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Abstract. The magnetic moment of the Mn impurities was obtained from magnetization measurements
of Y(Ni1−xMnx)2B2C as a function of the concentration x less than 0.15. Using the coherent potential
approximation and starting from 3d density of states, obtained from the first principles calculations, the
magnetic moments are obtained within a two sublattice model. For adequately estimated values of the
Coulomb interactions U , the position of the energy level of Mn and adopting values for the intersublattice
hybridization term, a qualitative agreement with the observed experimental data is obtained.

PACS. 74.25.Jb Electronic structure – 75.10.Lp Band and itinerant models – 75.30.Hx Magnetic impurity
interactions – 74.25.Ha Magnetic properties

1 Introduction

Recently a new kind of borocarbide quaternary inter-
metallic compound, following the RM2B2C stoichiometric
formula, has been discovered [1]. In this formula R is a
rare-earth, Y or Sc atoms and M is a transition element
like Ni, Co or Pd. The crystal structure of these materi-
als is a body centered tetragonal, space group I4/mmm,
with RC planes alternating with M2B2 layers. This struc-
ture is highly anisotropic with c/a approximately equal to
three.

Some remarks are worthwhile about the origin of su-
perconductivity in these compounds. Contrary to high Tc

materials, a phononic mechanism is usually invoked for
the origin of the superconducting pairs. The origin of
the quite strong electron-phonon coupling has been re-
cently discussed [2]. Electronic band calculations of boro-
carbides show a clear three dimensional nature of these
compounds [3,4], since the contribution of both the xy
plane and z direction to the band widths are of the same
order of magnitude.

Another specificity of these materials, similarly to
Laves phases and Heusler compounds, is the possibil-
ity of selective solution of impurities in the M2B2 layer,
replacing M atoms by other transition metals. Exam-
ples of this are given by alloying effects observed in
Y(Ni1−xMx)2B2C, with M = Co, (Co, Cu), (Ru, Fe,
Co) [5–7]. Interestingly enough, it is experimentally ob-
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served that Fe and Co impurities do not form a magnetic
moment in these materials.

The main motivation of the present study is to
investigate the electronic structure and the possible
magnetic moment formation on Mn impurity atoms
in Y(Ni1−xMnx)2B2C pseudoquaternary compounds, for
which experimental data for the saturation magnetization
have been obtained. The presence of impurities, selectively
replacing Ni atoms may show a possible concentration x
dependence of the Mn magnetic moment m(x). Note that
for x = 0 no magnetic moment is refereed to exist in this
compound.

The model to be used in the description of these tran-
sition metal magnetic moments requires the calculation of
the electronic structure of the conduction electrons of the
pure compound. If selective disorder is present, it should
be described within the coherent potential approximation
(CPA) [8], since a strong impurity perturbation is associ-
ated with the charge difference ∆Z between Ni and Mn.
Since the Ni− 3d local density of states of the pure com-
pound has been calculated from first principles methods,
it is possible to analyze the effect of intersublattice hop-
ping from the value of the so obtained magnetic moment.

The purpose of this calculation is to show the role of
the impurity energy level εMn, the Coulomb d-interactions
UMn and the intersublattice hopping contribution to
the Mn magnetic moment formation and in particular its
concentration dependence.
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Fig. 1. Experimental values for Mn magnetic moment, with the error bars, in Bohr magnetons (open squares) and the results
of the model (full triangles). The dotted curve is a guide for the eyes.

2 Experimental results

The samples were prepared by arc melting, starting from
high purity elements Ni, B, C, Y and Mn, with 3N or bet-
ter. Adequate amounts of the constituents were melted in
a total mass of 5.5 g, in an arc-furnace with argon atmo-
sphere and a Ti getter. We repeated five times the arc pro-
cess to ensure the maximum homogeneity. Subsequently
the ingots were annealed in vacuum at 1100 ◦C for five
days, in quartz tubes protected by Ta foils. The samples
were slowly cooled (134 ◦C/hour) to room temperature.
The weight losses during the melting process were less
than 1%. The room temperature X-ray powder diffraction
analysis using the Fullprof software showed a single phase
and a very small quantity (≤ 5%) of a spurious phase in
all compounds. The measured lattice parameters were ob-
tained and the YNi2B2C lattice parameters were in quite
good agreement with literature. The samples were pre-
pared with Mn concentration x equal to 0.01, 0.05, 0.10
and 0.15.

The magnetic moment data, were extracted from
isothermal magnetization measurements. These were per-
formed using the SQUID technique (Magnetic Properties
Measurement System - Quantum Design, model 2000),
at 4.2 K with applied magnetic fields up to 5.0 T.

In order to determine the magnetic moments per Mn
atom, an estimate of the impurity losses must be done.
Due to the high vapor pressure of Mn the mass losses in-
crease with nominal impurity concentration. To estimate
the error bar in the Mn concentration we proceeded as fol-
lows: the higher limit of the horizontal bars is given by the
nominal concentration, the lower one is given by corrected
by the estimated Mn loss in the pseudo quaternary com-
pound. This estimated loss was considered as given by the

total observed loss in the compound minus the total loss
in the pure one. The upper and lower limits in the Mn
magnetic moment values were associated respectively to
the lower and higher horizontal bar limits.

The obtained results for the magnetic moments,
mexp(x) , as a function of nominal concentration x equal to
0.01, 0.05, 0.10 and 0.15, were 0.40, 0.67, 1.36 and 0.69µB,
respectively. These results are shown together with the er-
ror bars in Figure 1, where the experimental points are
taken to be in the center of the error bars denoted as
open squares. Note that for the 1% Mn concentration the
above criterion is not applicable since the total mass loss
of this compound was found to be less than in the pure
compound.

3 The model

These quaternary body centered tetragonal compounds
contain two sublattices: one is occupied by the Y atoms
and the other by Ni and Mn atoms. The remaining atoms
of this structure, namely boron and carbon, contribute
in mediating a coupling Γ between the sublattices. Here
we follow the same steps used in the cases of Laves phase
systems [9] and of Heusler compounds [10], where we have
adopted also a two sublattice model. The important dif-
ference with respect to the cases of [9] and [10] is that the
density of states of the pure compound now is calculated
from a first principles calculation. From this calculation,
the moments of the density of 4d states can now be cal-
culated. From these moments one can estimate the values
of the parameters αnd and εA defining the two sublattice
model. Also we have numerically verified that the two sub-
lattice model conserves the the moments of the density of
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states associated up to the next nearest hopping in the
lattice.

The electron propagator for the two sublattice sys-
tems, reads within the CPA approximation, in its simplest
approach where charge transfer correction is replaced by
parameter fit to experimental results. Within the two sub-
lattice model one has:

Gk(z) =
[
z − εndk Γ
Γ z −Σ(z)− ε3d

k

]−1

, (1)

where z = ε + iδ and n = 4 or 5 corresponding to Y or
rare earths sublattice respectively. Within the homothetic
band picture approximation, one has:

εndk = εA + αndε
3d
k , (2)

where the energy εA fixes the position of the nd band
with respect to the 3d, αnd accounts for its different width
and Γ describes the intersublattice hoping. The CPA self
energy for 3d electrons with spin σ defined by Σ(z, σ;x)
describes all the impurity induced disorder effects for con-
centration x and it is calculated using the values of the
energy levels εNi and εimp. We take the inter sublattice
matrix elements Γ (x) as impurity concentration depen-
dent (see later on) and independent of k and spin. In this
way, within CPA, all impurity effects are included in the
3d band via the self energy. This approximation was tested
in two different cases [9,10].

In order to describe the magnetic moments, a self con-
sistent spin dependent impurity energy level must be in-
troduced within the Hartree-Fock approximation:

εiσ = εi + UiNi−σ , (3)

where Ni,σ is the ith atom occupation number and is Ni
or Mn . The involved energy levels are: for a Ni atom εi =
εNi, as obtained from the pure compound band structure
calculation and for the Mn atom the energy level εMn =
εimp is considered a parameter to be fixed later on.

The procedure to determine the self energy Σ(z, σ;x)
one starts from the CPA self-consistent equation:

(1− x) (εNi,σ −Σ(z, σ;x))
1− (εNi,σ −Σ(z, σ;x))g3d3d

00,σ (z)

+
x (εMn,σ −Σ(z, σ;x))

1− (εMn,σ −Σ(z, σ;x))g3d3d
00,σ (z)

= 0, (4)

with the local Green’s function:

g3d3d
00,σ =

∑
k

z − εndk
(z − εndk )(z −Σ(z, σ;x)− ε3d

k )− Γ (x)2
,

(5)

where, for our case of Y compounds, n = 4 [11]. Clearly
the 3d density of states can be modified via the hybridiza-
tion Γ (x). Its importance in understanding the x variation
of the Mn magnetic moment will be shown later. In order
to determine the Fermi level µ in terms of the occupation

numbers Ni = Ni↑ + Ni↓ of the atoms i = Ni and Mn, one
imposes the condition:

(1− x)N (0)
Ni + xN

(0)
Mn = (1− x) [NNi↑ +NNi↓]

+ x [NMn↑ +NMn↓] , (6)

where N(0)
i are the number of 3d electrons of Ni obtained

from the first principles calculation; N0
Mn was taken equal

to N
(0)
Ni − ∆Z, the ∆Z is the charge difference, in this

case 3 electrons. The Niσ is given by:

Niσ = − 1
π

∫ µ

Im
[

g3d3d
00σ (z)

1− (εiσ −Σ) g3d3d
00σ (z)

]
· (7)

From equations (6) and (7) one extracts the Fermi
level (µ), for a given self energy Σ and impurity energies
εiσ. The solution of the coupled system of equations (3)
to (7) furnishes the self consistent values for Niσ as a func-
tion of x and the concentration dependent local magnetic
moment is given by mi (x) = Ni↑ (x)−Ni↓ (x).

4 Numerical results and conclusions

The numerical procedure starts with a first principles
linear muffin-tin orbital(LMTO) calculation with the
atomic sphere approximation(ASA) [12]. To the exchange-
correlation energy was adopted the generalized gradient
approximation (GGA) [14]. Since the borocarbide struc-
ture is rather open it was necessary to use two empty
spheres [13]. We minimized the total energy assuming a
fixed ratio of lattice parameters c/a equal to 2.9886 [15]
and obtained lattice parameter a equal to 3.599 Å, in a
good agreement with the experimental value a = 3.526 Å.
The corresponding local density of states (DOS) for Ni−3d
and Y − 4d are shown in Figure 2, where the local DOS
of Y − 4d was amplified.

From these band calculation results, we extracted, us-
ing the moments of the unperturbed 4d density of states,
the values for the quantities εA = 4.2 eV and α4d = 2.9.
In view of our first principles band calculation, and by
calculating the moments of the 4d density of states, the
parameters of the two sublattice model could be estimated
from the beginning.

It remains to specify the values for the parameters
involved in the coupled equations (3–5). We use for
the Coulomb interaction parameters the following values:
UNi = 3.5 eV and UMn = 3.3 eV, where as it must, UMn

is smaller than UNi. We recall also that, in view of the
calculated 3d bandwidth, these values are consistent with
the adopted Hartree-Fock description of electron-electron
interactions.

For the impurity energy we adopted positive values
with respect to εNi, namely εimp > 0., since we consider
only repulsive impurities (Co, Fe, Mn). Once the values
of the Coulomb interaction, the impurity energy εimp and
the values for the corresponding concentration x of the
hybridization Γ (x) were chosen and fixed, the coupled



310 The European Physical Journal B

-4 -2 0 2 4 6 8

D
O
S
(a
rb
it
ra
ry

u
n
it
s
)

(Energy - E_Fermi)(eV)

Fig. 2. Local density of states of 3d−Ni (solid line) and 4d−Y (dashed line) of the pure compound YNi2B2C.

system of equations (4–7) furnishes the values of the Mn
magnetic moment, m(x), for any value of the concentra-
tion. As a first comment, we have numerically verified that
for Γ (x) values in the range of 0.6 and 0.7 eV the impu-
rity magnetic moment does not exists for impurity energy
levels less than 1.0 eV. From this self-consistent numerical
study one understands why experimentally observed Co
and Fe impurities do not show any magnetic moment. This
is due to the fact that a minimum repulsive strength for
the impurity potential is necessary to magnetize the im-
purity.

Having adopted the above values for the Coulomb in-
teractions, the parameter space is now restricted to εimp

and to the strength of the intersublattice hopping val-
ues Γ (x). The fitting to experiment was made using val-
ues of the intersublattice hopping Γ (x) between 0.6 and
0.7 eV. Comparison to the experimental data suggests
εimp = 1.62 eV as the best value in order to reproduce
the observed trend with x of the impurity magnetic mo-
ments, as shown in Figure 1 by small triangles. We have
verified the importance of Γ (x) hybridization to fit the
experimental data. The calculated values of the magnetic
moments on Ni and Y sites are very small and thus are
not shown.

For increasing Mn concentration, the magnetic mo-
ment increases probably due to the piling up of the 3d
states around the Fermi level due to the repulsive char-
acter of the impurity potential. Also the fitting indicates
that Γ (x) decreases with increasing x to arrive at a min-
imum value around x = 0.10. The decrease of Γ (x) en-
hances more the piling up of 3d states since the effect of
the extra hopping is to decrease the local density of states.
Thus one has two competing contributions: the piling up

of the 3d states by the repulsive d-electron scattering and
the intersublattice hopping which tends to decrease the
local density of states. We thus understand the decrease
of Γ (x) from 0.7 for x = 0.01 to attain the minimum
value 0.6 for x = 0.10. Increasing the Mn concentration
the piling up must be compensated by growth of the in-
tersublattice hopping to 0.65 for x = 0.15. We conclude
that the the maximum value of the Mn magnetic moment
is associated to these two competing processes.

The two sublattice model introduced in [9] has been
able to qualitatively account for the magnetic data in these
materials, in particular the existence of a maximum of
the magnetic moment for concentrations around 10%. We
must stress that a minimum value for the impurity po-
tential strength is necessary to induce the magnetic mo-
ment formation. Thus, one qualitatively understands why
only Mn impurities do magnetize, since one needs a charge
difference (∆Z = 3) to have a strong enough repulsive po-
tential to produce piling up of states around the Fermi
level.

Finally one must emphasize that the same electrons
that superconduct are also responsible for moment forma-
tion, in contrast to the classical Abrikosov-Gorkov’s pic-
ture. An application of the present picture to calculate the
superconducting order parameter is now in progress.
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