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Effect of yttrium addition on mechanical properties of magnesium crystals:
An atomistic study

Kazuki Matsubara
ABSTRACT

Magnesium (Mg) has received increasing attention as promising candidates for next-generation
lightweight structural materials; however, the low strength and poor plastic workability of Mg
compared with other metals are identified as critical drawbacks for technical applications. Thus,
the improvement of strength and ductility via alloying gorcheat treatment is essential for the
use of Mg for a wide range of industrial applications as structural materials. Recently, it was re-
ported that the addition of yttrium (Y) to the Mg alloys led to a well-balanced work hardening;
the ductility was distinctively improved at room temperature while maintaining comparable
strength in the Mg-Y alloy. Interestingly, it was experimentally observed that a quite small
amount of Y (even less than 1 at.%) has a remarkatiecteon the deformation behavior in
Mg-Y binary alloys. It suggests that understanding the details of the mechanism responsible
for the dramatic changes in the deformation behavior of Mg-Y alloys may provide an insight
into new possibilities for developingdtective and #icient processing techniques that enable the
achievement of excellent mechanical properties of Mg-based alloys. In this thesis, the author
investigated theféect of Y addition on the mechanical properties of Mg using atomistic sim-
ulations, such as molecular dynamics (MD) and first-principles (FP) calculations, and clarified
the underlying mechanisms of strengthening at an atomic level in both concentrated and dilute
Mg-Y alloys.

First, the formation mechanism of nanosized Y precipitate phases (@lfthses), which
exhibit characteristic periodic arrays of Y-rich zigzag-shaped atomic clusters at regular intervals
of 1.1 nm, was investigated to understand their precipitation-hardefiiact en the matrix in
concentrated Mg-Y alloys. The interaction energies between Y clusters at various distances
were gquantitatively evaluated using FP calculations based on density functional theory. A weak
but distinct interaction between the clusters was observed and found to be caused by the inter-
play between attractive chemical interactions and repulsive relaxation energies. This interplay
determines the energetically favorable structure of the cluster arrangements, and these struc-
tures are consistent with the experimental observations. It was suggested that the long-range
intercluster interactions dominate the alignment of Y clusters, which leads to the formation of
B’ precipitates in the Mg matrix, followed by the short-range clustering of Y atoms.

Second, the nature of the interactions betwgeype stacking faults (SFs) and dislocations
was investigated to understand the role;e8Fs in the non-basal deformation behavior of dilute
Mg-Y alloys. This was because it has been suggested that8feslformed via the Y addition
to Mg may work as the nucleation source of the non-basal dislocations, which serve as impor-
tant deformation modes to improve the workability. The atomic models of pure Mg including
an h-SF were deformed using MD calculations with multi-body interatomic potentials. The
characteristic dissociation reaction was observed at both ends of-8f¢ ivhere the partial
dislocations on the pyramidal plane, Shockley partial dislocations on the basal plane, and stair-
rod dislocations were nucleated. Instead of the activation of the non-basal dislocitiis,
twins were nucleated in the early stage of the reaction and steadily grown as the applied stress



was increased. It was suggested that tR8HF was not likely to work as the nucleation source

of “multiple” (c + a) dislocations, but as the reactive lattice defect to assist and accommodate

the c-axis deformation. Besides, the deformation-induced twin boundaries were found to act as
obstacles for dislocation movement on the basal planes in the Mg matrix, which results in the

improvement of the strength of Mg.

In addition, a numerical framework for evaluating the free energies of Mg-based systems at
finite temperatures was constructed based on the quasi-harmonic approximation (QHA) using
FP density functional theory calculations. To consider the structural anisotropy of a Mg single
crystal, two individual structural parameters were introduced into the QHA scheme so that static
total energy and lattice vibration frequencies of the system were numerically described by the
approximate polynomials as a function of the lattice parameteasdc. It was found that
the proposed approach successfully reproduced the thermal expansion behavior of Mg over the
wide temperature range by adopting the second- and higher-order polynomial to describe the
lattice vibration, in a manner consistent with the experimental measurements. The nonlinear
dependence of the lattice vibration frequencies on the axial strain was suggested to play an
important role in understanding the thermal expansion anisotropy due to the anharmonicity in
the interatomic interactions.
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Fig. 1.1: Schematic diagram of the relationship between the strength and ductility of materials.
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Fig. 1.2: Schematic of (a) the structure and (b) the slip and twin systems of a hcp crystal.
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Fig. 3.1: Schematic of the arrangements of zigzag-shaped clusters with an intercluster distance
d and a zigzag phasg (a) in-phase (IP) and (b) anti-phase (AP) patterns. Each cluster is
formed from the Y-Y pairs at the second-nearest neighbor (2NN) positions, represented by the
bars between the Y atoms. Ordinarily aligned clusters are shown in red and inverted (half-cycle
shifted) ones in yellow.
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Table 3.1: Arrangements of zigzag clusters in the hcp Mg-Y system used for DFT calculations.
Each arrangement is defined by an intercluster distathcand a zigzag phase,= IP or AP.
Models with superscripts (a)—(f) correspond to the arrangements (a)—(f) in FigNg, Befers

to the number of solute clusters in the 128-atom supercell.

Composition #atoms Distance Phase # clusters
Mg Ny d ¢ Ncls

MgsY 96 32 \/éaMg IP, AP@ 16

Mg7Y 112 16 2\/§aMg IP®),  AP© 8

MgisY 120 8 4V3ay, IPO@, AP® 4

Mgz Y 124 4 8V3awgs IP, AP 2

MgesY 126 2 16V3ay, PO 1
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Fig. 3.2: Periodic supercell models for the zigzag-cluster arrangements at intercluster distances
ranging from \/§aMg to 16\/§aMg. Gray and red spheres represent Mg and Y atoms, respec-
tively. The arrangements (a)—(f) correspond to the cases labeled in Table 3.1 with the same
characters. The dashed rectangle in (a) shows the 128-atom supercell used in the DFT calcula-
tions.
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Table 3.2: Formation energieEg:{ for the p’-like cluster arrangements with an in-phase (IP)
and anti-phase (AP) pattern at an intercluster distancdrmthe Mg-Y system.

Distance E: (eV/solute atom)
PW91 PBE

d p=IP ¢p=AP ¢=IP ¢=AP

\/:_%aMg — -0.356

2V3ay, -0379 -0395 -0371 -0.388
4V3ayy, -0.387 -0.367

8V3ay, -0.377 -0.373

16V3ayy, -0.366 ~—  -0.363
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Fig. 3.3: Local displacements of atomic layers from the ideal hcp geometry alonﬁjtﬁ@][
direction, obtained for the cluster arrangementd at8 \/:_%aMg (open symbols) and 1¢§aMg
(solid squares).
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Fig. 3.4: Intercluster interaction energy as a function of distance between the zigzag clusters
with an in-phase (IP) and anti-phase (AP) pattern. Plots (a)—(f) correspond to the arrangements
(a)—(f) in Fig. 3.2.
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Fig. 3.5: Intercluster interactions decomposed into the relaxationEpast (open symbols)
and chemical parEnem (solid symbols) as a function of intercluster distance for in-phase (IP;
triangles) and anti-phase (AP; inverted triangles) patterns.
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Fig. 3.6: Atomic configurations (upper panels) and isosurfacesftdrdnce charge densities

(lower panels) of unrelaxed zigzag cluster arrangements projected on the (0001) plane: (a)
(d.¢) = (4V3awg, AP), (b) [, ¢) = (4V3aug, IP), (¢) @ ¢) = (2V3awg, AP), and (d) ¢, ¢)

= (2 \/§aMg, IP). Gray and red spheres indicate Mg and Y atoms, respectively, while only Y
atoms are displayed as spheres in the isosurfaces. Red and blue surfaces represent positive and
negative densities (i.e., 0.0001 anr@.0001), respectively, based on the reference state of an
isolated cluster system.
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Fig. 3.7: Total densities of state per unit volume for the cluster arrangemenhts hﬁ\/C_%aMg,
4\/§aMg, and 2\/§aMg with the Fermi level defined at O eV.
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Fig. 3.8: Partial densities of state for the Y atoms (per atom) in the cluster arrangemegts at
16V3ayg, 4V3ayy, and 2V3ay, with the Fermi level defined at 0 eV.
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Fig. 3.9: Local densities of state for the Mg atoms in the cluster arrangem@isrﬁ\/’f%aMg,
4\/§aMg, and 2\/§aMg: (a) Schematic of two types of sites for Mg atoms, i.e., adjacent to the
Y clusters and in the middle of two neighboring clusters in the matrix, which are labeled “A’
and “M”, respectively. (b, c) Local densities of state for the Mg atoms (per atom) at the (b) A
and (c) M sites. The results for pure Mg are also shown for comparison. The horizontal axis
indicates the energy relative to the Fermi energy.
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Fig. 4.1. (a) Schematic of analytical model containing atype stacking fault (SF) and (b,c)
its atomic arrangement.
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Table 4.1: Critical shear stress (CSS) along thép]jl:iirection on the basal plane.

Potential-type CSSatl K (MPa) CSS at300K (MPa)
Sun 380 330
Wu 950 330
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(a) s=0 MPa, t=0 ps (relaxed) (1122} {1121}
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s=380 MPa s=400 MPa s=450 MPa
t=388 =

Fig. 4.2: (a) Atomic structure of Mg crystal with-BF and (b) the MD results of the transfor-
mation process of}SF region for the potential of Stet al. at 1 K.
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s=470 MPa
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s=480 MPa
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t=482 ps t=484 ps t=490 ps

Fig. 4.3: MD results of the nucleation process{bifl} twins for the potential of Suet al. at
1K.
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s=100 MPa s=200 MPa s=300 MPa

s=330 MPa s=340 MPa s=360 MPa
t=335 ps t=340 ps t=360 ps

Fig. 4.4: (a) Atomic structure of Mg crystal with-SF and (b) the MD results of the transfor-
mation process ofi}SF region for the potential of Siet al. at 300 K.
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Fig. 4.5: MD results of the nucleation process{bﬁl} twins for the potential of Suet al. at
300 K.
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Fig. 4.6: (a) Atomic structure of Mg crystal with-5SF, and the MD_resuIts of (b) the transfor-
mation process of}SF region and (c) the nucleation proces$id?1} twins for the potential
of Wuet al at 1 K.
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Fig. 4.7: (a) Atomic structure of Mg crystal with-SF and (b) the MD results of the transfor-
mation process of}SF region for the potential of Wet al. at 300 K.
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Fig. 4.8: MD results of the nucleation process bf21} twins for the potential of Wiet al. at
300 K.
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(a) Sun potential (b) Wu potential
Process (i)

LIOLUULGL

(1121}

Process (iii)

300 K

Fig. 4.9: Atomic structures during the processes of (i) the transformati0ﬁ§iF Iregion, (ii)
the activation of the partial dislocation on theSF, and (iii) the nucleation ¢fL121} twins from
the 1;-SF region obtained from the (a) Sun’s potential and (b) Wu'’s potential, respectively.
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(d) Twin plane

Matrix

Fig. 4.11: (a) Atomic structure of tHa 121} twin nucleated from thetSF region. (b) The same
atomic structure visualized using the atomic coordination number coloring. (c, d) The stacking
sequence on basal plane for both the matrix and the twin. The atomic layers parallel to (g) the
(1122} pyramidal Il plane and (h) thgl 121} plane are colored according to the location (depth)

of atoms, based on the units shown in (e) and (f), respectively.
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Fig. 4.13: Interaction between th&121} twin and basala) dislocations at 1 K; (a) the pinning
of (a) dislocation in the vicinity of the twin boundary; (b) the unpinning and penetratigayof
dislocation into the twin region; (c) the entire modet at 70 ps.
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Fig. 4.14: Interaction between tl{ﬁalfl} twin and basa{a) dislocations at 300 K.
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(a) Isolated solute atom (b) Twin boundary

>

and
o

>

= 5 >

Matrix Matrix

Fig. 4.15: Schematic image of thé&ect of (a) isolated solute atoms and (b) twin boundaries on
the motion of{(a) dislocations.

YDDDDDDDDIl-SFDDDDDDD{1151}DDDDDDDDDDDDDDDDD
gobbodbboobooobuoobboobbooobooboboobbooboon
gbuggbbogobuodgboobobogbuoobboobuooboobobooboon
0000000000000 000000000O00DODO00D0D0 AM4000opbgo
00000000000 0O0O0OO0OO0O00O00O00415pUboob0o0oooooooo
OO000000C0C0O0000O0OO000D00DOObO000DOOO0OOnDOg 4.15(po0
googbobooooboobobooboobbooboobboobbooooboon
DoooobobdobdMeg-YUODUODODODOOOOooOoooooboboboboobo
goo

Mg—YDDDDDD|1-SFDDDDDD{1151}DDDDDDDDDDDDDDDDDD
gboodgboobboobuooboobboobuooboobbogboooboboon
0 [25,56,141) 0000000000000 00000ODO0O0O0O0DODO0ODO0O0O
gooboboobobobbbboobotobodddggooooooooooooooobn
oooboooooboboooobobuobooobobooobobooMgO g
gbbbuoooobbbuoobbbbooobbboooon

63



44 00O

O0Mg-YOOODOOOYOOOOOOOOOOOOODOOOOOOOOOOOOOO
0000000000000000000000000000LO00000SAO0
0000 MgOOOOOOOOO0OO0O0O00O0000 BurgersD J00O000([1120]00 0
000000000000 0000000000000000000{1122000000
(c+ay0 00000000000 (1230000000000000000000000
000000000 stairrodd 0000000 1,-SFOOD00O000000000000
ooooo

0000000@O001,-SFI00000 {(1123000000000000000
000000000000000000 pilv-up000000000000000000
0000000000LO00000000000000000 12300000000
00000000000 00000000000

64



050 UOoooooodod Mg OO
Joobotdbobobotddbood
oot

51 00O

gooboooooooooboooooooboboooooooobooooooooon
OO00000O0D000DO0DO00O0D0O00bO0DO00bO0OD0O00bOOnDOonDdanhar-
monicityl 0 00000000000 A0 000000noooooonoonoooon
guoddooooooooobooboooobooooononoooooonooon
Jooooooooooooooooooboooooooooooooonoooon
dobooooooooooooooooooooood

gooooooooooooobgoooobooooooooooonooooon
dodoooodooooooodooooobooooooooboogooooooooon
O00000000000000000000oo0o0ooooooooDOon [8gmon
Jo0oo0oooodooooodoooonoooooooonoooooooooooon
dodoooodooobooooooooooooooooooooooooooooon
0o00o0ooooooooooooooooooooooooooooooooon
doododooooooooooodoooooooooooooooooooooon
O0000000000000000QHA: Quasi-Harmonic Approximatian [155] O O
OO0000000000000O0 [87,156-16000 000000000000 OOO0O0O
oobobobboooobbbbboddoboddoooooobobbbbbooooo
0oo0ooooooooooooon

00000000000 QHADOOODDODOOODOOOODDODODOOOoDDOOOoOoDoDoOoO
gooooooudobdooooooobgooooboooooooonooon
Joodoooonooooooooodoooooodooooooooooooooon
goopobobbobboddoooouobbbbboddooooubbbobbouooo
000000000000 0000DLO000000 QHAODOOOoooDoOoooooono

65



goodbobobobodboobbbuodboobbooboobooobooboon
gbudgbbobobuodgboobbodboobboobooboobobooboon
googbobogbuodgbbogbuoobbbobuoobbooboobbooboon
gboooooaobo
oboooooooooooooMgOooooooooooooooonDgoD QHA
goobobobobbobooboobobbbbbbbbdddodooooooooooooDoo
OO0O00O0OO0OhepdODOOOOOMgOOOOODOOODOOODOOODDOOODOOO
OOoboooDoQHAOODUODOOOODUObOoOoboobooboDobboobooboooboOoo
gbodbboobbodbuooobobodboobboobodoboobobooboon
gboogbobodgbbbooobuoobbodgbbooboobbooooboooboon
gobboodoobobboooobooboooobobbuoooobbooo

52 00000
521 DOOOO0ODOOOO

OO0000OQHA[ISS| 0O O00DODO0DODOO0DOOU0DODOUODODOUDODODUODOODODOO
Oo00ooooboooobooobood FgueeOOOODOOOOOOODOOOODOO

Fora(lxit, T) = Ec(lxi}) + Fun({xi}. T) (5.1)
_ 1 hqu({/\/i})
Fun({xi}, T) = N ; B —
ke T hwqs(txi})
+I\B|_q Z In [1 - exp(——?(BT )] (5.2)

a.s
OO000e. 0000000000000 0DLO0O00DODOO000DOOO0DOOOR
000000000000 000000TOO000DOAODDOOOODDOOOKkDOO
O00000wqs0 000000 qO00000000 sOO000000000000Nq0
Doobooqgbobotod{ibobooboboooobobooboboobo
OoobooobooboboQHAODOODbODODbOUObDUoOobuoobOobDboobooDbo
goobobbbbbbbbobobbbbouotbuuduouooooouoooooooon
000 G2U000000000oo0oo00ooo0oooooo0ooDooooooo
gbooboogagd

OO00oO0opooOOoOoooboOooOooOMgOOO hepOOOODOOOODOOODODODOOO
0000000 Fig. 510 0000000000000 a000 cO0OD0O0OO0ODOFIg.5.1
OOO0000O0O000bDOO0 hepOO0OoDOOOOODOOOMgODODO 2000000

66



O00000 hep0 00000 O0DDOO0DO0OO0O0ODOODODOO0 20000000 a/a
OO0 cabi0bOobbOobbOOobbOOobOoOobOoOonDd

{xi} = {x1, x2} = {a/ao, c/a} (5.3)

0000ad00000000000000000000000MgOO00andn00nn
0T=0KOOOOOOOOOO000000(5.1)0000 (5.2000000000 Fguall
000000000000

Forallvw.x2h, T) = Ec(ly.x2}) + Fun(lx1. x2}1 T) (5.4)
1 hawqs(x1, x21)
Fvi Py ) T = N _
b(fx1, x2}, T) NG q§,s >
ksT hwqs(fx x2})
+—Nq g In [1 - exp(——kBT )] (5.5)

g.s

000000 (5.430 (5.5000 Fonallxwx2, T)IOOO0O0OMgOOOOO0O0O0O0O
00000000000

[0001]

N [1120] g -]
[2110] .\
1210] -

[

Fig. 5.1: Schematic of hexagonal close-packed lattice structure. Open spheres represent atoms
within the unit cell.

67



522 00O0OO0OOOO

0000000 FonaOUOOOO 00000000000 0000Fgvna0 OO0
00000 (00000000000 00000 000 wgsO0O00O0O000000
O0000000E. 000 wes0 0000000000000 0O00O0O0O0C0O0O000
gooobooboobobbbbbbbooboooouooduouoooooooooon
DoO00 {(xwoboboobobooboboobuobboybobooboboobo
00000 000 wes0 0000000000000 0O0O0C00O0O00O00OO0O0O0O00
Ooooooobobocoboboboooooobbo0ooobbooobooOobod0n FouahO O
O000000000000000000E. D000 wesO00000000000000
Ooooboooooobooooooodd FgpeOOOOOOOOOOOOODOOOO
Oo0o0o00o0ooooooooooo0ooooooooooooff Ec000 wgqsO
gboobuoogobbbuoooobobuoooobo

b0 0000000 b00ObO0OO0bO0ObDOObODODbO0ObDUODOO0ObDO EcODOOD
gboobooogg

3

2 2 2 2
A1 A As\3 As\3 As\3
E, = Ay + 2ot (ﬁ)—l Aﬂ—(ﬁ)—l 6—4(3) (5.6)
16 X1 X1 X1
A(x2) =Bio+Bi1-x2+B2-x5+Bs x3+Bia-xs (i=0,---,3) (5.7)

0 (5.6)0000 (5.7)0 000 Birch-Murnaghal 000000000000 O00000
00000000000000000000000000000000000000000
0000000000000, 0000000 y00000000000000000
000 (5.6)00000 y, 000000000000 A() 0000000000000
0000000 AOOOO(G7)00000008B,;0000000000000000
00000000 B;00000000EO0O00O000000000000000
D00w,000000000000000000000000 00000000 s
0000 w0 000000000000 y1.x,000000»700000000000
ooooo

wasikx2) = Cge+CF .y +CI xo
+C3q’s ,Xl .XZ + Cg,s 'Xi + Cg’s .Xg

+...+C|q_’i.)('{+clq’s.)(g (58)

68



OOobO0o0o0o0ooO0obO0o0ob0ooDoboboboooo 10020030 0boooooOoo
gbboboodobobbboooobbboooobbbuoan

w1 x2) Co®+C x1+CF% x2 (5.9)

w1 X2) w1 x2) +CF x1-x2 + C X+ CF° - x5 (5.10)

wgs,)s(Xl’ /\/2) = wgz,é(Xl’XZ)

+Ca% X% x2+CF° x1 x5+ Cg% xi +Cg° - v (5.11)

DoboboboogboooodgodoodgioooodondioooodiodidodiOdl wes
OboOooooooooobooooooboobooooooDoooc¥oooooooooooo
DO0000000 wesdOOOOO000000O0000000000000000000
gooboogoobboobbboooooboboooobooboboooobboboooon

523 DOU0OOO0ODOODOO

00000000000 000 “*Quantum Espresso”[161] 000000000000
O0000000000000000DFTO [A62100000000000000000
O0000O00D0ODFPT: Density Functional Perturbation Theonf163]|0 00 0000 O
000000000000 Perdew-Burke-Ermzerhndaf 0000000000 [124]000
O000000000000000 RRKIOOOO (64|00 0000000000 OO
OO000000000D0D0O0000D000 MgOOOOOOO hepOOOOOOoOOO
O000kOOOOOOODOO Monkhorst-Packl OO [125]|0 00000000000
OO00000000D000kOODOOOOO0ODO 16x16x120000000000000
O00000D000D00000000D00D0DO0000 462eMI34Ry0 000 3701eV
O0272Ry000000BrillouinD 00000000000 Marzari-VanderbilO O OO0 OO
OO0 16500000000 0544eV0004RYyI0O0OOODFTOODODOO DFPTO OO
0000000000000000000000000000 1.36x107eV0O10°8Ryd
D00 185x 100 eV2010 2RO OO D OO0OODFPTO OO OOODOOOODO
DO0000000000000000BrilounOOODODODODOG6Xx6x60000

Foo OO0O0DODO0ODO0ODO0OO0ODOOO0ODOOO0OOOO0OO0DOO0OO0DOO0ODOO0O0O0
00000000000 1ox1ox1000OOooOoooooooooomMgooooooon
0000 2000000000 100000 q0O0O000O0O0DODDO0OO0OODODO sOO
0000000000000 00o0ooObOo0000oooooooboOoo00oood e000
doooooooooooooooooo

69



ooy, y bbb oooobooboboobobooKooo
gbboodbbuobudobbaatdbcbogbbuooboboooobbuooboan
OO0D00000b0obobo0obobgadbdnbOo3112nnmI O 03271 nmI 0000 c/alb
D000 154600 16960 000000000000 OO YO O0DO0ODOOOOODOODO
O04900 vy 00000000DO0O0O00DO0O0ODLOO0DOOODO0ODO0OD E.ODO
D0 wesO0ddooodgoobodggooooobooodogoboodgoooodn
Ooboooobooboboooooboobooooo40oboobooboboboobogn
Oo000ooOoOoooc*ggooooooooooooooooeooooonooong
DO0D0000 yL,x 000 wes UOOOOOO0O000O0000000000O000000

524 JOOOOOOO

521000000000000 Feee0000000000000000000000
0000000000000000TOO0000000 aT)000¢T)0000000
0000000000 FounlyxT)0000000000000 ™T)000 x0N(T)
0000000000000000000000

X1(T) - a
x5"(T) - a(T) (5.12)

a(T)
c(T)

DO0O00D000000000 U000 e 000000 DOO0O0DO0O0ODO ToOODODO
OO0 aTo) 000 (Tp)DOoOooooooooooooooooooooooogooo

gboboooooboboboooobobodao

0 (a(T) —a(To)
5_T( a(To) )

9 (oT) - o(To)
oT C(To)
O0000000oKOOeOOKOOOOOOOOOOO10KOOOOOOOOOOOO

O000000O0O000DOO0000DOoO000ooDoO0oOoooDooOoOoD peslDboOO
Dooooooooooboboboooobobobobobobobobobobo
O00000000000 (13)y000D0o0oo0DobO0b0bo0ooOonn Tp=290K
gooodd

aa(T)

ae(T) (5.13)

53 DO00OOOoOoboo
531 0D0O0OOOODO

5230000000000 bOOoODFTOOOD DFPTOODOOO Mg ODODODO
OO0000b0o00oobobO0o0obO0obObO0obO0ooboOOooT=0KOO DFTODODODOOD

70



OoOOo0boodboba=03199nmI 0000 c/a=16210 000000000000
00000000 DFPTOOOOO0COO0O0000D0 wesOOOOO0OOOO0O0O0OOO
00000000000 000 Fg.5.2000000000000000000DODO0OO
OoooO0o00C0c0O0 [1er,le80 0000000000 oooooooooo
gbbobuoooobbbooooboboboooobbbuoooobbboooobn

8 T T T T T
SN s AN N /S <\ §
< o A K/
an @)
= ; ‘ 1
~ |
2
Q" 4L nil RN S .
) g - P
= A A
op
D)
S
= L9/ N\ /A _
Expt. (Squires) | o
Expt. (Iyengaretal.) 2
: : ‘ ‘ Calce.
0¢ i i ‘ i i
I M K [ A H K

Wave vector

Fig. 5.2: Phonon dispersion curves of hcp Mg at 0 K. The symbolg, K, A and H represent
special points in thereciprocal space, ilé= (0, 0, 0), M= (1/2, 0, 0), K= (1/3, /3, 0), A=
(0,0, ¥2), H= (1/3, /3, 1/2). The experimental data (plots) are from Refs.17, 18.

532 UOOOO0OOOOOO

522000000000E. 000000 G.6)LOO0O0G7)I0O0000Dw,s00000
O G9G.l1)yjooooooooooooobooooooooopooooooooDooo
O0E. 000 wesd 0000000000000 O0O0C0O0DOOOO0O00OOODOOO00
O00000aUib0O00MgOOOOOODODOOODOOOODODO0OOO @ =0.3191 nnid
gboodg

71



gooODFTODOUODO iy U0obobobobooboobooooobobobobo
OO00o0b0ob0obb0ob0 ee0bO0b0bOoboboobooboobOooDbFTOODODOD
O0E 000000000 DOODONODOODOONONOONDOONDON 6.0x10%evO0O
0000000000049000000000000 23x10%vO00000000
00000000000000000000000 10%evOO0O000000oOoo0oao
Oooboodbooboobobobob eeDb0ob0bOobbOobDbOo0obOoobOoOobo
gbooodgg

goobrFPTOLOOODOO0ODODOODLDOObObOOObLOODbRPTDODODOODO
gboodgbboobbodboobboobuodobobobbooboobboodoboon
O GoYG1)yoobooooooooooooooooobooooooooooooo
goodboboobobodbogbboobuoobbobobooboobbbooboon
gboboodbbobudgbbuoobbooobooobbuobbuoobbooobboon
0000000000000000000000000 M0 DFPTOOOOODOO
D000 oPPT000 AwDDO000D0000 AwODOODO

Awqs(x1.x2) =l Wg (1. x2) — w25 (r1 x2) | (5.14)

o= N o) PZZZZAqu(lepXsz) (5.15)

a.s P
D00ONODOOOO0OO0O0O000PDOODOOOD 000000000 000000o00
Ns=60P=7({=120000

000000000000000000000 (.14)000000000000000
00000000000000000 Fig.5.30000Fig.5.300000000 MO0
00 0P00000.®000000000000000000000000000000
D0000000000000000000000000A0D0D0D0O0O0000O0O0DOO0
0000000000000000000000000000000000000000
0000000000000000000000000000000010020030
D00000000000 AwODODOOOO0D0DO0O 0.27 THZ10.18 THZ1 0.12 THzO O
D0000 AwOOO0O0O 0.037 THZ0.011 THZ10.006 THZO OO OO ODOOOOOO
0D000000000000000000 300000000000000000000
D0000000000000Fig.5.300000000 MgOOOOO0O0OOoOoOoooao
0000000000000000000000000PHDOS: PHononDOSO OO0
00000000000 000PHDOSD O OOOOOOOO 100000000000
000000000000000000000000000000000

72



120000 T . . . . .
Linear ...........
Quadratic ——---
100000 | Cubic 1
A ‘g :Linear :
= 80000 i 11
= 5
o 2 fecpttett ] ] LS
- £ _Q dratié: | o 1
e = ua
S 60000 T P o I
[ v L sl \/’ vi~_, ]
L O = \
= A et | —
S 40000 g | Cubic 1 -
Z. S | i
=
Q-‘ 1 1
20000 0 2 4 6 8 -
Frequency (THz)
0 ....JL -------------- | CERR T | L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Aw (THz)

Fig. 5.3: Histograms of total fitting errors in the phonon frequencies calculated by a linear,
guadratic and cubic polynomial over all the discrete points. Insets show the phonon densities of
state (DOS) curves reproduced by using each polynomial,ef
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