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Resistivity and magnetotransport in CrO, films
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The resistivity of films of the metallic magnet Cy@eposited onto Zr@substrates has been measured in the
temperature rang€é=1.6 to 410 K. Longitudinal and transverse magnetoresistances have also been measured
between 0.55 and 380 K in magnetic fields up to 10 T. The resistivity has a decrease in slope as a function of
temperature at the Curie poift,=390 K, and becomes linear in temperature below about 5 K. The magne-
toresistance@MR) for both field orientations are negative and linear with field above about 200 K for fields up
to 3 T, while they show a concave dependence on field below that temperature. Their magnitude decreases with
decreasing temperature down to 200 K and then increases for temperatures down to 5 K. Below 5 K, the
longitudinal MR values decrease and the transverse values stay about condtéami@sered. Below 100 K,
the resistance in a transverse field has a minimum at about 3 T. Chromium dioxide has been found theoretically
to be a half-metallic ferromagnet. The low temperature transport measurements reported here are interpreted in
terms of this model[S0163-182608)05041-3

INTRODUCTION a few angstroms, the resistivity continues to increase as the
temperature rises. Also, the specific heat at low
The metallic ferromagnet chromium dioxide has a Curietemperatur¥ is considerably larger than the value predicted
temperatureT; near 390 K. Its rutile crystal structure is the by band theory. Thus the nature of Gr@& not yet fully
same as that of the insulator TjOthe antiferromagnet understood.
MnO,, the good metal Rug) and VQ, which shows a metal The absence of single-particle statesEatfor minority-
insulator transition. Recent band structure calculations bypin electrons should affect the transport properties of a half
Schwarz and others® imply that CrG is a half metal; that metal. Although transport measurements give important in-
is, the majority spin electrons have a metallic band structuréormation about the spin-dependent behavior of electrons
while the minority ones have a semiconductorlike energynearEg in CrO,, there have been only a few reports so far.
gap at the Fermi surface. Other applications for this materiaMagnetoresistance data especially have been limited. The
are suggested if this band structure is indeed correct. Fdemperature and magnetic field dependences of the resistivity
example, if a half metal is used in a tunneling device such asf CrO, films have now been measured and are reported
was studied by Mooderat al.* the device is expected to here.
show very large magnetoresistance. Films of Ca@e made
only by a chemical vapor deposition CVD technique, which
means that it is difficult to make films directly in useful
geometric shapes, Cgbeing relatively difficult to etch. A The CrQ films were made on Zr©substrates by a CVD
method of producing patterned films has been developednethod using a two-zone tube furnace as described by Ish-
which may expand the possibilities for producing devicesibashi, Namikawa, and Satdt.The starting material was
using this material. CrOs, which was placed in the first zone at a temperature of
Interest in the possible half-metallic nature of Gritas 260 °C. Oxygen flowing at 0.5 I/sec was the carrier gas. The
led to several experimental and theoretical studies of thisubstrates were placed in the second zone at 400 °C. The
material. Good agreement between experiment and theoeposition took several hours. X-ray diffraction measure-
was found by Bradle et al® in the diagonal optical conduc- ments showed the films to have a highly textured rutile struc-
tivity and the reflectivity. Calculations of the off-diagonal ture with thea axis hormal to the substrate. The thickness of
magneto-optical conductivity by Uspenskii, Kulatov, andthe film for which data are reported here was 08® as
Halilov,” also agreed with experiment. Kgoer, Schmitt, and measured by atomic force microscopy.
Guntherod? reported that the electrons observed in a photo- The resistivity was measured in the range between 1.6 and
emission experiment were nearly 100% polarized. Largell0 K using a four-probe dc method. The longitudinal and
magnetoresistance ascribed to intergrain tunneling in discoriransverse magnetoresistances were measured with a four-
tinuous films has been reported by Hwang and Chéongprobe ac bridge in the temperature range 0.55 to 380 K and
Vacuum tunneling measurements by Weisendargel’®° in magnetic fields up to 10 T. The current direction was
also suggested nearly 100% polarization. These results aparallel to the(100) crystallographic plane. Temperature was
consistent with the band structure calculations, but the optimeasured with a calibrated carbon glass thermometer and an
cal measurement techniques probed electrons 2 eV from thec thermocouple. All of the data were averaged by computer
Fermi level. Thus the theoretical results are not yet firmlyas they were collected to raise their precision. The magneti-
established. Recently Lewis, Allen, and Sa$aidinted out  zation of a film made under similar conditions was measured
that although the mean free path of electrons at 600 K is onlysing a SQUID magnetometer in the temperature range 2 K
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' ' ' ' ' value of the coefficienA of the T? dependence of the resis-
580 s : : tivity was 3.1 102 xQ cm/K?, which is very large com-
] pared to those of Ni, Co, and Fe (1.3-1.6
X 107° uQ) cm/K?), contributed to by the magnon scatter-
ing process. If thél? dependence results from an electron-
electron scattering process, the ratiby?, y being the low-
temperature specific heat parameter, is found to be constant
and equal to about 02910 % 1O cm(mole K/mJ? in tran-
sition metals such as Pd, Pt, Fe, Co, and Ni. In Crthe
value of the ratio is large compared to this constant value,
suggesting that the observed temperature dependence of the
resistivity results from not only electron-electron scattering,
but also some other mechanism. The other mechanism is

600

Resistivity [« $2-cm]

0 K . ! . . probably an electron-phonon scattering process which pro-
0 200 400 duces aT? dependence. As Bloch-Gruneisen fits by Lewis,
Temperature [K] Allen, and Sasakiactually show theT2-like dependence in

almost the same temperature range, it may be possible to
explain this dependence by this means.
We adopt a model in which the metallic majority and
. o . semiconducting minority electrons act in parallel nearly in-
to 3512 K with results similar to those observed by @  jependently to construct a simulation of the temperature de-
etal. pendence of the resistivity. For the semiconducting minority
electrons, we use the well-known carrier density and drift
RESULTS AND DISCUSSION mobility of an extrinsic semiconducttrat low temperature,
while the electron-electron scattering process is used to de-
scribe the behavior of the metallic majority electrons because
Figure 1 shows the temperature dependence of the resithe experimental data showT& dependence. The number of
tivity of a CrO, film deposited onto Zr@ The resistivity ~Minority electrons excited into the conduction band from the
increases with increasing temperature and has a bend at t¥alence band is very small below room temperature because
Curie temperature of 390 K. The shape of the resistivityof the size of the energy gap, expected to be about 1.2 eV.
curve and the values of resistance observed are similar to thherefore, we assume that electrons near the Fermi energy in
results of Rodbell, Lommel, and DeVrié&sWe found that the majority spin band are thermally excited into the minor-
the resistivity shows @2 dependence in a temperature rangeity conduction band, meaning that the Fermi level in the
from about 130 K to about 240 K, as seen in Fig. 2, and alsénajority spin band plays the role of a donor level in an
shows a change in slope at about 240 K. This change can gtrinsic semiconductor. The difference between the Fermi
seen in the results by Rodbell, Lommel, and DeViiems level and the edge of the minority-spin conduction band is
well. Similar behavior is seen in data for other putative half-taken to be the activation energyE. As in itinerant ferro-
metallic  ferromagnets, NiMnSl, PtMnSb*® and magnets, the exchange splitting is proportional to the mag-
La;_SKMnO; (x=0.175, 0.2 The T? dependenceT  netization and disappears aboVe, so we must take the
<200 K) was also reported in the proposed half-metallic fertemperature dependence ®E into consideration. We have
romagnets La_,Sr,MnO; (x=0.2, 0.3, 0.4% In CrO,, the  estimated that the Fermi level of the majority spin band co-
incides with the minority conduction band edge at about 310
K using the band calculation by Lewis, Allen, and Sagaki.
Taking the above assumptions into consideration, we obtain
the following formula for the resistivity:

FIG. 1. Temperature dependence of the resistivity of a,CrO
film. Inset: Change in slope of the resistivity near 390 K.
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FIG. 2. Resistivity vsT2. Note the change near 240 K. wherekg is the Boltzmann constang(T) is the resistivity at
Inset: Low temperature resistivity showing the linear dependencel, and M (T) and M(0) are the magnetization at tempera-
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FIG. 3. Comparison between the measured resistivity and th&2nge forBup to 7 T.
simulation. The broken line shows the results of the simulation,

shifted vertically, for parameter values fitting the measured,CrO ably due to the change from B dependence to another
results. dependence in the electron-phonon scattering as shown in
Bloch-Grineissen fits.

At the lowest temperature, we found that the resistivity is
turesT and 0 K, respectively. The values gfand ¢ in the ~ Proportional to the temperature between 1.6 and ebdUas
activation energy were determined to be 0.90 and 0.55 evsréovg:rz)ma;h de I{I?S(ter:énrgls?éti/.ity Qgg%ﬂfé?ﬂgggg:tz ts\L/JgPyas
respectively, 3usmg experlme_ntal magnetization data. Ab_o_v%zw temperature. Theoretically, this dependence results from
240 K, the T* dependence is used as the base resistivity,o gnin flip scattering of the charge carriers by magnon ex-
which corresponds to the electron-phonon term and othefjtations at temperatures low enough that electron-phonon
mechanisms because the resistivity shows’alependence scattering can be neglected. Since the low temperature resis-
in the range between about 305 and 360 K where the contriivity of CrO, does not show thi¥? dependence, a lack of
bution from the first term in Eq(1) is negligible. The fitting magnon scattering and/or spin fluctuations can be inferred,
parameters were chosen so that the change-over point of tlensistent with an absence of minority spin states at very low
experimental results agrees with that of the simulation, yieldtemperature in a half metallic conductor. Thus the data of
ing a=4.0x10° (uQ cm)? K4 B=1.0x10" xQ cm K4 Figs. 1 and 2 may represent intrinsic properties of a half
[=4.0<10% uQ cm/K? a=2.7x10"° uQ cm/K?, and  metallic ferromagnet.
b=8.7x10"% 1O cm/K3. The dot-dash line of Fig. 3 shows o _
the simulation results. The residual resistivity is simply Longitudinal magnetoresistance
added to the results of the simulation. The simulation of the Figures 4 and 5 show longitudinal magnetoresistance
temperature dependence of the resistivity agrees qualitativefMR) data for various temperatures as a function of magnetic
with the observed data as seen from Fig. 3. The solid line i§ield. The MR in Fig. 4 are negative and nearly linear in field
the measured temperature-dependent resistivity. The two
curves are offset vertically for clarity. The model can also oL
produce a bump in the resistivity as is obseffeih
La; _,Sr,MnO,, for example, with a suitable choice of the
parameters. The model not only reproduces qualitative fea-
tures of the resistivity of half metallic ferromagnets, but also

1S5
is in good agreement with the data over a wide temperatureh—'—z - .
range below the Curie point. Moreover, the valuedd#? is 2
modified by using the value of obtained from the present < | _
simulation and becomes very close to the vadfuabout 1.0
X10"°% uQ cm(mole K/mJ?, in the heavy fermion materi- A

als such as UBg, CeB;, and UP4. Therefore, it is inferred
that the largey (7 mJ/K2 mole CrQ) probably reflects the
mass enhancement by not only electron-phonon coupling but . : ' : :
also the strong interactions between itinerdsgiectrons like B [T]

the strong correlatiod® between itinerantf-electrons in

heavy fermion materials. The discrepancy between experi- FIG. 5. Longitudinal magnetoresistance in lower temperature
mental results and the simulation below about 130 K is probrange forB up to 3.5 T.
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FIG. 6. Temperature dependence of longitudinal magnetoresis- ) ) .
tance forB=2.93 T. FIG. 8. Transverse magnetoresistance in the higher temperature

range forBup to 7 T.

while those in Fig. 5 are concave, the nonlinear behavior .
occurring below a temperature of about 200 K. Figure 6magn|tude of the slope of the MR at about 0.5-0.7 T. The

shows the temperature dependence of the longitudinal MR :1902 film has an easy axis in the plane of the film. This

a field of 2.93 T to compare with that measured by Rodbell,ow'ﬁeld feature in the MR probably represents the effect of

Lommel, and DeVried? The agreement is good. As seen in self-demagnetization induced by the rotation of the magneti-
the figur’e the magnitﬁde of the MR has a mihimum Tor zation into the perpendicular direction, an effect that cannot

near 200 K, the change due to the field being greater at bot}P\e neglected in this geometry. Otherwise, the field and tem-

high and low temperatures. However, below about 5 K thé:)erature dependence of the transverse MR is similar to that

change in resistance again decreases as shown in Figs. 5 a?'tfdthe longitudinal MR for fields less than about 3 T; how-

7. This temperature region is where the resistivity measures Ve the low temperature resuits are almost independdht of

ments implied a lack of magnon excitations and/or spin fluc" the transverse case. In the higher field range, the magni-

tuations. The decrease in the magnitude of the magnetoresiréj-de qf the MR decrea}ses as the field InCcreases, possibly
reflecting cyclotron orbital motion of the conduction elec-

tance is also consistent with a vanishing of spin-flip b £ the2 d q
scattering processes. Similar behavior was also reported fions because o depengence. .
In ferromagnets, it is knowf that the magnetoresistance

the putative half metallic ferromagnets LgSr,MnO; (X . i i . :
_ b 16 g L3Sk s ( due tos-d interactions is negative, the magnitude decreases
=0.175, 0.2. X .
with temperature, and the MR has a linear dependence on
magnetic field in the ferromagnetic phase. The magnitude
Transverse magnetoresistance should therefore be small at low temperatures becdyds
Figures 8 and 9 show the results of transverse magnetoréather high. However, Eere the ma%nltL:de mcregsEs with de-
sistance measurements for several temperatures as a functi@ifasSing temperature, becomes rather large, and the magnetic

of applied magnetic flux densit. In these measurements,

the magnetic field is oriented normal both to the current and
to the plane of the film. Both figures show an increase in the
0 T T T T T T T
2k 4
S o]
Q -4} el -
S e H=293T |
<] Present results(Polycrystal) froll = 2.
-6 |- 4
I ] 0 5 10
gl R : . 1 N f 1 1 1 B [T]
0 20 40 60 _
Temperature [K] FIG. 9. Transverse magnetoresistance at lower temperatures for

B up to 10 T. The dashed lines show the fits generated using Eq.
FIG. 7. Temperature dependence of the longitudinal magnetorg2). Inset: The coefficient of the cyclotron orbital motion term in
sistance at low temperature aBad=2.93 T. Eq. (2) as a function of the inverse square of the resistivity.
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field dependence becomes nonlinear below about 200 K, im- 6 —————— 115

plying that other mechanisms should be used to explain the R _

results. RS |
According to Askerov, Kuliev, and Steinshreitfénvhen .

the thickness of a degenerate film is of the order of the mean - -~
free path of the charge carriers, it is expected that the trans- i TG
verse MR shows a negative value. Since the thickness of the t - -1 t
present film is 0.8Qum, this size effect is expected at low A

temperature where the mean free path is large. We found that & =
the measured transverse MR at low temperature can be fitted
by the following equation combining the effects of size and h
the cyclotron orbital motion: I

| ' ' ' L | 1 ' 1 1 | 1 05
0 50 100
Ap  p(B)=p(0) B2 Temperature [K]
— - _ 2
p(0) B p(0) 1+ )\Bg +&Be, @) FIG. 10. Temperature dependences of the coefficigmatsd\ in
Eq. (2) obtained by fitting to the measured transverse magnetoresis-
with tance in the lower temperature range.
3(1-P)\2 suppression of magnon excitations and/or spin fluctuations
n=N—z5—|, Be=B—N’'By, by the magnetic field. However, another mechanism is
86

needed to explain the reenhancement of the magnitude of the
longitudinal MR measured below about 200 K in the present
2 d films and in bulk samples of La,SrMnO; (x=0.175,
(—) , 0.2).18 Moreover, the temperature dependence of the resistiv-
! ity is only qualitatively addressed by the simple model. Fur-
whereB, is an effective magnetic flux densitl’ is a coef-  ther study is needed.
ficient determined by the self-demagnetizing factor and the
relative susceptibility,¢ is a constant coefficient for each
temperatureP is the fraction of electrons impinging on the
surface of the filme is the charge of the electrom,is the The temperature dependence of the resistivity of ferro-
relaxation time of the carriersn* is the effective masglis  magnetic CrQ films deposited onto ZrQsubstrates shows
the thickness of the film, anldis the carrier mean free path. metallic behavior with a change in slope at the Curie tem-
B4 is the applied magnetic flux density whénis less than  perature, 390 K. Also, the resistivity is linear in temperature
the saturation valuBg, while it is B, for B>B. The pa- at low T, has aT? dependence in the range 130
rametersy, \, and £ were evaluated by fitting Ed2) to the <240 K, and shows a slight drop near 240 K, all of which
experimental data. In the fitting, 0.35 was the best value focan be explained by assuming that the conduction process
N'. involves a parallel combination of metallic majority-spin
The simulation results agree very well with the experi-electrons and semiconducting minority-spin electrons and
mental ones as seen in Fig. 9. The inset shows that the cthat the Fermi level plays the role of the donor level for the
efficient of theB? term obtained from the fitting is propor- semiconducting minority-spin electrons. The rafioy? of
tional to p 2, implying that this term results from cyclotron the coefficient of thel? term of the resistivity to the square
motion. Figure 10 shows the temperature dependences of of the specific heat parameter is very close to the value ex-
andX\. Both parameters increase with decreasing temperatugected in heavy Fermion materials, suggesting that there is a
in a reasonable way as seen from the above equation. Ttstrong correlation between itineradtelectrons. Thel? de-
sudden increase of both parametersTat5 K implies that pendence was also reported in the presumed half metallic
the carrier mean free path and relaxation time suddenly beferromagnets La ,SrMnO; (x=0.2, 0.3, 0.4 The lack
come long. In this temperature region, the resistivity does nodf minority-spin states causes suppression of magnon scat-
have aT? term caused by magnon scattering and/or electrontering at low temperature. Similar behavior is seen in other
electron scattering related to spin fluctuations as mentionedandidates for half-metallicism, NiMnSb and PtMnSb.
above. Since spin fluctuations and/or magnon excitations are The longitudinal and transverse magnetoresistances are
suppressed by the field, these parameters may include thnegative and increase in magnitude linearly with field for
suppression above 5 K, but the suppression may beconmtemperatures above about 200 K, while having a concave
small at lower temperature. Thus the resistivity and longitu-shape as a function of field for lower temperatures. The mag-
dinal and transverse magnetoresistances for temperatures lmtudes of both MR’s have minima as functions of field for
low 5 K can be explained by the lack of spin-flip scatteringtemperatures near 200 K. Similar behavior of the longitudi-
as expected in a half metallic ferromagnet at low temperanal MR was reported for La ,Sr,MnO; (x=0.175, 0.2. At
ture. the lowest temperature, the magnitude of the longitudinal
It is easily understood that the temperature dependence ofiagnetoresistance decreases with decreasing temperature
the MR in both orientations above about 200 K is due to thewhile the magnitude of the transverse magnetoresistance be-

er
Ml

SUMMARY
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