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Nanowires for spintronics: A study of transition-metal elements of groups &10
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We have investigated systematically the changes in the electronic structure and magnetic moment of
transition-metal elements of groups 8—We, Ru, Os; Co, Rh, Ir; Ni, Pd, P&s their dimensionality is
reduced. Many interesting results are predicted. The importance of spin-orbit interactiord fandl-5¢d
elements is exemplified: by predicting correct magnetic ground state for the linear ¢h@issof Pt. Inter-
estingly, all these systems, except Ir, are predicted to be magnetic in one dim@gr@®n We also show that
only one type of carriers are available for conduction in LC’s of Fe, Co, Ni, and Pd, suggesting suitability of
nanowires of these for spintronics. Our results are in very good agreement with available experimental data.
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As nanotechnology has become a fast growing and highlyion (LDA) in describing TM magnetism and structural
promising field, descend from the bulk to lower dimensionspropertiest® the exchange and correlation are treated in the
is witnessing a variety of novel and exotic properties dis-GGA using Perdew-Wang '9*%. Brillouin-zone integrations
played by the materials. Two-dimensioaD) materials like ~ for density of statesDOS) are performed using the tetrahe-
monolayers(ML's) and thin films often exhibit interesting dron method with Blohl corrections?
properties with a wide range of applicatiohExperimental Inclusion of relativistic effects has been found to be cru-
evidences show that ML's of nonmagnetic substances ofial in the study of Au systens'® Scalar-relativistic(SR)
suitable substrates may exhibit magnetisirOn the other effects are included for the valence states in all the calcula-
hand, the metallic and magnetic nanowires may become intions presented here. The relativistic effect due to spin-orbit
portant for electronic/optoelectronic devices, quantum de(SO) interaction is important for & TM’s, and also, to a
vices, magnetic storage, nanoprobes, and spintronics. Linelgsser extent though, fordTM's. Hence we also performed
atomic chains are the ultimate 1D material. The existence oalculations including SO interaction, using a second varia-
such linear chainéLC’s), though mostly transient in nature, tional method, for all the systems ofdtand 5d elements
has been demonstrated experimentalRiTo predict proper- under study. These will be referred to as fully relativistic
ties at lower dimensions, we explore the behavior of the(FR). Core states have been treated fully relativistically in
materials as their dimensionality changes from 3 to 2 to 1SR as well as FR calculations. We considered the most basic
and find that most of these elements exhibit magnetic groun@ases when the material is in its ideal 3D stetee bulk,
state in 1D while some of these are found to have only onédeal 2D state(an unsupported ML and ideal 1D statéa
type of carriers making these potential candidates for théree standing L& We have chosen thgl1l) plane of fcc,
emerging area of spintronics which is expected to lead t&nergetically most favored with the densest packing of at-
new generation of highly efficient devices. oms, as a representative of the 2D structure for all the ele-

In our previous study,we found that none of the noble ments, while for 1D we chose the ideal monatomic LC.
elements Cu, Ag, and Au exhibits magnetism as dimension- We studied the cohesive enerfy as a function of lattice
ality is reduced. Transition meta(¥M’s) on the other hand, constantx. The calculated binding energ8E) per bond,
because of their partly filled orbitals, have a strong ten- E(x) (=E¢/coordination number was fitted with the uni-
dency to magnetize. Bulk Fe, Co, and Ni are well known forversal BE curvé? The force (bond strength is obtained
their ferromagnetic ordering. It has been suggested experfrom the slope of the BE curve at the inflexion point. The SR
mentally that small Rh clusters may possess a permanens well as FR values fat andE. from this work are listed in
magnetic momeng,? though bulk Rh is nonmagnetic. Very Table | along with other calculatiohs® and available ex-
recently, experiments have shown magnetic nature of LC's operimental results™® Our calculations for botrd and E,

Co, Pd, and Pt.Thus, the TM elements are interesting sub-agree well with the available experimental data. The agree-
jects to study changes of their electronic structure, with di-ment for thekE, of 3-d metals Fe, Co, and Ni has significantly
mensionality. In particular, it would be of interest to explore improved, in comparison to previous calculations. The de-
if magnetism is favored in these, especially in the systems ofrease in coordination number manifests itself in lowering
4-d and 54 elements, at lower dimensions. We report thethe nearest-neighbor distance aBdshows a rise with de-
effect of dimensionality on the electronic structure of TM crease in dimensions. Tliefor Ir and Pt LC’s(2.30 and 2.40
elements of groups 8—1@-d elements: Fe, Co, and Ni;d- A, respectively is in good agreement with the observed val-
elements: Ru, Rh, and Pd; andi®lements: Os, Ir, and Pt ues (2.2-0.2 and 2.4 0.2 A, respectivel§). These are con-
The calculations were performed using the full potential lin-sistent with the very recent calculations by Delin and
ear augmented plane wave method as is implemented in theosatti*® Our E. values for LC's are in consistently good
wIEN97 code® As the generalized gradient approximation agreement with the GGA results of Bahn and JacolSsen
(GGA) has an improvement over local-density approxima-Ni, Pd, and Pt. However, the LDA valu€sare somewhat
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TABLE I. The equilibrium bond length (in A), cohesive energg. (in eV), and magnetic dipole momept (in ug) for group 8—10
transition elements in different dimensionalitfes.

3-d 4-d 5-d

Fe Co Ni Ru Rh Pd Os Ir Pt
d 3D 249250 251251 249251 2.712.75 2.692.75 2.792.82] 2.742.79 2.712.8]] 2.772.86|
3D 2.48 2.51 2.47 2.7(2.71) 2.73(2.72) 2.8%(2.81) 2.73(2.75) 2.78(2.76) 2.86(2.83)
2D 2.41 2.35 2.35 2.852.54) 2.5%(2.58) 2.64(2.63) 2.58(2.56) 2.58(2.57) 2.62(2.61)
1D 2.28 2.18 2.18 2.242.23) 2.2F(2.27) 2.44(2.45) 2.28(2.26) 2.30(2.29) 2.40(2.38)
1D' 2.30°(2.31) 2.34(2.31) 2.48(2.42)
E. 3D¥" 4.2§5.2] 4.395.4] 4.445.4] 6.746.4] 5.795.5] 3.893.7] 8.177.2] 6.946.2] 5.845.0]
3D 4.76 5.25 4.73 6.396.58) 5.90(5.87) 3.62(3.58) 7.69(7.38) 7.34(7.02) 5.48(5.25)
2D 3.25 3.84 3.52 4.624.55) 4.23(4.15) 2.52(2.46) 6.10(5.48) 5.97(5.30) 4.93(4.39)
1D 1.53 2.03 1.89 2.792.71) 2.60(2.51) 1.07(1.00) 3.6%(2.85) 4.08(3.27) 3.32(2.77)

o 3D¥" 2.292.44) 1.741.68 0.610.67] 0O 0 0 0 0 0

3D 2.28 1.69 0.64 0 0 0 0 0 0
2D 2.47 1.85 0.86 0.8%0.84) 1.0%(1.01) 0.00(0.19) 0.00(0.38) 0.12(0.42) 0.00(0.12)
1D 2.98 2.08 1.10 0.790.92) 0.22(0.16) 0.53(0.60) 0.40(1.10) 0.00(0.73) 0.43(0.00)
1D' 0.3 (1.3) 0.0:(0.8) 0.6°(0.0)

aAll the calculations are using GGA. The numbers with asterisk are the FR values. All other calculated results are SR VAluden@&es

the values for 3D from experimefiRef. 19 and theory(Ref. 15, in brackeds 1D" denotes values from Ref. 18. The experimental values

of d (Ref. 5 for 1D systems are 2:20.2 A (Ir) and 2.4-0.2 A (Pt). The SR calculated valudRef. 16: for the d/E, of 3D systems are

2.49 A/5.16 eV(Ni), 2.82 A/3.78 eV(Pd), 2.83 A/5.58 eV(PY); for the d/E, of 1D systems are 2.16 A/2.23 eWi), 2.52 A/1.20 eV(Pd),

and 2.41 A/2.83 e\(Pt). The LDA values(Ref. 17 for d/E, of 1D linear chains are 2.21 A/4.58 €Ru), 2.25 A/3.27 eMRh), 2.37 A/1.73

eV (Pd. The FR value for difference in the energies of 3D and 1D for Os, Ir, and Pt is 5.5, 4.5, and 4.0 eV, respectively, from Ref. 18.

high as compared to the GGA values. In view (of LDA Figure 2 shows the total DOS for the energy-minimized
having the tendency for overestimating the cohesive enerstructures of these elements in 2D and 1D. The partial DOS
gies, (i) GGA being more suited to describe the electronic(not displayed shows that major contribution for the central
properties of transition element$and (iii) an overall good peak comes frond states for all the cases, while that outside
agreement for ouE values for the bulk with experiment, we its shoulders is due te-d hybridization. Comparing the
believe that our GGA results are more realistic for L&s.  DOS for the 3D, 2D, and 1D cases of each individual ele-
The formation of an LC depends on the relative bondment, we find that the main difference that comes into pic-
strength, i.e., the difficulty in breaking the bonds in the chainture on lowering the dimensionality is the reduction in the
and in the regions it emanates from. As a first approximatiorbandwidth. The bands become sharper, a manifestation of the
we can regard the maximal foréeas a measure of the force reducedd and coordination, as we descend in dimensional-
necessary to break the LC. Thefor the ML's and bulk may ity. For the cases with magnetic ground state, the exchange
also be viewed in the same lightWe find that the value of splitting increases en route, as indicated by the DOS curves.
F also shows a bigger jump in going from 2D to 1D than in ~ We find that our calculatioRSyield the correct magnetic
going from 3D to 2D. The ratio of th€& for the LC’s and or nonmagnetic ground state for each 3D case. Pd is non-
ML'’s to that for the bulk is displayed in Fig. 1. The break-
force ratios for ML's have much smaller value, lying in the 4

range 0.8—1.8, with most of the values lying around a flat /

line showing no special preferences. On the other hand, the
\ O~ o/o“o/o

break-force values for the chains are about 1.4-3.6 times
higher than the bulk value, with some of the cases showing
fairly high values. We note that the ratio in the case of Co,
Ru, Rh, Os, Ir, and Ptand also Ad) is much higher, sug-
gesting relative stability of monatomic LC's of these ele-
ments, in agreement with experimental observafiohgor
LC’s of Co, Ir, Pt, and Au. Hence, our elementary calcula- 0 PV R S S S S—
tions of break force are consistent with experiments, and we Fe Co Ni Ru Rh Pd Os Ir Pt
feel that with the advancements in technology, experimental FIG. 1. The break force ratio with respect to the bulk for ML's
realization of Ru, Rh, and Os LC’s is not a far-fetched pos-in circle) and linear chainéin triangle of different TM elements of
sibility, though realization of such LC’s requires a particular groups 8—10. The points marked with an asterisk are the data for
setting for each material offering a new challefige. LC’s from Bahn and Jacobséf.

Relative break force
O

193404-2



BRIEF REPORTS PHYSICAL REVIEW B59, 193404 (2004

with Stern Gerlach deflection measuremé&ntiemonstrating
enhancement of magnetism in clusters of Fe, Co, and Ni. The
ML’s of Fe, Co, and Ni on A¢D01) also show larges.?® In
view of this enhancement, magnetic ordering is expected for
almost all the ML's. However, we find that ML's of Pd, Os,
and Pt are nhonmagnetic. Although the SR calculations pre-
dict magnetic ordering for these ML’s, inclusion of SO inter-
action makes the magnetic ordering vanish. This is in agree-
ment with earlier stud¥ where ML's of almost all these
elements exhibited magnetism, while Pd and Pt ML's stayed
nonmagnetic on substrates such ag14g), Ag(001), and
Au(001), and an Os ML stayed nonmagnetic on(Atyl) and
Au(007).

Our calculations predict magnetic ordering for the LC'’s of
Ru, Rh, and Pd, theu being ~0.79ug, 0.22ug, and
0.53ug, respectively. Pd LC’s have already been experimen-
tally demonstrated as magnelitVe show that SO interac-
tions are important for the d-TM’s also, the effect getting
more accentuated as we go to lower dimensions. For the
LC’s of the 5d elements, the effect of SO interaction is
significant and can destroy the stability of the magnetic or
nonmagnetic ground state. We find that SR calculations for
Os LC'syield a largew (1.10ug) at the equilibriumd, while
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g_ the FR calculations yield a much lower value of Qu3l
Furthermore, for Ir LC’s, SR calculations yield a sizahlg
a4l which is totally washed out on performing the FR calcula-
tions. On the other hand, Pt chains are nonmagnetic with SR
] calculations, while inclusion of SO interaction results into a
4t magnetic state (0.43;). The transition from magnetic/
nonmagnetic to nonmagnetic/magnetic ground state may be
2 attributed to the shifting ofl-band edges with respect to
jw/ Fermi level when SR and FR calculations are performed.
1 ﬂ Very recently, experiments have established ferromagnetic
2} O nature of Pt LC'® Thus the FR calculations help bring forth
16420 ) the correct magnetic phase for the Pt wires, exemplifying the
K—ILJ/ need for inclusion of SO interaction while studyingdsys-
ol ' tems. Our FR calculations show that the energy difference
1ol between the nonmagnetic and ferromagnetic phases is ex-
tremely small(a few me\j for the LC's of these 4 and 5¢
I elements. This emphasizes the need for inclusion of SO in-
teraction and of using a very accurate band structure method,
O_S—f_:#*" like FPLAPW method(where no approximations are made

on the shape of the potentiaior studying such sensitive
cases of 4 and 5d elements*

FIG. 2. DOS(in states per cell, for nonmagnetic cases, and in An interesting feature to note in the DOS curves for LC’s
states per cell per spin, for magnetic casks the 2D and 1D  of Fe, Co, Ni, and Pd is that the majority states are com-
structures of the TM elements of groups 8—-10. The inset, indicatingletely filled and it is only the minority carriers that are
the spin polarization, shows excess of majority and minority carri-available for conduction at the Fermi energ;.
ers for magnetic cases. Fermi energy is at 0 eV. Experimentally} very clear peaks at 0G have been ob-

served only recently in the conductance of Co and Pd chains,
magnetic, but “almost” ferromagnetic, i.e., it can be ferro- compatible with a fully polarized conduction channel for
magnetic with perturbation, in agreement with the experithese. This suggests that nanowires of Fe, Co, Ni, and Pd

Energy (eV) Energy (eV)

ments. The calculategt for bulk Fe, Co, and Ni (2.285,  would make a good case for generation of devices based on
1.69ug, and 0.64p, respectively are in good agreement spin-dependent transport for the so-called spintroftics.
with the corresponding experimental values (2382 In conclusion, the equilibrium bond length/energy tends

1.72ug, and 0.6, respectively’). As we go to 2D, these to decreasel/increase and the bands become sharper, as the
wrise to 2.4%g, 1.85ug, and 0.8, respectively, while  dimensionality reduces. A simple calculation of break force
for 1D chains, they are still higher as 2/98, 2.08ug, and  suggests relative stability of Co, Ru, Rh, Os, Ir, and Pt LC's.
1.10ug, respectively. This is in good qualitative agreementSince Co, Ir, and Pt LC’s have already been realized experi-
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mentally, we feel that with the advancement in technologytifying the crucial role that SO interaction plays in deciding
Ru, Rh, and Os LC'’s are also likely to be realized soon. Feproperties of such low-dimensional systems. It is worth not-
Co, and Ni show enhanced as dimensionality is lowered; ing that the difference foE. of the magnetic and nonmag-
this trend has already been witnessed in their clusters. ML'getic phases in some of the cases is very sma,meV,

of all these elements, except Pd, Os, and Pt, order magnegmphasizing the need for very accurate band structure meth-
cally. The inclusion of SO interaction makes significant con-0ds together with the inclusion of SO interaction. It is inter-
tributions to the electronic energy bands and the cohesiv&Sting to note that for Fe, Co, Ni, and Pd LC’s, only one kind
energy for 4d and 5d TM elements, the effects getting more Of carriers are available for conductiont, suggesting the
pronounced as the dimensionality decreases. For some of ti§@Plicability of nanowires of these for spintronics. Only re-
cases the magnetic properties using SR calculations are dr%@ntly’ experiments have established availability of only one
matically different from those using SO interaction, e.g., SR ind of carriers in Co an_d Pd LC's. We expect more experi-
calculations for LC's of IP suggest presendabsenceof mental results to follow in near future on the lines predicted

magnetic ordering, while FR calculations suggest the conpy our calculations.
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