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The cyclotron resonance of polarons in Zn1−xMgxO/ZnO heterostructures (with

0.15 < x < 0.22) was studied by terahertz time-domain spectroscopy.

Low-temperature magnetoconductivity spectra of the 2D electron gas at the

Zn1−xMgxO/ZnO interface determined the polaron density, mass and scattering rate.

The cyclotron mass of 2D polarons was found to increase significantly with magnetic

field B from 0.24me at B = 2 T to 0.37me at B = 7.5 T. A nonlinear cyclotron fre-

quency with B was also observed for 3D polarons in ZnO. The findings are discussed

in the context of polaron mass renormalization driven by the electron-LO-phonon

and electron-acoustic phonon interactions.
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Substantial interest in 2D electron gases and liquids in oxide heterostructures is moti-

vated by reports of the quantum and fractional quantum Hall effect in Zn1−xMgxO/ZnO

heterostructures,1,2 and by novel phenomena at the LaAlO3/SrTiO3 interface.3,4 In polar

materials with significant electron-phonon coupling, such as ZnO, charges distort the lat-

tice, forming polarons. The bare effective mass m∗b is therefore altered to m∗.

For 3D polarons the mass enhancement factor is given by m∗/m∗b ' 1 + α/6, for small

values of the electron-LO phonon coupling constant α. A comparison of the polaron mass

from cyclotron resonance (CR)5 (m∗ = 0.29me) and the bare electron mass from Faraday

rotation6 at optical wavelengths (m∗b ' 0.24me) yields α ' 1.2 for bulk ZnO. The polaron

mass has been found to be enhanced for 2D polarons in ZnO: for instance, CR experiments

below 400 GHz and for B < 4 T found m∗ = 0.30me for Zn1−xMgxO/ZnO 2DEGs with

n < 1.2× 1012 cm−2,7 while m∗ = 0.32me was reported for n ' 6× 1012 cm−2.8,9

In this Article we report a study of the mass of interfacial polarons in Zn1−xMgxO/ZnO

heterostructures, and of bulk-like polarons in a ZnO thin film. Terahertz time-domain

cyclotron spectroscopy revealed a nonlinear dependence of the cyclotron frequency upon

magnetic field that indicates strong changes in the polaronic mass. Resonant Raman and

photoluminescence spectroscopies were used to assess phonon frequencies, the Mg content,

and its compositional variation.

Zn1−xMgxO/ZnO heterostructures were grown on c−plane sapphire by metal-organic

vapor phase epitaxy.10,11 A thin (0.48µm) ZnO layer grown at low temperature was de-

posited first on the sapphire substrates, before a 3.34µm-thick nominally-undoped ZnO

template with Zn-termination.10,11 A series of samples with Zn1−xMgxO top layers of dif-

ferent thicknesses from 25 nm to 126 nm were then grown on top of the ZnO. Due to the

compositional pulling effect, a compositionally graded Zn1−xMgxO layer was formed at the

interface, with a thickness of about 10 nm.11 A piece of the ZnO/LT-ZnO/sapphire wafer

without a Zn1−xMgxO layer acted as a reference. A UV He-Cd laser (325 nm; 3.82 eV)

was used to perform resonant Raman spectroscopy and photoluminescence (PL) at sample

temperatures of 77 K, to estimate x.

The PL spectra reported in Fig. 1(a) show strong excitonic emission from the ZnO layer,

peaking at the donor-bound exciton energy EDX = 3.37 eV, and LO-phonon replica at en-

ergies EDX − n~ωLO (for n ≤ 4, ~ω = 71 meV). The Zn1−xMgxO layers emit at higher

energies, with a bandgap that increases with x.12 The bandgap energy for x ∼ 0.21 (126 nm
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sample) is ∼ 3.7 eV. The PL spectra of the Zn1−xMgxO layers are broad as a result of com-

positional grading.11 No excitonic PL emission was witnessed from the Zn1−xMgxO layers,

which may be a result of electric-field-induced exciton dissociation13 in the surface electric

field of Zn1−xMgxO.

The A1(LO) phonon was observed using resonant Raman scattering, and is labelled

“1LO” in Fig. 1(b). This phonon blueshifts with increasing x, in agreement with previous

studies,14,15 and as a consequence of the compressive strain of Zn-O bonds in Zn1−xMgxO.15

A 26 cm−1 increase in A1(LO) frequency observed for the 25 nm Zn1−xMgxO layer permits

an estimate of x . 0.18 ± 0.02 based on Ref. 14. The second-order “2LO” Raman peak at

the second harmonic of the A1(LO) and E1(LO) frequencies16 is likewise blueshifted.

The bandstructure of the 25 nm Zn0.84Mg0.16O layer was calculated using a self-consistent

solution to the Schrödinger-Poisson equation, and is reported in Fig. 2. Here, a linear grada-

tion of the Zn1−xMgxO from x = 0.16 to x = 0.0 over the last 10 nm of the Zn1−xMgxO film

was assumed. The electronic wavefunction (solid blue line) straddles both the Zn1−xMgxO

and ZnO. The calculated carrier density (shaded area) is consistent with the experimental

result (points) derived from a capacitance-voltage measurement.

Terahertz time-domain spectroscopy17,18 was utilized to determine the complex magneto-

conductivity in the frequency range 100 GHz < ω/2π <2 THz. Samples were placed in the

variable-temperature insert of a split-coil superconducting magnet, which applied a magnetic

field B along the c-axis. The diagonal components σxx(ω) of the complex magnetoconduc-

tivity tensor were determined. In Fig. 3(a) the amplitude of the complex THz transmission

|T (ω)| = |Es(ω,B)/Er(ω,B)| is reported for a 126 nm-thick Zn1−xMgxO/ZnO heterostruc-

ture at 2 K. Here, Es is the amplitude spectrum of the THz pulse transmitted through the

heterostructure sample, while Er is the spectral amplitude transmitted through the ZnO

reference. Thus, only carriers in the 2DEG influence the transmission.

Without a magnetic field the minimum in the transmission is at zero frequency, while at

B = 5 T the resonance shifts to 1.8 meV (0.43 THz). The magnetoconductivity σxx(ω,B)

was calculated directly from the complex transmission T (ω) using the thin-film limit,18 and

assuming a THz dielectric constant εs = 10.8 for the Zn1−xMgxO and ZnO layers. In Fig. 3(b)

the real part of the magnetoconductivity σ1 is reported. The spectral weight S =
∫∞
0
σ1dω

at B = 5 T is lower than that at zero magnetic field. The optical sum rule for the electron

density, N = 2m∗S/πe2, therefore indicates that the effective mass m∗ at B = 5 T is higher

3



than at B = 0 T (assuming constant density).

Transmission spectra were modelled using the transfer matrix method, assuming an in-

terfacial 2DEG on the Zn1−xMgxO/ZnO boundary with a magnetoconductivity given by

the Drude-Lorentz formalism,18 and an electron sheet density n = 2.2× 1012 cm−2 (126 nm

Zn1−xMgxO) or n ' 1×1012 cm−2 (25 nm Zn1−xMgxO). This latter value is in accord with the

calculated and experimental sheet density in Fig. 2. The solid lines in Fig. 3(a) indicate the

fitted transmission with m∗ = 0.18± 0.01me (from the optical sum rule) and τ = 450± 30 fs

for B = 0, and m∗ = 0.31± 0.01me and τ = 700± 30 fs for B = 5 T. In Fig. 3(b) these fitted

values are used to plot σ1 for the 2DEG layer (solid lines), which are in excellent agreement

with σ1 calculated directly from the transmission using the thin-film conductivity expression

(points). The mobility calculated from the fit at B = 0 T is 4400± 400 cm2V−1s−1.

In order to examine the effective mass of bulk-like polarons the transmission of the ZnO

reference sample was determined in relation to its value at zero magnetic field (i.e. T ′ =

Er(B)/Er(B = 0)), as reported in Fig. 4. A temperature of 100 K was chosen to allow a

sufficient population of extrinsic electrons in the n-type layer, at the maximum mobility of

bulk ZnO.19 Rather than minima that are symmetric about the CR frequency, as in Fig. 3(a),

the spectra in Fig. 4 are asymmetric, with maxima towards zero frequency (as |Er(B = 0)|

has a minimum at zero frequency, while at finite B the CR is at finite frequency). As the

film’s thickness (3.82µm) is in the regime of intermediate optical thickness (between the

thin and thick limits), the magnetoconductivity cannot be analytically calculated from the

transmission. Therefore the transfer matrix method was again used to model T ′ assuming

the Drude-Lorentz magnetoconductivity for the ZnO layer. The solid lines in Fig. 4 show

fits to T ′ using N = 1.6 × 1017 cm−3 for all data sets, and allowing m∗ and τ to vary.

Fits assuming constant m∗ = 0.29me but allowing N and τ to vary (e.g. dashed curve for

B = 3 T) produced substantially poorer results. The scattering times obtained are τ '2 ps.

The CR frequencies ωc = eB/m∗ and cyclotron masses m∗ = eB/ωc are reported in

Figs. 5(a) and (b), respectively, for two Zn1−xMgxO/ZnO heterostructures and the bulk-

like layer. The CR frequency for interfacial polarons in the 126 nm ZnMgO/ZnO sample

(circles) increases nonlinearly with magnetic field, with masses increasing from m∗ = 0.25me

at B = 2 T to m∗ = 0.37me at B = 7.5 T. This is in line with the increase in m∗ derived

from the spectra as discussed above in reference to Fig. 3. The 25 nm ZnMgO/ZnO sample

(triangles) also showed enhancements in m∗ with B. The 3D polarons in the ZnO thin film
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at 100 K showed substantially lower effective masses, and also exhibited an increase in m∗

with B.

In the following we consider mechanisms that may account for the observed nonlinear

ωc(B). The electron mass can be altered by (i) the nonparabolicity of the conduction band,

(ii) the electron-electron interaction (EEI), and (iii) the degree of spin-polarization. Further,

ωc is not proportional to B for (iv) defect-bound states. The polaron mass m∗ depends on

B in a way that differs for (v) the electron-LO phonon and (vi) the electron-longitudinal

acoustic (LA) phonon interactions.

(i) At large electron energies the nonparabolicity of the conduction band alters m∗b away

from its Γ-point value. For 3D electrons, m∗b increases from m∗b = 0.23me for N = 6 ×

1017 cm−3 to m∗b = 0.35me at N = 7 × 1020 cm−3.20,21 The enhancement in the band mass

from nonparabolicity was estimated from a two-band Kane model.22 Using the 2D Fermi

energy of the 126 nm Zn1−xMgxO/ZnO 2DEG this yielded an increase of only 1 %. Similarly,

no enhancement in m∗b from nonparabolicity was found for the bulk-like electrons (N =

1.8× 1017 cm−3). Nonparabolicity therefore cannot account for the enhancement in m∗ with

B.

(ii) The transport mass m∗tr (from the temperature-dependent Shubnikov-de Haas ampli-

tude) can be altered by the EEI, and is enhanced in ZnO 2DEGs at low densities.7,23 Here,

m∗tr for the 25 nm Zn1−xMgxO/ZnO 2DEG was found to increase from m∗tr = 0.55± 0.07me

at B = 5 T to m∗tr = 0.65 ± 0.07me at B = 7.5 T. The electron-electron coupling con-

stant was estimated as λe−e = m∗tr/m
∗ − 1 = 0.7, 0.9 ± 0.1 at B = 5, 7.5T, suggesting that

electron correlations are strong in this system.7 However, assuming the validity of Kohn’s

theorem24,25 the EEI does not alter the CR frequency, and should not account for the change

in the cyclotron mass m∗ with field.

(iii) The renormalization of the effective mass in Fermi liquids can be influenced by the de-

gree of spin-polarization via the exchange interaction.26,27 The Zn1−xMgxO/ZnO heterostruc-

tures studied herein were found to be spin polarized and to exhibit weak ferromagnetism.11,28

However, the magnetization saturated at B = 0.4 T, and the degree of spin-polarization

should therefore not alter at the magnetic field strengths B > 1 T used in the CR experi-

ments.

(iv) CR studies on bulk ZnO at 4.2 K and 60 K reported transitions associated with

electrons bound to shallow traps,5 with zero-field cyclotron energies of 2.5 meV and 7.8 meV,
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and also at 5.9 meV and 7.2 meV.29 No such hydrogenic (1s-2p) transistions30 were observed

in the present study, as the B = 0 limit of the observed cyclotron energies was ~ωc = 0.

(v) Magnetopolarons produce nonlinear ωc(B) relations, as reported in other wide

bandgap polar materials.31 The electron-LO phonon interaction in a magnetic field en-

hances the mass of 2D polarons.32 In the weak coupling limit (small α) and at small B the

renormalized mass is

m∗ = m∗b(1 +
πα

8
+

9πα

64

eB

m∗bωLO

), (1)

For larger α and B the function ωc(B) maps out a typical anti-crossing dispersion,33 with

the lower magnetopolaron branch tending to ωLO as B → ∞. Since the lowest LO-phonon

frequency (A1, at ωLO = 583 cm−1) is high the CR mass is not affected by the LO-phonon-CR

anti-crossing at low magnetic fields.

(vi) In piezoelectric materials, the electron-LA phonon interaction alters the cyclotron

frequency,34,35 for instance as reported for bulk n-type CdS in the quantum limit (~ωc >

kBT ).36 In contrast to the electron-LO phonon interaction, which lowers ECR (increases

m∗CR), the electron-LA phonon interaction enhances ECR (lowers m∗) at low magnetic fields35

according to

ωc =
eB

m∗p
(1 +XαacTm

∗
pB
−3/2), (2)

where m∗p is the polaron mass (including the LO-phonon interaction), αac is the electron-

acoustic phonon coupling constant, and X = 0.665e−3/2~−1/2kBε−1a−1B for Bohr radius

aB = 52.9 pm and dielectric constant perpendicular to the c-axis ε = 7.4. The solid

blue, green and red lines for ωc(B) and m∗(B) reported in Fig. 5 were calculated with

T = 2, 2, 100 K, m∗p = 0.38, 0.35, 0.29me and αac = 0.4, 0.4, 0.008, respectively, to fit the

126 nm Zn1−xMgxO/ZnO, 25 nm Zn1−xMgxO/ZnO and bulk-like ZnO data sets. The model

shows reasonable agreement with experiment for realistic values of the polaron mass, partic-

ularly given the assumption in the model that only the lowest Landau level was occupied.35

In contrast, for CdS with m∗p = 0.20me, αac = 0.035.34,35

In summary, the effective mass, density and scattering rate of bulk-like (3D) polarons

and interfacial (2D) polarons in Zn1−xMgxO/ZnO thin film heterostructures was studied by

THz time-domain spectroscopy. The effective mass was suppressed below the bulk value

at low magnetic fields, and increased with applied field. Possible origins of the observed

effect were discussed, and the electron-acoustic phonon interaction was identified as playing
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a prominent role.
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FIG. 1. (a) Photoluminescence (PL) spectra at 77 K under excitation at 325 nm, normalized to

the excitonic DX peak of ZnO (at EDX=3.38 eV). Raman emission peaks from harmonics of the

LO phonons in ZnO are labelled nLO. The PL emission from the Zn1−xMgxO layer is broad, and

the energy gap increases with thickness owing to an increase in x. (b) Resonant Raman spectra

around 1LO and 2LO show a blueshift in LO-phonon frequencies for the 25 nm film (dashed line)

in comparison to the ZnO reference film (solid line).
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FIG. 2. Self-consistent electronic bandstructure close to the interface of a 25 nm Zn0.84Mg0.16O

layer grown on ZnO. The Mg content was assumed to grade linearly from x = 0.16 at 15 nm to

x = 0 at 25 nm. The calculated electron density is shown by the shaded area, while the points

show experimental densities derived from the capacitance-voltage method.

10



0.85

0.90

0.95

1.00
|T
|=
|E

s(
B

)/
E
r(
B

)|

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Frequency (THz)

0
200
400
600
800

σ
1
 (Ω

−
1
cm

−
1
)

(b)B=0T
B=5T

0 1 2 3 4 5 6
Energy (meV)

(a)126nm ZnMgO/ZnO, 2K

FIG. 3. (a) Amplitude transmission |T | of a 126 nm Zn1−xMgxO/ZnO/sapphire sample relative to

ZnO/sapphire, at 2 K and magnetic fields B = 0 (squares) and B = 5 T (circles). (b) Real part

of the magnetoconductivity σ1 calculated from the data in (a). Solid lines indicate fits with the

Drude-Lorentz magnetoconductivity, yielding the polaron mass, density and scattering time.
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vary with B. The dashed line indicates the best fit at B = 3 T with m∗ = 0.29me, and varying N

and τ .
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FIG. 5. (a) Cyclotron frequency ωc(B) for interfacial polarons at 2 K in the 126 nm

Zn1−xMgxO/ZnO (circles) and 25 nm Zn1−xMgxO/ZnO (triangles) samples, and for bulk-like

polarons at 100 K (diamonds). Dashed lines show ωc = eB/m∗ with m∗ = 0.29me (red) or

m∗ = 0.38me (blue). (b) Cyclotron masses vs B, as in (a). Calculated acoustic magnetopolaron

dispersions are shown for the 126 nm Zn1−xMgxO/ZnO (blue line), 25 nm Zn1−xMgxO/ZnO (green

line) and bulk-like ZnO (red line) samples. Error bars show the standard error in the fit parameter.
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