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Electronic and magnetic properties at rough alloyed interfaces of
Fe/Co on Au substrates: An augmented space study∗
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We studied the interface electronic and magnetic properties of Fe/Co deposited on Au substrate and researched the
effects of roughness at the interfaces within augmented space formalism (ASF). The full calculation is carried out by
recursion and tight-binding linear muffin tin orbital (TB-LMTO) methods. The amount of roughness is different at different
atomic layers. The formalism is also applied to sharp interface, when interdiffusion of atoms is negligible. Our results of
one monolayer transition metal agree with other reported results. A realistic rough interface is also modeled with three and
four monolayers of transition metals, deposited on Au substrates.
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1. Introduction
The interface properties of transition metals and metals

significantly contribute to technological applications such as
magnetic recording devices and sensors.[1–4] Therefore, the
study of layerwise properties at the interface is important.

When a transition metal is deposited on a metal sub-
strate, there is interdiffusion of atoms at the interface due
to the difference between their surface energies.[5] When
Fe is deposited on Au substrate, Fe atoms are found to
segregate[5] and the intermixing of Fe and Au atoms is ob-
served experimentally.[5,6] This intermixing of atoms at the
interface leads to rough interface, which is also observed ex-
perimentally in this system.[7] Sharp interfaces of Fe/Au with
only one Fe monolayer have been considered in various theo-
retical studies.[8–10] While, in this paper, we studied both sharp
and rough layerwise interface properties to research the effect
of roughness. The main objective of this paper is to study
rough interface properties with three and four ML transition
metal depositions on semi-infinite Au substrate. Augmented
space formalism (ASF) had also been applied earlier[11] to
study the Fe/Au interface with one ML of Fe. Therefore, we
have also considered one monolayer (ML) with both sharp and
rough interfaces to compare our result with the results in ear-
lier literature.[8–11] Three ML case or more monolayer cases
are realistic from the experimental point of view. In our recent
work[12] on three MLs of Fe on Ag substrate with rough in-
terface, the result obtained on magnetic properties agrees well
with the experimental observations. Therefore we have mod-
eled a realistic rough interface with three and four ML deposi-
tions. In this four ML case, the interface is defined as four al-
loyed layers, two from the transition metal side, and two from

the Au side. The interdiffusion of atoms is considered into
these four interface layers.

2. Computational methods
Augmented space formalism[13–16] is a suitable technique

to deal with binary disordered alloys, and this formalism
has been applied successfully to rough surface and alloyed
interfaces.[12,17–19] To deal with the first principle calculation,
ASF is combined with the TB-LMTO method. The Hamilto-
nian in TB-LMTO basis[20] is

Hα

RL,R′L′ = ĈRLδRR′δLL′ + ∆̂RLSα

RL,R′L′ ∆̂R′L′ ,

ĈRL = CA
RLnR +CB

RL(1−nR),

∆̂RL = ∆
A
RLnR +∆

B
RL(1−nR).

Here, R is the lattice sites and L = (lm) are the orbital indices.
For transition metal, l < 2. The CA

RL, CB
RL, ∆ A

RL, and ∆ B
RL are

the TB-LMTO potential parameters of the constituents A and
B of the alloy. The potential parameters are generated from
TB-LMTO within local spin density approximation (LSDA)
using Barth and Hedin exchange correlation potential.[21]

The augmented Hamiltonian[16] is

H̃ = ∑
RL

(
CB

RL Ĩ +δCRLM̃R
)
⊗a†

RaR +

∑
RL

∑
R′L′

(
∆

B
RL Ĩ +δ∆RLM̃R

)
Sα

RL,R′L′(
∆

B
R′L′ Ĩ +δ∆R′L′M̃R′

)
⊗a†

RaR,

where

δCRL =
(
CA

RL−CB
RL
)
,

δ∆RL =
(
(∆ A

RL)
1/2− (∆ B

RL)
1/2
)
,

∗Project supported by the INSPIRE Program Division, Department of Science and Technology, India.
†Corresponding author. E-mail: biplabg@nitrkl.ac.in
© 2016 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

057302-1

http://dx.doi.org/10.1088/1674-1056/25/5/057302
mailto:biplabg@nitrkl.ac.in
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 25, No. 5 (2016) 057302

and Ĩ is the identity operator in the augmented space, M̃R is
the operator in the configuration space, and M̃R in the second
quantized notation as

M̃R = xb†
R0bR0 +(1− x)b†

R1bR1 +√
x(1− x)

(
b†

R0bR1 +b†
R1bR0

)
,

where (b†
R0,bR0) and (b†

R1,bR1) are the creation and annihila-
tion operators in the augmented space.[22]

When the recursion method[23] is applied to the aug-
mented Hamiltonian, the averaged Green function can be writ-
ten in the form of a continued fraction. Infinite continued frac-
tion is to be terminated after a finite terms using a suitable
terminator

〈〈GRR(z)〉〉=
β 2

1

z−α1−
β 2

2

z−α2−
β 2

3

z−α3−
β 2

4
. . . T (z)

,

and the density of states (DOS) is given by

n(E) = lim
ε→0+

− 1
π

ℑG(E + iε),

where α and β are recursive parameters and T (z) is the
terminator. In our calculations, we used Luchini and Nex
terminator.[24]

ASF has been successfully extended to study the prop-
erties of almost smooth surfaces and sharp interfaces in the
limiting case when roughness is negligible,[12,17–19] by us-
ing Viswanath and Müller[25,26] terminator. In our calcula-
tions, we used eight-shell augmented space calculation and
nine steps of recursion.

3. Results and discussion
Fe is deposited on Au in its bcc phases and there is a large

lattice mismatch (42%) between bcc Fe and fcc Au. When Fe
is deposited on Au, the layers of bcc Fe are rotated by 45◦

with respect to the Au (001) plane,[5,27–30] which reduces the
lattice mismatch to only 0.6%. However, Co is deposited on
Au in its fcc phase and there is also 15% lattice mismatch be-
tween Co and Au. Therefore, the lattice parameter of the Co
overlayer relaxes and it is obtained by energy minimum prin-
ciple. The relaxed parameters are within 2% lattice mismatch.
In our calculations, we considered these relaxed parameters.

3.1. One monolayer of transition metals

Figure 1 shows the layerwise density of states (DOS). The
spin-polarized DOS shows the amount of splitting in spin-
up and spin-down electronic states, the nature of hybridiza-
tion and its contribution towards the magnetic moments for
the transition metal overlayer. The splitting of spin-up and
down states is more for Fe overlayers. The peaks of transition
metal atoms do not coincide with those of Au substrate atoms
at the S− 1 layer. This means that the sp–d hybridization be-
tween Fe/Co and Au is weak and narrows down the Fe/Co
bands. Therefore, the magnetic moment of transition metal on
Au increases (Table 1). The spin-down band is wider than the
spin-up band in both cases. The spin-up states contribute more
to the magnetic moment in these systems. The spin-resolved
DOS for the top Fe layer in the Fe/Au(001) system matches
well with the earlier results calculated with the FPLAPW
method.[10] The interface spin DOS for Fe also matches with
the earlier study results carried out using DFT.[30] The width
of DOS increases from the top most layer towards inner atomic
layers. At the fourth substrate layer (S− 4), the DOS ap-
proaches bulk Au DOS.
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Fig. 1. Layerwise variation of DOSs for one ML of transition metal (Fe and Co) on Au metal substrates from top most (S) layer to
inner atomic layers. Fermi level is reset at zero. (a) Fe/Au(001), (b) Co/Au(001).
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Table 1 shows layerwise magnetic moments for one ML

of transition metals. The magnetic moments of the top most

transition metal overlayers increase compared to bulk Fe and

Co values. The obtained magnetic moment of the top most

(S) layer as well as the induced moment at the first sub-

strate (S− 1) layer agrees with the earlier results obtained by

the FPLAPW method.[8–10] This shows that ASF is useful to

study sharp interfaces. The induced magnetic moment gradu-

ally decreases and ceases to zero at the fourth substrate layer.

The magnetic moment of the top most layer in this case is

more compared to the magnetic moment of smooth Fe and Co

surfaces.[18] This is because the sp–d hybridization between

transition metal and metal substrate is weak compared to the

3d–3d hybridization between transition metal layers.

The roughness in this one ML case is considered with 5%

and 10% interdiffusion of atoms. Figure 2 shows the effect

of roughness on the DOS at the interface layers (S and S−1).

The amount of both spin-up and spin-down electronic states of

the top most layer decreases with the increase of the Au atoms

in the case of Fe/Au. Whereas in the case of Co/Au, the spin-

up DOS increases when 5% Au is introduced. With further

increasing Au concentration to 10%, the spin-up states in the

lower energy region increase but those close to Fermi energy

decrease in the case of Co/Au. In Au rich layers (S− 1), the

amount of DOS decreases with the increase in transition metal

atoms.

Table 1. Layerwise magnetic moments (µ) per atom for one layer of
transition metals deposited on Au substrate. Here, S represents the top
most layer of the interface. x = 0.0 (sharp interface). Comparison is
done with the FPLAPW method.

Layers Fe/Au Co/Au
µ/µB µ/µB

3.00 2.01
S 2.98a

2.97b,c

0.09 –0.03
S−1 0.08a,b

0.03c

S−2 0.02 0.21
S−3 0.001 0.001
S−4 0.00 0.00

aRef. [8], bRef. [9], cRef. [10].
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Fig. 2. Layerwise spin-polarized DOS for one layer of Fe/Co deposited on Au substrate. Here, S and S−1 represent interface layers.
(a) and (d) x = 0 (sharp interface), (b) and (e) x = 0.05, and (c) and (f) x = 0.10 (rough interface). Solid line: spin-up DOS. Dotted
line: spin-down DOS. Fermi level is reset at zero.
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Tables 2 and 3 show the effect of roughness at the inter-
face with 5% and 10% interdiffusion of atoms respectively.
With the increase of Au concentration in Fe and Co top most
layers (S), the average magnetic moment decreases, whereas,
the average induced magnetic moment at the first substrate
layer (S− 1) increases. This is due to the increase in transi-
tion metal atoms in the S−1 layer. Our results match with the
earlier results.[11] In these cases, the induced magnetic mo-
ment also ceases to zero at the fourth substrate layer (S− 4),
as in the case with a sharp interface.

Table 2. Layerwise magnetic moments (µ) per atom for one layer (S) of
transition metals on Au metal substrate. Here, S and S− 1 are T1−xMx
and M1−xTx respectively with T and M standing for transition metal
and metal atoms respectively, M = Au and x = 0.05 (rough interface).
Comparison is done with ASF without surface relaxation.

Fe/Au(001) Co/Au(001)
Layers

µT/µB µM/µB µavg/µB µT/µB µM/µB µavg/µB

S 2.99 –0.06 2.84 2.04 –0.14 1.93
2.85a

S−1 2.94 0.08 0.22 1.59 0.05 0.13

S−2 0.04 0.16
S−3 –0.008 –0.006
S−4 0.00 0.00

aRef. [11].

Table 3. Layerwise magnetic moments (µ) per atom for one layer (S) of
transition metals on Au metal substrate. Here, S and S− 1 are T1−xMx
and M1−xTx respectively with T and M standing for transition metal
and metal atoms respectively, M = Au and x = 0.10 (rough interface).
Comparison is done with ASF without surface relaxation.

Fe/Au(001) Co/Au(001)
Layers

µT/µB µM/µB µavg/µB µT/µB µM/µB µavg/µB

S 3.00 –0.05 2.70 1.84 –0.05 1.65
2.68a

S−1 2.59 0.12 0.37 1.87 0.07 0.25

S−2 0.04 0.29
S−3 –0.008 0.002
S−4 0.00 0.00

aRef. [11].

3.2. Three monolayers of transition metals

In our earlier work,[12] the obtained rough interface mag-
netic properties with 5% interdiffusion of atoms for three MLs
of Fe on Ag substrates agree with the results in the experimen-
tal work.[31,32] Therefore, the study of three ML depositions
on Au substrates is also important. There are no experimental
and theoretical studies reported for Fe and Co on Au substrate
in this for comparison. Table 4 shows the layerwise variation
of magnetic moment with sharp interface when interdiffusion

is negligible. The magnetic moment of the top most Fe layer
is the same as that of one ML case.

Table 4. Layerwise magnetic moments (µ) per atom for three MLs of
Fe/Co on Au. S stands for the top most layer, S−2 and S−3 are sharp
interface layers (x = 0.0).

Layers Fe/Au Co/Au
µ/µB µ/µB

S 3.00 1.84
S−1 2.63 1.55
S−2 3.06 1.56
S−3 0.00 0.01
S−4 0.005 –0.003
S−5 0.00 0.003
S−6 0.00 0.00

Table 5 shows the average and interface magnetic mo-
ments, both for sharp and rough interfaces. The average mag-
netic moments as well as the interface transition metal mag-
netic moment reduce with the increase in roughness.

Table 5. Calculated average and interface magnetic moments (µ) per
atom for three layers of transition metals on Au substrates.

Magnetic moments Fe/Au Co/Au
µ/µB µ/µB

Average 2.90a 1.65a

2.82b 1.67b

Interface 3.06a 1.56a

2.89b 1.49b

asharp interface (x = 0.0), brough interface (x = 0.05).

3.3. Four layered rough interface

Next, we modeled a more realistic case where we con-
sidered four ML depositions of transition metals on Au sub-
strates. The rough interface is considered as four alloyed lay-
ers, two from transition metal layers and the other two from
metal substrate layers. In these four layers, the transition metal
atoms and metal atoms interdiffuse into each other. There-
fore, the interface is defined by four layers I + 2, I + 1, I− 1,
and I− 2. The host atom at layers I + 2 and I + 1 is transi-
tion metal atom, whereas the host at layers I− 1 and I− 2 is
substrate metal atoms. The composition of the alloyed inter-
face at different layers from top to bottom are T95M5, T90M10,
M90T10, and M95T5, respectively. Here, T and M stand for the
transition metal atom (Fe/Co) and metal substrate atom (Au),
respectively.

Figures 3 and 4 show the variation DOS at the four-
layered rough interface for Fe and Co overlayers respectively.
With the increase in Au concentration from 5% to 10% at
Fe/Co rich layers at the interface, both spin-up and spin-down
electronic states show significant change. However, at Au rich
layers (I−1 and I−2), the splitting of spin-up and spin-down
electronic states decreases with the decrease in Fe concentra-
tion.
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Fig. 3. Layerwise variation of spin DOS at Fe/Au(001) with rough alloyed interface. Fermi energy is reset at zero. (a) Fe95Au5,
(b) Fe90Au10, (c) Au90Fe10, and (d) Au95Fe5.

Energy/Ry Energy/Ry

Energy/Ry Energy/Ry

D
O

S
/
st

a
te

sS
R

y
-

1
Sc

e
ll

-
1

D
O

S
/
st

a
te

sS
R

y
-

1
Sc

e
ll

-
1

D
O

S
/
st

a
te

sS
R

y
-

1
Sc

e
ll

-
1

D
O

S
/
st

a
te

sS
R

y
-

1
Sc

e
ll

-
1

-50

-25

 0

-0.8 -0.6 -0.4 -0.2  0  0.2

 25

 50

EF

Co/Au(001)I⇁

-50

-25

 0

-0.8 -0.6 -0.4 -0.2  0  0.2

 25

 50

EF

Co/Au(001)I⇁

-50

-25

 0

-0.8 -0.6 -0.4 -0.2  0  0.2

 25

 50

EF

Co/Au(001)I↩

-50

-25

 0

-0.8 -0.6 -0.4 -0.2  0  0.2

 25

 50

EF

Co/Au(001)I↩

Co95Au5 Co90Au10

Au90Co10 Au95Co5

spin down

spin up

spin down

spin up

spin down

spin up

spin down

spin up

(d)(c)

(a) (b)

Fig. 4. Layerwise variation of spin DOS at Co/Au(001) with rough alloyed interface. Fermi energy is reset at zero. (a) Co95Au5,
(b) Co90Au10, (c) Au90Co10, and (d) Au95Co5.

057302-5



Chin. Phys. B Vol. 25, No. 5 (2016) 057302

In the case of Fe/Au, the spin-up electronic states at
the lower energy region become significant in the I + 2 layer
(Fig. 3). This is because of the presence of Au impurities. As
the Au impurities in Fe layers increase from 5% to 10%, there
is significant change in both spin-up and spin-down DOS.
With the increase in the Au amount in the Fe layer, the spin-up
electronic states near the Fermi level increase and spin-down
electronic states are maximum at the Fermi level. In Au lay-
ers with Fe impurities, the peaks are shifted towards the lower
energy region as for the bulk Au. The splitting of spin-up and
spin-down electronic states decreases in these regions (I− 1
and I− 2 layers). Bulk Au DOS is obtained at the fifth sub-
strate layer (I − 5) from the interface. The DOS of Fe rich
I + 1 and Au rich I− 1 layers match well with the results in
the earlier work.[30]

Table 6. Layerwise magnetic moment (µ) per atom at the four-layer
rough interface of two layers of transition metal plus two layers Au
substrates. I: boundary of transition metal and Au substrate. Interdif-
fusion, x = 0.1 at I± 1 layer and x = 0.05 at I± 2 layers, and x = 0 at
other layers.

Fe/Au(001) Co/Au(001)
Layers

µT/µB µM/µB µavg/µB µT/µB µM/µB µavg/µB

I +4 2.99 1.84
I +3 2.64 1.51
I +2 3.01 0.06 2.86 1.68 –0.07 1.59
I +1 2.83 –0.001 2.55 1.40 0.01 1.26
I−1 2.52 0.02 0.27 2.30 0.004 0.24
I−2 2.90 0.02 0.17 2.95 –0.009 0.14
I−3 0.00 0.001
I−4 –0.01 –0.006
I−5 0.00 0.00
I−6 0.00 0.00

The spin-up and spin-down electronic states are more at
the Co top layer in the case of the Co/Au system (Fig. 4).
The states decrease at the next layer which reduces the Co
magnetic moment. When Au impurities increase from 5% to
10%, the spin-up states contribute more to the magnetic mo-
ment than the spin-down states. In the region away from Fermi
level, electronic states are more affected with the increase of
Au atoms at Co atomic layers. DOS attains bulk Au DOS at
the fifth substrate layer (I−5) from the interface.

The effect of roughness is shown in Table 6. The tran-
sition metal layers with 5% Au have more magnetic moments
compared to that with 10% Au. However, at Au rich layers, the
magnetic moment of the I−1 layer is more compared to that of
the I−2 layer. That is because there are more transition metal
atoms in the I− 1 layer, the induced magnetic moments due
to Fe/Co are more. The magnetic moment of the Co atom as
well as the average magnetic moment of the I +1 layer is less
than its bulk value. This is due to the increase in hybridization
between Co and Au atoms. The layerwise magnetic moments
at transition metal layers (I + 4 to I + 1) show oscillatory be-
havior but that in Au substrate layers (I−1 to I−5) gradually

ceases to zero. The magnetic moment is zero at the fifth sub-
strate (I−5) layer. Therefore, Au attains bulk properties at the
fifth substrate layer for both the systems.

4. Conclusion
In this paper, augmented space formalism coupled with

the recursion method and the TB-LMTO method has been ap-
plied to carry out the layer-based density of states and mag-
netic moments of rough and sharp interfaces of Fe/Co on
Au(001) metal substrates. The calculated DOS and magnetic
moment for a sharp interface with one ML deposition agrees
well with the results by other first principle calculations. The
effects of roughness on DOS and magnetic moments are dis-
cussed for one, three, and four ML deposition cases. The ob-
tained rough interface properties with one ML Fe/Co agree
with other reported results. The average and interface tran-
sition metal magnetic moments get reduced with the increase
in roughness in three ML cases. The layerwise magnetic mo-
ments cease to zero at the fourth substrate layer in the case of
one and three ML depositions, whereas, they reduce to zero at
the fifth substrate layer in the case of the four layered interface
with four ML depositions.
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