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High-pressure Raman study of osmium and rhenium up to 200 GPa
and pressure dependent elastic shear modulus 𝐶44
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Binbin Wu(吴彬彬), Qiqi Tang(唐琦琪), and Li Lei(雷力)†
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High-pressure Raman scattering from hexagonal close-packed (HCP) metals Os and Re have been extended up to
200 GPa, and the pressure-dependent shear modulus C44 has been deduced from the Raman-active mode E2g, which is
generated from the adjacent vibration of atoms in hexagonal planes, providing the valuable information about the elastic
properties for HCP metals under high pressure. Combined with the available data of HCP metals from previous works,
a further study indicates that the C′44/C44 ratio would be close to a constant value, 0.01, with increasing atomic number
of metals. The results obtained from high-pressure Raman scattering will allow us to probe the elastic anisotropy of the
HCP metals at very high pressure.

Keywords: hexagonal close-packed (HCP) metals, osmium, rhenium, high-pressure Raman scattering, shear
modulus C44

PACS: 78.30.Er, 62.20.de, 81.40.Vw DOI: 10.1088/1674-1056/ac1eff

1. Introduction
Hexagonal close-packed (HCP) osmium (Os) and rhe-

nium (Re) are an important category of rare metals which be-
long to the platinoid 5d transition elements category with ultra-
high density and cohesive energies at ambient pressure.[1–16]

In the past decades, Os and Re metals have attracted an impor-
tant attention due to the extensive scientific and engineering
applications. In order to understand their exotic properties, the
pressure parameter is considered as a fundamental thermody-
namic variable. The effect of pressure on elastic properties of
a metal is essential for understanding the mechanical stability.
The elastic properties of metals under high pressure are desir-
able not only for material research itself,[17] but also because it
may allow providing new insights into the fundamental effects
of the high-pressure experiments on the atomic structure of
solids and on possible variation of atomic distribution within
crystal sublattices.

One of the interesting features of Os and Re materials
is that they are able to retain the HCP phase (space group
P63/mmc) upon very high applied pressure-values.[13,18–20] As
shown in Fig. 1, the lattice of HCP metals comprises two
atoms per unit cell (Fig. 1(a)). The only Raman-active E2g

mode in center of Brillouin zone (Fig. 1(b)), correlated with
the shear vibration between different layers, provides direct
information about the elastic properties (Fig. 1(c)). Notewor-
thy, C44 is the only elastic constant that could be measured
in experiments as an independent modulus for HCP metals.
Namely, the pressure dependence of the shear modulus C44

can be deduced from the Raman phonon frequency of the E2g

mode (Fig. 1(c)).

In group theory, each set of nuclei on sites of symme-
try D3h gives rise to six normal modes of zero wave vector
A2u +B1g +E1u +E2g depicted as irreducible representations.
Among those modes, the doubly degenerate E2g mode is Ra-
man active, corresponding to vibrations of successive hexag-
onal planes against each other (Fig. 1(c)). The E2g Raman
mode reflects the shear vibration between different layers of
atoms in HCP metals. By considering Os as a typical exam-
ple, in Fig. 1(b), it is possible to notice its dispersion curves,
which include six branches, and at high symmetry points Γ the
acoustic and optical branches coincide. A phonon branch at
the center of the Brillouin zone is a shear mode and the elastic
shear modulus is related with the slope of the zone-center TO
mode (Fig. 1). It is possible, therefore, for the vibration char-
acters of HCP metals to be observed by Raman spectroscopy.

Due to the high reflectivity and strong background from
the diamond-anvil cell (DAC) or gaskets, high-pressure Ra-
man scattering signals acquired from metals were hard to be
distinguished. To prevent specular reflection from being di-
rected to the spectrometer and reduce the signal from the dia-
mond, a lateral excitation technology (typical 35◦ incidence
angle for the exciting radiation) was used in high-pressure
Raman experiments on HCP metals, such as Be,[21] Fe,[22]

Re[23] and Os.[24,25] The Raman scattering on the metals, how-
ever, are limited by the detection based on conventional ex-
perimental set-up. Up to now, high-pressure Raman scatter-
ing on the HCP Os and Re is only extended to 60 GPa[25]

and 138 GPa,[26] respectively. There are far narrow pressure
ranges that need to be investigated, and this implies that the
influence of pressure upon HCP metals’ elastic properties has
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not yet been unambiguously determined.
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Fig. 1. (a) Brillouin zone of the HCP metal (space group P63/mmc), gray
lines indicate the unit cell and blue balls indicate the metal atoms. The po-
sitions of representative high-symmetry points in the HCP Brillouin zone
are plotted in red. (b) Typical phonon dispersion curves for the HCP metal
(Os).[18] The circle points to the E2g phonon mode at the center of the Bril-
louin zone. (c) The atomic displacement for the E2g mode, and the ideal
lattice model diagram of lattice shear stress. The uniaxial stress, τ , and the
resulting normal strain, γ , have been labeled in the picture.

In this work, high-pressure Raman scattering from HCP
metals Os and Re has been measured up to 200 GPa by us-
ing a DAC-based lateral excitation technology with 45◦ in-
cidence angle for the exciting radiation,[27,28] and the shear
modulus C44 has been deduced from the measured E2g

phonon frequency, which provides an independent experi-
mental approach besides other methods, such as ultrasonic
experiments[29,30] and theoretical calculations[4,31–34] to inves-
tigate the elastic property of the important platinoid 5d tran-
sition elements. More importantly, it is valuable to speculate
their elastic properties for HCP metals under high pressure.[35]

2. Experimental details
We studied the elastic properties of Os and Re

through high-pressure Raman scattering measurements using
symmetric-type DACs for different pressure ranges in at least
seven independent runs. To prevent specular reflection from
being directed to spectrometer and reduce the signal from the
diamonds, lateral excitation technology with 45◦ incidence
angle for exciting radiation was used for our high-pressure
Raman experiments.[27,28] High-pressure Raman spectra of
HCP metals were measured by using a custom-built confocal
micro-Raman system optical assembly with a 532-nm exci-
tation solid-state laser (RGB Laser System Nova Pro) and an
EMCCD detector (Andor Newton DU970P-UVB). The size of
the pinhole of spatial filter that placed in front of a spectrom-
eter (Andor Shamrock SR-303i-B) was 10 µm. The spectral
resolution was within ±0.5 cm−1, and the spatial resolution
was within ±1 µm. The Raman system deviation had been
corrected by employing a calibration method based on silicon
wafer (520 cm−1).

Ultrahigh-purity synthetic diamonds with culet sizes of
50–500 µm were used to reduce the background and scatter-
ing effect. High-purity (99.99% purity) poly-crystalline metal

powder samples were loaded in the DAC chamber, and three
different pressure-transmitting media (a 3:1 methanol–ethanol
mixture (M/E), argon and nitrogen) were used to yield quasi-
hydrostatic pressure condition. For lower pressures, com-
parative large culet diamonds adopted T301 steel as gasket
with thickness of about 40 µm. For higher pressures, a rhe-
nium gasket was preindented to thickness of 20–30 µm and
drilled with a chamber hole in diameter of 20 µm. The pres-
sure was then calibrated at room temperature by the fluores-
cence of ruby[36] and the high-frequency edge of diamond
phonon.[37–39] The diameter of the Raman laser spot was
∼ 5 µm, which is smaller than the sample size (> 20 µm).
This allowed to minimize the effect of the pressure gradient.

3. Results and discussion
Representative Raman spectra of HCP Os and Re at vari-

ous pressures are shown in Fig. 2. Upon the quasi-hydrostatic
compression, the blue shifts are observed on the pressure de-
pendence curve of E2g mode due to the increase of repulsive
forces between adjacent atoms. From the consideration that
the solidification of pressure transmitting medium inevitably
occurs at no more than 15 GPa,[40,41] the observed broadening
of Raman peaks at high pressures could attribute to the micro-
scopic deviatoric stress under the nonhydrostatic compression.
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Fig. 2. The representative high-pressure Raman spectra spanning the
pressure range covered of (a) Os and (b) Re, respectively. The solid
lines are phenomenological fits (Lorentzians).

Figure 3(a) summarizes our experimental measurements
of the high-pressure Raman scattering from HCP metals ap-
plied to Os and Re. As the pressure parameter was increased,
the E2g Raman frequency was found to monotonically in-
crease. The softening of phonon can attribute to the pressure-
dependent anharmonic effect.

A simplified physical model, as shown in Fig. 1(c), elu-
cidates the relations of the E2g Raman mode and the elas-
tic constants C44, which can be determined by the following
equation:[42]

C44 =
τ

γ
= 2π

2m

[√
3c

6a2

]
ω

2, (1)
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where m is the atomic mass of HCP metal, a and c are the
unit cell parameters, and ω is the measured frequency of the
Raman phonon. In HCP metals, the elastic constant C44 can
be defined as the ratio of the uniaxial stress, τ , exerted on a
thin rod to the resulting normal strain, γ . By using the lattice
parameters in Refs. [11,14], we can calculate the pressure de-
pendence of the C44 of Os and Re up to 200 GPa, as shown
in Fig. 3(a). Figure 3(b) shows the pressure-dependent shear
modulus C44 deduced from the measured E2g Raman phonon
frequency. Here we note that C44, calculated via Eq. (1) from
high-pressure E2g mode, can be fitted by two second-order
polynomials,

COs
44 = 251.2+2.316P−0.003P2, (2)

CRe
44 = 132.6+1.401P−0.002P2. (3)

Table 1 lists the elastic parameters for some typical HCP
metals. With regard to the slope of the pressure dependence,
elastic properties in HCP metals are suggested to be more
complex and yield deviations of the first derivative of the elas-
tic modulus, C′44, from the theoretical curve. In theoretical
calculation, in comparison to real lattice dynamics, ideal lat-
tice vibrational models ignore the effect of crystalline defects,
large binding energy of bonds and electronic shells, and next-
nearest-neighbor interactions, leading to the discrepancies be-
tween the theoretical calculation and our Raman-dependent
value. As for the discrepancies between the experimental data,
this value is lower than that of ultrasonic experiments, partly
because of the anisotropic deformation of a HCP metal under
compression and the differences between the state of stress on
all crystallographic planes.[22,35]
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Fig. 3. (a) Pressure dependence of the E2g Raman peak position of Os and Re, literature data (color symbols) are also shown for comparison. (b)
Pressure dependence of the deduced elastic shear constant C44 of Os and Re, gray solid lines are guides to the eye (second order polynomials), open
circles are the reported ultrasonic literature data at ambient pressure[29,30] and colored lines represent the theoretical calculated results.[31–34]

Table 1. Comparison of deduced and measured elastic constants for typical HCP metals.

hcp metals P range (GPa) ω0 (cm−1) B0 B′ C(0)
44 (GPa) C′44 B0/C(0)

44 C′44/C(0)
44 d(Bi/C44)/dP Method

Os
0–202 160.99 399[11] 4.01[11] 251.2 2.32 1.59 0.92×10−2 2.2×10−3 Raman (this work)

0 405.2 264.6 1.53 Ultrasonic[29]

Re

0–222 118.7 367[43] 4.64[43] 132.6 1.40 2.77 1.06×10−2 4.6×10−3 Raman (this work)

0–21 120 133 1.1 0.83×10−2 Raman[27]

0–60 120.9 137.7 1.42 1.03×10−2 Raman[25]

0–0.42 360.3 5.43 160.5 1.49 2.24 0.93×10−2 Ultrasonic[30]

Be
0–0.6 111 4.6 170.6 2.55 0.65 1.49×10−2 Ultrasonic[44]

0–23 457 110 1.65 1.50×10−2 Raman[45]

0–80 459 109.8 3.58 110.6 1.78 0.99 1.61×10−2 Raman+XRD[21]

ε-Fe
22–152

165[46] 5.33[46] 114.7 1.30 1.44 1.11×10−2 Raman[22]

19–63 128.3 183.3 106 0.9 0.87×10−2 Raman[23]

Ru 0–63 190.6 321[47] 180.8 1.9 1.78 1.05×10−2 Raman[23]
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It is worth noting that there is no direct dependency
between the zero-pressure bulk modulus, B0, and the zero-
pressure shear modulus, C(0)

44 , but the ratio of bulk modulus
to shear modulus (B/C44) reflects the ductility and fragility of
matter. B/C44 of HCP Os is observed an increase from about
1.59 at P = 0 GPa (this value differs by 3.8% of the results
reported by Pantea et al.[29]) to 2.13 with increasing pressure
to 200 GPa. For Re, this value increases from about 2.75 to
3.83. B0/C(0)

44 and its first derivative of the pressure depen-
dence, d(Bi/C44)/dP, are listed in Table 1. According to the
empirical critical value 1.75, by dividing the character of re-
sistance to plastic deformation and fracture, the parameters of
above HCP metals are found to be in good agreement with
their inherent properties (e.g., this value for diamond is 0.77).
The slope d(Bi/C44)/dP for Os averaged over the pressure
range is about 2.2×10−3 (first-order fitting), which is much
approximate with d(Bi/C44)/dP = 4.6× 10−3 for Re. This
points to the pronounced ductile property of Re under pres-
sure, and might show up the identical tendency for both Os
and Re in the evolution of lattice structure.
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Fig. 4. The ratio of normalized elastic constant, C44, and its first deriva-
tive, C′44, as a function of atomic number for the typical HCP metals.
The full circles are our data. The open diamonds and circles are the
data obtained from ultrasonic[29,30] and Raman measurements in the
literature,[21–23,25,27,44,45] respectively.

In this work, the shear modulus C44 and the pressure slope
C′44 for HCP Os and Re have been deduced from the acquired
high-pressure Raman data. We notice that there is a positive
correlation between C44 and C′44 for the HCP metals (Table 1).
The ratio of C′44 to C(0)

44 reflects the elastic property of a metal,
covering the range from 0.8× 10−2 to 1.6× 10−2 for those
mentioned elements. As shown in Fig. 4, this value is approxi-
mately equivalent to 0.01 with the increase of the atomic num-
ber, which means to a positive correlation between C44 and
C′44 upon compression. The association of high value at ambi-
ent pressure and the comparatively strong increase under com-
pression of the elastic parameter hints on a potential law about
this important group of metals. The differences of the elastic
properties between those HCP metals are probably attributed
to the completion of the unlike valence electron configuration
(for example s→d) transfer under high pressure, which even

leads to electronic topological transition.[11] Thus, the consis-
tence of the elastic properties might imply to the similar high-
pressure behavior for those HCP metals.

4. Conclusions
In summary, we have extended the direct measurements

of phonon vibration frequency of E2g and the information on
C44 up to the 200 GPa pressure range for HCP Os and Re. In
order to describe properly the elastic behavior of Os and Re at
high pressure, the second-order polynomial fit was used with
elastic modulus and their pressure slope. A high B/C44 asso-
ciated with better ductility for HCP Os and Re was discussed.
Finally, hints of a coincident ductility properties for HCP met-
als on compression have also been explored in this work. In
an attempt to determine unambiguously the positive correla-
tion between the elastic shear constant C44 and its slope C′44

under high pressure, future work will focus on the investiga-
tion of vibrational dynamics for other HCP metals.

Acknowledgements
We thank Prof. Filippo for helpful discussions. This work

was financially supported by the National Natural Science
Foundation of China (Grant Nos. 11774247 and U2030107)
and Sichuan University Innovation Research Program of
China (Grant No. 2020SCUNL107).

References
[1] Gschneidner K A Jr 1964 Solid State Phys. 16 275
[2] Young D A 1975 Phase diagrams of the elements (Berkeley: University

of California Press ) p. 44
[3] Jeanloz R, Godwal B K and Meade C 1991 Nature 349 687
[4] Jong M D, Olmsted D L, Walle A V and Asta M 2012 Phys. Rev. B 86

224101
[5] Cynn H, Klepeis J E, Yoo C S and Young D A 2002 Phys. Rev. Lett. 88

135701
[6] Occelli F, Farber D L, Badro J, Aracne C M, Teter D M, Hanfland M,

Canny B and Couzinet B 2004 Phys. Rev. Lett. 93 095502
[7] Kenichi T 2004 Phys. Rev. B 70 012101
[8] Weinberger M B, Tolbert S H and Kavner A 2008 Phys. Rev. Lett. 100

045506
[9] Armentrout M M and Kavner A 2010 J. Appl. Phys. 107 093528

[10] Godwal B K, Yan J, Clark S M and Jeanloz R 2012 J. Appl. Phys. 111
112608

[11] Dubrovinsky L, Dubrovinskaia N, Bykova E, Bykov M, Prakapenka V,
Prescher C, Glazyrin K, Liermann H P, Hanflfland M, Ekholm M, Feng
Q, Pourovskii L V, Katsnelson M I, Wills J M and Abrikosov I A 2015
Nature 525 226

[12] Perreault C S, Velisavljevic N and Vohra Y K 2017 Cogent Phys. 4
1376899

[13] Vohra Y K, Duclos S J and Ruoff A L 1987 Phys. Rev. B 36 9790
[14] Dubrovinsky L, Dubrovinskaia N, Prakapenka V B and Abakumov A

M 2012 Nat. Commun. 3 1163
[15] Chen H H, He D W, Liu J, Peng F, Li Z, Wang J and Bai L 2010 Eur.

Phys. J. B 73 321
[16] Sakai T, Yagi T, Ohfuji H, Irifune T, Ohishi Y, Hirao N, Suzuki Y,

Kuroda Y, Asakama T and Kanemura T 2015 Rev. Sci. Instrum. 86
033905

037801-4

http://dx.doi.org/10.1038/349687a0
http://dx.doi.org/10.1103/PhysRevB.86.224101
http://dx.doi.org/10.1103/PhysRevB.86.224101
http://dx.doi.org/10.1103/PhysRevLett.88.135701
http://dx.doi.org/10.1103/PhysRevLett.88.135701
http://dx.doi.org/10.1103/PhysRevLett.93.095502
http://dx.doi.org/10.1103/PhysRevB.70.012101
http://dx.doi.org/10.1103/PhysRevLett.100.045506
http://dx.doi.org/10.1103/PhysRevLett.100.045506
http://dx.doi.org/10.1063/1.3369283
http://dx.doi.org/10.1063/1.4726203
http://dx.doi.org/10.1063/1.4726203
http://dx.doi.org/10.1038/nature14681
http://dx.doi.org/10.1038/nature14681
http://dx.doi.org/10.1080/23311940.2017.1376899
http://dx.doi.org/10.1080/23311940.2017.1376899
http://dx.doi.org/10.1103/PhysRevB.36.9790
http://dx.doi.org/10.1038/ncomms2160
http://dx.doi.org/10.1140/epjb/e2009-00436-4
http://dx.doi.org/10.1140/epjb/e2009-00436-4
http://dx.doi.org/10.1063/1.4914844
http://dx.doi.org/10.1063/1.4914844


Chin. Phys. B 31, 037801 (2022)

[17] Wu B B, Lei L, Zhang F, Tang Q Q, Liu S, Pu M F, He D W, Xia Y
H, Fang L M, Ohfuji H and Irifune T 2021 Matter Radiat. Extremes 6
038401

[18] Liu B, Gu M, Liu X L, Huang S M, Ni C, Li Z R and Wang R B 2010
Chin. Phys. B 19 026301

[19] Verma A K, Ravindran P, Rao R S, Godwal B K and Jeanloz R 2003
Bull. Mater. Sci. 26 183

[20] Hebbache M and Zemzemi M 2004 Phys. Rev. B 70 224107
[21] Evans W J, Lipp M J, Cynn H and Yoo C S 2005 Phys. Rev. B 72

094113
[22] Merkel S, Goncharov A F, Mao H K, Gillet P and Hemly R J 2000

Science 288 1626
[23] Olijnyk H, Jephcoat A P and Refson K 2001 Europhys. Lett. 53 504
[24] Ponosov Y S, Loa I, Mogilenskikh V E and Syassen K 2005 Phys. Rev.

B 71 220301
[25] Ponosov Y S 2008 Phys. Rev. B 78 245106
[26] Goncharov A F, Gregoryanz E, Struzhkin V V, Hemley R J, Mao H K,

Boctor N and Huang E 2001 cond-mat/0112404
[27] Qi L, Lei L, Feng L H and Pu M F 2018 Spectrosc. Spect. Anal. 38

3764
[28] Qi L, Lei L, Hu Q W, Zhang L L, Pu M F, Ohfuji H and Irifune T 2018

J. Appl. Phys. 123 055901
[29] Pantea C, Stroe I, Ledbetter H, Betts J B, Zhao Y, Daemen L L, Cynn

H and Migliori A 2009 Phys. Rev. B 80 024112
[30] Manghnani M H and Katahara K 1974 Phys. Rev. B 9 1421

[31] Lv M B, Cheng Y, Qi Y Y, Ji G F and Piao C G 2012 Physica B 407
778

[32] Deng X H, Lu W, Hu Y M and Gu H S 2009 Physica B 404 1218
[33] Peng F, Chen D, Fu H Z and Yang X D 2011 Phil. Mag. Lett. 91 43
[34] Steinle-Neumann G, Sixrude L and Cohen R E 1999 Phys. Rev. B 60

791
[35] Olijnyk H and Jephcoat A P 2002 Metall. Mater. Trans. A 33 743
[36] Mao H K, Xu J and Bell P M 1986 J. Geophys. Res. 91 4673
[37] Akahama Y and Kawamura H 2004 J. Appl. Phys. 96 3748
[38] Pu M F, Zhang F, Liu S, Irifune T and Lei L 2019 Chin. Phys. B 28

053102
[39] Liu S, Tang Q Q, Wu B B, Zhang F, Liu J Y, Fan C M and Lei L 2021

Chin. Phys. B 30 016301
[40] Klotz S, Chervin J C, Munsch P and Marchand G L 2009 J. Phys. D:

Appl. Phys. 42 075413
[41] Angel R J, Bujak M, Zhao J, Gatta G D and Jacobsen S D 2007 J. Appl.

Cryst. 40 26
[42] Metzbower E A 1968 Phys. Status Solidi 25 403
[43] Rech G L, Zorzi J E and Perottoni C A 2019 Phys. Rev. B 100 174107
[44] Silversmith D J and Averbach B L 1970 Phys. Rev. B 1 567
[45] Olijnyk H and Jephcoat A P 2000 J. Phys.: Condens. Matter 12 8913
[46] Mao H K, Wu Y, Chen L C and Shu J F 1990 J. Geophys. Res. 95 21737
[47] Simmons G and Wang H F 1971 Single Crystal Elastic Constants

and Calculated Aggregate Properties: A Handbook (Cambridge: MIT
Press) pp. 140–141

037801-5

http://dx.doi.org/10.1063/5.0040041
http://dx.doi.org/10.1063/5.0040041
http://dx.doi.org/10.1088/1674-1056/19/2/026301
http://dx.doi.org/10.1088/1674-1056/19/2/026301
http://dx.doi.org/10.1007/BF02712810
http://dx.doi.org/10.1007/BF02712810
http://dx.doi.org/10.1103/PhysRevB.70.224107
http://dx.doi.org/10.1103/PhysRevB.72.094113
http://dx.doi.org/10.1103/PhysRevB.72.094113
http://dx.doi.org/10.1126/science.288.5471.1626
http://dx.doi.org/10.1126/science.288.5471.1626
http://dx.doi.org/10.1209/epl/i2001-00181-4
http://dx.doi.org/10.1103/PhysRevB.71.220301
http://dx.doi.org/10.1103/PhysRevB.71.220301
http://dx.doi.org/10.1103/PhysRevB.78.245106
10.3964/j.issn.1000-0593(2018)12-3764-05
10.3964/j.issn.1000-0593(2018)12-3764-05
http://dx.doi.org/10.1063/1.5010834
http://dx.doi.org/10.1063/1.5010834
http://dx.doi.org/10.1103/PhysRevB.80.024112
http://dx.doi.org/10.1103/PhysRevB.9.1421
http://dx.doi.org/10.1016/j.physb.2011.12.024
http://dx.doi.org/10.1016/j.physb.2011.12.024
http://dx.doi.org/10.1016/j.physb.2008.11.200
http://dx.doi.org/10.1080/09500839.2010.524897
http://dx.doi.org/10.1103/PhysRevB.60.791
http://dx.doi.org/10.1103/PhysRevB.60.791
http://dx.doi.org/10.1007/s11661-002-0140-3
http://dx.doi.org/10.1029/JB091iB05p04673
http://dx.doi.org/10.1063/1.1778482
http://dx.doi.org/10.1088/1674-1056/28/5/053102
http://dx.doi.org/10.1088/1674-1056/28/5/053102
http://dx.doi.org/10.1088/1674-1056/abc7a7
http://dx.doi.org/10.1088/1674-1056/abc7a7
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1107/S0021889806045523
http://dx.doi.org/10.1107/S0021889806045523
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1103/PhysRevB.100.174107
http://dx.doi.org/10.1103/PhysRevB.1.567
http://dx.doi.org/10.1088/0953-8984/12/41/317
http://dx.doi.org/10.1029/jb095ib13p21737

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	References

