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Comment on “Stability and the equation of state of a-manganese under ultrahigh pressure”

J. X. Zheng-JohanssdnQ. Eriksson, B. Johansson, L. Fast, and R. Ahuja
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(Received 15 January 1997; revised manuscript received 30 July 1997

Fujihisaet al. [Phys. Rev. B62, 13 257(1999)] in their recent x-ray-diffraction experiment detected that at
a pressure of about 165 GPa manganese transforms to a new phase. The crystal structure of the new phase,
however, was not resolved in that work, although a bcc structure was suggested by Fajdlismsed on the
small volume collapse of the-Mn—bcc transition. In response to this unresolved phase structure of Mn, we
performed first-principles total-energy calculations based on the full potential linear muffin-tin orbital method
up to extreme pressures for the antiferromagnetic, ferromagnetic, and paramagnetic states in the bcc, fcc, and
hcp structures. For the hcp phase we also investigated the axial stability. For very high préssoves165
GPa we found that théparamagnetichexagonal structure is the stable phase, in contrast to the suggested bcc
phase. Our finding agrees with the general structural behavior of the paramaghatid & transition metals.
[S0163-182698)05017-9

As a group VIl element manganese would be expected tto a simpler structure. The transition was signaled by the
crystallize in a hexagonal close-packéttp structure, ac- appearance of a Bragg peak at about 165 GPa which became
cording to the regular structural behavior of theé and 5d  stronger at about 190 GPa; this peak could be alternatively
transition serie$=* It is understood, however, that the crystal indexed* as the 110, 111, or 101 reflections of the bcc, fcc
structures of the magnetic elements Mn, Fe, Co, and Ni dor hcp structures, respectively. Based on the fact that the bcc
not fit into this regular structure sequence, due to their magstructure corresponded to the lowest volume collapse it was
netic propertiegsee, for example, Refs. 5 angl §Vhile the  suggested that Mn most probably stabilizes in this structure
rest of the @ magnetic elements all crystallize in simple at high pressure¥. This is, however, in disagreement with
well-known structures, Mn behaves totally different. At low what one would expeét.* A mechanism which possibly
temperature and ambient pressure and up to considerabigay stabilize the bcc structure of Mn at high pressures is the
high pressures, Mn crystallizes in a complex structure conhybridization between the pseudocgreband and the va-
taining 58 atoms per unit cél(called a-Mn), with an anti- lenced band which becomes important at high pressére.
ferromagnetid AFM) ordering of the atomic momenfdtis ~ Therefore it is of interest to theoretically calculate the
unique for an element to exist in such a complex structurground-state structure at the corresponding high compres-
(see, e.g., Ref.)7 Since this structure is likely to be the sion, up to which none of the previous theoretical
result of relatively narrow 8 bands in combination with investigation§®=> have been performed. In this article we
magnetic ordering, one would expect it to be unstable undepresent our prediction from a first-principles structural stabil-
high pressure and that it should transform to a much simpleity study using the full-potential linear muffin-tin orbitéfP-
structure. Such a structural transformation would be a naturdiMTO) method??~%’In our calculation for Mn, we treat the
consequence if the complexMn phase originates from its 3p®3d®4s? electrons as valence electrons, we thus include
magnetic property, since the magnetic moments will dethe 3p, 3d, 4s, and 4 components in the basis functions;
crease and finally vanish under compression. The effect cind we use up to eight angular momentum components in
the antiferromagnetic interaction in Mn was believed tothe structure constan@, ., . Two E, sets are used to
cause the atoms, occupying different crystallographic sitesgssign thep states to two different main quantum numbers.
to have different electronic configurations and to behave as iThe k space is sampled with 84 and 182points in the
they were the result of atoms with different siZeBxperi- irreducible wedges over the 1/48 and 1/12 Brillouin zones
mental efforts have been made with the purpose of identifyfor the cubic and hcp structures, respectively. In the calcula-
ing a phase transition under high pressure into a much sintion for the AFM, FM, and PM states of the fcc structure,
pler structuréd®!! Very recently, at the extrem@iltrahigh ~ where a simple tetragonal Bravais cell with two atoms in the
pressures of about 165-190 GPa, Fuijihisa and Takéthurabasis is used, the numberlopoints is 169 in the irreducible
detected in their x-ray powder-diffraction experiment thatwedge. The antiferromagnetic structure is chosen to have
Mn undergoes a structural phase transition fromdhferm  alternating magnetic moment directions every second layer
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FIG. 2. Magnetic moment v¥/V, for the hcp, fcc, and bce
structures calculated for the antiferromagnétipper graph ferri-
magnetic(middle graph, and ferromagnetilower graph states.

095 1 105
0 preferred magnetic states are obtained for each structure as
below. (1) For hcp, the total energy for the AFM, FM, and
FIG. 1. Calculated total energy as a function of volume for PM states are very close to each other. For the AFM con-
various magnetic states for thi@) hcp, (b) fcc, and(c) bee struc- figuration, u on each atomic site is of the order of g2 at
tures. Solid lines are used for PM, dotted lines for AFM, and dasheq, yolume just below the equilibrium volume. As the volume
lines for FM. V, is taken to be aBys=2.54 a.u. throughout this expandsy increases and reaches a value ofudk 2t V/V,
paper. ~1.2.(2) For fcc we obtain that the AFM is the preferred
state in the volume region down %/Vy~0.95 where the
system gradually transforms to a paramagnetic state. The
(?hagnetic moment on each atom site is quite small at a vol-
ume compression of 10%, and it increases gradually with
increasing volume up te-2ug at a volume expansion of
MAGNETISM 20%. This is in the same range as the zero-temperature ex-
trapolation of the experimental moment 8Mn (fcc) mo-
Before advancing to the high-pressure structural stabilityment (1.7—2.4z) (see, e.g., Ref. 13 The PM and FM
study, we here first briefly discuss the stability of variousstates are nearly degenerate and the magnetic moment of the
magnetic stateAFM, FM, and PM, and derive the pressure FM state is correspondingly close to zef8) For bcc, in the
region where the magnetic to paramagnetic phase transitioricinity of the equilibrium volume, we obtain that the para-
occurs. All this is done for the simple structures, bcc, fcc,magnetic state is favored. At about 5% volume expansion,
and hcp. From FP-LMTO calculations we obtained the totathe ferromagnetic state is favored, with the total moment
energy as a function of volume for the various magneticreaching about g as the volume is expanded by 20%. For
states. The result is plotted in Fig. $ys=2.54 a.u., being an antiferromagnetic starting configuration we obtained a
approximately the theoretical equilibrium volume for the metastable ferrimagnetic state at a volume expansion above
various structures at various magnetic states. The corret0%.
sponding magnetic momenjs obtained for the AFM and The equilibrium volume is obtained &S,s=2.53 a.u.
FM magnetic structures are shown in Fig. 2; for the AFMmore or less independently of structure. Among the studied
case, the system may stabilize in an antiferro-, ferro-, ferristructures, we obtained that the paramagnetic hcp phase has
or paramagneti¢PM) state. Combining the results for the the lowest energy; the energy difference between the para-
total energy and the corresponding magnetic moments, thmagnetic hcp and fcc and bcce structures is 4 and 10 mRy,

in the [001] directions for all three structures. For all cases,
the muffin-tin radii are chosen to have the same proportion t
the Wigner-Seitz radiusSyt/Sys=0.85).
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o FIG. 4. The total energy as a function of tbéa ratio for three
Q 0021 different volumes for paramagnetic hcp Mn. The energy scales have
+ ’é ’ been shifted down by 0.021 and 0.042 Ry &ys=2.70 and 2.35
%S a.u., respectively, relative to the curve f8s=2.55. Thec/a
5 ;\i 0.00 L minimum is only slightly influenced when we modify the volume,
Lﬁ & e.g., forSys=2.35 and 2.7 a.u. we calculated tbéa ratio to be
s = 1.614 and 1.616, respectively.
ﬁ -0.02 [

corresponding to a pressure200 GPa, as shown in the up-
per graph of Fig. 3. Since-Mn is not included in this study,
we can make no conclusion about the ground-state structure

FIG. 3. Lower graph: total-energy-volume dependence of thfor Mn in the low-pressure region. But we notice that for the
paramagnetic state of Mn for the heg/&=1.633) (solid line), fcc ~ paramagnetic state the hcp structure is favored over the fcc
(dotted ling, and bcc(dashed ling structures. Upper graph: the and bcc structures, consistent with the structural sequence of
corresponding calculated pressure. thed transition serie$~* Above 165 GPa, where experimen-

tally it is determined thate-Mn transforms to a simpler
respectively(cf. Fig. 3. Upon compression, the magnetic Structure, the total energy yields hcp to be the ground-state
moments of all structures become small at about a volumstructure. This is in contrast to the experimental conclusion
compression of 10%. (The valence band broadens underof Ref. 11 that the new phase under extreme compression is
compression and results in a vanishing magnetism, which ikely to be bcc. According to the well-known structural se-
a well understood phenomena in terms of the Stoner criteriquence for the paramagnetic metals, it is to be expected
on). The corresponding pressure 540 GPa. Evidently, that at high compression, where the magnetic moment disap-
the simple structures transform to the paramagnetic state gears, Mn should be stable in the hcp structure, since this
much lower pressures~40 GPa) than the experimental structure is in agreement with the other members of the
pressure 165 GPa) region where the actual complexgmu'o VIl elements.
a-Mn begins to transform to a simple structure. We are not The pressure-inducetioccupation modificatiothere the
aware of any data for the magnetic momentaeMn under g g transfey may be a source that alters the structure pref-
high compression. Sliwko, Mohn, and Schvidrhave Per-  erence of thal transition series. However, our explicit cal-
formed magnetic studies far-Mn, but only at the equilib-  cyjation using the LMTO-atomic-sphere approximation
rium vo_Iume. It would be mterestlng_ to know_whethe_r the shows that thel occupationN4 change is far too trivial to
magnetic moment decreases slowewivin than in the sim-  affect the structure stability in the studied pressure range
pler structures, yet this is beyond the scope of the present g. N, changes from 5.56 to 5.62 for a volume change
study. from Sys=2.5 to 2.30 a.y. In addition, if thed occupation
dependence on pressure would matter at all, it should lead to
a fcc structure, since theé occupancy increases under com-
pression. We also remark that the canonichl band
calculatiorf* in fact marginally fails to give the hcp structure,

Regarding the structural stability the main concern of thisbut rather predicts the bcc phase to be the most stable struc-
article is in the pressure region above 165 GPa. Since this igire for Mn (Ny3=5.5). An interesting question arises here
far above the magnetic transition pressures, it is sufficient teonsidering that the slightly larger Madelung constant of bcc
investigate the paramagnetic state. The total energy depefit.791 858 over that of hcd1.791 676 would also energeti-
dence on the volume of the three structures for the paramagally favor bcc. However, our self-consistent total-energy
netic state are plotted in the lower graph of Fig. 3, the uppecalculation, which correctly predicts the experimental struc-
graph shows the corresponding pressure. Among the simptere sequence, is clearly in favor of the hcp structure relative
structures the hcp structure is seen to be preferred over the the fcc and bcc phases, the difference being of the order of
entire volume range, frorw/Vy=1.2 down to 0.7, the latter 4 and 12 mRy/atom, respectively.

TOTAL ENERGY DEPENDENCE OF VOLUME
UP TO EXTREMELY HIGH PRESSURES
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AXIAL STABILITY OF THE HCP STRUCTURE pressure region 165—-190 GPa. This is one of the likely struc-

. tures (bcc, fcc, and hcpobserved in the x-ray-diffraction
We also performed total-energy verso caleulations o " oc Flinisa and Takemuran the experimental
for the hcp paramagnetic Mn. A$,s=2.55 a.u., the pre- ysl J : P .
ferred c/a value is obtained to be 1.617; and is found toa”a'YS'S the bee phase was put fo_rward as the most I|kely
show only a small volume dependence in the studied rangtéandldate, du_e to that the associated volume collapse is
(cf. Fig. 4. The total-energy difference with respect to the smallest for this structure. We have shown, however, that the
variation of thec/a ratio, however, is comparable to that calculated total energy is lowest for the hcp structure. Thus
between the bce and fce structures, bein mRy over the  We conclude that the transition from thestructure of Mn to
range betweert/a=1.5 to 1.8, as shown in Fig. 4. This & more symmetric structure is not to the bcc but to the hcp
suggests the importance ofa variation for structural stabil- Phase. The preferred hcp structure is actually also consistent
ity studies when hcp is concerned. In generaldheratio of ~ With the structural sequence for the paramagneti@dd
the hcp structure varies in the rangka~1.5 to 1.8 across transition metals. For the hcp, fcc, and bece structures we also
the d transition series when they are all treated as hcpstudied the magnetic stability. We obtained that, for hcp, the
metals?® Since the obtained/a=1.617 for Mn differs only ~ preferred state is a PM state which, however, is almost de-
very little from the idealc/a (1.633, we have in this study generate with the AFM and FM states; and AFM for the fcc
only used the ideal value when comparing with the otherstructure. For bcc, finally, we obtained PM near the equilib-
crystal structures. rium volume region and ferromagnetism abow4V,
~1.05. The possibility to stabilize materials in various struc-
CONCLUSIONS tures by means of pseudomorphic growth might enable an

] ) experimental verification of the magnetic behavior for the
Based on total-energy calculations, using the FP‘LMTOsymmetric structures of Mn.

method for Mn under extreme compression, we obtained that
the paramagnetic hcp structufwith an optimizedc/a ratio This work was supported by the Swedish Natural Science
approximate to 1.63is the ground-state structure for the Research CounciNFR).
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