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The scaling exponent of 1.6 between anomalous Hall and longitudinal conductivity, characteristic of the
universal Hall mechanism in dirty-metal ferromagnets, emerges from a series of CrO, films as we
systematically increase structural disorder. Magnetic disorder in CrO, increases with temperature and this
drives a separate topological Hall mechanism. We find that these terms are controlled discretely by
structural and magnetic defect populations, and their coexistence leads to apparent divergence from
exponent 1.6, suggesting that the universal term is more prevalent than previously realized.
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The anomalous Hall effect (AHE) has been investigated
extensively in ferromagnetic (FM) metals [1]. It has been
described empirically as being proportional to the magne-
tization of a sample, giving a total Hall resistivity of p,, =
RoB + RguoM, where R, and Ry are the ordinary and
anomalous Hall coefficients, respectively, and uyM is the
magnetization. Theory and recent experiments show [2—4]
that this is part of a much more general phenomenon, the
spin Hall effect, that describes a transverse deflection of
current carriers, and produces a spatial separation of spin
currents [3,5]. This spin Hall term can arise from either
intrinsic or extrinsic processes and requires only the pres-
ence of spin-orbit coupling. In ferromagnetic metals, the
quantity of spin-up and spin-down charge carriers are
unequal and so this spin separation has an associated
charge imbalance which is detected as an anomalous Hall
(AH) voltage.

It has recently been established that there is a large
window in conductivity and materials space where a scal-
ing relationship between the anomalous Hall conductivity
(0 ap) and the longitudinal conductivity (o,,)"¢ holds [6—
9]. The relationship is known as universal scaling and the
theoretical work [8] that first proposed this phenomenon
defined a restricted parameter space where a resonant
enhancement of the intrinsic AHE term in a multiband
FM “dirty-metal” occurs. In a dirty metal the structural
point-defect density strongly influences the scattering time,
75,. The parameter space for resonant AHE requires that the
Fermi level is located close to an anticrossing of band
dispersions split by spin-orbit interaction, g (a topologi-
cal singularity in momentum space). The theory [8] pro-
posed that a crossover from extrinsic to intrinsic AHE is
triggered by a resonance condition when the two key
energy scales in the model i/7;, and &g become compa-
rable. Interestingly, band structure calculations on CrO,
[10] show that it can satisfy the restricted universal scaling
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criteria, yet experimentally it is already known to exhibit a
separate intrinsic AH mechanism driven [11] by the topo-
logical gauge field that emerges with a thermal population
of purely magnetic defects. Furthermore, it is an unusual
system with good-metal-like residual resistivity, RR ~ 2 X
108 Q2 m, at base temperature [12], and strong 72 tem-
perature dependence to the resistivity (p) above 100 K
associated it is thought, with half-metallicity [12,13]. The
p(T) behavior has previously created a difficulty in distin-
guishing conductivity and temperature-dependent effects
such as magnetic gauge field strength. We address this
point by growing polycrystalline films on lattice mis-
matched Al,Oj; substrates, where the strain induced defects
produce a RR that is at least an order of magnitude higher
than for single crystalline films [14]. The level of dirtiness
is controlled systematically by decreasing film thickness,
isolating conductivity dependent effects from thermal ef-
fects, and revealing universal Hall scaling [6-9] in CrO,. In
this Letter we demonstrate that the universal-scaling term
can be controlled by modifying the structural defect popu-
lation and hence the carrier scattering time. We also find
that the topological Hall term can be separately controlled
by the pure magnetic defect concentration, which varies
exponentially with temperature. Above 100 K we find
coexistence of the universal-scaling term and the topologi-
cal term. These parallel Hall conductance pathways lead to
an apparent divergence of the raw data from the universal
exponent of 1.6 at higher temperatures. We are able to fit
the data robustly to a two-channel model with universal
and topological terms, which demonstrates that the univer-
sal scaling with exponent 1.6, observed across a wide range
of materials is a property of the specific Hall mechanism,
rather than a fundamental relationship between Hall and
longitudinal transport.

Films studied in this Letter were grown on Al,O5 (0001)
by chemical vapor deposition at 380 °C with an O, flux of
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50 sccm [15] with deposition times of 4, 2 and 1 h. A film
grown at 330 °C for 8 h is also used in this study. X-ray
diffraction measurements suggest that the CrO, material
within the grains of each film appears to be of a similar
structural quality. However, the thinner films exhibited a
buffer layer of (antiferromagnetic insulator) Cr,O5 at the
CrO,/Al,05 interface. The effective transport thicknesses
of these CrO, films, as determined by cross-sectional
scanning electron microscopy and corrected for Cr,O3
interface layer thickness as determined from x-ray diffrac-
tion and vibrating sample magnetometry, were 595, 251
and 39 nm, respectively, for the 380 °C grown films and
62 nm for the film grown at 330 °C. The morphology of the
films consists of large (micron-sized) equiaxial particulates
which are composed of a number of elongated grains. The
particle size increases markedly with thickness [16]. The
grain size measured by x-ray diffraction increased with
deposition temperature from 33 nm at 330 °C to 80 nm at
380 °C [16]. Films grown by this method have been ex-
tensively characterized [15-18], point contact Andreev
reflection measurements on the 595, 251 and 62 nm films
in this study were published previously [17], confirming
bulk spin polarization of the transport carriers (P;) close to
100% and no strong correlation with morphology.

Magnetotransport data were collected in a square ge-
ometry with standard four-point techniques. The method-
ology used to extract the Hall parameters from magnetic
and transport measurements is described in detail else-
where [19]. The saturation magnetization determined
from magnetization vs field loops is shown as a function
of temperature in Fig. 1(a). The temperature dependence is
similar to the bulk for all of the films indicating that the
CrO, has similar magnetic properties across the series,
with T ~ 386 K [20] although T+ appears to be somewhat
reduced in the thinnest film. Figure 1(b) shows the resis-
tivity versus temperature. The resistivity ratio varies from
15 for the 595 nm film to 3.3 for 39 nm film. The RR of the
595 nm film grown at 380 °C is in good agreement with
other thick films grown on Al,O5 (0001) [14] whereas the
thinner films have a RR that is greater by up to an order of
magnitude. The increasing RR with decreasing thickness
films shows increased defect scattering as interface strain
becomes more important, whereas the magnitude of the
thermal term in the resistivity is similar for all samples.
The two thinner films fall in the dirty regime as we have
defined it, and the thicker two in the intermediate regime.

Figure 1(c) shows the Hall resistivity versus field at
selected temperatures for the 251 nm film as an example
of the raw data. An iterative procedure was used to fit the
measured Hall resistivity to the expression p,, = RoB +
RguoM. R, was found to be field independent and positive
for all films at all temperatures studied, consistent with
single carrier, hole-mediated transport at all temperatures.
Note that we do not find a ‘“‘two-carrier” type crossover
behavior as observed by Watts et al. [21].
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FIG. 1 (color online). (a) Saturation magnetization vs 7.
(b) Resistivity vs T. (c) Hall resistivity vs field of 251 nm film
at 2 K, 25 K, 50 K, 100 K, 150 K, 200 K, 250 K and 290 K.
(d) Anomalous Hall constant vs 7' [symbols as in (a)].

We now turn to the AH data. The AH constant Rg is
plotted versus temperature in Fig. 1(d). Ry is negative for
all films at all temperatures. In a “clean limit” sample Rg
was previously [11] fit to the function Ry = (A/T) X
exp(—E¢/kgT) which tends to zero as T tends to zero,
which is clearly not sufficient to describe our data.

The hole mobility and the carrier concentration (in the
inset), determined from R, for all the films is shown in
Fig. 2. The carrier hole mobility decreases with film thick-
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FIG. 2 (color online).
concentration vs 7.

Hole mobility vs T and (inset) hole
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ness, and we attribute this to increased defect scattering as
interface strain dominates. The mobility also decreases
strongly above 100 K once the 72 term becomes significant
in the resistivity. If one assumes a crude single (majority)
carrier model such that u;, = e7),/m," and hole scattering
length I, = 7,(v,,) and takes m,* = 10m, [22] and (v},) =
2.2 X 10° m/s [23] then one obtains a hole scattering time
of 7, = 120 fs and a scattering length of 26 nm for the
595 nm film. In the 39 nm film /, = 2.8 nm and 7, =
13 fs. For comparison the scattering length in single crystal
CrO, is 70 nm [23]. The average grain size in the films
grown at 380 °C (330 °C) is around 80 nm (33 nm). This is
a useful guide to the relevant length scales and suggests
that the increased RR reflects changes in the intragrain
transport, strain effects caused by the lattice mismatch
rather than a grain boundary effect. The hole concentra-
tion, shown in the inset to Fig. 2, is much less sensitive to
film thickness and increases with temperature.

The saturation AH conductivity, o s derived from this
data (OAn = Pyy,sar/ p.:2), is plotted as a function of o, in
Fig. 3. Here we isolate o, dependent effects from thermal
effects by grouping the data by temperature, rather than by
sample. The lines show fits to |oayl = Co @ + D, and
the exponent calculated at each temperature is plotted in
the inset, with & ~ 1.6 below 100 K and increases gradu-
ally to @ > 2 at room temperature.

Now let us attempt to construct a full description of o sy
for our films. For epitaxial CrO, films on TiO, with very
low RR (2 X 10~% Q) m) it has been found that o »; can be
described [11] by a topological term. The topological
model describes a thermal population of purely magnetic
defects. At finite temperatures the “perfect’ collinear FM
order starts to break up, with the defects being magnetic
monopoles with magnetic charge Q = *1. These mono-
poles are unstable with respect to a +— defect pair on
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FIG. 3 (color online). (Data grouped by temperature, not sam-
ple, Tan = Paysay/Pun’)- | anl vs o at 2K, 25K, 50K, 100 K,
150 K, 200 K, 250 K and 290 K (symbols) and fits to |oay| =
Co,.* + D (lines). Inset: Best-fit exponent a vs T (symbols)
and o = 1.6 (line).

neighboring lattice sites, described as a skyrmion string.
The population of these defect pairs (n,) is described by a
core energy, Eo, with (n,) oc exp(—E./kgT). The pairs
carry a net dipole moment which interacts with the mag-
netization, M. The perturbation to the pair energy by this
interaction is described by a string spin-orbit energy, Ay,
such that (n,~) oc exp[(= Ay, — E.)/kgT]. A finite A,
results in an imbalance of aligned and antialigned sky-
rmion strings and a gauge field (b,) emerges. The magnetic
topology causes a Berry phase shift of the charge carriers,
resulting in an anomalous transverse velocity of the car-
riers and a measurable Hall voltage. In the films studied
here we find that we have to invoke both the universal and
topological models in order to describe the data, and that
quite remarkably, the two mechanisms appear to operate in
parallel. Having demonstrated that the universal scaling
exponent of 1.6 applies to the CrO, system at low tem-
perature, we now extract thermally activated AH effects
associated with the gauge field as the deviation from the
universal behavior as the temperature is increased.

Figure 4(a) shows oy vs temperature and a fit of the
data to a two component model. At 2 K our films obey the
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FIG. 4 (color). (a) Measured saturation anomalous Hall con-
ductivity vs T (symbols). Dashed line: o AHU'CaIC(T) =
L1 X 1077(Qm)*%(o,(T))'°. Dotted line: oy °Pc4(T) =
[oM(T) - (04, (T))*] - (A/T)exp(Ec/kgT).  Solid line:
TAptU(T) = o \gV(T) + 0y TPU(T).  (b) Topological
Hall constant, RTP(T) = 0,y "P(T)/[puoMs(T) - (0 (T))*]
(symbols) and fit to RgTP(T) = (A/T)exp(Ec/kgT) (lines).
Inset: Magnetic defect pair core temperature (squares) and
spin-orbit temperature Ty = Ago/kp (circles) vs residual resis-
tivity ratio; open symbols are this work, closed symbols are
taken from Ref. [11].
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universal scaling |o gyl = Co,'® + D, with C = 1.1 X
1077 (2m)®*6. In many materials this scaling is valid
from base temperature to room temperature despite dra-
matic changes in conductivity and conduction mechanism
[6,7]. Therefore, we define a universal term which is
shown as the dashed lines in Fig. 4(a), O'AHU(T) =1.1X
1077 (Q m)*%(o,(T))"6. We now assume that the devia-
tion from the universal behavior is caused by the topologi-
cal term, 0,y P(T) where 0,y P(T) = o \zM**(T) —
o ax” (T). Figure 4(a) shows the variation of the topologi-
cal term o,y T°PU(T) as a dotted line. We then convert to
a topological Hall constant R ™P(T) = o, °P(T)/
[oMs(T) - (0, (T))’] and fit to Rg"P(T) = (A/T) X
exp(E-/kgT) as shown in Fig. 4(b). The inset to
Fig. 4(b) shows the magnetic defect pair core temperature,
Ec/kg, and spin-orbit interaction temperature, A /kg,
obtained from this fitting procedure vs residual resistivity
ratio (RRR = R,9yk/R> ). In the clean limit Yanagihara
et al. [11] found Eq/kg = 1103 K £ 28 K and A /kp =
30 K. Data taken from Ref. [11] are shown for comparison
in the inset to Fig. 4(b) along with the defect core tem-
perature and spin-orbit temperature vs RRR from our own
data. The spin-orbit temperature appears approximately
linear with the RRR while the core temperature is nearly
constant, only starting to decline in the dirtiest films. A
calculated topological AH conductivity, o 3 "°P°4¢, can be
generated for each film using these extracted parameters
and the measured Mg and o, using o, P¢(T) =
[(koMs(T) 0 (T)?) - (A/T) exp(Ec/kpT)], shown as the
dotted lines in Fig. 4(a): The total calculated two term
AH conductivity model, o ,;(T) = o, V(T) +
T Ay OPCU(T) is shown by solid lines in Fig. 4(a). This
function describes the measured data well at all
temperatures.

An interesting aspect of the work is the effect that
moving from the clean to the dirty transport limit has had
on the temperature dependence of o ,y. In samples in the
dirty limit, the o,y is only weakly temperature dependent,
which corresponds to our earlier observations on Co,MnSi
[19] and strongly suggests that the transport spin polariza-
tion is robust up to room temperature. In the thicker films,
in the intermediate-dirty limit the AH was a strong function
of temperature, but a temperature dependent P, was not
required to fit the data, and again P, appears robust.

In summary, we find that the carriers in films studied
here are holelike, the hole mobility correlating with film
thickness and the residual resistivity ratio governed by
carrier mobility, not carrier density. CrO, has the band
features required for the resonant mechanism and by grow-
ing a series of films with systematically increasing struc-
tural defect concentration, or dirtiness, at a given
temperature, we are able to isolate the universal Hall
scaling. CrO, also exhibits a topological Hall term that is
controlled by the concentration of purely magnetic defects,
and above 100 K we observe coexistence of the universal

and topological terms with an apparent deviation from the
exponent 1.6. We note that both of these terms are intrinsic,
and yet one increases and the other is suppressed by the
concentration of certain defects. Furthermore, both have a
quantum topological aspect and we observe coexistence of
topological singularities in real and momentum space in
CrO,. An additional observation relates to spin polariza-
tion of the carriers. We have previously reported that the
transport spin polarization of these films is not sensitive to
the morphological changes in this series of films at 4.2 K
and that P, (4.2 K) is high and close to 90%. The results
presented here support this view, moreover, we see no
signature to suggest a strong temperature dependence of
P,. This null result is encouraging for spintronic applica-
tions suggesting that the spin polarization is robust in this
system up to room temperature. The requirements to en-
gineer this effect in other systems are spin-orbit splitting of
magnetic defects, strong coupling of carriers to local mag-
netic moments and possibly half-metallicity. As these con-
ditions are met in the manganite system, it is possible that
the manganites would display similar tunability of
properties.
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