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Surface structure of Gd,,Cog alloy
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Abstract. Gd,,Cogy alloy was studied applying experimental methods of spectral
ellipsometry, atomic force and scanning tunneling microscopy. The experimental results
exhibit the eutectic two-phase structure of this alloy. Clusters of a phase with a lower
content had a lesser concentration of free carriers, which resulted in smaller tunnel currents
during the measurements. To analyze the experimental data, a theoretical approach was
developed, which was based both on the quantum-mechanical methods of configurational
interaction and on three-diagonal Toeplitz matrices formalism. This approach allowed us to
describe in detail the energy bands formation process in solid clusters with a relatively
small quantity of atoms, which as a consequence enabled to describe the Shockley surface
states as well as the existence of a surface layer with partially formed energy bands.
Spectral-ellipsometric measurements of Gd,oCogq alloy thin films confirmed a significant
difference between the measured optical constants for 20-nm thick films and larger films.
Quantum-mechanical molecular calculus allowed to obtain optical constants for several
supercells of Gd-Co chemical compounds and confirmed the acquired experimental and

theoretical results.
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1. Introduction

Alloys of rare-earth metals with cobalt are extremely
interesting both in terms of their physical properties and
with regards to their applications in magneto-optics. The
properties of such a rare-earth metal as Gd and the
ferromagnetic transition metal when they interact in the
alloy can lead to specific magnetic properties of these
alloys [1], also taking into account the complex nature of
the phase diagram of Gd-Co alloys [2].

In fact, the specific electronic structure of
gadolinium, its unfilled inner shell, which leads to less
noticeable collective properties of this metal, leads to a
large number of chemical compounds on the Gd-Co alloy
phase diagram. The properties of Gd,,Co, compounds,
some of which are not stable [3], depend on interaction
on the contact surface of individual clusters (or layers
[4]) of Gd,,Co, with different crystal lattices [2, 5].

Previous electron-microscopic studies of Gd-Co
thin films have indicated the possibility of an extremely
complex cluster nanoscale structure of alloys with
the possibility of the existence of separate clusters with

different crystal structures and with a specific orientation
of their spins [6]. It should be also noted the studied
features of the structure of the alloy Gd,Co,. This alloy
showed the presence of crystal lattices typical for Ce,Ni;
and Er,Co; due to absorption of hydrogen by the alloy
[7]. 1t is clear that the possibility of absorption of gas
molecules from the air, which will affect the crystal
structure of the samples, adds additional uncertainty in
experiments with Gd,Co;. There are seven stable phases
of Gd-Co alloys (GdsCo, Gd;,Coe, GdCo,, GdCog,
Gd,Co;, GdCos and Gd,Coy7) [2, 8]. For the study, we
chose the Gd,,Cog alloy, due to the existence of several
types of stable phases on the Gd-Co phase diagram in the
vicinity of Gd,Co; phase. This allows us to study
samples with different crystal clusters.

The aim of this study is to analyze experimental
spectral-ellipsometric, atomic force and high spatial
resolution scanning tunneling microscopy data for thin
films of Gdy,Cog alloy from the viewpoint of condensed
matter theory by taking into account the electronic
structure properties of rare-earth metals.
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2. Theory: Shockley surface states in configuration
interaction formalism

Surface states can be described applying a simplified
model of a one-dimensional chain of atoms. This
approach is typical, when considering Shockley type
surface states [9]. In this case, if we take a set of atoms
with two energy levels, the levels of the chain transform
to energy bands. Let us examine this point in more detail.
Suppose that we have N atoms forming a one-
dimensional chain — a finite one-dimensional lattice.
Then, in accordance with the quantum-mechanical
method of configuration interaction (Cl) [10], we look
the wave function of the chain in the form v=Y ¥

(¥; — wave function of i-th atom) with the possibility to
vary the coefficients C; (Z(C § =1) to minimize the

energy of functional E :(\P\H\‘{f} , which require solving

a system of linear equations (including a condition of
zero determinant):

)25, =
El)=0.

det((¥|H|w) -

| is a unit matrix. In fact, the second relation Eg. (1a)
defines the formal procedure for finding the eigenvalues
(eigenvectors) of R =<‘{"H“{’> matrix. The elements of R

)

(1a)

matrix corresponding to the straight chain of atoms can
be represented as the Toeplitz matrix:

8 & ) an-1
& a & an-2
R=| a & EN) an-g |*
ayo1 8y an-g Eh)
2
a, g O 0
a a; & 0
~la, a a, 0|=R;(ag,a)
0 0 O EN
Due to translational symmetry of the chain,
the elements of the matrix Eq.(2) must be
symmetrical  relatively to the main diagonal
ai,j:ai+1,j+1(ak:<‘*‘i\"|\‘*‘j>)- It is also clear that the
Hamiltonian matrix elements are maximal for
neighboring atoms. Therefore, if we neglect the

interaction of non-adjacent atoms, the density matrix can
be approximately represented as the tridiagonal Toeplitz
matrix Rr (a,, #0, a,,; #0) in Eq. (2). As known [11],
the spectrum of N eigenvalues of this type of matrices
uniformly fills a narrow numerical interval.

Let us check out now these two energy levels for
the chain of atoms as a function of the distance between
atoms. In this case, the matrix Ry can be represented in
the block form

0
Rr (bp,b1)|

The results of calculations are presented in Fig. 1.
a(r)/ag(r) and by(r)/by(r) are functions of the distance

between the atoms in the chain for the main and excited
energy levels. In the calculations, we considered a
simplified case a/a,=b, /by, which allowed us to more

evidently present the dynamics of formation of energy
bands as 2D rather than 3D curves. As one can see, the
energy levels do not cross and converge forming the
energy states in the forbidden energy gap (Fig. 2b,
marked by circles). The finiteness of the chains of atoms
results in the formation of Shockley states in the
forbidden energy gap [12]. Interestingly, the upper and
lower energy levels in the energy bands are the
eigenvalues of the matrix corresponding to two atoms on
the chain ends, i.e., in our approach, these levels are
associated with surface atoms. These levels converge to
form surface states in the forbidden energy gap, but the
process of formation of surface states is the result of the
collective interaction of many atoms in the near-surface
layer and not only the atoms at the chain ends. In fact, we
are talking about the effect, which is localized at sample
surfaces due to the ideal crystal translational symmetry
violation.

If we consider an alloy that exists as an eutectic
mixture of a few phases, we actually have a violation of
the translational symmetry in the whole crystal bulk,
namely at the phase boundaries. As a part of the
configuration interaction model, let us apply Born — von
Karman boundary condition for our model of a one-
dimensional chain of N atoms with two energy levels
with different parity:

Ry (aO!al)
0

R= 3)

N-1 N-1

o(x)= Y08 + 3 v = exp (ikx)U (x) =
j=0 j=0
N -
Z
0 j=0
N-1

N-1
u?) c} exp (ik(x + jd))
‘{’gZC exp (ik (x+ jd ))/exp (ikx)+

j=

p (ik(x + jd )=
(4)

Il
=z _
= O

P exp (ik (x + jd ))/exp (ikx).

+

u
CJ
0

where w9 =y For levels with even g and odd u
symmetry in respect to the x— —x operation, the
condition of translational symmetry U(x+d)=U(x) is
also fulfilled, where d is the distance between atoms. We
can rewrite the expression (4) taking into account that the
even and odd components of the wave function have
different complex character (the real part of exp(ikx)U (x)

the relation (4) is even and complex — odd):
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o(x)=u¥9(x)+wiv"(x). (5)

In fact, we reduce the number of variables ng'“ in
the expression (4), using Born — von Karman boundary

(u= Nfcjg exp (ik(x+ jd ))/exp(ikx),

j=0

condition

N-1
w= (=)D CY exp (ik(x+ jd ))/exp(ikx)). We can use the
j=0
relation (5) for description of energy levels in the
forbidden energy gap. In this case, the wave function of
such states is described as a mixed state of wave
functions of two energy levels from the valence band and
conduction band. The variables u and w are still have to
be determined, but we can find the relationship between
them by using the relations (4), (5) for wave functions
and their derivatives at x = +d /2:

uw9(d/2)+wiv'(d/2)=

— exp (ikd Juw 9 (d/2)- wiw" (d/2)),
uwe(d/2)+wiv*(d/2)=

= exp (ikd ) (—u¥®'(d/2)+wiv*'(d/2)).

Considering the system (6) as two equations with
two variable u and w, it can have solutions only at zero
determinant:

(6)

P9 (d/2)(1-exp(ikd)) ¥ (d/2)(1+exp(ikd))

¥9'(d/2)(1+exp(ikd)) i¥*(d/2)(1—exp(ikd)) >

)

When solving the Schrédinger equation, we obtain

solutions with a variable phase factor. When considering

the relation (7), we can choose the phase factor so that at

the points x = £d /2 the wave function is real. Then, by

solving the relation (7), we can come to a result similar to
that of Shockley’s surface states:

(e (d/2)/w0(d/2)
(¥ (¢/2)/w*"(a)2)

The difference is in the fourth power in Eq. (8) as
opposite to the second one in the original theory. When
atoms converge, there is a Coulomb and exchange
interaction between the electron shells of atoms, the
energy levels of individual atoms change their position
with forming the energy bands separated by a forbidden
energy gap. Calculations based on Eqgs. (1)—(3) for seven
atoms with two energy levels (0.75 and 1 arbitrary
energy units) are presented in Fig. 1.

An important point of the curves in Fig. 1 is that
they form singularities — 14 curves do not cross similarly
to the results presented for eight atoms from [13]. At the
points where the curves converge, the derivative of the
wave function on the coordinate of the perpendicular
surface is uncertain. First, it is a consequence of direct
calculations in frames of our model — seems to be the
eigennumbers property of tridiagonal Toeplitz matrices.

(tan(kd/2))" = - (8)

1.50 |

1.254

1.00

a.u.

0.75+

0.50 1
BG

0.25 T T
0.0

0.3

0.85

a.u.

0.80 1

0.754

0.70
0.05

Fig. 1. a) Energy spectrum for 7 atoms one-dimensional lattice
as a function of interaction coefficients between atoms, BG —
forbidden energy gap. b) Enlarged part of Fig. 1a spectrum.

From the perspective of quantum-mechanical theory, the
ordered eigenvalues A; < A, <... in the space of Hermitian
matrices are a part of adiabatic theorem [14] related
formalism. From the semi-qualitative viewpoint, two
degenerate energy levels can cross and cannot, if, e.g.,
the levels belong to different energy bands.

Shockley states are possible only with a positive
right-hand side of Eq. (8). The derivative ¥'(d/2) changes
its sign at the points of curves extremums, when two
energy levels from the valence and conduction bands are
becoming very close. Surface states in this model occur,
when there is derivatives uncertainty +oo/—0 which
occurs in the right part of the relationship (8) in the
vicinities of such singularities (marked by circles in
Fig. 1b). These energy levels in the forbidden energy gap
are located at surfaces of eutectic granules in the sample.

It should also be noted that at the points of
singularity the upper and lower curves approach each
other at an infinitesimal distance (in calculations, the
distances between the curves in Fig. 1 are reduced with
increasing the amount of points included to the curves).
These results are similar to those of the semi-qualitative
approach in the original theory [13].

As one can see, the quantum-mechanical
configuration interaction technique can be applied for
clarification of Shockley states formation by a finite
number of atoms in the crystal lattice. In this case, the
states can be result both of the presence of eutectic
phases in the alloy and of sample surfaces.
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3. Results and discussion

Spectral-ellipsometric  studies were performed by
measuring the elipometric parameters ¥ and A in a wide
range of the spectrum A 0.24...1.0 pm with a
WoollamM-2000 spectral ellipsometer.

The INTEGRA NT-MDT microscope was used for
measurements in scanning tunneling microscopy (STM)
and atomic force microscopy (AFM) regimes. The spatial
resolution of STM in the experiments reached 4 nm. A
sharp needle for STM measurements was made of
0.5 mm Ptyglry, wire by mechanical cutting of its end.
We performed our measurements in the mode where the
STM installation maintained a constant tunneling current
through the needle, which was achieved by changing the
position of the sample along the vertical direction.
Measurements by using atomic force microscopy were
performed in a semi-contact mode with a constant force
of needle-substrate interaction. The needle tip diameter
was about 20 nm, the needle-cantilever system oscillated
at the frequency of mechanical resonance.

GdyCog alloy films with the thickness between 20
to 100 nm were deposited using the ion-plasma method
at a constant current in vacuum under the pressure close
to 10 ° Pa onto glass water-cooled substrates. The results
of measurements of the Gd,,Cogg alloy film by using the
methods of atomic force microscopy and scanning
tunneling microscopy are presented in Fig. 2. We can see
there two scans obtained by different methods and having
similar qualitative patterns — the presence of dark clusters
with tens nanometers sizes.

The pictures in Fig. 2 are presented in the halftone
gradation mode of sample profile. It means that in the
vicinity of the dark cluster, the cantilever needle (AFM)
or Ptyglrg, wire tip was shifted downward to maintain
either constant values of the van der Waals needle-
surface interaction force or tunneling current. Further-
more, in the case of atomic force microscopy, we have a
relatively small contrast of the cluster pattern (displace-
ment of the needle in the vertical direction is no higher
than 8nm). In the case of scanning tunneling
microscopy, we are talking about almost an order of
magnitude larger vertical displacements (60 nm). This
picture can be logically explained by a much lower
concentration of free carriers in these clusters on the
surface, which results either in lower numbers of dipole-
dipole interaction between the needle and sample
surfaces or in a very large drop of tunneling currents
between the sample and the wire tip.

In fact, we have a sample with the presence of two
phases of gadolinium-cobalt chemical compounds. In this
case, the second phase has a relatively smaller
concentration and is in the form of clusters having the
size of tens nanometers. This allowed us to apply the
results of the theoretical part of this study. An important
consequence of considering the Shockley type surface
states from the viewpoint of the configuration interaction
technique is the presence of two qualitatively different
intervals for the distance between atoms in Fig. 1 -

Fig. 2. a) AFM measurements of Gd,,Cogq thin film. Spatial
resolution 20 nm. b) STM measurements of a thin film
Gd,Cogp. Spatial resolution 4 nm.

a,/a,€]00.078[ and a/a,<]0.078;0.3[. The limit

parameter 0.78 determines the minimal value of
Hamiltonian matrix elements for two neighboring atoms,
which is sufficient for considering these 7 atoms as a
crystal cluster with formed energy bands. Generally, a
limit parameter must depend on the quantity of atoms in
the cluster.

Fig. 3 shows an enlarged part of the forbidden
energy gap formation for the systems of 7 and 12 atoms.
The singularities between the lower level of the upper
energy band and the upper level of the lower band with
the minimal a /a, number are indicated with arrows.

a,/a, are lower at larger numbers of atoms in the chain.

Each chemical compound has specific parameters of
its crystal lattice, e.g. the energies of interaction between
neighboring atoms (having specific Hamiltonian matrix
elements ratio a/a,). From the viewpoint of Fig. 3

calculations, it means the existence for each substance,
the minimal quantity of atoms that form a surface layer
with properties (e.g., Shockley surface states) differing
from the rest of bulk crystal.

The relatively small number of atoms that form a
chain leads to inefficient formation of energy bands
(especially for rare-earth metal atoms with vacancies in
inner electronic shells and, as a consequence, less
pronounced collective properties). It seems to be the case
for tens nanometers size clusters in Fig. 2.
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Fig. 3. Enlarged part of the energy spectrum for 12 (upper graph) and 7 (lower graph) atoms one-dimensional lattices as a function of
interaction coefficients between atoms. Arrows indicate the position of the singularity with a minimum value a /a, for 12 (upper

graph) and 7 (lower graph) atoms.
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Fig. 4. Experimentally measured refractive index and absorption coefficient spectral curves for Gd,Cogg thin films with the

thickness: 20 nm (1), 40 (2), 50 (3), 60 (4), 80 (5), 100 (6).

As one can see in Fig. 1la, this corresponds to a
larger width of the forbidden energy gap between the
lower edge of the upper system and the upper edge of the
lower system of energy levels (small a/a, numbers).

This leads to a lower concentration of free carriers in the
conduction band, which is registered as dark spots in
Fig. 2. As a consequence of our STM measurements, we
can estimate the surface layer thickness of a few tens
nanometers for Gd,oCog alloy.

The results of spectral-ellipsometric measurements
of GdyCogy samples with a different thickness are
presented in Fig.4. As one can see, the film with
the thickness 20 nm exhibits a significant difference
in the refractive indices and absorption, especially
within the spectral range of intraband transitions at
A>600nm. The 20-nm thick film has insufficient

quantity of atoms near its surface to form a completely
developed energy band structure.

We present here the results of calculations of Gd-Co
alloys optical properties by using the all-electron full
potential linearized augmented planewave (LAPW)
method implemented in optics subroutine of ABINIT
software in LINUX operational system. The momentum
matrix elements were evaluated in detail for the LAPW
basis, and the interband as well as the intraband
contributions to the dielectric tensor were taken into
account. The LAPW method allowed evaluation of
optical constants of supercells [15]. We calculated
9 components of dielectric tensor € and calculated
refractive  indices n+ik  of spatial isotropic

polycrystalline alloys as ,/Tr(g)/3 .
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Fig. 5. a) Crystal structure of the chemical compound Gd,Co; (trigonal crystal system, 3m point group). b) Calculated refractive

index and absorption index spectral curves.
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Fig. 6. a) Crystal structure of the chemical compound GdCos (hexagonal crystal system, 6/mmm point group). b) Calculated

refractive index and absorption index spectral curves.

The results of quantum-mechanical numerical
calculations of gadolinium-cobalt stable chemical
compounds with smaller and larger relative values of
the content of gadolinium atoms in the supercell in
comparison with our sample Gd,,Cog, are presented in
Figs 5 and 6. Despite the differences in the shape of the
curves, the values of refractive indices and absorption
are approximately the same contrary to the results of
spectral-ellipsometric measurements in Fig. 4 with
drastically different optical constants for 20-nm thin
film. This additionally verifies applicability of Shockley
surface states model to analyze Gd,,Cogy surface
properties.

4. Conclusions

We have performed a theoretical and experimental study
of the surface properties inherent to the Gdy,Cogy alloy
that consists of two phases with different crystal lattices.
The theoretical approach is developed in this work for
describing formation of energy bands by a small quantity

of atoms that form some one-dimensional chain. The
guantum-mechanical model of configurational interaction
has been further developed for this case. The approach
allowed us to obtain an approximate solution of the
stationary Schrodinger equation in tridiagonal Toeplitz
matrices formalism. The technique enabled to ascertain
Shockley surface states in the forbidden energy gap and
also to determine the surface layer thickness, which is
responsible for formation of these states.

The energy band structure near GdyCogy alloy
surface is not fully formed due to existence of a surface
layer. Also the alloy consists of rare-earth element with
less pronounced collective properties due to smaller
values of the Hamiltonian matrix elements for
neighboring atoms in the crystal lattice.

Shockley surface states can appear at cluster boun-
daries in the eutectic alloy and thus change the density of
electronic states spectral curves. Spectral ellipsometry
enables to evidently register the appearance of these
states in the samples of Gd,,Cog alloys for a film with the
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thickness 20 nm. Measurements by using atomic force
microscopy and scanning tunneling microscopy identically
confirmed the existence of the second phase in the
Gd,,Cogy alloy with cluster sizes of tens nanometers
having a lower concentration of free carriers.

Numerical computer modeling of solutions of the

Schrodinger equation allowed plotting the spectral
dependences of optical coefficients for Gd-Co supercells
with different specific contents of gadolinium and cobalt
atoms, which allowed us to additionally verify the theo-
retical and experimental results obtained in this work.
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IMoBepxuena crpykrypa ciiaBy Gd,,Cogg
B.I'. Kynin, C.I'. Po3yBan, B.C. Cramyk

Anoramis. Crmae GdyC0gy JOCTIIKEHO 3a TOMOMOTOI EKCIIEPUMEHTAIBHUX METOIMK CIHEKTPATBHOI eJTCcOMETpii,
aTOMHO-CHJIOBOI Ta CKaHYIOUOI TYHEIHHOI MIKpOCKOIIii. Pe3ynpTaTi eKCIepruMeHTIB TOKa3alli HAasgBHICTh €BTEKTHIHOT
nBo(asHOI cTpyKTypH ciuiaBy. Knactepu ¢asu 3 MEHIIMM NMUTOMHM BMICTOM Malld MEHIIY KOHIIEHTPALilo BUIBHHX
HOCITB, 10 IPUBOJIMIIO IO MEHIINX 3HAYCHb TYHEJIbHUX CTPYMIB NP BUMIipIOBaHHAX. J{JIs aHAII3y eKCIIepUMEHTAIbHUX
naHux OyB pO3BHHYTHH (opMali3aM y paMKax KBaHTOBO-MEXaHIYHOiI MeTOAWMKM KoH(irypariiHoi B3aemomii i3
3aCTOCYBaHHAM (hopMaii3My TpuAiaroHaIbHUX MaTpulp Terutina. JlaHul TEOPEeTMUHHMH MiJIXiJ JO3BOJHMB Y JETaNsX
onucaTH IepexiHui npouec (GOpMyBaHHS €HEPreTUYHUX 30H Y TBEPAOMY Tili 3 MOPIBHSIHO HEBEJIMKOI KUIBKICTIO
aTOMIB, III0 B TOMY YHMCII, SIK OJUH 13 HACJIJKIB, BKIIOYAE ONMHMCAHHS MOBEepXHeBUX cTaHiB LLIokii Ta MOBEpXHEBOTO
mapy TBEPAOTO Tijla 3 HEMOBHICTIO C(HOPMOBAHUMH €EHEPTeTHYHUMH 30HaMH. CIIeKTpabHO-eNiNCOMETPHUIHI
BUMIprOBaHHS TUTiBOK crutaBy GdyyCOgy MiATBEpIIM 3HAYHY BiIMIHHICTD BUMIPSHAX ONTHYHHUX KOHCTAHT IS TUTIBOK
TOBIIMHOK 20 HM Ta OUTBII TOBCTUX IUTIBOK. KBaHTOBO-MEXaHIYHI YHCEThHI PO3PAXYHKH ONTHIYHUX KOHCTAHT Pi3HHUX
HAIKOMIpOK XimMiuHuX cronyk Gd-Co miaTBepAniIn OTpUMaHi eKCIIEPUMEHTANBHI Ta TEOPETHYHI PE3YIIbTATH.

Kiro4oBi cjioBa: cruiaB ranoiiHiii-ko0ansT, moBepxHesi cranu 1ok, koH(bIrypamiiHa B3aEMOIis.
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