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The magnetic structure and elastic constants of the close-packed phases of cobalt are computed as a function
of compression using the linearized augmented plane-wave method with the generalized gradient approxima-
tion. The high-pressure phase transition from the hexagonal close-packed phase to the face centered cubic
phase is correctly reproduced and is predicted to occur from a magnetic hcp to a nonmagnetic fcc phase, with
a considerable change in aggregate elastic properties. At pressures well below the transition, an elastic anomaly
is predicted in the hcp phase associated with the loss of magnetism under compression, which is most pro-
nounced in the shear elastic constants. The magnetic nature of this anomaly provides an explanation for similar
observations in experiments.
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I. INTRODUCTION

Characterizing the elasticity of transition metals under
compression has been at the center of experimental develop-
ment in high-pressure physics and geophysics over the past
decade as the cores of the terrestrial planets are primarily
composed of iron,1,2 and an understanding of the high-
pressure elasticity of iron would significantly advance the
study of the internal structure of the Earth and other planets.
As the study of elasticity on the high-pressure hexagonal
close-packed �hcp� phase of iron has proven challenging, a
lot of effort has focused on the metal adjacent to iron in the
Periodic Table: cobalt. The study of cobalt provides a num-
ber of advantages over iron as follows: �1� cobalt crystallizes
in the hcp phase at ambient conditions, while the hexagonal
phase of iron cannot be quenched to low pressure; �2� it is
possible to study single crystal elastic properties of cobalt,
while, to date, no single crystal of hcp iron has been grown,
even at high pressure; �3� the ambient pressure stability of
cobalt allows for a direct cross-check and refinement of
newly developed techniques through a comparison with con-
ventionally obtained elastic constants, e.g., ultrasonic mea-
surements at room conditions. However, a major drawback
in using cobalt as an analog material for hcp iron is the fact
that cobalt is ferromagnetic, while hcp iron is thought to be
nonmagnetic based on a number of experimental studies.3–6

In order to properly interpret the experiments on elasticity in
cobalt, its magnetic state must be well understood to be of
any significance in predicting the high-pressure elasticity of
iron.

The pressure-temperature �P-T� phase diagram of cobalt
shows a number of interesting features.7 As mentioned
above, the ambient pressure phase is ferromagnetic hcp, of-
ten coexisting with the cubic close-packed �face centered cu-
bic �fcc�� phase.8 At a temperature near 700 K, cobalt trans-
forms martensitically to the fcc phase9,10 retaining a
magnetic moment:11 the Curie temperature of fcc cobalt is
1388 K.11 Cobalt melts at 1768 K.12 Under compression, hcp
cobalt also undergoes a phase transition to the fcc phase in
the range of 100–150 GPa, with a wide coexistence region of
the hcp and fcc phases.7 There is no apparent volume change
across the phase transition, but compressibilities of the hcp

phase below and the fcc phase above the transition appear to
change. The difference in compressibility between the two
phases was inferred to occur due to the magnetic collapse
across this phase boundary.7

The magnetic nature of the high-pressure phase and the
question of a closed phase boundary in P-T space between
hcp and fcc have been the subject of debate.7,13 Recent high-
pressure experiments using x-ray magnetic dichroism6 show
a strong uniform decrease of magnetism with compression.6

This magnetic behavior appears inconsistent with a slight
increase in the Curie temperature with pressure up to at least
25 GPa �Refs. 14 and 15� and density functional theory
�DFT� based computations.15–17 They predict a slight de-
crease in magnetic moment with pressure, with a rapid loss
of magnetic moment starting near 65 GPa in the hcp
phase.16,17 The hcp phase, however, retains a finite magnetic
moment up to the phase transition to the fcc phase.16,17 The
fcc phase is predicted to be nonmagnetic in its stability
field;17 it is ferromagnetic at low compression, but loses its
magnetic moment near 100 GPa.

In experiments, the high-pressure phase transition appears
to be preceded by an anomalous elastic behavior in the hcp
phase. Measurements of the Raman active transverse optic
�TO� phonon mode, which can be related to the shear elastic
constant c44,

18,19 show a change in slope near 60 GPa.13 This
behavior has been confirmed by phonon computation on hcp
cobalt, where a similar change was predicted in the slope of
the TO mode at pressures near 75 GPa.17 The measurements
of aggregate elastic constants by both impulsive stimulated
light scattering13 �ISLS� and inelastic x-ray scattering20

�IXS� show an even more pronounced anomalous behavior,
with the shear modulus softening in the range of
�70–100 GPa. This is best seen in deviations from an ex-
pected linear density dependence of longitudinal �vL� and
transverse �vT� acoustic velocities �Birch’s law�, with a sub-
linear relation and even softening in vL and vT. As this soft-
ening occurs well below the phase transition pressure, it has
been attributed to magneto-elastic effects, which are sup-
ported by the onset of a loss of magnetic moment in hcp
cobalt predicted by the DFT computations.16,17 There have
been additional studies on the high-pressure elasticity of hcp
cobalt, with single crystal studies using IXS,21 ISLS,22 and
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radial x-ray diffraction �XRD�,23 but these studies do not
reach the critical pressure region above 60 GPa.

Here, we perform DFT based computations on the
magneto-elastic properties of both close-packed phases of
cobalt by expanding on previous computational work,16,17

paying particular attention to the effect of magnetism on the
elastic constants, and trying to elucidate the experimental
findings. To this effect, we compare the results from ferro-
magnetic �spin polarized� computations to nonmagnetic re-
sults. We organize the paper as follows: after introducing the
computational method, we show and discuss the results for
the magnetic structure, phase transition, and equations of
state of the close-packed phases of cobalt, the magnetic col-
lapse under pressure, and the elasticity of the two phases.
Conclusions are given in the final section.

II. COMPUTATIONS

We investigate the energetics of the close-packed phases
of cobalt using the full-potential linearized augmented plane-
wave method24 �LAPW� with the generalized gradient ap-
proximation �GGA� to the exchange-correlation potential.25

GGA has been shown repeatedly to accurately describe
bonding in transition metals.16,26,27 We perform computations
for both ferromagnetic �spin polarized� and nonmagnetic sys-
tems, allowing for a direct assessment of the influence of
spin on physical properties.

The choices made for the computational setup are consis-
tent with earlier work:16 core states �up to 3s� are treated
fully relativistically using the full Dirac equation. The va-
lence states �3p, 3d, 4s, and 4p� are treated in a semirelativ-
istic approximation, neglecting spin-orbit coupling. We use a
16�16�16 special k-point mesh28 for both the fcc and hcp
phases. RMT�Kmax=9.0 determines the basis set. With these
parameters, relative energies are converged to better than 0.1
mRy/atom and magnetic moments to better than 0.05�B.

Computations are carried out over a wide range of com-
pression, between 50 and 75 Bohr3, corresponding to
0.65V0–1.0V0 �for the equation-of-state computations, vol-
umes up to 85 Bohr3 are used�. For the hcp phase, we have
optimized the ratio of the lattice constants �c /a� at each vol-
ume by performing calculations for several different values
of c /a �c /a=1.55, 1.6, 1.65, and 1.7�. The equation of state
is obtained by describing the energy-volume curve with a
third order expansion in finite Eulerian strain �Birch–
Murnaghan equation of state �BM EOS��.29 Unlike previous
computational work,17 we do not add zero point motion or
thermal expansion to the EOS as this distorts the computa-
tional results: such additions will increase V0 by 1%–2% and
decrease K0 by 5% for the close-packed phases of cobalt.

For the hcp phase, elastic constants are computed from
the bulk modulus obtained from the equation of state, the
relative compressibility of the hexagonal axes, and strain-
energy relations using four strains for the hcp cell.16 For the
fcc phase, the bulk modulus and two strains are used.30 We
apply isochoric �volume conserving� strains ��� to the cell,
which is important for an accurate determination of elastic
constants under compression.31 Aggregate moduli and aggre-
gate acoustic velocities are computed from single crystal

elastic constants using Voigt and Reuss averaging.32

III. RESULTS AND DISCUSSION

A. Magnetism

We find a ferromagnetic phase with magnetic moments of
1.67 and 1.62�B at 75 Bohr3 for the hcp and fcc phases of
cobalt, respectively �Fig. 1�. The associated magnetization
energies �relative to the nonmagnetic computation� are 19.3
and 16.6 mRy, respectively �Fig. 1�. Under compression,
the magnetization energy linearly decreases, with
�0.81 mRy /Bohr3 for the hcp phase and
�0.91 mRy /Bohr3 for the fcc phase �Fig. 1�. The associated
magnetic moments slowly decrease to a compression of up to
60 Bohr3. At higher compression, the magnetic moment is
almost instantaneously lost from the fcc phase; for the hcp
phase, it more slowly vanishes, reaching zero at 50 Bohr3

�Fig. 1�. The loss of magnetism is consistent with previous
computational results,16,17 and a dense volume sampling in
the loss region used here provides a detailed picture. As men-
tioned above, the initial slow decrease in magnetic moment
is consistent with a slight increase in the Curie temperature
of Co with pressure,14,15 but is in conflict with x-ray mag-
netic circular dichroism results6 where a uniform decrease in
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FIG. 1. �Color online� Magnetic moment �lower panel� and
magnetization energy �upper panel� for the hcp �blue circles� and
fcc phases �open squares�. The magnetic moment data from x-ray
dichroism �red open diamonds; Ref. 6� are given for comparison.
Dashed lines are drawn to guide the eyes.
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magnetic moment with compression is reported �Fig. 1�. A
critical reassessment of high-pressure magnetism in cobalt,
for example, by establishing an initial pressure slope of mag-
netic moment by neutron diffraction, is clearly advised.

B. Phase stability and equation of state

In agreement with experiments and previous computa-
tions, we find hcp cobalt stable over the fcc phase for a large
volume range �Fig. 2�, from overexpanded volumes
��85 Bohr3� to �55 Bohr3. If one considers the energies
obtained directly from the computations, the transition is lo-
cated at a volume of 56 Bohr3 or a pressure of �105 GPa.
If the fitted energies from the equations of state for the mag-
netic phases are used �Table I�, the transition occurs at
52.5 Bohr3 ��145 GPa�, with both values within the coex-
istence region of the fcc and hcp phases in experiments.7

This large variation stems from the fact that the magnetiza-
tion energy mentioned above is nearly linear with volume
�Fig. 1� and fitting the closed expression for the BM EOS
yields a poor fit in the region of magnetic loss in both phases.
Magnetism in the hcp phase just vanishes in the structural
phase transition region.

Despite the difficulty in fitting, the EOS for magnetic hcp
cobalt is in good agreement with the latest experiments33

�Table I�. At 55 Bohr3 ��110 GPa�, the pressures are within
3 GPa, while there are larger discrepancies with earlier
experiments7,8 and computations17 �Table I, Fig. 2�. How-
ever, all of these studies are within 20 GPa at 55 Bohr3. The
EOS of the fcc phase shows a considerable difference be-
tween various studies �Table I�. By comparing the P-V EOS,
it becomes apparent that for a good determination, the meta-
stable low-pressure data, used by Fujihisa and Takemura,8

are critical to determine a robust V0 �Table I�. Also, the com-
putational equation of state using the plane-wave self-
consistent field �PWSCF� method17 shows a considerably
softer behavior than the experimental data7,8 or the LAPW
results reported here: for a volume of 50 Bohr3

��175 GPa�, the PWSCF results are at least 25 GPa lower
than all the other equations of state.

The linearity of the magnetization energy �Fig. 1� sug-
gests an alternative fitting scenario, combining a nonmag-
netic equation of state with a magnetic pressure �Pmag=
−�Emag /�V� in the region of ferromagnetism. This yields a
value of 12 GPa for hcp cobalt and 13 GPa for fcc cobalt.
Adding this magnetization pressure to the nonmagnetic equa-
tion of state �Table I� would lead to a volume change of 1%
at the magnetic transition pressure. Performing separate
equation-of-state analyses for the nonmagnetic E-V curve
and the magnetization energy also decreases the discrepancy
in �E-V for the results of the computations and the fitted
EOS �Fig. 2�.

In order to understand the metastable presence of the fcc
phase at low pressure8 and the phase transformation mecha-
nism both at high temperature and pressure,7,10 as well as to
characterize the small energy difference between the two
close-packed phases, a characterization of the axial ratio
�c /a� in the hcp phase is essential. In our computations, the
axial ratio c /a is nearly constant �1.615� up to a compression

of 65 Bohr3 ��40 GPa�; at lower volumes, c /a increases up
to 1.62 at 50 Bohr3.

C. Elasticity

At ambient pressure �V=75 Bohr3�, the elastic constants
for the magnetic hcp phase are in good agreement with ul-
trasonic experiments34–36 �Fig. 3�. For the longitudinal �c11
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FIG. 2. �Color online� Energetics and equation of state for co-
balt. In the upper panel, filled symbols show the energy difference
at the volumes computed and the dashed line shows the energy
difference from the fitted equations of state. The vertical fine dashed
lines show the volume of phase transition from the computational
results �right line� and after the equation-of-state fit �left line�. E-V
equation of state for the hcp �blue dashed� and fcc phases of cobalt
are shown in the middle. The lower panel shows the resulting P-V
equation of state for fcc �solid black line� and hcp cobalt �dashed
blue line� in comparison to experimental data from Ref. 8 �hcp, blue
circles; fcc, red squares� and Ref. 7 �hcp, violet circles; fcc, orange
squares�.

MAGNETO-ELASTIC EFFECTS IN COMPRESSED COBALT… PHYSICAL REVIEW B 77, 104109 �2008�

104109-3



and c33� and the off-diagonal �c12 and c13� constants, only c11
shows a significant difference, with the LAPW results over-
estimating the modulus by �20 GPa ��6%�. For the shear
elastic moduli �c44 and c66�, c66 agrees with experiments,
while c44 is overestimated by �20% �90 GPa, compared to
75 GPa from experiment�. The computed c44 also disagrees
with the previous computations on the transverse optical
phonon mode ��140 cm−1� �Ref. 17� that, when trans-
formed to c44,

19 yield a value of 70 GPa. In order to assess
this value, we have also computed the zone center phonon
mode with the frozen phonon approximation at 75 Bohr3

and also find a value of 140 cm−1, which is inconsistent with
the c44 computed from strain-energy density. This and a com-
parison of the experimentally determined phonon frequency
of the transverse acoustic mode9 �135 cm−1, corresponding
to c44=67 GPa� with the ultrasonic measurements34 show
the limitations of the force model in relating the TO mode
and the c44 shear elastic modulus.18,19 The shear anisotropy
ratio �c44 /c66� found here �c44 /c66�1� is in agreement with
ultrasonic measurements34 and IXS measurements at ambient
conditions,21 but the ISLS measurements at zero pressure22

show c44�c66.
The nonmagnetic elastic constants allow for an assess-

ment of the magneto-elastic effects in cobalt. At ambient
pressure, the shear elastic moduli and c13 show the largest
difference between magnetic and nonmagnetic moduli: mag-
netic constants for c44 and c13 are larger than their nonmag-
netic counterparts, c66 is significantly smaller �Fig. 3�.

Under initial compression, the computed elastic moduli
stiffen, with a compression slope consistent with experimen-
tal estimates from IXS21 and ISLS22 �Fig. 3�, except for c13
and c44. For c44, the slope from the computations is steeper
than in experiments, reaching a value of 165 GPa at
65 Bohr3 compared to �125 GPa in the IXS experiments.21

For c13 at pressure near 25 GPa �67 Bohr3�, the experimental
slope21 becomes significantly steeper. In contrast to ISLS
studies,13,22 Raman measurements13 or computations,17 and
IXS,21 the radial XRD measurements23 yield shear elastic
constants c44 that are too large by a factor of 2 even at low
pressure, which is consistent with a previous comparison for
hcp rhenium.16,37 c44 /c66 remains positive for the LAPW re-
sults, agreeing with the ISLS measurements up to 10 GPa.22

In contrast, the IXS measurements show c66�c44 above 10
GPa.21

Where absolute differences between nonmagnetic moduli
and ferromagnetic constants exist, the pressure slopes are
similar, and for the nonmagnetic moduli, the volume depen-
dence can readily be fitted with an Eulerian-strainlike expres-
sion over the whole compression range considered �Fig. 3�.
In contrast, for the magnetic hcp phase, the elastic moduli for
magnetic hcp cobalt start to deviate from a monotonic in-
crease at volumes below 60 Bohr3 ��65 GPa� �Fig. 3�. The
shear elastic constants show a significant softening to the
extent that the value for c44 at 57.5 and 55 Bohr3 is smaller
than the one at 60 Bohr3. Similarly, the value for c66 at
55 Bohr3 is smaller than the one at 57.5 Bohr3. This coin-
cides with the onset of a loss of magnetism in the hcp phase
�Fig. 1�, and once the magnetism has been completely lost in
hcp cobalt, the shear moduli coincide with their nonmagnetic
counterpart �Fig. 3�. This behavior should also be expected
in the TO phonon mode, and a change in slope is indeed
observed in the measurements.13 The computations17 show a
change in slope near 75 GPa, but the magnetic computations
continue to show a smaller wave number than for the non-
magnetic phase, up to pressures far exceeding the loss of
magnetization.

Both longitudinal elastic constants also show a smaller
rate of increase in the compression range between 60 and

TABLE I. Equation-of-state parameters for third order finite-strain fits for magnetic �fm� and nonmagnetic
�nm� phases of hcp and fcc cobalt. Other abbreviations are explained in the text. Values with an asterisk � *�
are fixed in the fit.

Phase Ref. V0

�Bohr3�
K0

�GPa�
K0�

�GPa�

hcp LAPW GGA fm This study 73.6 210 4.1

LAPW GGA nm This study 69.6 256 4.7

LAPW GGA fm 16 73.6 212 4.2

LAPW LDA fm 16 68.0 255 4.0

LAPW GGA fm 17 74.0 205

PWSCF GGA fm 17 74.4 189 4.8

Experiment 8 74.9 199 3.6�2�
Experiment 7 74.3 199 3.6

Experiment 33 74.7* 202 3.9

fcc LAPW GGA fm This study 73.9 198 4.3

LAPW GGA nm This study 69.4 258 4.7

LAPW GGA fm 17 73.8 247

PWSCF GGA fm 17 74.0 214 3.2

Experiment 8 74.8 180 4*

Experiment 7 69.8 224 5.8
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50 Bohr3; this is much stronger in c11, and for both moduli,
there is still a difference between the magnetic and nonmag-
netic phases at 50 Bohr3 that can be traced back to the dif-
ference in bulk modulus between the magnetic and nonmag-
netic phases. For the off-diagonal constants, the pressure
dependence between magnetic and nonmagnetic phases is
consistent with a deviation only at the smallest volumes. As
in the case of the longitudinal moduli, this can be traced to
the difference in bulk modulus.

The strong magneto-elastic coupling in the shear elastic
constants computed here for hcp cobalt at high pressure, the
TO phonon mode measured13 and computed,17 as well as the
anomaly in vT and vL measured by ISLS13 and IXS20 show
that cobalt can be used as an analog to hcp iron, but only
with great caution.

In fcc cobalt, there is also a considerable difference be-
tween the magnetic and nonmagnetic elastic constants.
Rather than through the single crystal elastic constants �c11,
c12, and c44�, this difference is shown through c44 and cs
=1 /2�c11–c12�, which are computed directly by the strain-
energy density30 �Fig. 4�. For both of these moduli, the mag-
netic constants have a lower value than the nonmagnetic con-
stants. At volumes below the magnetic transition �55 Bohr3�,

the elastic constants merge with the nonmagnetic values, and
there is only a slight softening of c44 near the transition
�65 Bohr3�. As in the case of hcp cobalt, the nonmagnetic
elastic moduli can readily be fitted with an Eulerian finite-
strain expression �Fig. 4�.

The aggregate acoustic velocities reflect the anomalies in
the single crystal elastic constants �Fig. 5�. For the magnetic
and nonmagnetic hcp phases, vT and vL are similar at low
compression and linearly depend on density, following
Birch’s law38 �Fig. 5�. For the nonmagnetic velocities, this
dependence continues for the whole compression range,
while vT for the magnetic phase shows a strong softening,
which decreases over some compression range before recov-
ering the nonmagnetic value at highest density. The vL for
magnetic hcp shows a slight deviation from the linear depen-
dence. The compression dependence of aggregate velocities
agrees well with experiments to above 100 GPa,13,20 except
for vL at highest pressure, where the ISLS experiments13

show a stronger softening �Fig. 6�. The good agreement be-
tween the measurements and the computations for magnetic
hcp cobalt also indicate that cobalt remained in the hcp struc-
ture to the highest pressure in all experiments.13,20

fcc cobalt shows large differences in elasticity between
magnetic and nonmagnetic structures: at low compression,
the magnetic velocities for the fcc phase are close to the
values for the hcp phase, while the nonmagnetic velocities

��
��

��

��
��

�

��
��

��
��400400400400

800800800800

1200120012001200

1600160016001600
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
cccc11111111

��
��

��

��

�

��
��

�
� 400400400400

800800800800

1200120012001200

1600160016001600

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

cccc33333333

��
��
��
��
��
��
�
����

�

��
��

��

��

�

��
��

��

200200200200

400400400400

600600600600

800800800800

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

cccc12121212

��
���

�
��
������

����
����

��

��

��
��

�
�

��
��

�
�

200200200200

400400400400

600600600600

800800800800

E
la

st
ic

M
o

d
u

lu
s

( G
P

a)
E

la
st

ic
M

o
d

u
lu

s
( G

P
a)

E
la

st
ic

M
o

d
u

lu
s

( G
P

a)
E

la
st

ic
M

o
d

u
lu

s
( G

P
a)

cccc13131313

��
����

��
�
�

��
������

��
����
��

��
��

50505050 55555555 60 65 7060 65 7060 65 7060 65 70 75757575

Volume (BohrVolume (BohrVolume (BohrVolume (Bohr
3333
))))

100100100100

200200200200

300300300300

400400400400

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

E
la

st
ic

M
o

d
u

lu
s

(G
P

a)
E

la
st

ic
M

o
d

u
lu

s
(G

P
a)

cccc44444444

��
��
��
��
��
��
�
�

��
����
��
�����

�������
��
�
�

��
����

��

��
��

��

��

�
�

��
��

�

50505050 55555555 60 65 7060 65 7060 65 7060 65 70 75757575

Volume (BohrVolume (BohrVolume (BohrVolume (Bohr
3333
))))

100100100100

200200200200

300300300300

400400400400

E
la

st
ic

M
o

d
u

lu
s

( G
P

a)
E

la
st

ic
M

o
d

u
lu

s
( G

P
a)

E
la

st
ic

M
o

d
u

lu
s

( G
P

a)
E

la
st

ic
M

o
d

u
lu

s
( G

P
a)

cccc66666666

FIG. 3. �Color online� Single crystal elastic constants of hcp
cobalt. Filled circles show the results from the magnetic computa-
tions and open circles from the nonmagnetic computations. The
nonmagnetic results are fitted with a finite-strain expression �dashed
lines�. Experimental results for single crystal elasticity are included
for ultrasonic measurements at ambient pressure �purple diamonds;
Ref. 34�, inelastic x-ray scattering �blue up triangles; Ref. 21�, and
impulsive stimulated light scattering �red down triangles; Ref. 22�.
Experimental error bars are included for c13; for the other moduli,
the error estimates are within the symbol’s size.
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FIG. 4. Elastic moduli for fcc cobalt as a function of compres-
sion. Nonmagnetic �open circles� and magnetic �filled circles� val-
ues for c44 �bottom� and cs=1 /2�c11–c12� are shown. Nonmagnetic
values are fitted with a finite-strain expression �dashed lines�.
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are considerably larger. Magnetism is lost from the fcc phase
at lower compression �Fig. 1� and the acoustic velocities for
the magnetic phase change smoothly to the values of the
nonmagnetic phase �Fig. 5�. Again, acoustic velocities for
nonmagnetic fcc cobalt follow Birch’s law over the whole
compression range �Fig. 5�.

Across the phase transition between the hcp and fcc
phases, considerable changes in the aggregate velocities are
predicted: for vT, we predict an increase of more than 10%;
for vL, an increase in the range of 5%–10% can be expected,
depending on the exact location of the phase transition �Fig.
5�. Such a change has not been observed to date in experi-
ments as the relevant pressure range has not yet been reached
for the measurements of elastic properties.

As we have shown above, the phase transition is preceded
by the loss of magnetism in hcp cobalt and the associated
elastic softening, in particular, for the hcp phase. This indi-
cates that the phase transition is quite different from the hcp-
fcc transition at high temperature, where only the c44 elastic
constants show a continuous decrease �by �25%� just below
the phase transition temperature.9,36,39

IV. CONCLUSION

As a function of compression, we computed the magnetic
structure, equation of state, and elastic constant tensor for the
close-packed phases of cobalt to study the magneto-elastic
effect under pressure and the nature of the phase transition
from the hcp to fcc phase above 100 GPa. The results pre-
sented here provide a critical framework for the understand-
ing and interpretation of high-pressure experiments on the
elasticity of cobalt and the nature of the hcp-fcc phase tran-
sition. We find that in both phases, the magnetic moment is
lost, starting at 60 Bohr3. In the fcc phase, the magnetism is
almost instantaneously squeezed out; in the hcp phase, it is
lost over a range of �10 Bohr3. The phase transition occurs
from the magnetic hcp phase to the nonmagnetic fcc phase in
the range of 52.5–56 Bohr3 �105–145 GPa�, which is in
excellent agreement with experiments.7 In the loss region of
magnetism, there is a considerable elastic anomaly in hcp
cobalt, which shows a significant softening of the shear elas-
tic constants c44 and c66 and is also reflected in vT. There is a
less pronounced anomaly in the longitudinal moduli and vL.
This magnetically induced elastic anomaly provides an ex-
planation for the anomalies in acoustic velocity observed in
ISLS and IXS experiments.13,20 The strong magneto-elastic
coupling for hcp cobalt shows that this metal can be used as
an analog for hcp iron at high pressure with great caution.

In contrast to the hcp phase, there is no anomaly in the
elasticity of fcc cobalt under compression; at the loss of
magnetism, the elastic constants of the magnetic phase
merge gradually with those of the nonmagnetic phase.
Across the phase transition from hcp to fcc cobalt, an in-
crease in both acoustic velocities is predicted: more than
10% for vT and at least 5% for vL. Such an increase has
not yet been observed in experiments on the elasticity of
cobalt, as the relevant pressure range has not yet been
reached.
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FIG. 5. �Color online� Transverse �bottom� and longitudinal
�top� aggregate acoustic velocities for magnetic �filled blue circles�
and nonmagnetic �open blue circles� hcp cobalt as a function of
density. Aggregate velocities for fcc cobalt are shown with squares;
open symbols are for the nonmagnetic computations and filled
squares for magnetic fcc cobalt. Dashed lines are linear fits of non-
magnetic fcc �black� and hcp �blue� velocities. Bars show the varia-
tion between Voigt and Reuss averages for vT and vL. Where no
bars are shown, the variations are within the symbol’s size.
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FIG. 6. �Color online� Aggregate acoustic velocities for cobalt.
The results for the hcp �blue circles� and fcc phases �black open
squares� are compared with experimental data from inelastic x-ray
scattering �blue up triangles, Ref. 21; green triangles left, Ref. 20�
and impulsive stimulated light scattering �red down triangles, Ref.
22 purple diamonds, Ref. 13�.
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