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Raman spectra of monoclinic hafnium oxide �HfO2� were measured at temperatures up to 1100 K. Raman
peak shifts and broadenings are reported. Phonon dynamics calculations were performed with the shell model
to obtain the total and partial phonon density of states, and to identify the individual motions of Hf and O
atoms in the Raman modes. Correlating these motions to the thermal peak shifts and broadenings, it was found
that modes involving changes in oxygen-oxygen bond length were the most anharmonic. The hafnium-
dominated modes were more quasiharmonic and showed less broadening with temperature. Comparatively, the
oxygen-dominated modes were more influenced by the cubic term in the interatomic potential than the
hafnium-dominated modes. An approximately quadratic correlation was found between phonon-line broaden-
ing and softening.
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I. INTRODUCTION

Hafnium oxide �HfO2�, also known as hafnia, is one of
the most common and stable compounds of hafnium found in
nature. Hafnium-based oxides are leading candidates to re-
place silicon oxide as gate insulators in field-effect transis-
tors, largely because the high dielectric constant of hafnia
allows greater miniaturization of microelectronic compo-
nents without increased leakage current.1,2 Owing to its
chemical stability, physical hardness, high refractive index,
and high threshold for laser damage, hafnia has been widely
used in coatings on optical components for laser applications
in the near UV to IR spectral regions. Hafnia is also an
important material for applications at high temperatures
owning to its high bulk modulus and high melting
temperature.3

Hafnia and zirconia �ZrO2� are monoclinic �P21c� at am-
bient pressure and temperature. Both hafnia and zirconia
transform to a tetragonal phase �P42nmc� at approximately
2000 K,4,5 and to a cubic phase �Fm3m� at higher tempera-
tures and pressures.4 Many other similarities between hafnia
and zirconia are sometimes attributed to the lanthanide
contraction5 and these include a nearly one-to-one correspon-
dence of their Raman spectra.5,6 The room-temperature
monoclinic crystal structure of hafnia has four formula units
�i.e., 12 atoms� per unit cell and hence 36 normal modes at
the � point. The group theoretical analysis of mode symme-
try by Anastassakis et al.7 predicts 18 Raman-active modes
�Ag and Bg�, 15 infrared-active modes, and 3 acoustic modes.
The Raman-active and infrared-active modes of hafnia prove
mutually exclusive �a mode can be Raman-active only or
IR-active only�. Prior experimental and theoretical Raman
spectroscopy analysis of hafnia has been hindered by the
complexity of the vibrational symmetry. Anastassakis et al.7

were able to identify 17 modes of vibration, but assignment
of the peaks proved difficult, especially for modes at higher
energies. Other studies have focused on the phase transition
under pressure8,9 while first-principles calculations were per-
formed to find obtain a better understanding of the vibration
modes.10,11 To date the assignment of Raman peaks of hafnia
has not been fully convincing.

The focus of the present work is on the nonharmonic vi-
brational dynamics of hafnia. High-temperature vibrational
studies of metal oxides are relatively rare. Several metal ox-
ides, such as beryllia �BeO� and lithia �Li2O�, have been
shown to exhibit anharmonic behavior at elevated tempera-
tures, primarily due to a change in phonon lifetime resulting
from phonon-phonon interactions.12 Although there have
been no previous reports of phonon anharmonicity in hafnia,
its unusually high specific heat at temperatures above 800
K,13 which is well below the temperature of any phase tran-
sition, suggests interesting anharmonic behavior. Similar be-
havior has been reported in a thermodynamic assessment of
zirconia.14 A contribution to the heat capacity at constant
pressure is expected as a crystal expands against its bulk
modulus. “Quasiharmonic” shifts of phonon frequencies
arise because these frequencies are reduced in an expanded
crystal, thus yielding a larger vibrational entropy. The re-
ported increase in heat capacity13 of around 2–3
�10−2 �J / �mol K�� /K is much larger than expected from
this quasiharmonic phonon mechanism, however. Anhar-
monic effects from phonon-phonon interactions are therefore
of interest. Inelastic neutron-scattering studies of hafnia are
impractical owing to the large neutron absorption cross sec-
tion of hafnium.15 Previous temperature-dependent Raman
spectroscopy studies of hafnia were limited to 800 K,9 and
were performed with relatively low resolution. Besides the
phonon frequency-shift information that is typically used to
understand vibrational thermodynamics, line broadening in-
formation from high-resolution measurements allows an as-
sessment of how anharmonic effects originate from the third-
order or fourth-order terms of the interatomic potential. In
the present work on hafnia, we report measurements of Ra-
man line positions and shapes to temperatures of 1100 K,
characterize the types of modes that are most anharmonic
and correlate anharmonic effects to the vibrational displace-
ments of individual atoms in the unit cell.

II. EXPERIMENT

Samples were prepared from commercial hafnia powder16

having a grain size around 40 �m. Two methods of prepa-
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ration were used, �1� hafnia powder was loosely packed in-
side a quartz cell and �2� powder was compressed into pellets
at ambient temperature and under a pressure of 30 MPa.
Both samples were characterized by x-ray diffractometry and
both types exhibited a pure monoclinic phase �with phase
fraction of at least 99%�. It was found that samples prepared
as pellets gave spectra identical to those prepared as a loose
powder. The samples were mounted in a quartz optical cell
of 1 mm thickness, evacuated by a turbomolecular pump to a
pressure below 10−8 Pa. Sample heating was provided by
electrical resistance heating elements in the vacuum space.
The furnace was composed of ceramic rods for insulation,
stainless steel flanges as structure support, several layers of
niobium foil as heat shields, stainless steel plates, and alumi-
num foil covering the interior and exterior of the quartz tube
as radiation shielding. A temperature controller was used to
drive a 1 kW dc power supply through a solid-state relay.
Uniformity of sample temperature was confirmed by placing
multiple ultrafine thermocouples at different positions inside
the quartz sample cell.

The excitation source for the Raman spectrometer was the
532 nm line of a Nd:YAG laser17 at power levels of 200 mW
or lower. A high-efficiency edge filter18 �OD=6� was used to
block the laser line. A single pass spectrometer19 was used
for the spectral imaging on a two-dimensional charge-
coupled device camera with thermoelectric cooling.20 Raman
spectra were acquired at temperatures from 300 to 1100 K in
increments of approximately 25 K, with a temperature reso-
lution of �1 K. Spectra at the higher temperatures had a
sloping background from blackbody radiation that was sub-
tracted before fitting. Measurements at 300 K, repeated after
the heating sequence, confirmed that the samples underwent
no changes that affected their Raman spectra.

III. RESULTS

The Raman spectrum at room temperature and ambient
pressure appears to consist of 17 peaks but the second peak
consists of two overlapping modes �labeled 2 and 3 in Fig.
1�. Spectra measured at temperatures above 600 K show the
separation of a shoulder from the second peak, evidence of a
two-peak structure. At higher temperatures, several of the
weaker modes either could not be resolved from the back-
ground or their position could not be determined reliably.
Nevertheless, several strong peaks remained distinct to the
highest temperature attained. The spectra acquired at all 33
temperatures �many not shown in Fig. 1� were used to obtain
the effects of temperature on line position and linewidth. A
curved background, believed intrinsic to each sample, was
first subtracted from each spectrum. Each measured spectrum
was then fit with multiple Lorentzian functions to extract the
centroid and the full width at half maximum for each peak.
The linewidth of the spectrometer resolution was negligible
when compared to the error in the fitted linewidth.

The results, presented in Figs. 2 and 3, show that with
increasing temperature, the Raman peaks generally shift to
lower frequencies, and generally broaden in width. �Owing
to the larger uncertainty for the linewidths of weak peaks,
results from only the stronger peaks are presented in Fig. 3.�

There are substantial differences in the amount of shift and
amount of broadening for the different Raman peaks, with
some peaks showing minimal effects of temperature. Inter-
preting the different nonharmonic behaviors of the different
Raman peaks requires a detailed understanding of the atom
motions in the different Raman modes.

IV. CALCULATIONS

To assign vibration modes to spectral peaks, Raman mode
frequency calculations were performed with the GULP

package,21 using the force-field constants from Lewis,22 and
the Buckingham two-body shell model potential. Results are
listed in Table I. Good agreement was found between the
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FIG. 1. �Color online� �a� Raman spectra of hafnia at tempera-
tures from 300 to 1106 K, with laser power at 200 mW, exposure
time of 30 s and at least 10 accumulations of the spectra. Peaks are
numbered for reference. The features between peaks 5 and 6 are
artifacts. �b� Partial and total phonon density of states of hafnia at
room temperature, calculated using GULP. Hafnium contributes
much more strongly to the lower-energy modes while oxygen con-
tributes to the higher-energy modes.
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calculations and Raman spectroscopic data from the present
and previous experiments and reasonable agreement with
previous ab initio calculations, especially with the general-
ized gradient approximation �GGA� method.

Calculations of the phonon density of states �DOS� were
also performed with the GULP software package by sampling
over points in k space. The resulting total and partial DOS
are shown in Fig. 1. Many of the phonon branches had low
dispersion, giving a number of sharp peaks in the DOS. The

maximum phonon energy was about 90 meV. Calculations
with GULP of the heat capacity at constant volume gave re-
sults as expected for harmonic oscillators, approaching 25
J/�mol K� at temperatures above 1000 K. The eigenvectors of
phonons at the � point were used to estimate the participa-
tion of Hf or O in each Raman-active mode, with results
listed in Table I. Consistent with Fig. 1, the heavier metal
atoms dominate the low-energy modes whereas the lighter
oxygen atoms have most of the energy of the high-energy
modes. Most of the Raman modes are either metal domi-
nated �2, 4, 5, and 8�, or oxygen dominated �6, 7, 10, and
12–18�. The few mixed modes �modes 1, 3, 9, and 11� are
still heavily biased. This approximate separation of modes
into Hf modes and O modes is consistent with the large
difference in mass of oxygen and hafnium atoms.

V. DISCUSSION

The quasiharmonic softening of a normal mode is related
to thermal expansion

� j�T� = � j�0�exp�− � j�
0

T

��T�dT� , �1�

where � j�T� is a temperature-dependent vibrational fre-
quency, � is the volume thermal expansivity, and � j is the
mode Grüneisen parameter, which relates the fractional
change in vibrational frequency to the fractional change in
volume

	� j

� j
= − � j

	V

V
. �2�

The thermodynamic Grüneisen parameter, �, for a quasihar-
monic solid is

� =
�BV

CV
, �3�

where B is bulk modulus and and CV is the specific heat at
constant volume. This � is an average of all mode Grüneisen
parameters �� j	, weighted by the modal Einstein specific
heats Cj

� =



j
� jCj



j
Cj

. �4�

From Table I, however, we see that an average Grüneisen
parameter misses the rich variation in the mode Grüneisen
parameters. Such a wide variation in mode Grüneisen param-
eters might be expected from the highly anisotropic thermal
expansion of hafnia. From 300 to 500 K, its linear thermal
expansion is 0.23%, 0.15%, and 0.0% for the c, a, and b
axes, respectively. At higher temperatures, the a and c axes
still expand much faster than the b axis.23

The remainder of this paper focuses on the nonharmonic-
ity of individual modes. Figure 2 and Table I show that
temperature-dependent frequency shifts do not depend on the
energy of each normal mode, as might be expected if all � j
of Eq. �2� were similar. There is, instead, a tendency of the
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FIG. 2. �Color online� Temperature-dependent Raman mode
softening. At 300 K, modes are evenly spaced in the figure to fa-
cilitate comparison of thermal shifts. Blue �dark gray� and red �light
gray� represent metal and oxygen-dominated modes, respectively.
Lines are linear fits to the data points. Note that second and third
modes are decoupled above 700 K, where the line between the 2nd
and 3rd modes represent an average peak position. Most error bars
are negligibly small. Peaks from the 13th to 18th were not suffi-
ciently distinct to allow fitting at high temperature.
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FIG. 3. �Color online� Temperature-dependent peak broadening.
Blue �dark gray� and red �light gray� represent metal- and oxygen-
dominated modes, respectively. Lines are linear fits to the data.
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mode Grüneisen parameters to decrease with mode fre-
quency, related to the atom displacements in each mode. We
divide the normal modes into two groups: oxygen-dominated
modes and metal-dominated modes. From Fig. 2 it is appar-
ent that the oxygen modes undergo more thermal softening
than the metal modes. An especially interesting comparison
is the softening of the number 2 and 3 modes. At 700 K the
two modes are resolved and the absolute mode spacing in-
creases at higher temperatures. The number 2 mode is com-
posed of 95% oxygen whereas the number 3 mode is 75%
oxygen.

The temperature dependence of the Raman peak widths
provide further information about anharmonicity.25,26 The
observed Lorentzian peak shapes are consistent with the ex-
pected energy broadening from shortened phonon lifetimes.
In Fig. 3, a plot of the absolute broadening of normal modes
demonstrates that the oxygen modes �with reasonable reso-
lution across the measured range of temperatures� broaden
faster than the metal modes, qualitatively consistent with the
trend found for mode softening. �Note that in calculation of
the linewidth, the number 2 and 3 peaks must be treated
independently as the two peaks begin to soften at different
rates, fitting both peaks with a single Lorentzian function
would result in widening even if the individual peak widths
remain unchanged.�

A useful perspective on the hafnia structure �Fig. 4� is that
oxygen anions make up the structural framework of the crys-
tal and the hafnium ions are located in the gaps between the
oxygen ions. A more detailed view shows that the structure

of hafnia contains layers of oxygen anions, with the remain-
ing oxygen and hafnium ions inserted loosely between these
layers. The oxygen layers lie approximately in the plane of
the b and c axes, with the b direction closer packed than the
c direction. Figure 4 depicts the ionic radius of oxygen

TABLE I. Raman mode frequencies, fractional atomic contribution for each mode, and mode Grüneien parameters.

Mode Exp GULP Lt1a Lt2b Lt3c Hf% O% � j
d �k

e

1 106.8 120.9 128 125 113 0.30 0.70 4.83 10.6

2 129.1 162.5 142 132 133 0.95 0.05 3.45 2.7

3 129.1 172.8 131 120 133 0.74 0.26 2.35 2.7

4 142.9 181.0 152 171 149 0.99 0.01 1.40 2.2

5 159.6 185.8 175 152 164 0.99 0.01 2.89 1.8

6 236.8 228.2 250 223 242 0.05 0.95 1.75 0.4

7 251.3 268.4 261 248 256 0.03 0.97 2.00 0.8

8 301.5 291.8 326 339 323 0.97 0.03 0.17

9 329.9 308.3 380 318 336 0.81 0.19 0.86 1.5

10 375.0 341.2 423 382 382 0.10 0.90 2.35 1.8

11 391.1 357.2 424 385 398 0.13 0.87 1.69 1.8

12 489.3 448.1 514 440 498 0.00 1.00 1.10 −0.4

13 513.3 518.0 533 466 520 0.01 0.99 1.05 −0.4

14 541.3 537.0 570 529 551 0.02 0.98 1.58 1.5

15 570.3 552.9 608 557 577 0.01 0.99 1.32 1.2

16 631.1 628.8 667 627 640 0.00 1.00 1.57 1.5

17 662.5 662.0 738 640 672 0.02 0.98 0.81 0.9

18 769.8 727.1 821 716 773 0.01 0.99 −0.016

aLDA calculation by Zhao and Vanderbilt �Ref. 10�.
bGGA calculation by Zhao and Vanderbilt �Ref. 10�.
cExperimental measurement by Arashi �Ref. 24�.
dCalculated from present experimental data.
eRoom-temperature pressure data by Jayaraman et al. �Ref. 8�.

FIG. 4. �Color online� �Upper� Two views of the crystal struc-
ture of monoclinic hafnia. Red �light gray� and blue �dark gray�
spheres denote oxygen and hafnium atoms, respectively. Left: skel-
etal; right: space-filled model, scaled for ionic radii. Note that the
majority of the volume is composed of oxygen while hafnium fits
loosely between oxygen planes. �Lower� Representative Raman-
active normal modes in one unit cell. Number 3 and 4 modes are
hafnium dominated. Number 6 and 12 are oxygen dominated. These
modes were well resolved through the whole range of temperatures.
Lengths of arrows are proportional to the contribution of vibration
from each atom.
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�1.40 Å� as almost twice as big as that of hafnium �0.78 Å�.
Based on structure data from x-ray diffractometry,27 the
oxygen-oxygen bonds have lengths of 2.51 or 2.64 Å and
hafnium-oxygen bonds have lengths of 1.98, 2.22, 2.17,
2.23, and 2.26 Å. As the lattice expands with temperature,
the largest changes in atomic overlap occur for oxygen an-
ions. Changes in this overlap are expected to affect the vi-
brational frequencies, especially for oxygen modes.

The analysis of individual normal modes, including the
four shown in Fig. 4, offers more detailed information on the
origin of nonharmonic behavior. The number 4 mode, repre-
sentative of a hafnium-dominated mode, has hafnium cations
moving into the cavity between three adjacent oxygen an-
ions, in nearly parallel motion. The large size of the anions
allow the cavity to impose few restrictions on the cations
moving into it. The mode 4 is one of the most harmonic of
all the Raman modes. For comparison, mode number 3 also
is a metal-dominated mode where the metal cations move
into cavities between the oxygen anions; however, half the
oxygen anions in mode 3 are also moving, and they are mov-
ing in different planes with respect to each other. The con-
tribution from oxygen to mode number 3 is larger �the partial
DOS for mode 3 is 26% O, 74% Hf� and it is less harmonic
than mode number 4 �the partial DOS is 99% Hf�.

In mode number 6, half of the anions �the outer oxygen
planes� are stationary while the remaining anions �the inner
oxygen plane� are moving parallel to the c axis—the nonsta-
tionary oxygen anions simply move into the space left by
preceding ones. The result is that the oxygen-oxygen bond is
largely unchanged during vibration. This mode is one of the
most harmonic of all the oxygen-dominated modes. Mode
number 12 is less harmonic. It involves relatively large
changes in oxygen-oxygen bond lengths and the bending of
oxygen-oxygen bonds. These four modes were chosen for
their relative simple pattern of vibration. Other normal
modes not shown in Fig. 4 provide similar correlations be-
tween oxygen-oxygen bond distortions and nonharmonic be-
havior. We find that the oxygen-dominated modes in hafnia
are less harmonic than the metal-dominated modes. Further-
more, the modes involving a change in oxygen-oxygen bond-
ing exhibit the most nonharmonic behavior.

Fig. 5 shows a parametric relationship between the peak
broadening and the peak softening. A boundary exists be-
tween oxygen modes and metal modes, and all modes with
non-negligible contributions from both elements fall close to
the boundary. The larger nonharmonic effects are found for
oxygen-dominated modes.

Phonon frequency shifts and broadenings have been ana-
lyzed by treating phonon-phonon interactions with perturba-
tion theory.28 The analysis of Raman spectra is practical with
the Klemens model,29 which considers how one optical pho-
non decays into two acoustical phonons. Analysis of this
three-phonon process for decay of an optical phonon at the �
point is simplified because the two acoustic phonons must be
of opposite wave vectors and matched in energy if they are
on the same branch. �Equilibrium phonon populations are
also assumed.� This approach has been extended to four-
phonon processes30 but these simplifications are now less
appropriate for describing the full physical picture. They do
show that the temperature dependence becomes more

complex30 and the temperature-dependent phonon linewidth
broadening � j of mode j can be expected as

� j�T� = � j�0� + Aj�1 +
2

e
�j�0�/2kBT − 1
�

+ Bj�1 +
3

e
�j�0�/3kBT − 1
+

3

�e
�j�0�/3kBT − 1�2�
�5�

where � j�0� is a constant; A and B are parameters for three-
phonon and four-phonon processes, respectively. At ambient
or higher temperatures, the contributions from the two terms
vary as T and T2, respectively. In the experimental data of
Fig. 3, linewidth broadenings of the hafnia spectra are found
to be linear with temperature so there is little contribution
from the four-phonon process of Eq. �5� �B=0�. For different
modes, the parameter A ranged from 0.02 to 0.77 cm−1.

An analogous expression to Eq. �5� for the frequency shift
at elevated temperature has been proposed30 but from experi-
mental data at elevated temperature it is not practical to sepa-
rate the anharmonic frequency shift from from the shift from
quasiharmonic lattice dilation. Fortunately, pressure-induced
shifts of Raman peaks were reported by Jayaraman et al.8

and these can be used to identify the quasiharmonic contri-
bution. Their results are listed as Grüneien parameters in
Table I. By comparing the pressure Grüneien parameters to
the thermal Grüneien parameters, we find general agreement
for all modes dominated by hafnium motions. On the other
hand, there are major discrepancies for at least half of the
oxygen modes and some have opposite signs. The deviation
of our elevated temperature results from those of prior high-
pressure work again suggests that the oxygen-dominated
modes are more anharmonic than the metal modes. Another

FIG. 5. �Color online� Broadening vs softening of Raman
modes. Blue �dark gray� and red �light gray� squares are metal and
oxygen modes, respectively. The dashed line is the boundary sepa-
rating metal-dominated modes and oxygen-dominated modes. The
solid line is a fitting to the points, showing that the relation between
absolute linewidth broadening and absolute peak softening is of
power 2.1, close to quadratic.
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result from perturbation theory is that the leading term for
phonon broadening is the cubic term whereas the peak shift
originates from the quartic term in first order and the cubic
term in second order.31 With temperature, the metal-
dominated modes shift in frequency with comparatively little
broadening. This could be primarily quasiharmonic behavior
consistent with the high-pressure results. In contrast, for the
oxygen-dominated modes, which show more broadening, the
nonharmonic effects likely originate from the cubic term in
the interatomic potential, consistent with the linearity with T
of the shifts and broadenings over the range of temperature
in this study.

Nevertheless, the nonharmonic effects in hafnia at tem-
peratures to 1100 K are relatively small and hafnia is gener-
ally quasiharmonic. The nonharmonic contribution is esti-
mated to be about only 2�10−3 �J / �mol K�� /K to the heat
capacity, which is not large enough to explain the anoma-
lously large slope of the heat capacity vs temperature curve
for hafnia at these temperatures.13 Perhaps degrees of free-
dom other than phonons account for the excess heat capacity
above 800 K or perhaps the heat-capacity results need to be
checked.

VI. CONCLUSION

Raman spectra were measured on monoclinic HfO2 at el-
evated temperatures up to 1100 K. The peaks in the spectra
were assigned to vibrational modes obtained by shell-model
calculations, which provided the individual atom polariza-

tions in each mode. The thermal softening and broadening of
the Raman peaks were obtained from the measured spectra
and correlated with the individual atom displacements in
each mode. The oxygen-dominated modes were found to be
more anharmonic than the hafnium-dominated modes. The
least harmonic modes were those with the largest distortions
of oxygen-oxygen bond distances �as opposed to oxygen-
hafnium or hafnium-hafnium�. Hafnium-dominated modes
showed relatively little peak broadening for the peak shift,
consistent with an approximately quasiharmonic behavior,
having thermal Grüneisen parameters that were more consis-
tent with previous high-pressure results than those for
oxygen-dominated modes. The oxygen-dominated modes
showed more peak broadening with peak shift, indicating a
relatively large role for the first-order cubic term in the an-
harmonic behavior. Very little contribution from four-phonon
processes is found by fitting perturbation theory results. Peak
shifts and peak broadenings, two strong indicators of the
nonharmonicity of Raman modes, were quadratically corre-
lated within the measured range of temperatures. The non-
harmonic peak shifts in this temperature range are not large
enough to account for the large previously reported heat ca-
pacity of hafnia above 800 K.
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