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The magnetism, the magnetocrystalline anisotropy and the optical properties of the monolayer and atomic chain

of 4d transition-metal Ru are investigated by using the full-potential linearized-augmented-plane-wave method in a

generalized gradient approximation. The magnetic moments are 1.039 µB/atom and 1.130 µB/atom for the monolayer

and atomic chain, respectively. Both systems have large magnetocrystalline anisotropy energy (MAE). The magnetic

easy axis is normal to the monolayer and perpendicular to the chain axis in the atomic chain. The optical properties

of the two low-dimensional Ru systems are investigated by calculating the complex optical conductivity tensor. Both

systems exhibit anisotropy in photoconductivity, especially for the atomic chain. The physical origins of MAE and

photoconductivity are studied based on electronic structures. It is found that the changes in crystal field caused by

different symmetry-breaking mechanisms in the two low-dimensional Ru systems result in MAE through spin–orbit

coupling, while the anisotropy in photoconductivity mainly comes from the crystallographic anisotropy.
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1. Introduction

Rapid development in magnetism at the nanometer scale during the last two decades has led to the dis-
covery of a number of fundamental physical phenomena, such as dimensionality-induced magnetization of non-
magnetic metals, oscillatory magnetic coupling between metallic multilayers, thus arousing research interest in
low-dimensional materials[1] Now the growth of nano-structured systems with desired dimensionality can be
achieved at the atomic scale, which allows the study of the influence of dimensionality on material proper-
ties in great detail.[2,3] Corresponding calculations have been carried out at the same time[4−7] Among them,
multilayers, monolayers and atomic chains of 3d, 4d and 5d transition metals have been attracting extensive
research interest, and their mechanical properties and magnetic properties have been well discussed based on
their electronic structures.[8−11] Magnetic anisotropy (MA) is one of the fundamental intrinsic properties for
magnetic materials, and the origin of MA has long been an attractive subject for both experimentalists and
theoreticians.[6,9,12] Photoconductivity is another property which is closely related to the electronic structures
of materials. However, there are few reports about the optical properties of the atomic chain in comparison with
the well studied optical or magneto-optical properties in 2D and 3D systems.[13−18] Besides, the relationship
between the MA and the Kerr effect is still controversial. There are experimental reports showing that large
MA can be helpful for inducing a larger Kerr angle, but there are also results indicating that the two effects
seem not to be related to each other directly.[13]

In this paper, we perform first principles calculations on the magnetism, magnetocrystalline anisotropy
energy (MAE) and the optical properties of the monolayer and atomic chain of 4d transition-metal Ru. We
focus on the physical origins of MAE and the anisotropy of optical properties in low-dimensional Ru systems.
Moreover, the relationship between the MAE and the anisotropy in optical properties in low-dimensional systems
is also investigated.
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2. Computational method

All calculations are performed by using the WIEN2K package[19] in which the full-potential linear-augmented-
plane-wave (FLAPW) method is implemented within the framework of the density-functional theory (DFT).
The Perdew and Wang generalized gradient approximation (GGA) is employed for the exchange-correlation
potential.[20] Scalar-relativistic effects are included for the band states, and the core-level states are treated
fully relativistically in an atomic-like approximation. The muffin-tin (MT) radii RMT is chosen as 2.09 a.u.
for Ru. The potential and the charge density in the MT-spheres are expanded in spherical harmonics with
lmax = 10. The cutoff parameter RMTKmax for limiting the number of the plane waves is equal to 7.0. The
magnitude of the largest vector Gmax in charge density Fourier expansion is 14.0.

The free-standing atomic chain is simulated by a two-dimensional array of infinite long straight atomic wires.
The nearest wire–wire distance is carefully chosen to decouple the neighbouring wires. Systematic calculations
prove that a separation of 13 Å is large enough, since the electronic structure, the magnetic properties and
the MAE from our test calculations with a larger separation of 15 Å are nearly identical to that obtained with
the wire–wire distance of 13 Å. The isolated atomic layer is also modeled according to the standard supercell
approach. The layers are formed as the hexagonal close-packed structure but the layer-layer separation between
the neighbouring layers is set to be 12 Å to avoid the interlayer interactions. The atomic positions in each
low-dimensional model are fully relaxed by using the conjugate gradient method until the force on each atom
after relaxation is smaller than 1.0 mRy/a.u. Table 1 displays the optimized lattice parameters in this paper.
For the atomic chain, where a comparison is possible to be made, our values are quite close to the reported
ones.[9] The lattice constants for the 3D bulk come from the experimental results.[21]

Table 1. Optimized lattice constant, calculated magnetic moments and MAE.

systems lattice constant/Å spin moment/µB MAE/(meV/atom)

atomic chain a = b = 13.000 c = 2.243 1.130 9.547

monolayer a = b = 2.534 c = 12.000 1.039 –3.468

bulk a = b = 2.710 c = 4.280 0.000 –0.027

Since the MAE is crucially dependent on the de-
tails of the Brillouin zone (BZ) integration, a closer
look at the convergence of the MAE with respect
to the number of k-points is needed. We have per-
formed a series of test calculations and find that the
MAE converges reasonably with a 13×13×65 k grid
(693k-points in the irreducible Brillouin zone) for
an Ru atomic chain. And the 30×30×5 k grid and
45×45×25 k grid are large enough for the convergence
of MAE in monolayer and bulk models, respectively.

Table 2. Variations of ωxx and ωzz with the number of k-

points in the atomic chain.

k-points 10000 20000 30000 45000 60000

ωxx/s−1 0.0038 0.0033 0.0032 0.0034 0.0033

ωzz/s−1 5.1335 4.3367 4.1154 4.3029 4.1880

The convergence of the optical properties with respect
to the number of k-points is also checked carefully.

Listed in Table 2 are the variations of plasma frequen-
cies ωxx and ωzz with the number of k-points in the
Ru atomic chain when magnetized along the z-axis.
It is found that 60000 k-points are large enough for
the convergence of the calculated optical spectra for
the Ru atomic chain. Using the same testing method,
we find that 60000 k-points are also enough for the
convergence in the Ru monolayer.

3. Results and discussion

3.1.Magnetic moment

The magnetic moments of the three Ru systems
are also given in Table 1. The bulk Ru is nonmagnetic.
But the appearance of magnetism in reduced dimen-
sions is obvious. The magnetic moments are 1.039
µB and 1.130 µB per atom in the Ru monolayer and
the Ru atomic chain, respectively. The magnetism
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in reduced dimensions is caused by the symmetry
breaking in the neighbourhood of the Ru atom, which
brings about a reduction in the kinetic energy of elec-
trons and consequently results in a band narrowing.[9]

Since the electrons become more localized, they have
more opportunities for exchange, thereby resulting
in exchange-splitting. Figure 1 shows the calculated
total electronic densities of states (DOSs) for all the
models mentioned above. We can see that the ex-
change splittings between the majority states and mi-
nority states are obvious for the Ru atomic chain and
monolayer, which induces the spin polarization, hence
spontaneous magnetization in the low-dimensional
systems. According to the calculated spin-resolved
occupation numbers of each orbital, we find that the
magnetic moments mainly come from the 4d elec-
trons. And the 4d orbitals with spatial distribution
along the chain axis account for the magnetic mo-
ment in the atomic chain, while those distributed

Fig.1. Total densities of states (DOSs) of three different

dimensional Ru systems, i.e. atomic chain (a), monolayer

(b), and bulk (c), near the Fermi level, whose position is

marked with a vertical dash line.

in the direction perpendicular to the atomic layer con-
tribute most to the monolayer. We also calculate the
magnetic moments of two-layered and multi-layered
Ru model systems and find no magnetism in them.
These calculations further prove the importance of
symmetry breaking due to the reduced dimensions to
the polarization of 4d electrons.

3.2.MAE

The MAE of a magnetic solid is a difference in
total electronic energy between two magnetization
directions, or the energy required to rotate the mag-
netization from one direction to another. MAE, as
a ground-state property, can be obtained from two
independent self-consistent relativistic total-energy
calculations in two different magnetization directions,
n1 and n2. The difference between the corresponding
ground-state energies is expressed as the MAE of the
two directions: MAE = En1 − En2 . In the present
paper, the magnetization directions are defined as
the z-axis ([0001] crystal direction) and the x-axis
([1100] crystal direction). So the z-axis is parallel
to the axis of the atomic chain and perpendicular to
the monolayer plane. The calculated MAEs for three
Ru systems are listed in Table 1, where the positive
value means that the easy direction is along the x-axis
and the negative value means that the z-axis is the
easy axis. The MAE is 9.547 meV/atom in the Ru
atomic chain, indicating that the easy magnetic axis
is perpendicular to the chain axis. Our calculation
is consistent with the reported result in Ref.[9]. The

Fig.2. Total DOSs of the 1D atomic chain (a) and 2D

monolayer (b) when magnetized along the z-axis (solid

lines) and x-axis (dotted lines), where the Fermi level is

indicated with a vertical dashed line.

MAE in the monolayer is –3.468 meV/atom, which
means that the easy magnetization axis is perpendic-
ular to the plane. This result also accords with the re-
ported easy direction in the metallic monolayer.[11,22]

Since the MAE is quite sensitive to the details of



2956 Zhu Qiu-Xiang et al Vol. 18

the electronic structure, we show the calculated to-
tal DOSs with spin–orbital (SO) coupling along the z

axis (solid lines) and the x axis (dot lines) for the
two low-dimensional models in Fig.2. Clearly, un-
der different magnetization directions, the variations
in the total DOS of the atomic chain (Fig.2(a)) are
much more prominent than those of the monolayer
(Fig.2(b)), which may be associated with the larger
MAE in the atomic chain.

It is well known that relativistic electron spin–
orbital (SO) coupling is the fundamental origin of the
orbital magnetization, as is the MAE in solids. We
then calculate the partial DOS including SO coupling
along the x-axis (right column) and z-axis (left col-

umn), and show the results of 4s, 4p and 4d states in
Fig.3. Due to the strong SO coupling of 4d shell com-
pared with those of 4s and 4p shells, the differences in
DOS profiles of 4d states under the two magnetization
directions are quite distinct. All three partial 4d or-
bitals are more localized when magnetized along the
x-axis than along the z-axis, especially for the dz2 and
dxz+yz orbitals. This is reasonable if the limitation of
electron mobility along the x and the y directions in
1D system is taken into consideration. The localized
states may be more sensitive to the asymmetry of the
crystal field of the neighbour atoms and contribute
more to the MAE.

Fig.3. Partial DOSs of the atomic chain when magnetized along the z-axis ((a) and (b)), and

along the x-axis ((c) and (d)).

It is hard to point out the contribution of each 4d
orbital to MAE directly and quantitatively from the
DOS plots. We further calculate the contributions of
individual 4d orbitals to the MAE as a function of
band filling q (number of valence electrons), and the
results are shown in Fig.4. The Fermi energy corre-
sponds to q = 8 for the Ru atomic chain. Then the
curves in Fig.4 are obtained by varying the number
of valence electrons ∆q (i.e. the position of the Fermi
level) in the manner of a rigid-band model. It is found
that at the Fermi level, the dz2 orbital drives the mag-
netic moment to the direction of the chain axis, while
the dx2y2+xy and dxz+yz orbitals tend to drive the
moment to the direction of the chain radius. Thus the
competition among the three 4d orbitals determines

Fig.4. Curves for MAE for 4d orbitals as a function of

band filling ∆q in the atomic chain, where the Fermi en-

ergy corresponds to ∆q = 0, marked with a vertical line.
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the MAE at the Fermi level. Clearly, the MAE pro-
file of the dxz+yz orbital is similar to that of the total
4d orbital around ∆q = 0, indicating that the dxz+yz

orbital contributes most to the MAE in the atomic
chain. It is also worth noting that the MAE experi-
ences a large fluctuation around the Fermi level, which
enlightens us on modulating the MAE in the atomic
chain by controlling the number of valence electrons.

The situation in the monolayer is a little bit com-
plicated. Magnetization along the x-axis lowers the
symmetry of the system. The degeneracy of the 4d

shell is removed, and the five 4d orbitals are dxy, dx2y2 ,

dxz, dyz and dz2 as shown in Fig.5, where the left

panels show the partial states including SO coupling

along the z-axis, and the right panels correspond to

those that are magnetized along the x-axis. Clearly,

the SO splittings are quite different in the two mag-

netization directions, hence inducing large MAE in

the monolayer. According to electronic structure and

band-filling arguments, we find that the dz2 orbital is

most crucial to the MAE in the 2D monolayer.

Fig.5. Curves for partial DOS of the Ru monolayer when magnetized along the z-axis ((a), (b)

and (c)) and along the x-axis ((d), (e) and (f)).

3.3.Optical properties

Now we come to investigate the optical properties of the two low-dimensional Ru systems. The complex
optical conductivity tensor σαβ(ω) = σαβ

1 (ω) + iσαβ
2 (ω)(α, β = x, y, z) is the basic spectral quantity of metals.

The tensor components can be separated into electronic transitions appearing from band to band (interband
electronic transitions) and electronic transitions occurring within the same band (intraband electronic transi-
tions). For the diagonal tensor components, both terms are important and should be considered simultaneously.
As to the off-diagonal tensor components, the intraband contribution is very small and usually neglected in the
case of magnetically ordered materials.

The optical conductivity tensor σαβ is related to the dielectric tensor εαβ through εαβ(ω) = δαβ +
4πiσαβ(ω)/ω. For the interband transitions, the imaginary part of the dielectric function is calculated directly
from the electronic structure through the joint DOS and the matrix elements of the momentum p between
occupied and unoccupied eigenstates

εαβ
2 (ω) = 4π2e2

∑

Knn′
〈Kn |pα|Kn′〉 〈Kn′

∣∣pβ
∣∣ Kn

〉
(fKn − fKn′)δ(E′

Kn − EKn − ~ω)/Ωm2ω2, (1)
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where e is the electron charge, m is the mass, Ω is the volume of the crystal, fKn is the Fermi distribution
function and |Kn〉 is the crystal wave function corresponding to the nth eigenvalue EKn with the crystal wave
vector K.[23] The real part of the dielectric function is calculated via the Kramers–Kronig transformation. The
imaginary and the real parts of the dielectric function for the intraband transitions are εαβ

2 (ω) = Γω2
p,αβ/[ω(ω2+

Γ 2)] and εαβ
1 (ω) = 1−ω2

p,αβ/(ω2 +Γ 2), respectively where Γ is the lifetime broadening and ωp,αβ is the plasma
frequency, which is given by

ω2
p;αβ(ω) = ~2e2

∑

Kn

〈Kn |pα|Kn′〉 〈Kn′
∣∣pβ

∣∣ Kn
〉
δ(EKn − EF)/πm2, (2)

with EF being the Fermi energy.
Figure 6 displays the calculated real and imaginary parts of the optical conductivity tensor components

σxx and σzz of the two low-dimensional Ru systems when magnetized along the x-axis and the z-axis. The
calculated off-diagonal components of the optical conductivity tensor of the two systems are about 20 orders
of magnitude smaller than the diagonal components, so we neglect them in the following. We find that the
spectra of photoconductivity in the two systems are quite different from each other. Taking into account both
intraband and interband transitions, the spectra of the two systems show typical metallic characters, and there
are at least three features that are noticeable: First, the components of the optical conductivity tensors along
the crystal symmetry breaking direction, such as the σxx component in the atomic chain and σzz component in
the monolayer, are in the ultraviolet range for both systems. Second, the photoconductivity peaks are broader
and higher for the monolayer in the low energy range than those for the atomic chain. Third, the spectra of
photoconductivity show a shoulder at about 1eV in the monolayer, but it is absent in the atomic chain in the
same energy range.

Fig.6. Curves for the real part and imaginary part of diagonal optical conductivities when magnetized

along different directions, where panels (a) and (c) show real parts and imaginary parts of σzz and σxx

components for Ru atomic chain respectively, panels (b) and (d) indicate the ones for Ru monolayer,

and the insets are for the corresponding interband contributions.

The first feature can be well understood from the electronic structures of the two systems. In 1D and 2D
systems, the electron densities distributed along the symmetry breaking direction, such as the dx2y2+xy band in
the atomic chain and dz2 band in the monolayer, show localized features. This kind of localization reduces the
electron speed at the Fermi level, which essentially affects carrier mobility.[24] As a result, the plasma frequency,
which is proportional to the Fermi speed, decreases simultaneously. For example, as depicted in Table 2, ωxx is
0.0033 in the atomic chain, three orders of magnitude smaller than ωzz(ωzz = 4.1880), indicating a much reduced
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intraband transition probability for the related bands. So the σxx component in the atomic chain and the σzz

component in the monolayer mainly come from the interband transitions, which induce photoconductivity peaks
in the ultraviolet range. The second feature can be explained analogously. The monolayer has a larger number
of states when including SO coupling than the atomic chain near the Fermi level, as shown in Fig.2. This
will induce higher transition probabilities hence larger photoconductivity in the monolayer. What is more, the
sharp photoconductivity peaks of the atomic chain compared with those in the monolayer could be attributed
to the more localized electronic structure of the atomic chain. To understand the appearance of the shoulder
in the photoconductivity spectra of the monolayer, we switch to the investigation of the contributions of the
interband transitions to the photoconductivity. When involving only the interband transitions, the difference
in the photoconductivity spectrum between the two low dimensional systems is quite distinct as shown in the
insets of Fig.6. In a low-energy range, instead of two peaks in the spectra of the atomic chain, there are three
peaks in the spectra of the monolayer. Clearly, the peak around 1.0 eV, which is special for the monolayer,
causes the shoulder in the spectra.

We then focus on the anisotropy of the opti-
cal properties of the two low-dimensional Ru mod-
els. As stated in Ref.[25], there are two contribu-
tions to the anisotropy of optical properties. First,
a purely magnetocrystalline anisotropy contribution
stemming from the variation of off-diagonal optical
conductivity with the orientation of the orbital mo-
ment. Second, a purely crystallographic anisotropy
contribution originating from the difference in diago-
nal optical conductivity. Considering the very small
variations in the off-diagonal components of the opti-
cal conductivity tensors under different magnetization
directions, the anisotropy of photoconductivity is at-
tributed mainly to the crystallographic anisotropy for
both low-dimensional systems.

The explanation for the above behaviour may be
made clearer in terms of electronic structure. In a low-
dimensional system, owing to the asymmetric crystal
field, the spatial distributions of valence orbitals are
anisotropic. Including SO coupling to these orbitals
results in orbital magnetic anisotropy hence MAE.
In addition, the electronic transitions among these
states result in the anisotropy in the optical conduc-
tivity tensor. Since the crystallographic anisotropy in
the atomic chain is quite different from that in the
monolayer, the atomic chain behaves more anisotrop-
ically in the optical properties. As shown in Fig.6,
obvious anisotropy in the optical conductivity only
appears in the Ru atomic chain though the atomic
chain and the monolayer, and each have a large MAE.
Hence the anisotropies of optical properties and the
MAE do not necessarily have the same origins, es-
pecially in low-dimensional systems, where the crys-
tallographic anisotropy is more important in induc-
ing the anisotropy of photoconductivity. For example,
we see from Fig.6 that the σzz components show dis-

tinct anisotropies at about 0.3 eV in the spectra of the
atomic chain. A closer investigation on the electronic
structure indicates that the peak at 0.3 eV is most
probably caused by the electronic transitions between
different 4d bands, among which the dx2y2+xy band,
whose DOS profiles under the two magnetization di-
rections are quite different, makes the most contri-
butions. As mentioned above, the easy axis is deter-
mined by the competition among the three 4d orbitals
near the Fermi energy, though we see that a certain in-
dividual orbital controls the anisotropy of optical con-
ductivity in the atomic chain. As to the monolayer,
electronic transitions between 4p and 4d states and
those between different 4d bands near the Fermi level
create all of the three photoconductivity peaks below
4.0 eV. Though the differences between the 4p and 4d
DOS profiles are quite obvious under different mag-
netization directions which do cause large MAE, the
anisotropy in photoconductivity is almost negligible
in the Ru monolayer. This observation is helpful for
understanding some experimental results where large
Kerr rotation is not always accompanied with large
MAE in some materials.[13]

4. Conclusions

We report on a first principles study on the mag-
netic and the optical properties of low-dimensional Ru
systems by using the FLAPW method. We find that
nonmagnetic bulk Ru turns out to be magnetic when
reducing the dimensions. The magnetism increases
with the reduction in dimension and the magnetic mo-
ments are 1.130 and 1.039 µB/atom in the Ru atomic
chain and the Ru monolayer, respectively. The dif-
ferences in the local neighbourhood environment be-
tween Ru atoms and crystal-filled splitting under dif-
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ferent magnetization directions result in anisotropies
in magnetism and photoconductivity through SO cou-
pling. The easy axis is perpendicular to the atomic
chain axis and the monolayer, but the MAE is much
larger in the former case. Based on the electronic
structures and the evolutions of MAE with the band
filling, we find that the competition among individ-
ual 4d orbitals determines the easy axis in both sys-
tems. The atomic chain also shows distinct anisotropy

in photoconductivity, which is ascribed mainly to the
crystallographic anisotropy due to symmetry breaking
in low-dimensional systems.
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