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We have performed Raman-scattering measurements under high hydrostatic pressure on CdO thin

films grown by metal-organic vapor phase epitaxy on sapphire substrates. The pressure dependence

of the second-order Raman bands is discussed in terms of ab initio lattice-dynamical calculations,

which allow us to obtain mode Gr€uneisen parameters for the zone-center TO and LO modes of CdO.

Our experiments and calculations suggest that at low pressures (<4 GPa) the Raman spectra are

dominated by second-order modes, while at higher pressures (>4 GPa) the spectra mainly display

contributions from disorder-activated first-order modes. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4790383]

I. INTRODUCTION

Unintentionally-doped cadmium oxide (CdO) is an

n-type semiconductor that crystallizes in the rocksalt structure.

The direct band-gap energy of intrinsic CdO has recently been

shown to lie around 2.2 eV at room temperature.1,2 CdO

exhibits remarkable properties such as low resistivity, high

transparency, and high refractive index, which make this com-

pound an excellent candidate for next-generation transparent

conducting-oxide layers that could be exploited in photovol-

taic cells or flat-panel displays. CdO is also interesting both

from applied and fundamental points of view because alloying

of CdO with ZnO might allow one to extend the optical emis-

sion of ZnO-based structures to longer wavelengths.

Several works have been devoted to investigate the struc-

tural and optical properties of CdO.2–4 However, the vibra-

tional properties of CdO have been comparatively less

investigated, which can be partly attributed to the fact that

CdO crystallizes in the rocksalt structure and, as a conse-

quence, the first-order Raman modes are symmetry forbidden.

Early infrared measurements suggested that the zone-center

transverse-optical (TO) and longitudinal-optical (LO) phonon

modes of CdO are located at 262 and 523 cm�1, respectively.5

A first Raman study on polycrystalline CdO showed that the

second-order Raman bands of CdO strongly depend on elec-

tron density.6 Recently, we have reported Raman scattering

studies on CdO epilayers exhibiting strong second-order

modes that were assigned on the basis of ab initio calculations

of the phonon dispersion curves.7

Pressure-induced frequency shifts of the Raman bands

strongly depend on the nature (optical or acoustic) and num-

ber of phonons involved in the Raman-scattering processes.

Thus, the application of high hydrostatic pressures to study

the vibrational properties of CdO may provide further infor-

mation about the assignments of the second-order Raman

bands. The high-pressure vibrational properties of rocksalt

compounds have been scarcely investigated so far.

Here, we present a high-pressure Raman-scattering

investigation of CdO. We use high-quality CdO epilayers

grown by metal-organic vapor phase epitaxy (MOVPE) on

sapphire. The pressure dependence of the Raman spectra

obtained experimentally up to �16 GPa is discussed in terms

of ab initio lattice-dynamical calculations at different hydro-

static pressures of the full phonon band structure. From the

calculations, bulk modulus and mode Gr€uneisen parameters

for the zone-center TO and LO modes of CdO are obtained.

The combined analysis of the experimental results and the

calculations allow us to identify the different contributions

that dominate the Raman spectrum of CdO at different pres-

sure ranges.

II. EXPERIMENT

High-quality, MOVPE-grown CdO/sapphire epilayers

with a thickness of �900 nm were used in the present work.

Details on the growth conditions and structural properties

of these epilayers can be found elsewhere.8,9 Hall-effect

measurements revealed that the as-grown CdO thin films

display high n-type conductivity, with free-electron den-

sities as high as 1.8� 1020 cm�3 and electron mobilities

around 50 cm2 V�1 s�1.

For the high-pressure Raman experiments, flakes of

CdO/sapphire were loaded into a gasketed membrane-type

diamond-anvil cell (DAC). Methanol-ethanol-water (16:3:1)

was used as pressure-transmitting medium, and the applied

pressure was measured with the ruby fluorescence method.10

Confocal, unpolarized micro-Raman measurements were

performed at room temperature by using the triple subtrac-

tive configuration of a Jobin-Yvon T64000 spectrometer

equipped with a LN2-cooled charge coupled device (CCD)

detector. The 514.5-nm line of an Arþ laser was employed as

excitation source. A 50� objective was used to focus the

laser beam and to collect the back-scattered light. At ambient

pressure, the energy of the absorption edge of the heavily
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doped CdO samples used in this work1 is larger than that of

the excitation radiation used to perform the Raman experi-

ments (2.41 eV for the 514.5-nm line of the Arþ laser). Thus,

it is expected that CdO will remain transparent throughout

the high-pressure measurements.

III. RESULTS AND DISCUSSION

A. Ab initio lattice-dynamical calculations

Ab initio calculations of the vibrational properties of

CdO as a function of hydrostatic pressure were performed

with the ABINIT package,11 which relies on a plane-wave

pseudopotential approach to density functional theory (DFT)

in the local density approximation (LDA) using the Teter-

Pade parametrization of the exchange-correlation function-

als.12 For the calculations, Trouiller-Martins pseudopoten-

tials were used.13 In the case of the Cd pseudopotential, 4d
electrons were included as valence states. A 6� 6� 6 Mon-

khorst–Pack k-point sampling and a plane wave basis set

with an energy cutoff of 60 hartree were considered, giving

rise to a convergence of the total energy better than 1 mhar-

tree. The lattice parameter for CdO at ambient pressure

obtained after a full structural relaxation of the rocksalt lat-

tice yielded a lattice parameter of a¼ 4.6939 Å, in agreement

with reported experimental values (4.6942 Å in Ref. 8).

Structural relaxation of the CdO rocksalt lattice as a function

of pressure allowed us to determine the bulk modulus at zero

pressure (B0¼ 157.7 GPa) and its first derivative (B0
0 ¼ 4.8).

These data agree well with high-pressure structural studies

which obtained B0 values around 150 GPa, with B0
0 �4.14,15

For the response-function calculations, the dynamical

matrices were obtained at different pressure values on a

mesh of 28 k-points using the density-functional linear-

response approach, and the interatomic force constants were

generated by a Fourier transformation, which allows the

dynamical matrices to be interpolated for arbitrary wave vec-

tors. The full phonon dispersion curves are obtained after

diagonalization of the dynamical matrices,16,17 and one-

phonon and two-phonon density of states (2PDOS) are sub-

sequently extracted. To obtain smooth profiles for the

density-of-states curves, a Gaussian-like smearing technique

was employed.

Figure 1 shows the phonon dispersion curves and PDOS

of CdO at two different pressures, P¼ 0 and P¼ 10 GPa.

The corresponding PDOS is plotted in the right panel of Fig.

1. As can be seen in the figure, the lattice-dynamical calcula-

tions predict a very small frequency gap at ambient pressure

between the acoustic and optical branches. At P¼ 10 GPa

the calculations predict a considerable opening of the phonon

gap, which is particularly evident at the L point. On the other

hand, the calculated PDOS exhibits an overall upward fre-

quency shift with increasing pressure. From the pressure-

induced frequency shifts of the zone-center TO phonon

(266.5 cm�1) and the LO phonon (429.6 cm�1), the mode

Gr€uneisen parameters, ci, for these two modes were

obtained. For the TO(C) mode, we obtain a pressure coeffi-

cient of 4.9 cm�1/GPa (cTO¼ 2.90). For the LO(C) mode, in

spite of the similar pressure coefficient (4.6 cm�1/GPa), the

calculated mode Gr€uneisen parameter is much lower

(cLO¼ 1.69), which is a consequence of the large TO-LO

splitting in CdO. These data can be found in Table I. Note,

however, that the LDA calculations tend to fail for the calcu-

lation of LO frequencies. The intrinsic limitations of the cal-

culations based on the LDA functional, which can be

particularly important in strongly correlated systems such as

transition-metal oxides, yield a substantial overestimation of

the high-frequency dielectric constant, giving rise to large

underestimations of the LO-TO splitting.

The Raman spectrum of rocksalt CdO and its pressure de-

pendence are expected to reflect the 2PDOS. Figure 2 shows

the calculated two-phonon sum and difference 2PDOS curves

for P¼ 0 and 10 GPa. While the contribution of different

modes at ambient pressure extends below 400 cm�1 and domi-

nates the low-frequency spectral range (<150 cm�1), the sum

2PDOS extends over a wide frequency range, from 200 cm�1

up to 900 cm�1. Upon increasing pressure, the DFT calcula-

tions predict sizable upward frequency shifts for most of the

features with high-density of states that appear in both the

sum and difference 2PDOS. Only in the 50–80 cm�1 range

the difference 2PDOS exhibits a maximum that barely shifts

with pressure, and which can be attributed to LA-TA or LO-

TO difference modes as will be discussed below. In the next

sections, the calculated pressure coefficients will be used to

assess the assignment of the second-order Raman bands that

appear in the Raman spectrum of CdO.

B. High-pressure Raman spectrum of CdO

Figure 3 shows Raman spectra of CdO at different

hydrostatic pressure values. A smooth background signal

attributed to diffused light within the DAC was subtracted

from the Raman spectra. Several broad features are observed

FIG. 1. Calculated phonon dispersion curves at 0 GPa (solid line) and

10 GPa (dashed line). The corresponding one-phonon density of states for

both pressure values is shown on the right panel of the figure.

TABLE I. Calculated pressure coefficients and mode Gr€uneisen parameters

for the zone-center LO and TO modes of CdO.

CdO phonons dx/dP (cm�1/GPa) Gr€uneisen parameter

TO (C) 4.9 2.90

LO (C) 4.6 1.69
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in the Raman spectra of Fig. 3. The different bands have

been labeled from A to F. The A1g mode (x� 420 cm�1 at

P¼ 0) and Eg mode (x� 750 cm�1 at P¼ 0) of sapphire are

also visible in all the spectra, showing that the CdO layers

remain mostly transparent throughout the whole experiment.

The obtained pressure dependence of these two modes

(not shown) was in good agreement with previous Raman

scattering measurements on bulk sapphire.18 In Fig. 3, the

peaks from sapphire are marked with an asterisk. In some of

the spectra, weak Raman features corresponding to the meth-

anol-ethanol-water (16:3:1) mixture can also be distin-

guished in the high-frequency spectral range at� 880, 1033,

and 1065 cm�1.

The reproducibility of these experiments was checked

by repeating the high-pressure Raman measurements on a

second CdO/sapphire flake. The results thus obtained were

highly coincident with the first set of experiments, with

equivalent number and shape of Raman features as a func-

tion of pressure. As can be seen in Fig. 4, the high-pressure

Raman spectra are also well reproduced in the downstroke

cycle. In particular, as can be seen in the figure, the intensity

ratio between the low-frequency (A) and medium-frequency

(B to E) features is clearly recovered after the downstroke

cycle, which suggests that the crystal lattice of CdO has not

suffered any irreversible damage during the upstroke cycle.

In the low frequency region, a broad feature labeled A1

shows up in the spectra acquired at low hydrostatic pressures

(Fig. 3). This band, which barely shifts with increasing pres-

sure, can be distinguished from the A2 peak, which displays

a strong intensity enhancement and a very small negative

pressure coefficient. As can be seen in Fig. 5, the zero pres-

sure frequency extrapolated for these two peaks is different,

which suggests that they are originated by different Raman

modes.

In the 200–500 cm�1 range, a broad band is observed at

ambient pressure.7 This band can be decomposed in 4 contri-

butions, which in Fig. 3 are labeled as B1, C1, D, and E. The

pressure behavior of the features is plotted in Fig. 5. Feature

B1, located at 265 cm�1 at P¼ 0, is the sharpest feature in

the Raman spectrum of CdO at ambient pressure and was

tentatively assigned as a 2TA(L) mode in Ref. 7. With

FIG. 3. Raman spectra of CdO at different hydrostatic pressures. The inset

shows the Raman signal observed in the high-frequency region of the spec-

trum. Peaks from the sapphire substrate have been marked with an asterisk.

FIG. 4. Comparison of Raman spectra of CdO at different hydrostatic

pressures obtained in the upstroke and downstroke cycles. Peaks from the

sapphire substrate have been marked with an asterisk.

FIG. 5. Phonon frequency of the different features observed in the Raman

spectrum of CdO as a function of hydrostatic pressure.

FIG. 2. Sum (upper panel) and difference two-phonon density of states at

pressures values of 0 GPa (solid line) and 10 GPa (dashed line).
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increasing P, this feature displays a sizable upward fre-

quency shift of 8.5 6 2 cm�1/GPa and a clear loss of inten-

sity. This high pressure coefficient already indicates that

optical modes probably contribute to this feature, as will be

discussed below. Above 4.5 GPa this band has completely

smeared out. Similarly, features D and E rapidly weaken and

disappear at intermediate pressures. On the contrary, feature

C1 seems to gain intensity in relation to the rest of features in

the low pressure regime, from ambient pressure up to 2 GPa.

At higher pressure values this band smears out completely.

In the same frequency region, a new feature (C2) emerges for

P> 5 GPa. While the pressure behavior exhibited by bands

C1, D, and E is fairly weak, this feature exhibits a relatively

large blueshift of around 4.4 6 1 cm�1/GPa with increasing

pressure. Similarly, above 5 GPa a broad feature emerges on

the low-frequency shoulder around 300 cm�1 (feature B2).

Although the large width of band B2 makes it very difficult

to accurately determine its pressure coefficient, this feature

displays a sizable blueshift with increasing P, not lower than

3.5 cm�1/GPa. As will be discussed below, the appearance of

bands B2 and C2 might be related to disorder activated TO

modes.

C. Assignment of the Raman modes

In order to assign the different features (A to F)

observed experimentally, we have compared their pressure

behavior with that of first-order and second-order (sum and

difference) phonon modes at high-symmetry points of the

Brillouin zone obtained with ab initio lattice-dynamical

calculations. In Table II, we show a tentative assignment per-

formed for some of these bands together with the pressure

coefficient measured experimentally (see Fig. 5) and the cor-

responding frequency extrapolated to P¼ 0 GPa. For com-

parison, the calculated pressure coefficient and zero-pressure

frequency of the assigned modes can be found in the table in

parentheses. Next, we proceed to discuss on the assignments

performed for the observed features:

(i) The lattice dynamical calculations reveal that the fre-

quency and pressure behavior of LA-TA difference

modes around the L point are very similar to those of

feature A1. On the other hand, the temperature behav-

ior of this band indicates that it arises from a phonon-

difference second-order mode.7 Thus, this band can

be assigned to a LA-TA(L) mode.

(ii) Regarding the A2 band observed at higher pressures

in the same frequency range as feature A1, we first

note that in the 90–120 cm�1 region the calculated

one-phonon PDOS (Fig. 1) exhibits sharp features

arising from TA modes. On the other hand, and bear-

ing in mind the large errors expected for the LDA cal-

culations of the LO frequencies, the ab initio
calculations reveal that LO-TO modes as well as LA-

TA modes may also be expected in this spectral

region. We conclude that the A2 band most probably

reflects the large difference PDOS at different points

of the Brillouin zone, although it cannot be ruled out

that this feature displays an important contribution

from disorder-activated transverse acoustic (DATA)

modes.

(iii) Our measurements reveal that the B1 peak displays a

large pressure coefficient, as high as 8.5 6 2 cm�1/GPa.

This large value suggests that this feature cannot be

attributed to first order modes or to combination

modes involving only acoustic phonons, as for

instance a 2TA combination. Here we tentatively

assign this band to a TAþTO mode at the L point, for

which the lattice-dynamical calculations predict a rel-

atively large pressure coefficient (6.6 cm�1/GPa, see

Table I). Although this value is sizably lower than the

experimental one, it should be noted that the error of

the measurement is large as the B1 band rapidly

smears out with increasing pressure (see Fig. 3).

(iv) As discussed in Ref. 7, features C1, D, and E arise

from second-order combinations in the region of 330–

450 cm�1. The pressure behavior of bands C1 and E,

plotted in Fig. 5, is compatible with the expected

qualitative behavior of second-order modes in this

spectral region (see Fig. 2). In the case of band D,

however, a negative pressure coefficient is observed

(not included in Table II). We speculate that this

behavior and also the pressure-induced shifts dis-

played by features C1 and E is the consequence of

strong band overlapping of a large number of second-

order combinations around this particular frequency

region, giving rise to the observed pressure depend-

ence of the observed features.

(v) The broad B2 and C2 bands emerge at pressures

higher than �4 GPa and display sizable pressure coef-

ficients which cannot be accurately measured because

TABLE II. Experimental pressure coefficient (third column) and phonon frequency at zero pressure (second column) as obtained from the data of Fig. 5 for

the different features that appear in the high-pressure Raman spectra of CdO. In parentheses, theoretical values obtained with ab initio calculations for first-

and second-order phonon modes at different high-symmetry points of the Brillouin zone. The last column displays the phonon mode considered for such

calculations.

Feature Zero pressure frequency (cm�1) dx/dP (cm�1/GPa) Pressure range (GPa) Phonon mode

A1 95 6 1 (95.7) 0.0 6 0.5 (0.1) 0–4 LA-TA(L)

A2 88 6 1 (83.4, 93.1) 0.0 6 0.5 (�0.4,�0.2) 5–16 LO-LO(K),TA(X)

B1 264 6 2 (322.7) 8.5 6 2 (6.6) 0–4 TAþTO(L)

C1, E 300–450 3.5 6 1 0–4 Second orders

B2 292 6 2 (291.3) >3.5 (4.8) 5–16 TO(K)

C2 331 (325.8, 333.6) 4.4 6 1 (4.8, 4.3) 5–16 TO(X), TO(W)

F 930 6 3 (859.2, 882.4) 11 6 1 (9.2, 8.0) 0–4 2LO(C), 2LO(L)
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of the large width of these two bands. According to

our lattice-dynamical calculations, the pressure-

induced shift of these bands is compatible with the

pressure behavior of TO modes (see Table II). We

speculate that this spectral region is dominated at low

pressure values (<4 GPa) by second-order modes,

while at higher pressures (>4 GPa) it is dominated by

TO modes, which might be activated by pressure-

induced disorder.

(vi) As occurs with the rest of second-order bands, feature

F vanishes at pressures higher than 4 GPa. This band,

attributed in Ref. 7 to second-order optical modes,

exhibits a high pressure coefficient of 11 6 1 cm�1/GPa.

This result confirms that this band corresponds to lon-

gitudinal optical second-order modes, probably aris-

ing from the L or C points. Note that, as already

mentioned, the difference between the experimental

and calculated data for this band (see Table II) can

be attributed to the typical underestimation of the

TO-LO splitting of LDA calculations. In any case, the

agreement between our experimental pressure coeffi-

cients and the calculations is better than 8%, thus con-

firming that feature F arises from 2LO combinations.

The intensity loss observed for this band at higher

pressures supports the previous discussion, i.e., that

second-order modes (disorder-activated first-order

modes) tend to disappear (dominate) at higher applied

pressures.

IV. CONCLUSION

We have performed Raman-scattering measurements of

CdO at high hydrostatic pressures. The experimental results

have been analyzed in terms of ab initio lattice-dynamical

calculations of the full phonon band structure of CdO as a

function of pressure. All features in the Raman spectra of

CdO at pressures below 4 GPa are assigned to second-order

modes. In contrast, our experimental results and calculations

suggest that at higher pressures the Raman spectrum is domi-

nated by disorder-activated first order modes. From the

lattice-dynamical calculations, Gr€uneisen parameters of 2.90

and 1.69 were obtained for the zone-center TO and LO

modes, respectively.
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