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S1. Approximate expressions

As described in Ref. [1], various Taylor series approximations can be used to simplify the exact

solution for @ and F in the ‘transparent region’ where €’ is small:
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In Ref. [2], an explicit form for @ is derived in the transparent region:

toNq®2* (S3)
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where o is the permeability of free space, c is the speed of light and all of the other parameters
retain the same meaning as in the main text. In this case, @ = uoNq?A?/4m?m*ntc, where 7 is the
scattering time in the Drude model, and thus the figure of merit is simply F= uop/2. Figure S1

compares each of these approximations with the exact solution calculated numerically.
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Figure S1. Comparison of the transparent approximations used in Ref. [1] and [2] with the exact
solutions for (a) the Verdet constant and (b) the MO rotational figure of merit in sample S2. Both
approximations show agree well with the exact solution for ® below Aenz, but break down near
and above Aenz.
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S2. Additional samples and full Faraday rotation data set

name dopant ENZ N opt m" €n substrate  thickness
(nm) (cm?)  (em®>Vilsh  (me) (nm)
S9 Gd 2247 2.65:10% 201 0.222 5.3  sapphire 240
S10 Gd 2256  2.65:10% 186 0.225 5.3  sapphire 490
S11 Gd 2235 2.68:10% 187 0.225 5.3  sapphire 2100
S12 Gd 2391 2.3-10%° 200 0221 53 BK7 630
S13 Gd 2346 2.4-10%° 175 0222 53 Si 550
S14 Gd 2186 2.8:10%° 200 0.225 5.3  sapphire 1000

Table S1. Additional films fabricated & measured with similar target Drude parameters, but
different thicknesses and substrates. The substrates are 430 pum thick c-plane sapphire, 500 um
thick BK7 glass, 280 pum thick <100> undoped Si, and 1 mm thick soda lime glass in the case of
the ITO sample.
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Figure S2. (a) The Verdet constant measured from 0.8—1.7um for a variety of doped CdO films
with similar Drude parameters but different dopants (S2 vs. S7), thicknesses (S2 vs. S9-11), and
substrates (S2 vs. S8, S12, S13). The Verdet constant of doped CdO films is found to be
independent of dopant, thickness, and substrate as long as the films have similar Drude parameters.
Also shown are the measured Verdet constants of all substrates used, which are scaled as indicated
in the legend in order to be seen in this plot. (b) Example Faraday rotation per pass vs. magnetic
field strength for a doped CdO film on sapphire (S2) and a bare sapphire substrate at A=1500 nm.
Subtracting the latter from the former yields the rotation for the film by itself. Linear fits to each
data set yield the slope, which in turn is divided by the film or substrate thickness to calculate the
Verdet constant.
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Figure S3. Faraday rotation data for all of the wavelengths measured. The rotation per pass vs.
magnetic field is shown in (a) for a Gd:CdO film on its sapphire substrate (sample S2), (b) the



bare sapphire substrate, and (c¢) the result for the Gd:CdO film by itself after subtracting the
substrate data in (b) from the substrate+film data in (a).
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Figure S4. (a) Mechanical profilometry and (b) AFM scans over the step edge of each film on its

substrate. The thickness of each film was extracted, listed in Table 1 and Table S1, and used in the
Verdet constant calculations.



S3. Faraday ellipticity

Figure S5(a) shows the Faraday ellipticity obtained from Eqn. (6) in the main text, which is small
at wavelengths below Aenz and thus good for Faraday rotation applications that require linear
polarization to be maintained (see Supplementary Figure S7(c) below). In contrast to the near-
dispersionless rotational MO figure of merit that decays as the Verdet constant nears its peak
(Figure 3 in the main text), the analogous elliptical MO figure of merit (i.e. ¥ /0max) shown in
Figure S5(b) peaks at Aenz where ¥ is largest. Given that this peak increases linearly with gopt
(Supplementary Figure S7(d,e)), CdO may be particularly useful for applications that exploit

ellipticity, such as magnetic field-tunable linear «» circular polarization filters.
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Figure S5. (a) Specific Faraday ellipticity calculated using Eqn. (6). (b) The elliptical MO figure
of merit (equal to Eqn. (6) divided by amax) peaks near the ENZ wavelength.



S4. Impact of Drude parameters on MO response
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Figure S6. Varying each of the four parameters N, uop, m" and &» in isolation to study their
respective effects on the Verdet constant. The lines in black represent a common set of parameters
between all plots with N = 2.8:10%° cm3, popt = 200 cm?-V-!'s7!, m* = 0.225-me, and &= 5.3. Over
their range of possible values for CdO [3] the trend can be studied for (a) carrier concentration,
(b) high frequency permittivity, (c) electron effective mass, and (d) mobility.
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Figure S7. Effects of mobility on (a) rotational MO figure of merit, (b) absorption coefficient
a [dBm™1] = 4.3-a[m™1], (¢) degrees of Faraday rotation per degree of Faraday ellipticity
(®/Y), (d) specific Faraday ellipticity, and (e) elliptical MO figure of merit. The lines in black
represent a common set of parameters between all plots with N = 2.8:10%° cm, yopt= 200 cm?-V-
Lsl m* = 0.225'me, 0= 5.3. (f) Peak Verdet constant and specific Faraday ellipticity values vs.
Lopt, Which both saturate as y—0 (simulated at B = 1T; when y—0, w. can slightly limit @max). The
right axis depicts the blueshift between the @peak and Aenz, which results only for low mobilities.



Figure S7f suggests that the peak values of @ and ¥ increase with puop, but interestingly
they plateau at uopt ~10° cm? V! s7| yielding a maximum theoretical value of ~7-10% deg T-! m™!
for a sample with the doping concentration of sample S2. Moreover, the largest gains occur in the
10° < uopt < 10%, motivating future work to achieve mobilities in such a range, possibly through a
combination of lowering temperature [4], deploying hyperbolic stacks [5] [6], improved growth
methods [7], or different materials combinations [7]. Additionally, such an increase in pop: would

nearly eliminate loss from attenuation and provide an excellent material for bulk MO applications.



S5. High-field MO polarimeter
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Figure S8. Magneto-optic polarimeter used to measure Faraday rotation at fields up to 3 T. This
system was only used to measure sample S14 (a witness of S2), resulting in the data shown in Fig.
5(a) of the main text. (b) Rotation vs high magnetic field strength of S14, showing the Faraday
rotation of doped CdO remains linear even at high magnetic field strengths. The magnitude of the
Verdet constant of S14 was found to be in agreement with that of S2.
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S6. Transmittance and reflectance spectra
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Figure S9. (a) UV-Vis-NIR and (b) FTIR transmittance taken at normal incidence referenced to
the transmittance of the bare substrate in each case. (¢) The rapid decrease in transmitance near
ENZ is primarily due to the increase in reflectivity as shown in (c) for S1 at a 6 degree incidence
angle.
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S7. Characterization of Gd-doped CdO

While In:CdO thin films have been characterized extensively [3] [4] [5] [6] [8], this work is the
first demonstration of Gd:CdO. Transport properties were quantified by Hall Effect measurements
(see Methods) in ~100 nm films with varying Gd content defined by controlling RF power for the
Gd magnetron (Figure S10a). Carrier concentration and mobility of Gd:CdO was found to be in

the same range as previously explored dopants including In (Figure S10b).
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Figure S10. (a) Carrier concentration and mobility as a function of RF power on Gd magnetron.
(b) Carrier concentration vs. mobility for Gd:CdO (blue) compared to previously explore donor
dopants (gray).

The percentage of dopant atoms to total atoms in each film was determined by calibrating
the dopant flux as follows. In the case of sample S1, for example, we deposited indium oxide
(In203) by single cathode RF sputtering and calculated an In concentration analogous to the
composition expected in In:CdO. The deposition conditions (i.e., temperature, pressure, gas flow,
etc.) to fabricate an In2Os3 thin film on c-Al>O3 substrate were identical to those used for the co-

sputtering of In and CdO in sample S1. X-ray reflectivity measurements determined the In,Os to

be 21 nm thick with a relative density of 6.57 g/cm™. These physical properties were then used to

12



calculate the In flux of 8.05 x 10'* atoms/min. Using this flux, we determined the expected In
concentration in sample S1 as 2.16 x 10! cm™. Thus, given the measured electron concentration
of 4.65 x 10*° ¢cm™ in sample S1, roughly 22% of the In atoms incorporated into the lattice are
thermally activated and contribute to the carrier concentration. Given the density (~8.15 g cm™)
and molar mass (128.4 g mol'!) of CdO, the number density of atoms in the CdO crystal is ~7.6-10%2
atoms/cm?®, meaning that In accounts for roughly 2.8% of the total atoms in the highest doped film.
A similar calculation approach was used to estimate the Gd fraction in sample S2 as 1.8% of the

atoms in the film.

X-ray diffraction was used to assess crystal quality of the films discussed in this work,
most of which are grown on (001) (i.e. c-plane) Al,Os. Epitaxial CdO growth on c-Al,O3; would
result in the (001) CdO plane tilting 23.5-degrees to sapphire (001) with a tilt direction parallel to
sapphire <100>, corresponding to a (025) CdO plane parallel to the sapphire basal plane. Because
of this, epitaxial CdO reflections would be visible only in asymmetric of skew-symmetric scans.
However, CdO (111) peaks occur in films discussed in this report, which are visible in symmetric
0-20 scans and increase in intensity with increasing film thickness (Figure S11a). The presence of
these peaks indicates that films do not grow epitaxially on c-Al>,Os. This likely occurs due to lower
surface energetics during growth compared to previous reports of donor-doped CdO. Lower
surface energetics is a result of lower deposition temperature (200°C) compared to typical 350-
400°C used in previous work [4] [5] [6] [7] on high mobility CdO, including a report on Y:CdO

[9] also grown on ¢-Al>Os.

13
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The non-epitaxial nature of Gd:CdO growth on c-AlbO; may be furthered due to strain
induced by the Gd dopant in the lattice. A 0-26 scan of In:CdO grown on ¢-Al,O3 exhibits a much
lower intensity CdO (111) peak (Figure S10b) as compared to Gd:CdO due to the film growing
mostly in the <025> direction, which cannot be detected in this symmetric scan. The In:CdO is
likely more susceptible to epitaxial growth due to In acting as a surfactant during growth, causing
longer surface diffusion lengths such that adatoms adhere to more preferential sites and the film

quality is enhanced. This phenomenon is discussed in Refs [4] [10].

CdO grown on (100) Si is not lattice matched to the substrate, resulting in polycrystalline
films as shown in Figure S11c. Although films discussed in this report are not grown epitaxial to
the substrates, structural defects caused by this do not significantly limit the mobility in CdO. This
is because CdO has a high propensity for native oxygen vacancy formation and these defects are
the dominant scattering mechanism in these films. Previous reports [4] [9] [11] have demonstrated
that even as out-of-plane mosaicity in CdO increases with doping concentration, high mobility

remains, suggesting that structural defects do not contribute greatly to mobility.
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Figure S11. 8 — 20 XRD patterns for (a) Gd:CdO and (b) In:CdO grown on c-plane Al>O3, and (c)

Gd:CdO on (100) Si.
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sectional SEM images of 500 nm thick CdO films highly doped with Gd grown

on (a) undoped Si (b,¢) c-plane sapphire. AFM surface map of 1 um thick CdO films highly doped

with Gd on (d) Si, (e) BK7 glass, and (f) c-plane sapphire. The top row images are height traces and

the bottom row images are amplitude traces.
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S8. Derivation of Drude permittivity tensor in a magnetic field

The goal is to derive the permittivity tensor as a function of frequency &(w) of an isotropic Drude-
like material in a static and uniform magnetic field B, oriented in the +z direction. A time varying
electric field E(?) is incident on a slab of material oriented in the xy plane which perturbs electrons
in the slab. Each electron can be represented as a cloud of total charge -e, which is perturbed from

its equilibrium position by r = xX + yy + zZ (shown in Figure S13).

V4
No applied E Ti' ® E(t)
X

nucleus Fy.f
o F s,

Electron cloud (total charge -e) Fe P

Figure S13. Free-body diagram of an electron cloud in an electric E and magnetic B field. The
perturbation leads to a net polarization P in the material, which can define the frequency dependent
permittivity function &(w).

Starting with Newton’s 2™ law, the equations of motion for the atomic nuclei relative to
the center of mass for their electron cloud, which behaves like a spring system with effective mass

m”*. This gives the following equations in the x, y, and z directions,

L 0%x g . Ox ayB . 5

ZFx—m ﬁ——e x—myE—eE —miwgx (S1)
_ *azy_ E * ay axB * 2

sz—m W——e y—myE+eE —mwqyy (S2)
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L 0%z , 0z . (S3)
ZFzzm Fz—eEZ—m ya—m wyZ

where like in the standard Lorentz model, y represents the damping rate and the force (F,) is a
friction force. The term with w3 represents the restoring force (Fuo), which for the standard Drude
and this model is assumed to be 0. The magnetic force term (i.e. the Lorentz force; Fg) only occurs
in the xy plane, with the x component of the force depending on the y component of the velocity

and vice versa.

To clarify the origin of the sign for each term in Eqns. S1-S3, F, s a friction force, so Fyx

ay

. .. . . 0z .
¢ 18 positive, and F) . is negative when 5. 18

is negative when 5; 1S positive, F,y1is negative when

positive. Likewise, given Fo is a restoring force, the x,y, and z components’ sign is opposite the

sign of x,y,z, hence the negative sign. The Lorentz force Fp resulting from the magnetic field in

oy

the +Z direction causes electrons to move counterclockwise in a circle. This means that when o is

.. .. A q- . ox . .. .. A~ q- . .
positive, Fpx is in the -X direction. However, when 5018 positive, Fpyis in the +¥ direction, which

is what gives the Lorentz force in Equation S2 the opposite sign of Equation S1.

n

a"p(t) N

atn

Rearranging and performing a Fourier transform (—iw)™p(w) to change from the

time to frequency domain will change E(?) into E(®), and allow x(¢), y(t), and z(¢) to be found as

functions of frequency x(w), y(w), and z(w). This turns Equations S1-S3 into:

eE, = m*w?x + im*ywx + im*w, 0y (54)
eE, = m*w?y + im*ywy — im*w wx (S5)
eE, = m*w?z + im*ywz, (S6)
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where the cyclotron frequency is defined as w, = Ly Solving for x(w), y(w), and z(w) gives:
o g

v eE, —im‘w.wy (87)
T mro(w + iy)

_eEy +im'w.wx (S8)
y= m*w(w + iy)

5= ek, (S9)
T mro(w +iy)’

where x(w), y(w) depend on each other. Inserting Equation S8 into Equation S7 and simplifying

to solve for x, and Equation S7 into Equation S8 and simplifying to solve for y gives:

e [(w+iy)E,—i a)CEy] (510)
T mre [(w+iy)? — w?]

e [i wE, + (0 + iy)Ey] (s11)
YTmwe [w+ip?-w?]
We can define the dipole moment g of the system as u = —er. Breaking # into components and

inserting Equations S9-S11 gives:

_ —e? [(w + ip)Ey — i w E,]
M = e [(w+iy)? — w?] (512)

_ —e? [iwEyx + (0 + IY)E,] (S13)
by T e [(w+ip)? — w?]

—e?E, (S14)

Hz = mw(w +iy)’

We can define the polarizability tensor a as being u = «E, or

Wy Ay Axy Oyz
Uy = ayx ayy ayz
4 zZX aZ y

33 ¢4 Az

(515)

)

Ey
Ey
Ez
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which can also be written as:

Hy = QuxEx + ayyEy + a5, E; (S16)
Wy = ay Ex + ay B, + ay,E, (817)
Wy = ApEy + az By + ayE; . (518)

To find each term of the polarizability tensor, we term match Equations S12-S14 with Equations

S16-S18 giving:

—e? (w + iy)

T = %y = e [(w+ iy)? — w?] (519)
B el iw,
Ty = T2 = e [(w+ iy)? — w?] (520)
—e?
Fzz = m*w(w + iy) (521)
Az = QAzy = Ayy = @y, = 0. (522)

The induced polarization in the material P is defined as the sum of all N dipole moments created

by the applied electric field per unit volume. The (linear) electric susceptibility tensor y can then

be defined from the polarization; P = %ZV W = Nu = NaE = ¢yxE, written out as:

P x ( ux) Oxx axy xz1 | E x Xex X xy Xxz] | E x
Py =N <P-y> =N ayx ayy ayz] Ey =& ny ny Xyz Ey ) (523)
P, (u,) Azx Azy QAzz]|E, Xzx  Xzy Xzzl |E,
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where ¢ is the permittivity of free space. Simplifying and term matching each component of y to

a gives:

B _ —wj(o+iy)
P T A T 0w + )7 = o] (s24)
B B iwpwe
Aoy T T w0 + )7 = ] (525)
—w?
Xzz = a)(a)—-I—Ly) (S26)
Xxz = Xyz = Xzx = Xzy = 0, (527)

2
where the plasma frequency is defined as w, = ,Tln\% The displacement field D and permittivity
0

tensor € can be defined as D = €gE + P = £yE + €9 xE = €y&,.E = €E. Thus, we have a relation
between y and &, where € = £y(1 + x). However, in the optical range of frequencies we are
interested in, there are still higher frequency contributions to the permittivity which manifest as a
DC offset to the permittivity (the high frequency permittivity €,,). Because &, comes from
contributions of the isotropic material it is assumed to be the same in each direction, and O for the
off-diagonal components (otherwise the material would naturally have off diagonal components,
which is not true for an isotropic material). For modeling in the optical frequency bandwidth of

interest, a better representation of the permittivity is therefore:

€ T Xxx Xxy Xxz Exx Exy Exz
e=¢gy(ext x) =& Xyx € T Xyy Xyz =& <5yx Eyy 5yz>. (528)
Xzx Xzy € T Xzz Ezx  Ezy  Ezz

Term matching y to & we find our final equations for the permittivity tensor as a function of
frequency:

20



wj(w +iy)

T TR Tl + )7 = W] (529)
. e e = iwpwe
T T ol + i) = 2] (530)
wp
Ery = €0 — m (531)
Exz = Eyz = Ezx = E7 = 0. (S32)

It is clear from Equations S29-S32 that when the applied magnetic field is removed (w. = 0), the
permittivity tensor again resembles that of an isotropic material. As shown in the main text, it is
often convenient to define &, = —ig;

B —whw,
Cw[(w+iy)? - w?]’ (833)

g

In summary, an external magnetic field in the z direction exerts a Lorentz force in the xy
plane which perturbs electron motion, resulting in off-diagonal terms in the permittivity tensor and
additional terms in the on-diagonal components in the x and y directions. The value of w for which
€ = 0in Equation S31 is known as the epsilon-near-zero (ENZ) frequency, where wgynz =

wp/V€x if y is small. This can be expressed as an ENZ wavelength given by Agnz = 270¢/wgnz,

where ¢ and 4 are the vacuum speed and wavelength of light respectively.
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S9. MO polarimeter measurement setup
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Figure S14. Diagram of the MO polarimeter used to measure Faraday rotation. A Wollaston
prism splits the linearly polarized light into its vertical (/v) and horizontal (/1) components,
which slightly vary in magnitude as the light is Faraday rotated as it passes through the sample

in an AC magnetic field.
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