(and hence an speculate that the linear, negative MR at this temperature
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may have contributed to this high-field slope. Recent meaeontributions from both hole and electron bands. We have
surements have been reporfedn films fabricated by the analyzed the data in terms of a simple two-band model and
low-pressure CVD technique ofl00 rutile. In magnetic find evidence for a narrow, predominantlypand containing
fields up to 4 T, the normal Hall slope measured on thes@.4 electrons/Cr as well as a bropdand just crossing the
films was positive linear at all temperatures. This is indeed germi level, yielding a very much smaller number of highly
puzzling difference, since the anomalous Hall contribution asnobile holes. While the electrons are found to be the domi-
well as many of the other transport measurements in COMhant conduction carrier, the contribution of the holes are im-
mon are very similar, such as the resistivity vs temperaturgotant to low-field magnetotransport. The band parameters

e . -~ ~in-plane MR. As the temperature is increased throudgh
found to change sign in this sample, but at a much higher_ ;
) . . . =80 K, a crossover occurs from a well-behaved metallic re-
field. This measurement confirms that in both types of

samples we hav&) two-band conduction, an@b) the domi- Qime toa “bad metali” regime, related to the onset of strong
nant conduction carrier is the electron. Evidently there is £Pin disorder scattering heralded by the appearanceTéf a

more delicate balance between the two-band parameters M in the resistivity, negative MR, and the anomalous Hall

the CVD film. effect. The temperaturd is probably related to the oc-
This difference in the observed hole band parameter§urence of spin-flip scattering events due to local spin fluc-

could be due simply to the different orientations of the films:tuations that give a finite, effective density of minority spin

the CVD films are deposited o100 rutile, whereas our states aEg.

films are on(110) rutile. Thus for the Hall measurements in

the latter film, the field is directed along thea diagonal of

the unit cell. For nonspherical Fermi surfaces, such as those ACKNOWLEDGMENTS
predicted in Ref. 8, the Hall effect could be highly aniso-
tropic. For instance, in iron a Hall curve similar to oubsit We would like to thank A. Gupta for providing to us

opposite in sighis observed along one and only one specificthe cvD sample for our comparison measurements. Our
orientation of the field relative to the crystallographic a¥es. gratitude also goes to R. J. Gambino for sharing with
If indeed the difference is not found to be a Fermi-surfacegq unpublished data. The assistance of A. Anane has been

orientation eﬁect, then i.t must b? related to sample depeng; great benefit to this work, both through illuminating
dent factors like crystallinity, strain, or oxygen content. Thediscussions and help with the measurements. Finally

g\llli?(;grgmnh{gm)s/ :{ri\ig(é%%d to be epitaxial and single TYS“we thank P. Schlottman for his insight and interest in this
' ' work.
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