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The longitudinal acoustic phonon dispersion of polycrystalline cobalt was determined by inelastic x-ray
scattering up to 99 GPa, throughout the entire stability field of the hcp phase. The obtained aggregate compressional and shear sound velocities are compared with recent single crystal results, impulsive stimulated light
scattering and ambient pressure ultrasonic measurements, as well as first principle calculations. We observe a
linear evolution of the sound velocities with density up to 75 GPa. In this pressure range, the aggregate elastic
properties of the polycrystalline sample are reproduced within 3% by a Voigt-Reuss-Hill average of the single
crystal Cij. Above 75 GPa both aggregate velocities show a softening. Our comparative analysis of singlecrystalline and polycrystalline results points towards a magnetic origin of the anomaly.
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I. INTRODUCTION

The high-pressure properties of hexagonal-closed-packed
共hcp兲 metals have recently attracted a lot of interest. These
elements are indeed important model systems to test first
principle calculations1 and present intriguing properties such
as, for example, the eventual existence of an electronic topological transition in zinc2 and osmium,3 or the interplay between magnetism and structure in the case of the bcc-to-hcp
transition in iron.4 A further important case is related to the
elasticity of hcp iron, the main constituent of the Earth’s
core.5,6 While nowadays the elastic anisotropy of the Earth’s
inner core is well established,7,8 the origin of this anisotropy
is still poorly understood, and the elasticity of hcp iron is still
debated.1,9–11
Cobalt is a 3d transition metal with mechanical and thermal properties close to iron. Most importantly, athermal ab
initio calculations1 show that hcp Fe and hcp Co display a
very similar pressure evolution of the elastic moduli and an
analog elastic anisotropy. These theoretical results were recently validated by the direct measurements of the singlecrystal elastic moduli of cobalt up to 39 GPa.12 Moreover,
Co presents a not-understood anomalous elastic behavior approaching the hcp-to-fcc structural transition,13 possibly
linked with high-pressure effects on the magnetic
moment.1,14 Magnetoelastic effects can than be investigated,
complementing and extending the results obtained on single
crystal12 with results on polycrystalline sample, which can be
more easily obtained at higher pressures, up to the structural
transition.
At ambient conditions, cobalt is known to be ferromagnetic, existing in either the stable hcp phase or the metastable
fcc phase. At high temperature, Co undergoes a phase transition around 695 K from the hcp to the fcc structure, and
subsequently, via an isostructural transition, to a paramagnetic phase with a Curie temperature of 1400 K.15 The temperature driven hcp-fcc transition exhibits no significant soft1098-0121/2005/72共13兲/134303共7兲/$23.00

ening of most of the phonon branches, but only a decrease of
about 27% in the C44 hexagonal shear constant16 linked to
the shear strain associated with the displacive martensitic
transition.17 Furthermore, no change in the magnetic moment
occurs during the structural transition.15,18
At ambient temperature the hcp phase is stable up to
100 GPa, and then transforms martensitically to the fcc
phase in the 105– 150 GPa pressure range.19 Density and
compressibility considerations on one hand,19 and firstprinciple calculations15,19 on the other, suggest a nonmagnetic fcc phase, but there is to date no direct experimental
evidence. Recent impulsive stimulated light scattering
共ISLS兲 and Raman measurements13 observed an anomalous
density dependence of the aggregate elastic constants and of
the E2g mode Grüneisen parameter, at about 60 GPa, well
below the phase transition. Magnetoelastic coupling and a
collapse of the magnetic moment were suggested as possible
causes for this behavior and ab initio calculations1,14 support
this scenario. However, further experimental work is needed
to confirm these observations and, above all, to address the
possible mechanisms responsible for the high-pressure elastic anomalies.
Here we present the experimental determination of the
longitudinal acoustic phonon dispersion in polycrystalline
cobalt up to 99 GPa obtained using inelastic x-ray scattering
共IXS兲. We derived the aggregate compressional and shear
sound velocities and analyzed our data in comparison with
properly averaged single-crystal results, previously obtained
by IXS.12 This type of comparative study of aggregate and
single-crystalline elasticity is essential in providing quantitative estimates for the various proposed mechanisms of the
observed elastic anomaly, including texturing effects of polycrystalline hcp cobalt.
The paper is organized as follows: in Sec. II the IXS
experiment is briefly described, while Sec. III is devoted to
the presentation and discussion of the results. The polycrystalline results are compared to the single crystal averages and
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the possible causes responsible for the high-pressure elastic
anomalies are considered. Our main conclusions are summarized in Sec. IV.
II. EXPERIMENTAL DETAILS

We performed measurements on the IXS beamline II
共ID28兲 at the European Synchrotron Radiation Facility in
Grenoble, France. The instrument was operated in the
Si共8,8,8兲 configuration, with an incident photon energy of
15.817 keV and a total instrumental energy resolution of
5.5 meV full width at half maximum 共FWHM兲. The transverse dimensions of the focused x-ray beam of 25
⫻ 60 m2 共horizontal⫻ vertical, FWHM兲 were further reduced by slits at the highest pressures. The momentum transfer Q = 2ki sin共s / 2兲, where ki is the incident photon wave
vector and s is the scattering angle, was selected by rotating
the spectrometer around a vertical axis passing through the
scattering sample in the horizontal plane. The momentum
resolution was set by slits in front of the analyzers to
0.25 nm−1. Energy scans were performed by varying the
monochromator temperature while the analyzer temperature
was kept fixed. Conversion from the temperature scale to
the energy scale was accomplished by the following relation: ⌬E / E = ␣ ⫻ ⌬T, where ␣ = 2.58⫻ 10−6 K−1 is the linear
thermal expansion coefficient of silicon at room
temperature.20 The validity of this conversion was checked
by comparing the experimentally determined energies of the
longitudinal acoustic and optical phonons of diamond with
well-established inelastic neutron and Raman scattering
results.21,22 Further experimental details can be found
elsewhere.23
99.99% purity cobalt powder was loaded in a rhenium
gasket and pressurized in a diamond anvil cell without pressure transmitting medium. The investigated pressure range
共0 – 99 GPa兲 was covered in three runs, using different cells.
The scattering geometry was the standard one, with the x-ray
beam along the main compression axis of the cell through
the diamonds, and the momentum transfer approximatively
perpendicular to it.
III. RESULTS AND DISCUSSION
A. IXS spectra and phonon dispersions

Representative examples of the collected IXS spectra are
reported in Fig. 1. The spectra are characterized by an elastic
contribution, centered at zero energy, and inelastic contributions from cobalt and diamond. Because of their higher
sound velocity, the transverse acoustic 共TA兲 and longitudinal
acoustic 共LA兲 phonons of diamond are located at higher energies with respect to cobalt. The longitudinal acoustic phonon of cobalt is therefore unambiguously identified as the
peak between the elastic line and the diamond phonons. In
order to have a robust determination of the zero energy position, in each scan the full elastic line has been recorded.
The energy position E共Q兲 of the phonons were extracted by
fitting a set of Lorentzian functions convolved with the experimental resolution function to the IXS spectra, utilizing a
standard 2 minimization routine.

FIG. 1. Representative IXS spectra of polycrystalline hcp cobalt
at 40 GPa 共left panel兲 and 89 GPa 共right panel兲 at the indicated
momentum transfers Q. The experimental data are shown together
with the best fit results 共thick solid line兲 and the corresponding
individual components 共thin dotted line兲. For clarity only the inelastic peaks are shown. The arrows indicate the LA phonon of hcp Co,
while the dashed marks point at the position of the LA and TA
phonon of diamond, which are visible in the spectra at 4 and
6.21 nm−1 for P = 40 GPa, and in the spectra at 6.21 nm−1 and
8.31 nm−1 for P = 89 GPa. At 89 GPa the spectrum at 4 nm−1 is
dominated by the very intense diamond phonons and the weak LA
phonon of Co is not resolved.

Five to ten E共Q兲 values were used to describe the LA
phonon dispersions, which are reported, along with their best
sine fit, in Fig. 2. For all pressures, the dispersion is very
well described by a sine function, except for the highest pressure point 共99 GPa兲, which is very close to the structural
phase transition.
Within the framework of the Born–von Karman latticedynamics theory, and limiting us to the first term in the expansion 共nearest neighbor interaction兲, the solution of the
dynamical matrix can be written as24
E共meV兲 = 4.192

冉

⫻ 10−4VL共m/s兲Qmax共nm−1兲sin

冊

 Q共nm−1兲
,
2 Qmax共nm−1兲
共1兲

where VL is the compressional 共longitudinal兲 sound velocity
and Qmax is half the distance to the nearest reciprocal lattice
point in the direction of Q. Values for VL were consequently
derived from the sine fit to the experimental dispersions,
with Qmax left as a free parameter, while the shear 共trans-

134303-2

PHYSICAL REVIEW B 72, 134303 共2005兲

AGGREGATE AND SINGLE-CRYSTALLINE ELASTICITY…

FIG. 2. LA phonon dispersion curves of polycrystalline hcp cobalt
at
ambient
temperature
and
at
pressures
P
= 1.5, 11, 28, 40, 55, 70, 75, 89, 99 GPa 共from bottom to top兲. The
displayed error bars of the energy position result from the experimental uncertainties, the statistical error of the fit, and the finite-Q
resolution of the spectrometer. The lines through the data points are
sine fits to the data.

verse兲 sound velocity VT was obtained according to the relation
VT2 =

冉

冊

3 2 K
V −
,
4 L 

共2兲

where  is the density and K is the bulk modulus.
In parallel to the IXS spectra, the 关100兴, 关002兴, and 关101兴
cobalt reflections were recorded. A strong reduction of the
关002兴 reflection was observed with increasing pressure, leading to its complete disappearance above 55 GPa. This behavior is expected for the utilized diffraction geometry, because
of the development of preferential alignment. Indeed, radial
x-ray diffraction measurements have shown that the c axis of
the crystallites has the tendency to align along the compression axis of the cell.25 These diffraction measurements allowed us the direct determination of the density with an accuracy of better than 1%, and to cross-check both the values
of Qmax as well as the pressure, determined by the ruby fluorescence and according to both the hydrostatic19 and the nonhydrostatic hcp-Co equation of state.25
B. Aggregate sound velocities

The derived compressional sound velocity is plotted as a
function of density in the upper panel of Fig. 3, together with
results from ISLS 共Ref. 13兲 and ultrasonic 共US兲 measurements 共Voigt-Reuss-Hill average26 of single-crystal elastic
moduli27兲, as well as from calculations.1,14 The compressional sound velocity scales linearly with density, as expected within the quasi-harmonic approximation, up to
11.28 g / cm3 ↔ 75 GPa 共solid line in Fig. 3兲. Above this
value, approaching the martensitic hcp-to-fcc transition, a
deviation from the linear behavior for VL共兲 can be observed.
This softening is also predicted in the same density region by
the calculations, although theoretical values are systematically higher than the IXS ones. ISLS results show qualitatively the same trend as well, but the derived sound veloci-

FIG. 3. Aggregate compressional 共upper panel兲 and shear 共lower
panel兲 sound velocity of polycrystalline hcp cobalt as a function of
density 共the density errors are smaller than the symbols兲. The corresponding pressures are reported on the top axis. IXS results 共full
squares兲 and linear fit, taking into account data up to 11.28 g / cm3
共75 GPa兲 共solid line兲; ambient pressure ultrasonic results 共see Ref.
27; open diamond兲; ab initio calculations 共see Ref. 14; open
circles兲; ISLS measurements 共see Ref. 13; solid triangles兲. The limits of the phase stability 共Ref. 19兲 are indicated by dashed lines.

ties are systematically lower than the IXS values, and lower
than the ultrasonic results by ⬃5%, when back-extrapolated
to ambient pressure.
The IXS measurements of VL have been combined with
the nonhydrostatic hcp-cobalt equation of state,25 in order to
derive the density evolution of the shear velocity 共the same
values are also obtained using the hydrostatic equation of
state19兲. The obtained VT values are reported in the lower
panel of Fig. 3 together with the results from calculations,1,14
from ISLS 共Ref. 13兲 and from US measurements 共VoigtReuss-Hill average26 of single-crystal results27兲. Due simply
to the error propagation, the uncertainties in the IXS VT are
larger than for VL. The linear evolution is, however, clearly
visible up to 11.28 g / cm3 ↔ 75 GPa, as well as the softening
共even more pronounced than for VL兲 above this value. Once
again the IXS results compare well with ambient pressure
ultrasonic data and lie in-between the calculations and the
ISLS measurements, which are respectively slightly too high
and too low. The ISLS extrapolation for VT to ambient pressure is well below the US results 共⬃13% 兲.
The VL and VT values, obtained by the different experimental techniques and the calculations, are summarized in
Table I.
These observations indicate a regular evolution of the
sound velocities up to a pressure point 共Pmax兲, above which,
both the compressional and the shear aggregate sound velocities exhibit a softening. The departure from the linear
behavior was suggested by Goncharov et al.13 to start at
lower pressure 共Pmax ⬃ 60 GPa↔ ⬃ 10.88 g / cm3兲, in contrast to the present IXS measurements, which clearly place
Pmax above 75 GPa.
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TABLE I. Aggregate compressional and shear sound velocities for different pressures 共densities兲 measured by IXS, ultrasounds 共Ref. 27兲,
ISLS 共Ref. 13兲, and obtained from first principle calculations 共Ref. 14兲. For IXS experiments the density is directly measured and crosschecked with the values determined from the cobalt hydrostatic 共Ref. 19兲 and nonhydrostatic equation of state 共Ref. 25兲. For the ISLS
experiments the density is derived from the measured pressure according to the cobalt hydrostatic 共Ref. 19兲 and nonhydrostatic equation of
state 共Ref. 25兲.
IXS
P
共GPa兲

0
1.5
4.3
11
14.3
26
28
36
40
55
70
75
76
89
99
105
112


共g / cm3兲
8.807
8.836
8.899
9.018
9.292
9.417
9.435
9.838
9.908
10.160
10.165
10.294
10.740
11.006
11.150
11.279
11.305
11.484
11.627
11.867
12.005
12.162
12.576
13.204

VL
共m/s兲

5950± 120
6330± 190

6930± 240

US
VT
共m/s兲

ISLS

VL
共m/s兲

VT
共m/s兲

5810

3080

3280± 180

3920± 170
4000± 200

7930± 180
8180± 200

4110± 260
4370± 280

5720± 110
6100± 120
6220± 120

2770± 140
3100± 150
3170± 160

6600± 130

3400± 170

6930± 140

3620± 180

7810± 160

VT
共m/s兲

6030

3250

6780

3710

7500

4030

8250

4360

8460

4250

8750

4180

9290
10080

4490
5070

4010± 200

4170± 160
4080± 460
8130± 160
8390± 170

Aggregate elastic properties, such as the bulk modulus K
and the shear modulus G can be derived from the singlecrystal elastic tensor, when an appropriate averaging scheme
is employed. The Voigt average28 is based on the assumption
of a uniform strain field, and for hexagonal symmetry gives
1
2
KV = 共2C11 + C33兲 + 共2C13 + C12兲,
9
9

共4兲
The Reuss average29 is based instead on the assumption of a
uniform stress field, and for hexagonal symmetry gives
2
C33共C11 + C12兲 − 2C13
,
C11 + C12 + 2C33 − 4C13

GR =

共5兲

3990± 200
4210± 210

15
6
6
4A共C11 + C12兲 + 8AC13 +
+
+ 2AC33
C44 C66

, 共6兲

with
1
2
= C33共C11 + C12兲 − 2C13
.
A

共3兲

1
1
1
共2C11 + C33兲 − 共2C13 + C12兲 + 共2C44 + C66兲.
15
15
5

KR =

VL
共m/s兲

3650± 340

7330± 120
7630± 140

8230± 110
8300± 300

VT
共m/s兲

3040± 120

C. Comparison with single crystal results

GV =

VL
共m/s兲

Calculations

共7兲

Both averaging procedures ignore grain interactions, and are
therefore quite crude approximations. They provide, however, rigorous bounds for the aggregate properties of a randomly oriented, macroscopically isotropic aggregate of crystals: it can be shown that the Voigt average is the lowest
upper bound, while the Reuss average is the highest lower
bound.26 For isotropic crystals the two coincide. An empirical estimation currently used is the arithmetic mean of the
two, the so-called Voigt-Reuss-Hill average. The aggregate
velocities can then be calculated from K, G, and the density
 according to
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VL2 =

冉

1
4
K+ G
3

VT2 =

G
.


冊

共8兲

共9兲

In order to compare the IXS results obtained on powders
with the ones obtained on single crystal,12 the latter need to
be extrapolated up to 99 GPa. Five independent acoustic
phonon branches were used to determine the single-crystal
elastic moduli Cij to 39 GPa.12 For the extrapolation we used
two different approaches. In the first case we linearly extrapolated the velocity vs density data for each mode31 and
then solved the Christoffel equations30 to derive the elastic
moduli. Alternatively, the estimated12 linear pressure evolutions of the Cij is used. The results obtained by these two
procedures differ by about 3% at 99 GPa and even less at
lower pressures, except for C13, where the difference starts to
be significant already at 50 GPa, and is about 20% at
99 GPa. However, the two extrapolations yield results for the
aggregate bulk and shear moduli within 1% below 50 GPa
and within 2% at 99 GPa. In the following, we will consider
the arithmetic average of the values obtained by these two
procedures for the various Cij.
The bulk modulus, the shear modulus and the aggregate
compressional and shear sound velocities were computed according to the Voigt, Reuss, and Voigt-Reuss-Hill average.
Voigt and Reuss determinations differ by only 1% at 99 GPa
and even less at lower pressures. Thus, the single-crystal
anisotropy is only very weakly reflected in the effective elastic anisotropy of the aggregate, when a completely random
distribution of crystallites is considered.
The density evolution of the aggregate compressional32
sound velocity is illustrated in Fig. 4, where the IXS results
obtained on powders are reported together with the ambient
pressure ultrasonic determination27 and the Voigt-Reuss-Hill
average of the single-crystal elastic moduli.12 Despite a different slope, the two IXS data sets up to 75 GPa differ by
less than 3%, thus testifying that a simple, randomly oriented
distribution describes quite well the elastic properties of the
polycrystal under compression. Moreover, according to this
observation, a regular behavior of the various Cij with increasing pressure is expected above the directly investigated
pressure range 共0 – 39 GPa兲,12 likely up to 75 GPa.
Above 75 GPa the discrepancy between the polycrystalline and the single-crystal averaged results starts to be significant. The observed deviation from linearity in VL共兲 and
VT共兲 could be considered as a precursor effect of the martensitic hcp-to-fcc structural transition, which manifests itself
by an important softening of one or more elastic moduli.
Such transition in cobalt can be induced both by pressure and
temperature.19 For the temperature-induced hcp-to-fcc transition, a softening of C44 by about 27% in the close vicinity
of the transition was observed, while the other elastic moduli
remained unaffected.16 If the same amount of softening of
C44 is applied to the present pressure-induced case, for the
two highest pressure points 共89 and 99 GPa兲, we can recompute the averaged VL, and the resulting values are lower by

FIG. 4. Aggregate compressional sound velocity VL of hcp cobalt as a function of density 共the corresponding pressure values are
indicated in the top axis兲. Errors on density are smaller than the
symbols. Squares: IXS results obtained on powders; open diamonds: ambient pressure ultrasonic results 共Ref. 27兲; open hexagons: Voigt-Reuss-Hill average of single crystal elastic moduli, obtained by IXS 共Ref. 12兲 and extrapolated to 99 GPa. The solid line
is an extrapolated linear fit to the powder data below 11.28 g / cm3
共75 GPa兲.

about 1.5%, whereas the IXS experiments on the polycrystalline sample display a difference from the linear extrapolation by about 3% and 4.5% 共89 GPa and 99 GPa, respectively兲. Moreover, in the present case, the nonlinear density
dependence was observed well before the transition. These
considerations, together with the proposed simple estimation,
suggest that the observed anomaly in VL is not likely due to
the shear strain associated with the hcp-to-fcc transition, as
in the temperature-driven case.17
Ab initio calculations14 predict a departure from linearity
in the same density region as the experimental IXS observations 共see Fig. 3兲. The proposed mechanism is a reduction
of the magnetic moment, concomitant with an evident softening of C44 and C66. In order to compare these theoretical findings with the IXS results, the theoretical Cij were
scaled to the experimentally determined ones 共IXS singlecrystal results兲. The thus-obtained Cij exhibit an important
softening of C44, a moderate hardening of C13, and a slight
softening of all the elastic moduli at pressure of about
85 GPa 共 = 11.48 g / cm3 , 57.5 bohrs3兲. The aggregate VL,
once recalculated using the Voigt-Reuss-Hill average, then
shows a reduction of about 2.5%. The so-obtained anomaly
in the elastic moduli thus reproduces quite well our experimentally determined trend 共3% softening at 89 GPa兲.
The good agreement between the extrapolated single crystal aggregate averages and our polycrystalline measurements
suggest that the effects of texture in our samples are minimal. However, as there exist experimental data on the textural evolution in polycrystalline Co, we quantitatively treat
these effects below. Recent radial x-ray diffraction measurements 共RXRD兲 on quasiuniaxially compressed polycrystalline cobalt reveal an alignment of the c axis of the crystallites
along the compression axis of the cell, with a cylindrical
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symmetry.25 Most of this texture is developed within the first
5 GPa and up to the highest investigated pressure of 42 GPa,
the increasing stress essentially modifies the degree of alignment, not the symmetry. At the highest investigated pressure
the maximum pole density is 3.17 multiples of a random
distribution. On the basis of these results we can recompute
the properly weighted orientationally averaged VL. The aggregate VL values, corrected for these texture effects as well
as the scattering geometry 共momentum transfer perpendicular to the compression axis of the cell兲 differ from the VoigtReuss-Hill average 共random distribution兲 by about 0.3% at
1.5 GPa and about 1% at 40 GPa, yielding slightly lower
sound speeds.
According to the observation that most of the texture was
already developed at 5 GPa, we can assume that the experimentally determined texture at 42 GPa is only very weakly
dependent on pressure, and incorporate the effects of preferential orientation in the averaging process at 85 GPa, together with the theoretically estimated magnetoelastic effects. The resulting VL exhibits a reduced softening of about
1.8%, as a consequence of the different weights of the various Cij’s. According to this estimation, the texture developed
by polycrystalline cobalt under nonhydrostatic compression,
tends to reduce the aggregate elastic anomalies induced by
the softening of the magnetic moment, and, since a further
very strong evolution of the texture at high pressure is unlikely, cannot be considered the main cause responsible for
the observed high-pressure anomalies in VL and VT.

IV. CONCLUSIONS

We have measured the aggregate longitudinal phonon dispersion of hcp cobalt up to 99 GPa, over the entire stability
range of the hcp phase. The derived compressional and shear
sound velocities exhibit a linear evolution with density up to
11.28 g / cm3 ↔ 75 GPa. Above, a significant deviation from
linearity is observed on approaching the hcp-to-fcc phase
transition. Our IXS results were compared with the average
velocities derived from the single-crystal elastic tensor,12
with high-pressure ISLS 共Ref. 13兲 and ambient pressure ultrasonic measurements,27 and with ab initio calculations.1,14
Our IXS data are in good agreement with the US results.
This is in contrast to the ISLS data, especially for VT, where
the difference between the ISLS and US results is about
13%.
We suggest that the single-crystal elastic moduli vary linearly with pressure to 75 GPa. In this pressure range, the
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