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The magneto-optical, polar Kerr e8ect of polycrystalline CrOz has been studied in the range 0.8-S
eV. The maximum Kerr rotation amounts to ~8x~ =0.154' at 3.7 eV. Two different interpretations of
the observed magneto-optical transitions are discussed: (1) based on published spin-polarized band-
structure calculations and (2) based on published spin-polarized photoemission data. Additional trans-

port measurements are made to elucidate the free-electron contributions. At room temperature, the
electr'"al resistivity is 190pQ cm, while Hall measurements show a carrier concentration of 0.5 e/f. u. in
a one-band model. Because of a small Kerr effect of ~8x ~

(0.1' in the energy range 1.5 —3 eV and a low

reflectivity of less than 30%, Cr02 is not attractive for magneto-optical recording.

I. INTRODUCTION

Despite its widespread use as particulate magnetic
recording medium in tapes, little attention has been paid
so far to the magneto-optical properties of Cr02, which is
surprising, as it might also be suitable for magneto-
optical recording. CrO2 crystallizes in the tetragonal ru-
tile structure and orders ferromagnetically well above
room temperature with a Curie temperature of Tz =391
K.' Two features make it a possible candidate for a ma-
terial with a large Kerr effect at room temperature: (1) a
pronounced plasma edge near 1.2 eV in optical
refiectivity spectra of Cr02 reported by Chase and (2)
the prediction of half-metallic ferromagnetism in CrOz,
i.e., metallic character of majority and semiconducting
character with a band gap for minority spins, by Schwarz
in 1985. These phenomena can lead to large magneto-
optical effects as demonstrated, e.g. , in PtMnSb (Ref. 4)
and CuCr2Se4, both of which show Kerr rotation angles
~ex.

~

) 1' at room temperature. In the case of Cr02, an
indication of the plasma edge enhancement might have
been observed in Kerr effect measurements by Stoffel in
1969. The onset of a resonance-type feature near 1.2-eV
photon energy, which marked the lower energy limit in
this early report, however, could not be interpreted une-
quivocally. Here we report a comprehensive study of the
magneto-optical properties of Cr02 in the 0.8 —5 eV
range, using the magneto-optical Kerr effect as well as
Faraday rotation measurements. We show that our opti-
cal and magneto-optical data can be interpreted within
the framework of spin-polarized band-structure calcula-
tions.

We also compare our results with recent spin-polarized
photoemission results, which revealed a 90%%uo spin polar-
ization at 2-eV binding energy but vanishing density of
states near the Fermi level. Our resistivity and Hall

measurements as well as the optical data are distinctly
different from the photoemission (PES) results as they
unambiguously show a considerable free-carrier concen-
tration at the Fermi energy. A possible explanation for
this discrepancy will be discussed.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

For our Kerr effect, optical and transport measure-
ments, a 1.3-pm-thick Cr02 film was used. It was ob-
tained by chemical vapor deposition by decomposing
Cr03 at 200'C in a closed reactor onto (0001) cut sap-
phire. The substrate temperature was 390'C. X-ray
diffraction showed exclusively (200) and (400) peaks with
d spacings in accordance with literature data, indicating
highly textured growth with the a axis normal to the film
surface. The second a axis and the c axis were isotropi-
cally distributed in the film plane, as will be discussed
later. The room-temperature magnetization was deter-
mined most accurately from the saturation field of a hard
axis polar Kerr loop to be M, =475+5 emu/c. c., in
agreement with the data of M, =480—528 emu/c. c. re-
ported by Chamberland. ' The temperature dependence
of the magnetization, shown in Fig. 1, was measured with
a SQUID magnetometer. The film thickness was evalu-
ated by normalizing the measured total moment at 0 K to
the reported moment of 2.00+0.05ps per Cr02 (Ref. 1),
and determined to be 1320 nm. Using this thickness we
find M, =471 emu/c. c. at 297 K from the SQUID mea-
surement and M, =477 emu/c. c. from an independent vi-
brating sample magnetometry measurement.

Because Faraday effect measurements require an iso-
tropic and transparent substrate, the respective films
were grown onto fused quartz, which was additionally
seeded with a polycrystalline TiOz buffer layer to estab-
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FIG. 1. Temperature-dependent magnetization of Cr02 mea-
sured with a SQUID magnetometer.
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lish polycrystalline growth of Cr02. X-ray diffraction
showed a (110) texture, i.e., a slightly different preferen-
tial orientation compared to the 61m used for the Kerr
effect, the optical, and the transport measurements.

III. OPTICAL PROPERTIES

The normal incidence reAectivity R was calculated
from optical constants n and k, as measured by ellip-
sometry in the range 1.4—3.5 eV with a Gaertner spectro-
scopic ellipsometer via

R= (n —1) +k
(n+1) +k

The accuracy in the measured optical constants n and k
was +0.01. The infrared (IR) and ultraviolet (uv)
reQectivity was accessed by relative measurements using a
Perkin Elmer Lambda 9 spectrometer. As reference mir-
rors, we used a freshly evaporated Au film for the range
0.4—2 eV and a MgFz coated Al mirror (Oriel) for the
range 2.5-5 eV. R was then obtained by scaling to the el-
lipsometrically determined, absolute reflectivity between
1.4 and 3.5 eV, assuming constant R of the reference mir-
rors in the respective energy ranges. Scaling factors of
0.975 and 0.925 for Au and Al, respectively, are con-
sistent with published data. Starting from the measured
optical constants in the range 1.4—3.5 eV, n and k were
recursively extrapolated into the IR and uv using the
boundary condition that n and k are consistent with the
normal-incidence reflectivity according to Eq. (1}.

Figure 2 shows the normal-incidence reflectivity be-
tween 0.4 and 5 eV at room temperature. The present
reAectivity data are in quantitative agreement with Ref.
2. The steep reflectivity drop from 60 to 20% in the in-
frared region is clearly associated with a plasma edge
below 1.2 eV, as mentioned in the Introduction. The
influence of the optical constants n and k near the plasma
edge on the Kerr effect, often referred to as the optical
constants effect, is shown in the inset of Fig. 1. Depicted
are the prefactors

1 B
%co g +g
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FIG. 2. Normal-incidence reflectivity R of Cr02 at room
temperature between 0.4 and 5 eV. The bold line indicates the
reflectivity calculated from ellipsometrically determined n and
k. The dashed lines indicate regions where a relative measure-
ment was used to determine the reflectivity (see text). The inset
shows functions of the optical constants n and k which enter
Eqs. (2) and (3) for the magneto-optical Kerr effect as prefac-
tors. The dashed lines are the corresponding prefactors for
CuCrzSe4 (Ref. 5).

and

which enter the polar Kerr rotation Oz and Kerr ellipti-

city c.z via the relations

4m
1Xy ~ P+g P 2Xy (2)

and

A 8
O)X O2X

g 2+g2 1Xy g 2+g2 2Xy (3)

IV. MAGNETO-OPTICAL PROPERTIES

Room-temperature polar Kerr rotation and ellipticity
spectra were measured in the range 0.8—5 eV, using a ful-

A =(n —3nk —n} and 8 =( —k +3n k —k) are func-
tions of the optical constants n and k and
0 y 0 f y

+ l 0'
z y denotes the off-diagonal element of the

conductivity tensor o.. The resonancelike prefactors
show a striking similarity to those obtained in CuCr2Se4
(Ref. 5), which are also shown in the inset of Fig. 2
(dashed curves). They are typical for metals with a pro-
nounced plasma edge and their magnitude strongly de-

pends on the separation in energy of free-carrier contri-

butions and the onset of interband transitions. '
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FIG. 3. Magneto-optical, polar Kerr rotation 8& and the
Kerr ellipticity c& of CrO, in the range 0.8-5 eV, measured at
room temperature in an external, saturating magnetic field

0, =+20 kOe.

FIG. 4. The specific Faraday rotation between 0.7 and 3.8
eV. The directly measured Faraday rotation is indicated by
symbols, while the dashed line shows the calculated specific
Faraday rotation on the basis of measured 8&, c&, n, and k.

ly automated spectrometer, based on a zeroing tech-
nique. " Magnetic fields up to +20 kOe were applied to
ensure magnetic saturation of the films. Reference mea-
surement of a Pt mirror was used to correct for spurious
contributions of Faraday rotation in optical elements, i.e.,
lenses, exposed to the stray field of the magnet. The rela-
tive error of the Kerr rotation is &0.001' in the whole
range, the absolute error is &0.01' between 0.8 and 4.5
eV, increasing above 4.5 eV due to the influence of stray
light. For the determination of the Kerr ellipticity, the
principle of Senarmont was applied, using a tunable
Soleil-Babinet phase shifter. " Kerr effect measurements
for different orientations of the film plane relative to the
polarization direction of the incident light beam did not
show any changes, indicating isotropic distribution of a
and c axes in the film plane.

Figure 3 shows the measured room temperature
8s.(%co ) and ek (A'co ) spectra in the energy range
0.8 ~ %co & 5 eV. The Kerr rotation shows a maximum
value ~8s~ =0.154' at 3.7 eV. It is significantly below
0. 1 in the energy range between 1.5 and 3 eV (826—413
nrn), which is the interesting region for applications in
optical storage. The most significant result is the remark-
ably small Kerr rotation around 1.2 eV despite the pres-
ence of strong optical constant effects as demonstrated in
the inset of Fig. 2. In order to confirm our results on the
Kerr effect, the Faraday rotation OF was measured on
two transparent samples between 0.6 and 3.8 eV at room
temperature in an applied field of 10 kOe. To account for
the substrate contribution a corresponding Ti02/Si02 bi-
layer was measured as well. The film thicknesses were
evaluated by measuring the absorption constant
E =4~k/A, with A, the wavelength and k the ellipsometri-
cally determined absorption index. These values, howev-
er, turned out to be about 20% larger than the values
determined by Rutherford backscattering spectrometry
(RBS).

Figure 4 shows the specific Faraday rotation between
0.7 and 3.8 eV for two different samples using the optical-
ly determined thicknesses. The dashed line corresponds
to the calculated 8F /10 according to Ref. 11:

OF 2m &&&zy k02 y

$p c pg

(4)

V. TRANSPORT PROPERTIES

The electrical resistivity was measured using a low-
frequency lock-in technique with a four in-line probe
geometry. The present sample showed a specific resistivi-
ty of 190+20 pQ cm at room temperature. A geometri-
cal correction factor according to Ref. 12 was taken into
account. Figure 5 shows the Hall resisitivity, measured
at room temperature as a function of an applied magnetic
field H, up to 16 kOe. H, was perpendicular to the film
plane, i.e., para11el to the a axis of Cr02. The sign of the
Hall effect was calibrated with a silver and a copper film
and the corresponding carrier concentrations were within
+10% of published data. ' The overall error of the
specific Hall resistivity is below +30%. In order to
determine the carrier concentration, the empirical ansatz

pH =RpB +47TR M (5)

with lp the film thickness. 0.
]zy and cr2zy, which will be

discussed below, were obtained via Eqs. (2) and (3) from
the measured quantities Oz, c,z, n, and k. The agreement
of the calculated and the measured specific Faraday rota-
tion clearly confirms the present set of data on Cr02.
The deviation in the IR as well as in the uv is most likely
due to different crystallographic orientations of the film
used for the Kerr effect and the Faraday rotation mea-
surernent. A respective sensitivity of, e.g., optical con-
stants on the crystallographic orientation in Cr02, espe-
cially in the infrared, was reported earlier.
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in the range 0—16 kOe. The data for the calculation of the ordi-
nary Hall coei5cient R0, according to Eq. (7), are indicated.

is used, with 8 the magnetic induction, M the magnetiza-
tion, and Ro and R, the ordinary and extraordinary Hall
coefficients, respectively. According to Ref. 13, Ro can
be derived using

(6)

-2.0—

-2.5
0 1

2.5

2.0

1.5

1.0

0.5

I I

2 3 4
Photon Energy (eV)

5 6

(b)

with M, the saturation magnetization. 4mR, =pH(0)/M,
is determined by linear extrapolation of pH from high
fields to H, =0. The derivative dM/dH, was most accu-
rately obtained by measuring the field dependence of the
Kerr rotation which is proportional to the magnetization
M. The advantage of the Kerr effect over conventional
magnetic measurements for the measurement of dM/dH,
in films is its insensitivity to spurious magnetic contam-
inations. The error in dM/dH, was below +8%. Due to
the small slope, on the other hand, the error in BpH /BH,
was substantial. However, as the second term in Eq. (6)
is dominating, the overall error in Ro is estimated to be
&+50'///o. In a one-band model, the carrier concentration
N can finally be determined according to

1Ro=

where e is the electron charge. We find N in the range
0.32—0.96 electrons per formula unit (f.u. ), with a mean
value N = —1/Roe =0.49 e/f. u.
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FIG. 6. (a) Complex off-diagonal conducivity spectra. The
bold lines indicate regions where approximated values for n and

k were used (see text). The labels A
~
-A3 indicate interband

transitions discussed in the text. The value o.&„y(0),as derived

from the transport measurements, is also indicated. (b} The line

for o.2„y shows the calculated spectrum by transforming o.
& y

with the Krarners-Kronig relation. The symbols are the in-

dependently determined values, shown in (a}. The extrapolation
of o l„y to the value at co=0, derived from transport measure-

ments, was optimized to give the best correspondence with the

independently determined values o 2 y.

VI. INTERPRETATION

An interpretation of the Kerr spectra in terms of the
interband transitions involved by analysis of the conduc-
tivity tensor a is carried out in Figs. 6(a) and 7. The off-

diagonal elements o.„=u/&y+l0 2+y have been evaluated
from the measured Kerr spectra and optical constants ac-
cording to Eqs. (2) and (3). Symbols in Fig. 6(a) represent
directly measured data points, lines are based on derived
n and k values as discussed above. The value of o. ,„at
co=0 was calculated from the transport properties ac-
cording to Ref. 11 with

PH
cr,„(co=0)=-

0

Herein, p and pH are the specific resistivity and Hall

resistivity, respectively. A good test for the consistency
of the present data set is the extrapolation to the low-

energy side of cr,„~(co) and subsequent calculation of
crz„,using the Kramers-Kronig (KK) relations. The re-

sult is shown in Fig. 6(b), with the symbols representing
the values given in Fig. 6(a). The deviation between the
experimental and the KK transformed o.z„(co)at the
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The spectral dependence of o y shows similar features
as reported by Dissanayake and Chase in hc2 in
thermoreflectance studies of CrOi with E Ilc.

' Herein, Ez

is the absorptive part of the dielectric constant, which is
proportional to o &„„,as shown in Eq. (9). The correspon-
dence of the spectral dependence of hc to our results is

striking and we have therefore adapted the nomenclature
of the above authors. ' They explain the transitions ob-
served in their experiment on the basis of a qualitative
energy-band model proposed by Goodenough. '

VII. DISCUSSION

0
0

I I I

2 3 4
Photon Energy (eV)

FIG. 7. The absorptive part 0 &„„ofthe diagonal element of
the conductivity tensor. pro is the conductivity derived from
resistivity measurements (see text).

high-energy end of the spectrum is mainly due to the
cutoff in cr,„~(co)at 5 eV. The agreement below 3.8 eV is
excellent.

To support the interpretation of the present o „yspec-
tra, we also show in Fig. 7 the corresponding o. ,„„spec-
trum, as determined from the optical constants via

CO N
o )~

=
4 E2,

= 27lk
4~ 4m

Both diagonal and off-diagonal conductivity elements
define the line shape and therefore the electronic nature
of a magneto-optical transition. A feature in o z„ycan ei-
ther be absorptive or dispersive, for historical reasons re-
ferred to as paramagnetic or diamagnetic, respectively.
The correlation with a feature in o &„„,which is always
absorptive, makes it possible to determine the transition
energy and therefore to distinguish the two types of
magneto-optical transitions.

The well-structured spectral dependence of the off-
diagonal conductivity arises from the superposition of
several magneto-optically active transitions. Though not
completely unequivocal, we show a consistent assignment
of the features in Figs. 6(a) and 7 to electronic transitions

A 3 ~ The most obvious transition, that we have la-
beled A2, is rejected in a distinct feature in o. , near 2-
eV transition energy. The corresponding feature in o2 y
has a paramagnetic line shape and a transition energy of
1.8 eV. The other obvious feature, although only faint in

o&„„,appears in o.2„at=3.1 eV. It is labeled A3 and
also has a paramagnetic line shape. A third transition
A, is assigned to 0.8-eV photon energy, which marks the
low-energy limit of the spectral range. It is indicated in
o,„asa feature superimposed to the free-electron con-
tribution to o &„„.Moreover, it is clearly visible as a
minimum in o. , „

in Figs. 6(a) and 6(b), respectively. A
possible structure above 4 eV is not discussed due to ex-
perimenta1 uncertainties in n and k in that range.

X IM.„,, (E)l'dE (10)

with N„,(E) and N, (E) referring to the occupied and

empty density of states, respectively. IM„,, I
is the

transition probability of the considered transition from
occupied into empty states. Because of lack of informa-
tion it is set equal to 1. The relation between o. ,„„and
the above defined 2)J is then given by

2)~(fico)
o oc1'

2)z/fm is shown in Fig. 8. It was determined from the
element-specific spin-up and spin-down density of states
N 1(E) and N J, (E), respectively, published in Ref. 3. The
total spin-resolved density of states according to Ref. 3 is
shown in the inset of Fig. 8. The individual contributions
to the 2)z/A'co for spin-conserving (N f ~N T

and N$~Nl) and spin-flip transitions (N1'~N& and

N$~Nf ), respectively, are distinguished by short- and
long-dashed lines. Transition A

&
at 0.8 eV can be corre-

lated to the corresponding distinct peak in Sz(%co)/fico
for spin-conserving transitions and can therefore be as-

signed to a d I'-d f transition within the majority d bands
near the Fermi level. Transition Az around 1.8 eV corre-
sponds to a spin-flip transition from the occupied d f
states just below the Fermi level into d 1 states above the
Fermi level. The transition energy represents the ex-
change splitting, according to the band-structure calcula-
tions. Transition A3 dominates in Fig. 6(a) and is much
broader than A, and A 2. It is assigned to a

p (0)~d (Cr) transition, although the band-structure
calculation predicts these transitions above 3 eV, as
shown in Fig. 8.

The assignment of the first two transitions on the basis
of spin-polarized band-structure calculations explains the
small Kerr effect in Cr02 below 2.5 eV in a straightfor-
ward manner. In an atomic model, d-d transitions are

Different models have been discussed to account for
the electronic structure and the ferromagnetic ordering
in Cr02. A recent approach by Schwarz was a self-

consistent, spin-polarized band-structure calculation. A
semiquantitative comparison of the band-structure data
of Schwarz with our optical and magneto-optical results
can be carried out by analyzing the joint density of states

(S&), which we define as

2)z(irico)= I N„,(E)XN, (E+&co)
E=0
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on the basis of a spin-polarized band-structure calculation in
Ref. 3. The short-dashed line corresponds to the spin-
conserving, the long-dashed line to the spin-flip 2)J. The inset
shows the spin-resolved density of states according to Ref. 3.

strictly dipole forbidden and become only partially al-
lowed in solids, due to some admixture of, e.g., p charac-
ter to the initial and final d states. This explains the
small magneto-optical activity cr, near the A, transition
in Fig. 6(a} and therefore the small Kerr rotation
l&a l

(0.1' despite a pronounced optical constants effect
near that energy. Spin-flip transitions, as A2, are nor-
mally neglected because of their low transition probabili-
ty compared to spin-conserving transitions. They be-
come partially allowed through spin-orbit interaction,
which is the responsible interaction for magneto-optical
effects.

However, the correspondence of the peaks in 2)J/A'c0
with the transitions A& and Az might be fortuitous.
Usually, transition-metal oxides such as CrOz are as-
sumed to have highly correlated d states, for which an
appropriate description is the crystal-field theory rather
than one-electron states used for the band-structure cal-
culations. Indeed, recent photoemission experiments are
in disagreement with the spin-polarized band-structure
calculations in Ref. 3 as the relevant density of states is
found near 2-eV binding energy. Due to the nearly 100%
spin polarization, it is assigned to 3d(1) states, whereas
the band-structure calculation predicts EF to lie in the
3d(1') band. An alternative assignment of the optical
transitions on the basis of the experimental spin-resolved
photoemission data can be made if one assumes that the
Fermi edge in that experiment is absent due to some oxy-
gen deficiency at the surface, similar to the case of photo-
emission experiments from high-temperature supercon-
ductors. ' This deficiency may also account for the weak
emission intensity from s,p-derived states for binding en-
ergies between EF and about 1 eV. Under these assump-
tions peak 3, could then be attributed to a transition

from s,p states below EF into empty d($) states above

EF. Az may correspond to a transition from the d(1)
states near 2 eV below EF into empty d ( 1 ) states above

EF. The transition energy may be modified, i.e., reduced
due to excitonic effects to yield the experimentally ob-
served 1.8-eV transition energy. The A3 peak can be ac-
counted for by a transition from the occupied oxygen-
derived p states near 3 eV below EF into empty d(l)
states above EF. Hence, under the above assumption of
nonvanishing density of states at EF, an assignment of
the optical transitions can be made on purely experimen-
tal grounds. We outline this consistency because our
Kerr effect, optical and transport measurements were
carried out on samples of the same batch as the one used
in the photoemission experiment.

Also, we note that earlier photoemission experiments
on powdered Cr02 with Al K radiation [x-ray photo-
emission spectroscopy (XPS)], which is less surface sensi-
tive, indicate a nonvanishing density of states at EF. '

Certainly, the absence of density of states near EF in the
photoemission experiment is not characteristic for bulk
Cr02 because the transport and the optical experiments
as well as specific-heat measurements, ' all of which are
sensitive to the bulk properties, show metallic conductivi-
ty. Specific-heat measurements —carried out on samples
of the same batch as used for the present study —reveal
y=7 mJK mol ' in CrOz, i.e., a considerable contri-
bution of conduction electrons. ' The electrical resistivi-

ty of 190 pQ cm at room temperature is an order of mag-
nitude higher than in Fe or Co but comparable to, e.g. ,
Mn. ' The residual resistivity at 0 K is about 1 pQ cm.
The Hall measurements reveal an electron concentration
of =0.5 e/f. u. , assuming a one-band model. The free-
electron contribution to 0.&„„wasfitted by Chase with a
Drude ansatz. He found a plasma energy Ace =2.0 eV
with a damping of Ay =0.15 eV. Hence, we have to con-
clude that Cr02 is a metal or at least a half-metal, in

agreement with the conclusion drawn in a recent sys-
tematic study of transition-metal oxides. '

The nature of the states at EF, however, is still unclear.
Spin-polarized band-structure calculations indicate Cr
3d(t) at EF. ' ' ' On the other hand, the reported in-

teger number of the magnetic moment of 2.00pz/f. u.
(Ref. 1) indicates a filled d subband which does not cut
the Fermi energy and therefore supports the photoemis-
sion results, as the observed 3d (1} band is well below EF.
In this case, the ferromagnetic coupling can be under-
stood as a Ruderman-Kittel-Kasuya-Yoshida (RKKY)
type interaction via the s,p states at the Fermi level, ac-
cording to the interpretation by Goodenough. '

VIII. CONCLUSION

In summary, Cr02 shows a small Kerr effect in the en-

ergy range of interest for applications despite consider-
able optical constants effect associated with a plasma
edge in the reflectivity and in spite of the predicted half-
metallic ferromagnetism. This is related to small transi-
tion probabilities of the involved transitions. Our results
are consistent with reported bulk properties of Cr02 and
indicate metallic behavior of CrOz. ' ' ' ' Assuming
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that the Fermi edge in a recent photoemission experiment
is absent due to oxygen deficiency of the sample surface
as was observed in high-temperature superconductors,
our results can be interpreted on the basis of the spin-
polarized photoemission studies. A different interpreta-
tion, based on a recent spin-polarized band-structure cal-
culation, is also possible. However, it remains to be
shown to what extent band-structure calculations can ac-
count for correlation effects in transition-metal oxides
such as CrO2.

The example of CrOz shows that a large Kerr effect
due to optical constants effects can only be expected in
conjunction with appropriate values in ~o„~~. Moreover,

if CrOz really belongs to the group of half-metallic fer-
romagnets, it is one more examp1e —similar to the case of
NiMnsb (Ref. 14)—that half-metallic ferromagnetism
does not necessarily lead to large Kerr effects.
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