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First-principles elastic constants for the hcp transition metals Fe, Co, and Re at high pressure
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The elastic constant tensors for the hcp phases of three transition ii@talRe, and Peare computed as
functions of pressure using the linearized augmented plane wave method with both the local density and
generalized gradient approximations. Spin-polarized states are found to be stabldffar@oagnetizand Fe
(antiferromagnetic at low pressurélhe elastic constants of Co and Re are compared to experimental mea-
surements near ambient conditions and excellent agreement is found. Recent measurements of the lattice strain
in high pressure experiments when interpreted in terms of elastic constants for Re and Fe are inconsistent with
the calculated modul{.50163-182809)13525-7

I. INTRODUCTION for evaluating lattice strains as in hcp iron has been applied
to rhenium in the pressure range 18-37 GPa.

The effect of pressure on the propagation of elastic waves Iron has been studied widely with first-principles theoret-
in materials is essential for understanding interatomic interical approaches because of its geophysical importance and
actions, mechanical stability of solids, phase transitiorfhe well-known failure of the local density approximation
mechanisms, material strength, and the internal structure ¢tDA) to the exchange-correlation potential to predict the
Earth and other planets. However, little is known of the elasferromagnetic bee ground stateThis failure was a major
ticity of solids at high pressure. The experimental study ofMPetus in the development of the generalized gradient ap-
the elasticity of materials under high pressure is challengingProximation (GGA).***" The equation of state of hcp iron
as traditional methods have been applied only to moderatdnder LDA and GGA is well known to high pressutes
pressures. Ultrasonic measurements are generally limited todd its elastic constants have been calculated by tgf full-
few GPa! while Brillouin spectroscopy has been applied up Potential linearized muffin-tin orbital methd&P-LMTO),
to 25 GP& and a total energy tight-bindingTB) method>?® For hcp

We investigate the elasticity of three hexagonal transitiorfobalt calculations have been performed with the LMTO
metals at high pressure: iron, rhenium, and cobalt. High pregnethod in the atomic sphere approximation for LDRef.

sure properties of iron are of considerable geophysical inter26) and the Ilnear|227ed combination of atomic orbital method
est as Earth’s solid inner core is composed primarily of thisLCAO) for GGA.”" There is no previous theoretical work
element. The elasticity of hcp iron is important for under-n the elastic constants of hcp cobalt. For rhenium only one
standing the elastic anisotropy of the inner cbreand its ~ Study has focused on the hcp phase at high pres8ursing _
super-rotatioff. Rhenium is the strongest metal known at FP-LMTO with LDA the equation of state and the elastic
high pressurtand is widely used as a gasket material inconstants at zero pressure have been calculated.
diamond anvil cell experiments. We have chosen cobalt for We organize the paper as follows. Section Il elaborates
this study because of its proximity to iron in the periodicthe computational details of our flrst-prlnmples calculations
table and as an example of a ferromagnetic hcp metal. and our approach_ to calculating the _elast_lc constants, the
All three of these metals have been studied experimenG"aSt'C wave velo_cmes, and '_[he acoustic anisotropy. It is foI_—
tally under high pressure and their equations of state are welpwed by a section presenting our results on the magnetic
known. Iron transforms from the bcc phase at ambient constate of the materials studied, theiia ratios, the equation of
ditions to hcp near 13 GPathe equation of state of the hcp State, and the elasth constants as funct_lons of pressure. We
phase has been measured up to 300 BRacent advances compare our resultslln terms of the elastic wave velocities to
in diamond anvil cell techniques have made it possible tdigh pressure experiments and the Earth’s inner core. In Sec.
evaluate the lattice strain in a polycrystal subjected to a nonlY We analyze the elastic anisotropy resulting from our cal-
hydrostatic stress field which can be associated with elastigulations, recent experimental and theoretical results, and the
constants. The elasticity of iron has been inferred by thigPredictions from a central nearest-neighbor force model. Fi-
method at high pressur@p to 210 GPa'%' The equation hally, we present our conclusions in Sec. V.
of state of cobalt has been measured up to 80 (Re& 12
and its elastic constants were obtained at zero pressure using Il. METHOD
traditional ultrasonic methods.In the case of rhenium the
equation of state is known up to 215 GP4dts elastic con-
stants and their pressure derivatives have been ultrasonically We investigate the energetics of hcp iron, cobalt, and rhe-
measured at low pressuteThe same experimental method nium using the full-potential linearized-augmented plane-

LAPW total energy calculations
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wave method LAPW) (Ref. 29 with both LDA and GGA  strain; by choosing volume conserving strains we obviate the
approximations to the exchange-correlation potential. Foseparation of these two contributions to the total energy.
LDA the form of Hedin and Lundqui& and von Barth and  Third, the change in the basis set associated with the applied
Hedir! are used for nonmagnetic and spin-polarized calcustrain is minimized, thereby minimizing computational un-
lations, respectively. For GGA we adopt the efficient formu-certainties.
lation of Perdew, Burke, and Ernzhofér. We obtain the elastic constants at the equilibrium relaxed
Core states are treated self-consistently using the fulstructure at any volum¥ by straining the lattice, relaxing
Dirac equation for the spherical part of the potential, whilethe symmetry allowed internal degrees of freedom, and
valence states are treated in a semirelativistic approximatioavaluating the total energy changes due to the strain as a
neglecting spin-orbit coupling. We investigate ferromagneticunction of its magnitudes.
alignment in spin-polarized calculations for all metals and The bulk modulusK is calculated by differentiating the
antiferromagnetism for iron. For consistency of the results albquation of state. For hexagonal crystilss the combina-
parameters in the calculations except for spin-polarizatioriion of elastic constants
are kept fixed.
For the 31 metals 3, 3p, 3d, 4s, and 4 states are K=[Css(Cyy+ Cyp) —2C35)/Cs, 1)
treated as valence electrons for all volumes. For rhenium WEith
treat all electrons up tofdas core, 8 and 6 as valence
states. For rhenium we also have tested other cpnfigyrations, Cs=Cy1+Cyy+2C33—4C3. 2)
such as including the f4as valence states, which did not o )
change our results significantly. The muffin-tin rajj; are ~ The volume dependence of the optimizeth is related to
2.0 Bohr for the @ metals, and 2.3 Bohr for rhenium. As the difference in the linear compressibilities along éhand
spin-orbit coupling of the valence electrons is important forC @xes k, andk;). The dimensionless quantify describes
the band structure and other properties of heavy elements, WBIS as
consider the influence of the spin-orbit term on the equation dince/
of state for Re by including it in a variational st€p. R=K(k,— k)= — dlin(c/a)
We carry out total energy calculations over a wide range & dinv
of volumes for all three metals (0.¥y—1.2 V,, with Vg the
zero pressure volumeAt each volume we determine the
equilibrium ratio of the lattice constantga by performing R=(Cg3—Cy;— Cyp+C19)/Cs. %)
calculations for several different values of this ratio. The
equation of state is obtained by describing the energyWe calculateCs by varying thec/a ratio at a given volume,
volume curve with a third-order expansion in the Eulerianaccording to the isochoric strain
finite strain’2
We have performed convergence tests with respect to 6 0 0
Brillouin zone sampling and the size of the basis set, e(8)=[0 & 0 ) (5)
RutKmax: WhereK,,.x is the largest reciprocal space wave 0 0 (1+8)2-1
vector in the basis set. Converged results are achieved with a
12X 12x 12 speciak-point mesht® yielding 114k points in  The corresponding energy change is
the irreducible wedge of the Brillouin zone for the hcp lat-
tice, and up to 468& points for the monoclinic lattice used in E(8)=E(0)+CgV5°+0(5%). (6)

eIastlc_ constants cglculanons. The numbek @bints m_thg In the expressions fd€s, K, andR, C;; andCy, occur only
full Brillouin zone is well above the convergence criterion

for elastic constant calculations established by Fasl2® 25 @ SUm. To separate these constants we determine their
The size of the basis set is given By 1K max=9.0, yielding difference, C,;~ C1,=2Cqq by applying an orthorhombic

158 to 311 basis functions, depending on volume. Carefu?tram’ space grougmem For the strained lattice we use the

convergence tests show that with these parameters relati\F\év0 atom primitive unit cefl, with the atoms in the Wyckoff

energies are converged to better than 0.1 mRy/atom, mag_osmon 4, coordinatesy, —y,1/4). The strain is
netic moments to better than 0.Qbg/atom, andc/a to 5 0 0
within 0.025.

)

In terms of the elastic constants,

g(®)=(0 -8 0 , W)
_ 0 0 6816
Elastic constants

We calculate the elastic constants as the second deriv!ae-adlng to a change in total energy:

tives of the internal energy with respect to the strain tensor E(8)=E(0)+2CV 8%+ 0(8%. @)
(g). We choose the applied strains to be isochvimume

conserving which has several important consequences: Firstln the unstrained lattice the atomic coordinate is1/3, but
we assure the identity of our calculated elastic constants witlaries under straiff We relax our calculations with respect
the stress-strain coefficients, which are appropriate for théo this internal degree of freedom.

calculation of elastic wave velocities; this identity is non- To determineC,, we use a monoclinic strain, space group
trivial for finite applied pressuré Second, the total en- C2/m. The atomic positions in the two atom primitive unit
ergy depends on the volume much more strongly than owgell are (1/6,5/6,1/4). The strain applied
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FIG. 1. Magnetic moment per atom within the muffin-tin sphere
for the two antiferromagnetic states of iron considered here and the 150

ferromagnetic moment for cobalt as a function of volume. o
0]
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e(8)=|0 &(1-6% 0 (9) § 50
é 0 0
0
results in an energy change
E(8)=E(0)+2C,V82+0(6Y). (10
The equilibrium positions of the atoms are unaffected by this 200
strain and do not need to be redetermifd.
While for Cgg and Cy, the leading error term is of the 150
order &%, for Cgiit is of third order iné. It is therefore crucial o
to include positive and negative strains in the calculation for 8 100
Cs. The strain amplitudes applied are typically nine values 2
of & covering=4% for Cg; for Cgg andCy4, seven values Q 50
of § ranging to 6% are applied. The elastic constants are then a
given by the quadratic coefficient of polynomial fits to the 0
total energy results; the order of the polynomial fit is deter-
mined by a method outlined by Mei. L TsaT
From the full elastic constant tensor we can determine the 80 90 100 110
shear modulug:. according to the Voigt-Reuss-Hill scheffie Volume (Bohr®)

and hence the isotropically averaged aggregate velocities for

compressionall(p) and shear waves() FIG. 2. Equations of state for the hcp metals considered. The

upper panel compares the GGA nonmagné&iid line) with the

] 4 s afmll structure(dotted ling for iron; Static experimental data is
Up™ (K+3m)lp,  vs=ulp, (12) from Ref. 8(open circlesand Ref. Kfilled circles. The lower two
with p the density. figures show the equations of state for ferromagnetic cobalt and

More generally, the acoustic velocities are related to thdlonmagnetic rhenium, GGA results are shown in solid, LDA in
elastic constants by the Christoffel equation dashed curves. The static experimental data for cobalt are from Ref.

12, for rhenium statid¢open circley and reduced shock wave data
(Cijunjnk—M 6;)u; =0, (120  (filled circles are from Ref. 7 and Ref. 48, respectively.

where Cyjy is the fourth rank tensor description of elastic \\a,e solving the Cristoffel equation for the hexagonal lat-

constantsp is the propagation directiony the polarization  yice one can calculate the anisotropy of the compressional
vector, M= pv? is the modulus of propagation and the (P) wave as

velocity.
The acoustic anisotropy can be described as

_ Mi[nx]
M;[100]"
where n, is the extremal propagation direction other thanFor the shear waves the wave polarized perpendicular to the

[100] andi is the index for the three types of elastic wavesbasal plane $1) and the one polarized in the basal plane
(one longitudinal and the two polarizations of the shear(S2) have the anisotropies

Apzc—ll. (14)

A 13
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TABLE I. Equation-of-state parameters from a third-order finite Eulerian strain expansion of the energy-
volume relation for the hcp transition metaldg, K, are the zero pressure volume and bulk modulus,
respectively;K, the pressure derivative of the bulk modulus. For experimental values the bulk modulus is
calculated from the elastic constants at ambient pressure.

Eo Vo Ko Ko
(Ry/atom (Bohr) (GPa
Fe expt(Ref. 9 75.4 165 5.3
LDA nm —2541.1046 64.7 344 4.4
GGA nm —2545.6188 69.0 292 4.4
GGA afml —2545.6195 70.5 210 55
GGA afmll —2545.6212 71.2 209 5.2
LMTO GGA (Ref. 29 65.5 340
Co expt(Ref. 13 74.9 190 3.0
LDA fm —2782.1081 68.0 255 4.0
GGA fm —2786.7364 73.6 212 4.2
LCAO GGA (Ref. 27 76.2 214
LMTO LDA (Ref. 26 —2782.173 71.1 276
Re expt(Ref. 49 and 1B 99.3 365
LDA nm —33416.1921 98.2 382 3.9
GGA nm —33436.2502 103.0 344 3.9
LMTO LDA (Ref. 28 98.8 447
C11+C33—2Cy3 Cu The other structure, afmll, possesses a magnetic moment
ASl:T’ 5220—66- (15  well into the stable pressure regime of hcp iron, up~td0

GPa(Fig. 1). Because of frustration on the triangular lattice,
While for S2 andP waves the extremum occurs along the it is possible that more complex spin arrangements such as
axis, forS1 it is at an angle of 45° from theaxis in thea-c ~ incommensurate spin waves as for fcc ftdar a spin glass
plane. We note that an additional extremum may occur folre still more energetically favorable than afmll.
the compressional wave propagation at intermediate direc- Diamond anvil cellin situ Mossbauer measurements of
tions depending on the values of the elastic constants.  hcp irorf* have shown no evidence of magnetism in the hcp
phase. The low antiferromagnetic moment we calculate in
the stable hcp regime and the significant hysteresis of the
bce-hep transitioft might explain that no magnetism in hcp
Magnetism iron has been detected in the high pressuresshhauer ex-

We find a stable ferromagnetic state only in cobalt. It isPperiment. In this context it may be relevant that indirect evi-

stabilized over a wide volume range with the magnitude ofdence for magnetism exists at low pressure. Epitaxially

the moment decreasing with pressure in agreement with pr(grown iron-ruthenium superlattices have shown magnetism

vious theoretical results on the pressure dependence of magcct"ng in hep o multilayer§: its character, however, is
netic moment& in other transition metals. Only at the small- Stll controversiaf™
est volume considere(50 BohP, 180 GPa is the moment
vanishingly small(Fig. 1). LDA and GGA yield consistent
results and predict a zero pressure magnetic moment of 1.55
wg, in excellent agreement with experimeit58 ug).>° For all materials studied thefa ratio agrees with experi-

In the case of hcp iron, we also investigate two antiferro-mental data to within 2% and is essentially independent of
magnetic states. The first consists of atomic layers of oppoghe exchange correlation potenti@GA or LDA). Equilib-
ing spin perpendicular to the axis (afml). The other ar- rium c/a ratios for iron range from 1.58 at zero pressure to
ranges the planes of opposite spins normal to [theQ] 1.595 at 320 GPa. This is consistent with experimental
direction in the hcp lattice; this can be described by themeasuremenis in the range of 15-300 GPa, which have
orthorhombic representation of the hcp unit ¢sppace group  shown considerable scatter. For cobalt the zero presdare
Pmma3 with spin up in the (1/4,0,1/3) and spin down in the ratio is calculated as 1.615, increasing to 1.62 at a pressure of
(1/4,1/2,5/6) positionafmll). We find that both structures almost 200 GPa. The zero pressafa is slightly lower than
are more stable than the non-spin-polarized state and thétte experimental value of 1.638.Diamond anvil cell ex-
afmll is energetically favored over afml. For both antiferro- periments have found a higher valuea#f, as much as the
magnetic states the moment is strongly pressure dependeideal value(1.633,'? this discrepancy might be due to the
For afml it vanishes at volumes larger th¥g (Fig. 1), in  coexistence of hcp and metastable fcc cobalt in the polycrys-
excellent agreement with results of Asada and Terafra. talline samplé? The c/a ratio for rhenium(1.615 does not

lll. RESULTS

c/a ratios
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change over the whole pressure range studied—and is in
good agreement with experimental reslts613. : : : :

2500
Equation of state E 2000
For the equation of state of rhenium, LDA shows better e
agreement with experimental data than does GEH. 2, é 1500
Table ). GGA overestimates the zero pressure volume and 3
softens the bulk modulus, supporting a general pattern seen E
in prior density functional calculations using GGA for other 2 1000
5d metals**® Including spin-orbit coupling in the calcula- u co0

tion has little effect on the equation of state parameters, re-
sulting in less than 1% change in the zero pressure volume
and 2% in the bulk modulus. For cobalt, as for othel 3

metals GGA is superior to LDA and reproduces the experi- 600
mental equation-of-state to within 2% in volume and 10% in

bulk modulus(Fig. 2, Table J. g 500
The discrepancy in the equation-of-state parameters of Tg’ 400
hcp iron between non-spin-polarized calculations and experi- 3
ment is significantly larger than for the other two metals € 300
studied heréTable ) or other transition metaf§:*¢The zero e
pressure volume is underestimated 8%, and the zero S 200
pressure bulk modulus is too stiff by 75¢%able |). Espe-
cially at low pressure the nonmagnetic equation of state de- 100
viates considerably from experimental values, while at high
pressure the agreement is very gaéiy. 2). The stabiliza- 1200
tion of antiferromagnetic states at low pressure can account
for some of the discrepancy. For afmll magnetism persists to = 1000
volumes smaller thaW, resulting in a larger zero pressure &
volume, reducing the difference with experiment to 5%, and § 800
lowering the bulk modulus considerab(iffable |). This is 3
still larger than the difference W, for cobalt and for cubic S 600
iron phases € 3%) 2%2*We attribute the remaining discrep- 2
ancy between low pressure experimental data and the afmil @ 400

equation of statéFig. 2) to the approximations in GGA and 200 L5
the possible stabilization of more complex spin arrangements

I | M
than those considered here. 85 90 95 100
Volume (Bohr®)

Elasticity

The agreement of the calculated elastic constants for co- FIG. 3. The elastic constants of hcp iron from our calculations
balt and rhenium with zero pressure experimental redifs  are shown in the upper figure. The lines are Eulerian finite strain fits
is excellent with a root mean square error of better than 2 the theoretical results at 45, 50, and 60 Bolwolid (GGA),

N ._fdashedLDA). Lattice strain experiments from Refs. 10 and 11 are
GPa for both metals and both exchange-correlation potentlag%own by the open symbolsCy; (O), Cas (A), Cip (V).

(Fig. 3, Tables Il and I). The .|n|t|a.1I pressure derivative of Cus (0), andCy, (00). In the middle panel elastic constants for

the elastic C(_)nstant_s for rhenium is also well reproduced b¥|cp cobalt are shown as a function of volume. The curve is again a

the Cal_culatlons (_F'g' _3)' LDA and GGA exchange- i (o the calculations at 65, 70, and 75 BOhGGA is shown in

correlation potentials give almost equally good agreementyjig DA in dashed lines. At the zero pressure volume they are

the minor differences arising primarily from differences in compared to ultrasonic experiments from Ref.(filled symbols as

the bulk modulugTables I, II, and I1). above. The lower figure shows the equivalent for rhenium with
Our elastic constant calculations for rhenium and iron docalculations at 85, 93, and 100 B8hiThe thick dotted lines indi-

not agree with the results of lattice strain experimef¥ig.  cate the initial pressure derivatives as determined from ultrasonic

3, Tables Il and IV. For rhenium the overall agreement measurement®Ref. 15. For lattice strain experiments from Ref. 16

between these experiments and our elastic constants is bettgren symbols are used again.

than for iron.C,; andC,, agree well over the pressure range

of the experiments, while the other longituding) and  Bohr (~50 GPa and-200 GPa, respectivelare larger by

off-diagonal constant(,3) differ significantly(Fig. 3, Table approximately 50%. This is partly related to the overesti-

[11)). The shear elastic modulu€{,) shows the largest dis- mated bulk modulus in the calculations. The largest discrep-

crepancy of all elastic constanffctor of 1.5. For iron the ancy, as in the case of rhenium, occurs in the shear elastic

results of the lattice strain experiments and our calculationsonstants C,, andCgg).

are in reasonable agreement for the off-diagonal constants Aggregate properties such as the bulk and shear modulus,

only. The longitudinal moduli we obtain at 60 BSrand 50  and the compressional and shear wave velocity are in some-
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TABLE II. Elastic constants of hcp cobalt from theof6GA, LDA) and experimentcesz%(cll
—C,,) is added for comparison witB,,.

Volume Cuy Csys Ci Cis Cus Ces
(Bohr) (GPa (GPa (GPa (GPa (GPa (GPa
Ultrasonic Experiment0 GPa (Ref. 13

74.9 306 357 165 102 75 71
GGA

75.0 325 365 165 105 90 80

70.0 440 485 210 140 125 115

65.0 580 640 290 195 160 145
LDA

75.0 295 340 135 85 95 80

70.0 390 440 170 115 125 110

65.0 515 575 245 175 160 135

PRB 60

what better agreement between the theoretical results and the IV. DISCUSSION
lattice strain experiment for both rhenium and irgfigs. 4

and 5. For rhenium, theory and experiment differ by less . " ) ;
than 515% in bulk and shegr modul(%ig. 4). For iron i/he similar for all three metals studied here. The magnitude of

discrepancy is considerable at intermediate pressure but bH1€ anisotropy is 18 2% for the longitudinal anisotropy and
comes smaller with increasing pressure, as already seen férst: @nd 30=3% for As, and is nearly independent of pres-
the equation of statéFigs. 2 and 5 At ~200 GPa the dif- sure(Fig. 6). This is consistent with the experimentally ob-
ference in bulk modulus between GGA and experiment iserved behavior of other hcp transition metals, all of
less than 5% and the elastic wave velocities differ0%. Which—except for the filled d-shell metals zinc and
The shear modulus differs by 25% even at high pressure. cadmium—show anisotropy of similar magnitugfég. 6).

For iron the comparison with previous theoretical results These results can be understood by comparison to a hcp
gives a more coherent picture. While the longitudinal elasticcrystal interacting with central nearest-neighbor forces
constants from our calculations are larger by 10—20 % com¢CNNF).*” For this model the elastic anisotropy is indepen-
pared to TB(Ref. 29 and FP-LMTO resulé (Table 1V), dent of the interatomic potential to lowest orderRiC,,
the elastic anisotropy is similar: the pairs of longitudinal, hence the anisotropy is dependent on the symmetry of the
shear, and off-diagonal elastic moduli display similar valuescrystal only. Born and Huaff§ have shown that from this
For the TB study this is true over the whole pressure rang€NNF model the elastic constants scale as 32:29:11:8:8 for
considered, for the FP-LMTO calculations only at low pres-C353:C11:C15:C43:Cy44, Vielding Ap=32/29, A5;=8/9, and
sure; the ratio of the off-diagonal constantS8.4/C13) is  Ag=45/32(Fig. 6).
strongly pressure dependent in that study, varying from 0.9 The experimentally determined elastic anisotropies of rhe-
at zero pressure to 0.6 at 400 GPa. nium and hcp iron at high pressure from lattice-strain mea-

We find that the elastic anisotropiqgs.(14) and(15)] is

TABLE lll. Elastic constants of hcp rhenium from theofgresent work: GGA, LDA and experiment.
Ces= %(Cll— C,,) is added for comparison wit€,,.

Volume Cyy (o Cy Cis Cu Ces
(Bohr®) (GPa (GPa (GPa (GPa (GPa (GPa
Ultrasonic Experiment0 GPa (Ref. 19
99.3 616 683 273 206 161 172
Lattice Strain Experimen{26.5 GPa (Ref. 16

935 76Q65) 735165 370(40) 35550) 320(60) 19560)
GGA

100.0 640 695 280 220 170 180

93.0 815 900 385 300 205 215

85.0 1075 1200 555 435 265 260
LDA

100.0 605 650 235 195 175 185

93.0 780 855 350 280 200 215

85.0 1040 1150 510 400 250 265

FP-LMTO LDA (Ref. 28
98.7 837 895 293 217 223 272
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TABLE IV. Elastic constants for nonmagnetic hcp Fe under compregpi@sent work: GGA, LDA; the
pressure range covered corresponds to approximately 50 GPa to 350 GPa, almost the pressure in the Earth’s
center. For comparison results of other studies-80 BohF are includedCgs= %(Cll— C1») is added for
comparison withCy,.

(Bohr®) (GPa (GP3 (GPa (GP3 (GPa (GPa
Lattice Strain Experimentc0 GPa (Ref. 10
60 64055 650(85) 30055) 25540) 42025 17055
GGA
60 930 1010 320 295 260 305
50 1675 1835 735 645 415 475
45 2320 2545 1140 975 400 590
LDA
60 860 950 280 260 235 290
50 1560 1740 720 595 415 420
45 2210 2435 1090 915 535 560
Tight-Binding (Ref. 29
60 845 900 350 340 235 245
FP-LMTO GGA (Ref. 24
60 870 810 255 320 235 310
14 [ T T T T 1 T T ]
8 _I T T T T T T T T T ] - 12 F
(7] - .
— € e S
E7 o Re b i 10 + dp(@g@ Ve 4
= V, ] O
Z @ F _ S gL %0 _
-gG ' CQGQ g 8 §6
2 e g 5L ]
a5 ) — 200 o ® v,
‘g’) *g 4 K= OOdD |
2al i < @90 4
[=)]
g 2 ]
3
1600 F T T T T T T T ]
700 = 1400 + x@?‘-
©
(2 - a
= 600 S 1200
& 2 1000 | K .
€ 500 2
t_g § 800 on R
8 400 e 600F & .
p= 9 @)
% 300 w400 éﬁp dﬁ@g@ [ i
[ ]
© 200 Mo 200 -
Lu 200 éIp 1 1 1 I3 1 1
50 100 150 200 250 300 35
0068 o v v v T Pressure (GPa)

0 10 20 30 40 50 60 70 80 9

Pressure (GPa)
FIG. 5. Bulk properties for hcp iron in comparison to experi-

FIG. 4. Isotropic properties for hcp rhenium in comparison to ments and Earth’s inner core. The lower panel shows the tlk
experiments. The lower panel shows the bk and shear modu- and shear modulusu) of our calculationgGGA) in solid lines.
lus (u) of our calculations(GGA) in solid lines. The ultrasonic Diamond anvil cell experimental results are from Refs. @) @nd
experiments at ambient condition from Ref. 15 are shown in filled11 (O andd, denoting two different approachedltrasonic mea-
circles with the initial pressure dependence in thick dotted linessurements in a multianvil experimend() are from Ref. 11 as well.
Lattice strain experiments from Ref. 16 are shown in open symbolsThe crosses display seismic observations of the inner core. The
The upper panel uses the same symbols as the lower one for thewer figure uses the same symbols as the upper one for the com-
compressionaly,) and shear wave velocity(). pressional ¢,) and shear wave velocity().
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T ' in the high pressure experiments as compared with all other

" relevant results. We suggest that this discrepancy may arise

qal______ N from assumptions made in the data analysis. In particular, the
® e &4 a onnr assumption that the state of stress on all crystallographic
L ° planes is identical’ This condition may not be satisfied in a

S
.

material undergoing anisotropic deformatiga.g., domi-

nated by basal slip behavior that is observed for many hcp

_ transition metals.

Theory shows much better agreement with lattice-strain
= experiments in terms of the isotropically averaged moduli.

i o e e B Even so, the agreement in the case of rhenium is much better

than for iron.

.
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Shear Anisotropy (C,,+C;,—2C,,):C,,

25 - ] b
Q21 . V. CONCLUSIONS
(&)
§ 1.7 | . The equations of state and the elastic constant tensor at
§ zero pressure and under compression for two ambient condi-
g 13 i tion hcp transition metals, cobalt and rhenium, and for the
5 P < o e ¥ CNNF high pressure phase of iron, hcp, are calculated by means of
S5 e /i B 1 the first-principles LAPW method. We find a ferromagnetic

ground state for cobalt and an antiferromagnetic one for iron,
with the antiferromagnetic moment vanishing at 60 Bohr
The equations of state for the metals are in good agreement
with experiment, as are the elastic constants and pressure
KA . derivatives of the elastic constants for cobalt and rhenium at
e ® O’%’ .
CNNF | ambient pressure.

Elastic constants for iron under high pressure as inferred
- from lattice-strain experiments differ significantly from our
e theoretical results. Similarly large discrepancies are also
N found between theory and high pressure static experiments

N

_. _.
o (M)
T T

[ ]
]
1

Longitudonal Anisotropy C,;:C,,
o
©
T

0.6 - = i on rhenium. The lattice-strain experiments also lead to large

> & T o ® values of the shear anisotropy that differ from that of all
0414 = £ Lo o other open shell hcp transition metals. Given the excellent
2 3 4586 7 8 9 10 agreement of the theoretical elastic constants for cobalt and
Number of d—electrons rhenium with experiment at zero pressure, we suggest that a

re-examination of the lattice-strain experiments for rhenium
FIG. 6. As a measure of anisotropy the elastic constant ratiognd iron is warranted.

C11/C33, (Cq1+Cg33—2C19)/4Cy,, and Cyy/Cqg, Which govern
the compressionalXp) and shear wave anisotrop §; andAg,,
respectively of the single crystal, are shown as a function of the
number ofd electrons. The upper figure shows the shear elastic
anisotropyAs;, the middleAs,, and the lower the ratio of the  \we greatly appreciate helpful discussions with Tom
longitudinal elastic constantsp . For all transition metals crystal-  pyffy, Rus Hemley, Dave Mao, and Per@&olind. The work
lizing in the hcp phase filled circles are used. The dashed lines shoyy5¢ supported by the National Science Foundation under
the CNNF model predictions. High pressure lattice strain results foCrant No. EAR-9614790, and by the Academic Strategic
iron from Ref. 10 and for rhenium from Ref. 16 are displayed with Alliances Program of the Accelerated Strategic Computing
gray squares. Our results are the open diamonds with the Pressuie-tive (ASCI/ASAP) under subcontract No. B341492 of
dependence shown in solid lines connected to the symbols. DOE Contract No. W-7405-ENG-46REC). Computations
surements differ substantially from our theoretical predic-were performed on the SGI Origin 2000 at the Department of
tions, previous theoretical calculations, the behavior of allGeological Sciences at the University of Michigan and the
other hcp transition metals, and the simple CNNF modelCray J90/16-4069 at the Geophysical Laboratory, support by
(Fig. 6). The shear anisotropy in particular is very different NSF Grant No. EAR-9304624 and the Keck Foundation.
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