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Supplementary Figure 1. SIMS spectra for a typical MgZnO/ZnO heterostructure
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Supplementary Figure 2. Two band conductance model (a) Hall effect for two band con-
ductance with electrons as mobile carriers in each channel. (b) Hall effect for two band conductance
with electrons in one channel and holes in the other channel. Note, the difference in the curvature

of Hall effect for both cases.
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Supplementary Figure 3. Development of quantum Hall effect at Landau level filling factor v=1
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Supplementary Figure 4. Magnetoresistance Ry at several temperatures.
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Supplementary Figure 6. The shape of the AHE can be well described with the Brillouin
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12- .
11F &
S T g T T T )
g1 T ji ji
o
09k 0 -
0.8F 1
! ! ! ! ! ! !
A B C D E F G

Sample

Supplementary Figure 7. Analysis of power factor in scaling of the anomalous Hall effect

conductance.



. 0
[ A
1025 P\“:?w‘é** e(ﬁ
; oF egégo
— I °
& 10} O 0V
w aé*j. a:'":a " -2
Eb? i \?x’\i’ §§‘° n(10 cm )
1L O o8 e 17 o |
AR ° 23 ©13
@ )
e o @ 34 018
wghe ° ° 67 _
3 @ l
10° 10" , 107 10°
6,y (621h)
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Supplementary Note 1: Impurity characterization

Supplementary Figure 1 shows SIMS spectra of several possible impurities for a standard
high mobility MgZnO/ZnO heterostructure. Cr and other possible impurities are under the
detection limit of the SIMS measurement. Therefore we can rule out the presence of other
chemical elements and favor the epitaxial defects to be the source of the localized magnetic

moments.

Supplementary Note 2: Two-band conductance model
A non-linear Hall effect is frequently a signature for a multiband conductance. We consider
this scenario and show here that Ry, displayed in Fig. 2a cannot be explained with two band
conductance. Each band is characterized by a charge carrier density n and a mobility p. In
order to account for the sign of the charge ('+’ for holes and *-’ for electrons) , we consider
n < 0 for electron carriers and n > 0 for hole carriers. Then the Hall resistance is given by:

B ping + psng + (pipaB)?(ng + ny)
RYX _ 2 2 2 B (1)
e[(pr|na| + pa|ne])? + (ip2B)*(ny + n2)?

We consider the parameters, which closely describe our Hall effect data, and plot Ry
calculated with the Suppl. Eq. (1) in Suppl. Fig. 2. Note, that panel (a) displays the case
that electrons are charge carriers in both channels, e.g. n; < 0 and ny < 0. Panel (b) shows
Ry« when only the sign of ny is changed; that is the electron conductance in one channel and
hole conductance in the other channel. The dashed lines are guide to the eye to visualize
the difference in Ry, bending for both cases. Thus, panel (b) reflects Ry, bending of our
experimental data in Fig. 2a, implying electron-hole conductance. However, the realization
of hole conductance in a wide gap ZnO semiconductor is a challenging task [1]. Moreover,
the valence band discontinuity at the interface does not confine the holes. Thus, since the
non-linearity as observed in our experiment can be reproduced only by assuming a parallel
electron and hole conductance, we suggest that our observation implies another instance for

the non-linearity; it is the anomalous Hall effect.

Supplementary Note 3: Correction of the conductance due to electron-

electron interaction

An electron-electron interaction contributes to the field dependence of o,. Its contri-



bution in case of a diffusive transport is associated with spin effect and can be written

as:

4m2h Ow?
X [In(w + ws) + In(jw — ws|) — 21In(w)] (2)

2 00 82 th &
50 (B,T) = — ,\U/ de
0

Here, h=kp=1 and ws; = gupB and

- [1 L1+ 1/2F) (1 + 1/2F)}

= @
In the limit of strong magnetic field, i.e. wy/T > 1, the integral becomes In(w,/T"), whereas
at low field, i.e. ws/T < 1, it is approached as 0.084(w,/T)? [2].

Here, we employ a notation ¢ and agx indicating the sample conductance parameters

without electron-electron correction. Since only oy, received a correction due to electron-

electron interaction, Ryx becomes:

ol
Ry = - ~ (4)
T (o) + (0 + b0
)
yX

(032 + (60)2 + 20060

The latter equation is due to the fact that do, < 0)((?(). This equation is then modified to:

0§0) 1
Ry = : = (5)
(03)? + (0)2 1 42— o

— oy - 00
(032 (o)

1
(0) ~ RO (1 _ op0)
Ryx 1 N 2R)(((3()50_)((())() ~ Ryx (1 2Rxx 6axx)

Thus the correction to the Hall resistance due to electron-electron interaction becomes:
I 0 0) (0
ARl = Ry — RY) = —2RO RO 60, (6)

In order to visualize the field dependence of this correction, we approximate the Hall effect
as Ryx = a+ B and Ry = 7+ 0B2%. Then the correction has the following field dependence
in the limit of high field:

AR, = (a+ B)(y+6B*)InB (7)

Obviously, this correction is more pronounced as the magnetic field is larger. Hence the

correction increases in the magnetic, which is the opposite to the saturation behavior shown

7



in the main text in Fig.2b. Thus the electron-electron interaction cannot explain the non-

linearity as observed in our experiment.

Supplementary Note 4: Additional magnetotransport data

Magnetotransport between T=2K and T=10K

Supplementary Figure 3 depicts the development of Landau level filling factor v = 1 by
displaying the temperature dependence of Ry and R,y for sample presented in Figs.2 and

3 of the main text.

Positive magnetoresistance

Zn0O heterostructures show a positive magnetoresistance. Supplementary Figure 4 exem-
plifies Ry, field dependence at several temperatures for the samples discussed in Figs. 2 and

3 of the main text.

Supplementary Note 5: Possible origin for magnetism in MgZnO/ZnO het-
erostructures
To elucidate the origin of spin polarized carriers at the MgZnO/ZnO interface, we per-
formed extensive first-principles calculations within the density functional theory (DFT).
The density functional theory provides an adequate description of many properties of ZnO
and MgZnO except of excited state properties such as the size of the band gap. The latter
is the lack of the DF'T, which is designed by construction only for ground state properties.
However, structural relaxations, formation energy, magnetic moments, densities of states
for core and valence electrons are usually reproduced correctly. For our calculations we
used a self-consistent Green function method within the multiple scattering theory, which
is specially designed for semi-infinite systems such as surface and interfaces [3, 4]. Disorder
effects were simulated using a coherent potential approximation as it formulated within the
multiple scattering formalism [5, 6]. This approach has proven to be reliable to describe
structural, electronic and magnetic properstis of ZnO and related materials [7-17].

Among the carriers, which can participate in spin dependent transport at the ZnO/ZnMgO

8



we identified the following point defects acting as donnors, which can arise very likely dur-
ing the growth process: (i) Zn at interstitial octahedral sites (Zn;); (ii) O at interstitial
octahedral sites (O;) calculations (O;); (iii) antisite defects (Ogz,, Znp) [18]. The latter
have a quite high formation energy, but (i) and (ii) are also possible in a non-equilibrium
growth process. Zn; is not magnetic but can be magnetized in an external magnetic field
(Fig.5(a)). O, and Og, posses magnetic moments of 1.07 up and 1.99 pp, respectively
(Suppl. Fig. 5(b,c)). The magnetic moments are formed by localized unpaired electrons.
Since the DFT fails to describe correctly excited state properties, the band gap was under-

estimated in our calculations (1.6 eV vs. 3.25 eV).

Supplementary Note 6: Brillouin function

To describe the shape of the AHE we use the Brillouin function:

2J+1 2J+1 1 1
Bj(x) = 57 coth( 57 x) — 37 coth(ﬁx) (8)
where
_ gupJB
T = T 9)

In our model we assume a simple scenario. The magnetic moments are characterized
by J = 1/2 and g-factor 2. Thus the moment pp remains the only fitting parameter in
Suppl. Eq. 9. The fitting is performed for all temperatures of the experiment (between 2K
and 70K) and pp is deduced. The examples of fitting at three representative temperatures
are shown in Suppl. Fig. 6. The temperature dependence of up is plotted in Fig. 3b in the
main text. Both large up values and temperature dependent pi5 are obtained for all studied
samples. The assumption of a different parameter set with J > 1/2, e.g. J = 3/2, cannot
reproduce the AHE shape for all temperature of the experiment. We therefore conclude
that the as-chosen parameters describe the best the system’s behavior and implies the su-
perparamagnetic behavior. Furthermore, the fact, that the Brillouin function describes so
well the AHE shape at all temperatures and for all samples, strongly suggests that the AHE
is related to the localized magnetic moments with J = 1/2 and g = 2. Such a parameter set
is consistent with the assumption that the local magnetic moments are electrons localized

at the defects of the epitaxial film.



Supplementary Note 7: anomalous Hall effect scaling

Scaling analysis

We analyzed the scaling of the anomalous Hall effect conductance at low temperature for

all samples summarized in Fig. 4 of the main text. We used the fitting function:

oME — . g (10)

yx XX

to deduce the scaling power factor a. The result is shown in Suppl. Fig. 7; a=1.0 value is

covered by all samples within the error bar.

Scaling summary of all samples

When all data in Fig. 4a in the main text are plotted on the same scale, they all fall in

one straight line as shown in Suppl. Fig. 8.

Supplementary Note 8: Giovannini-Kondo model for anomalous Hall effect

Hall angle and scaling

In the Giovannini-Kondo model [19-21], the skew scattering originates from the inter-
action between localized magnetic moment J and orbital momentum 1 of the conduction
electron. The interaction between a conduction electron and a localized magnetic moment

is defined by the Hamiltonian
Hint:‘/()+JexJ.U+)\J.l. (11)

Here, Vj is a term describing the spin independent scattering on impurities and Joy is a
conventional exchange term describing interaction between localized magnetic moment J
and spin of conduction electron o. Both components do not lead to skew scattering. The

skew scattering arises from the third term which leads to the orbital exchange interaction

Hekew o Ni(k x k') o J . (12)

wnt
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According to theory of AHE [21] arising due to scattering on magnetic impurities in
paramagnetic system the transport properties of the system can be expressed in terms of two
characteristic rates having dimension of the inverse time. The first one is the total relaxation
rate 771 = 77Y(B, T) accounting for scattering in magnetic as well as non-magnetic channels,
e.g. phonons, etc. The second one, {apr(B,T), is the transport correction to the cyclotron

frequency

wy(H) = eB/mc+ &ann(B,T) (13)

originating exclusively from skew scattering term (12). Field dependence of the skew scat-
tering rate is proportional to the Brillouin function. Here m, e, and c is the mass, electron
charge, and light velocity, respectively.

These two rates are considerably entangled in the expressions for the conductivity com-

()=o(0,) i

where 0 = o/[(771)? + w?], and @ = ne*/mc depends on the carriers concentration n.

ponents

However, these rates can be highlighted by the experimental procedure described below.

The resistivity components (R,,, Ryx) can be expressed in terms of conductivity compo-

Rw:v Oz 1
= —_—. 15
( RYX ) < ny ) U%x + 032/x ( )

Similar expression, with o,, <> Ry, and 04, <> Ry, is valid to express (044, 0y) in terms

of (Ryz, Ray).

nents (0xx, Oyx)

The longitudinal resistivity, measured at zero field, singles out the total relaxation rate

1 (T
0.(B=0) a

(16)

where 7,1 (T) = 774(B = 0,T). Due to the specific structure of Eqs. (14) and (15) the

transverse component of resistivity gains a simple form

O, wo (B, T)
. _ , 1
Iy 02(1771)2 + 6%w? o (17)

To highlight the transport correction to the cyclotron frequency one has to extract ordinary

Hall resistivity to get the AHE contribution

1 dw
RAHE — — [wa — ( ”) B} (18)
Y o dB B—oo
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at saturation

and, then, take the experimental value of AHE resistivity R;\/""**

RyAxHE,sat _ §ane(B — 00,T) _ Ae(T) . (19)
a Q

AHE,sat
yx

components (Ry,(B = 0), RafF5) one gets

Then, if the conductivity o is determined by inverting Eq. (15) through the resistivity

sat
O,;lXHE,sat = o AHE(T)t . (20)
(7o (1))* + & (1)?

Using Eq. (16) and introducing Hall angle

aAHE,sat
tan 0 = 21
anUVvAHE am(B _ 0) ( )

one gets

_ . -1
To ' (T) e (1)
M) N(T)

Hall angle decreases when temperature increases because the total relaxation rate, including

tan@AHE = (22)

phonon scattering, dominates at high temperatures. Therefore, one can assume that at high

temperatures
7o (T > e (T (23)
Equation (22) implies that
5 H(T) 1 1 ?
p— = + [—] —1. (24)
AHE(T) 2tan6’AHE 2tan9AHE

Therefore, low temperature values of Hall angle tan 0 5r ~ 0.4 ~ 0.5 necessarily mean that

at low temperatures

7o (TY) ~ G (TOV) - (25)

We note that tan 0,5 is temperature independent in some range of low temperatures. This

implies low temperature scaling relation o,, ~ 0%,

with @ = 1. In the high temperature

regime, when total relaxation rate 7, ' (T719H) growth faster than the transport correction

to the cyclotron frequency &3, (THI¢M) | the scaling behavior does not hold.

Consequences of the model

Magnetic susceptibility, extracted from transport experimental data, demonstrate sig-

nificant change of temperature dependence at T, = 10K. In the case of ferromagnetic or

12



metamagnetic phase transition there is a known resistivity anomaly peaking near the mag-
netic transition temperature. There is no true transition in our sample where positions
of magnetic moments are disordered though the peak in the scattering rate on magnetic
subsystem is possible if at different temperatures system is close to different magnetic
phases. This component, ppear(T" — T¢.), contributes both to magnetic and nonmagnetic
scattering rates, although with different coefficients: &ip(T) = A10ppear(T — T..) and
75 H(T) = Ag6ppear(T — T.) + CT . Here, the contribution CT to the total relaxation rate is
the high temperature Bloch-Griineisen phonon contribution. Finally, the scaling expression
is

A15,0peak(T - Tc)

EXP & o (H = '
7 Oar )AQ(Sppeak(T —T)+CT

yx

(26)

First term of denominator is larger than the second term at low temperatures leading to
Ume P~ 0,.(H = 0) scaling. On the other hand the scaling power gradually increases when
the term C'T becomes larger than the contributing As0ppeqr (1 — 1), which decreases with
temperature at 7' > 10K.

Summary of main points of Giovannini-Kondo model

e The electron system does not need to be spin polarized. This is the main difference to
other AHE models. Our experimental findings show that the electron system is not
spin-polarized, which is confirmed by the observation of multiple spin-resolved Lanau
level coincidence events (Nature Physics 11, 347 (2015) and Phys. Rev. B 90, 245303
(2014)).

e The field dependence of the AHE resistance on the magnetic field can be described

with the Brillouin function

e A positive magnetoresistance can be expected. Note, that diluted magnetic semicon-

ductors show negative magnetoresistance
e The angle of anomalous Hall effect is directly derived.

e Giovannini-Kondo model can account for some temperature dependent properties, e.g.

scaling or AHE angle, in a reasonable agreement with experiment.
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