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In this research we have used the full-potential linearized augmented plane wave method based on the
density functional theory, within the generalized gradient approximation, to study Fe, Ta, and 4d impurities
(Ru—Sb) in a chromium system. The effects of these impurities on the structural, electronic, and magnetic
properties of chromium are discussed with special emphasis on the hyperfine interaction. It is shown that the
filled d shell 4d atoms are nonmagnetic with weak bonding while other impurities have considerable magnetic
moments and stronger coupling with the nearest neighbors. Two different magnetic states are identified for Fe
impurity in the Cr host, one with high and the other with low magnetic moments, the latter being theoretically
more stable, in agreement with experimental observations. Our calculated hyperfine fields on the impurities are
highly overestimated, compared with the experimental results. Such overestimation can be improved by imple-
menting a simple model based on the scaling behavior of magnetic properties in chromium. The overestimation
factor obtained by this model can be used for predicting hyperfine field values on 4d impurities in a Cr host.
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I. INTRODUCTION

Due to their very special properties, chromium and its
alloys are among the most interesting magnetic materials. In
addition to their high temperature applicability, high creep,
and oxidation resistance,! these materials exhibit a great va-
riety of antiferromagnetic (AF) properties>* which originate
from the peculiar magnetic behavior of simple bcc chro-
mium. It has an incommensurate spin density wave (ISDW)
at ground state and shifts to a paramagnetic phase through a
weak first order transition at a Neel temperature of 311 K
(Neel transition). The magnetic properties of chromium can
be greatly modified by dissolved solute atoms. For example,
samples with 0.2% vanadium® or with 0.7% rhodium® exhibit
second order Neel transitions, while the addition of 1.5% Mn
to the chromium? changes its ISDW ground state to a com-
mensurate AF state and alloying it with 3.8% vanadium?
leads to a paramagnetic ground state. Several approaches
have been proposed to explain the profound effects of impu-
rities on the magnetic properties of chromium.>”-8

It is well understood that the hyperfine field (B),) mea-
surement can be considered as a reliable method to study the
magnetic properties of Cr and its alloys.”!? The first convinc-
ing experiment was performed by Street and Window (1966)
using the Mossbauer effect with ''°Sn as the probe. Later on,
Venegas et al., using a time-differential perturbed angular
correlation technique, studied the variation of By,; on the
"¢d probe with temperature and demonstrated two mag-
netic phase transitions for chromium.!' Recently, Dubiel
et al. using Mdssbauer spectroscopy studied the magnetic
properties of the presurface zone of the bulk, single-crystal
Cr(110) implanted with "'°Sn ions, and found a strong en-
hancement of the magnetic hyperfine field in the near surface
zone.'” In contrast to the well established ferromagnetic
hosts, in which B¢ has been measured on many probes, in an
ISDW antiferromagnetic chromium host, only five elements
(to our knowledge) have been used so far as a probe for B,
measurements.'!
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Substantial efforts on density functional theory (DFT)
have shown that this approach in its standard form is prob-
ably inadequate to predict the true magnetic properties of
chromium.'3>> While the local density approximation
(LDA) leads to a nonmagnetic ground state for Cr, the gen-
eralized gradient approximation (GGA) predicts a commen-
surate AF state with a highly overestimated magnetic mo-
ment that is slightly more stable than the actual ISDW
ground state.”> Recently, attempts have been made to de-
velop a new form of DFT capable of studying SDW systems
such as chromium.?® We could not find any numerical study
in the literature about the hyperfine interaction in a Cr host.

In this paper we use DFT to study the hyperfine interac-
tions on dilute impurities in a Cr host. The selected impuri-
ties were some of the 4d elements (Ru—Sb) as well as Fe and
Ta probes. The last two probes were added to our calcula-
tions as their experimental results were available. In Sec. II
the technical details of our calculations are explained. Re-
sults and discussions are presented in Secs. III and IV. In
Sec. III, the structural and electronic effects of impurities on
chromium are investigated. The magnetic properties and hy-
perfine interactions in dilute alloys are discussed in Sec. IV.
Section V of the paper summarizes the conclusions of the
study.

II. METHOD

As a generally acceptable procedure we used supercells to
study the impurities in the Cr host. Although the available
experimental data were limited to low concentrations
(~1000 ppm),'! (to avoid huge time consumption) we con-
fined our calculations to a supercell constructed from 8 bcc
unit cells; two pure Cr unit cells in each direction. The mini-
mum impurity concentration that can be studied within this
supercell, 1/16=6.25%, is much larger than the correspond-
ing available experimental values. However, Cottenier
et al.,*” in a similar calculation, have shown that due to the
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locality of hyperfine interaction such a concentration is small
enough for simulating dilute alloys. As the applied supercell
was not large enough to accommodate the ISDW state of
chromium, we had to limit our calculations to the commen-
surate AF state and the following arguments justify our ap-
proach.

(1) The incommensurate character of the spin density
wave is highly sensitive to impurities. According to Venema
et al.,*8 for alloys with a valence electron to atom ratio n
smaller than that of pure chromium, 6, the SDW wave vector
decreases by the addition of the impurity; while for alloys
with n larger than 6, the wave vector increases to become
commensurate with the crystal lattice for n=6.005. It has
been shown that the adding of 0.78% Re,”® 1.5% Mo,? or
2.3% Fe?%3! to Cr, changes the ISDW to a commensurate AF
state. Additionally, the measurements of Dubiel et al.®!®
have shown that at concentrations above 0.7% Sn has the
same behavior as Mn (when substituted in Cr) and hence it is
reasonably expected for a Cr-Sn alloy at 6.25% concentra-
tion to have a commensurate ground state. Furthermore, ex-
perimental studies®>33 have shown that Rh impurity in chro-
mium acts similar to Re at low concentrations (<10%) and
hence it is expected that Cr sRh alloys will have a commen-
surate AF ground state too.

(2) Previous numerical efforts have confirmed that many
properties of pure chromium can be extracted from its virtual
paramagnetic and commensurate AF phases. As an example,
the incommensurate parameter, the hard modes behavior un-
der pressure, or even the qualitative effect of impurity on
them can be studied within the nesting model in the para-
magnetic phase while structural and some magnetic proper-
ties of Cr in the ground state can be determined correctly
using the commensurate AF phase.

Our calculations were performed within the framework of
DFT using the highly accurate all-electron full potential lin-
earized augmented plane wave (FP-LAPW) method imple-
mented in the WIEN2K code.?* In this procedure, every unit
cell volume is partitioned into two regions: (i) nonoverlap-
ping muffin-tin spheres around each atom and (ii) the re-
maining interstitial area. Two different sets of basis functions
are used in the two regions. For the wave functions inside the
atomic sphere a linear combination of radial functions times
spherical harmonics and in the interstitial region a plane
wave expansion is used. The charge density and potential are
expanded into lattice harmonics inside muffin-tin spheres
and as a Fourier series in the remaining space. The maximum
quantum number for atomic wave functions inside the sphere
was confined to /,,,,=10 and the energy cutoff for plane
wave expansion of wave functions in the interstitial region
was chosen to be 12.8 Ryd. A muffin-tin radius of 2.1 a.u.
for Cr atoms and 2.35 a.u. for the impurities had been used
and a mesh of 56 k points was generated in the irreducible
wedge of the Brillouin zone. For the exchange-correlation
potential we used the Perdew, Burke, and Ernzerhof (PBE)
formalism of the generalized gradient approximation
(GGA).>® Our calculations for the valence electrons were
performed in a scalar-relativistic approximation, while the
core electrons were treated fully relativistically. Since Ta is a
heavy element, for alloys containing such impurity the spin-
orbit interaction was included.
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TABLE I. The structural properties and the spin polarization of
the Cry5X alloys and pure Cr. Cr-expt indicates the experimental
values for chromium (Ref. 2) except for the lattice parameter which
is twice the measured value (to be comparable with the lattice pa-
rameter of the alloys supercell); a (a.u.): the equilibrium lattice
parameter; d,, (a.u.): the nearest neighbor distance to impurity;
R. (a.u.): the atomic covalent radius of impurity (Ref. 36); B (GPa):
bulk modules; E. (Ry): the cohesive energy per unit of CrsX; Ey,
(m Ry): the magnetization energy per unit of Cr;sX is defined as the
minimum energy difference of the magnetic and nonmagnetic
phases. P (%): spin polarization at the Fermi level (see text).

X a d, R. B Ec Ey P

Fe, 10.81 4704 219 190 -5.11 -16 30

Fe, 10.82  4.690 219 194 -512 -21 -2
Ru 10.89 4778 236 193 -526 -18 -12
Rh 1091 4811 236 185 518 -26 42
Pd 1095 4864 242 163 -498 -30 -42
Ag 11.03 4925 253 141 -478 =31 2

Cd 11.05 4945 2,66 135 —-465 -37 38
In 11.07 4953 283 158 -481 -42 -7
Sn 11.05 4947 265 163 -492 -32 65
Sb 11.01 4931 266 167 -488 -17 65
Ta 1095 4828 253 185 =535 -5 38
Cr 10.83  4.690 223 189 =510 -I5 0

Cr-expt 10.90 190 -4.82

III. STRUCTURAL AND ELECTRONIC PROPERTIES

The cubic supercell used in our calculations consists of
eight bee chromium unit cells (2 X 2 X 2), with one of the 16
Cr atoms substituted by impurity X (Fe, Ru-Sb, Ta). The
nonequivalent atoms in such supercells are classified accord-
ing to X (0,0,0), Crl (u,u,u), Cr2 (0.5,0,0), Cr3
(0.5,0.5,0), and Cr4 (0.5,0.5,0.5). The labels of Cr atoms
are consistent with their distances from impurity (larger
numbers correspond to longer distances). Due to the inhomo-
geneous environment of Crl at its ideal positions (£=0.25),
the internal parameter needs to be relaxed. In order to find
the equilibrium lattice parameters, the energy of the supercell
was calculated at different volumes for all impurities with
full internal relaxation up to force convergence of
1 mRyd/a.u. for each volume. By fitting the calculated data
with the Murnaghan equation of state, structural properties
were calculated and listed in Table I along with the corre-
sponding values for pure chromium.

The calculated values for pure chromium, except for the
cohesive energy, are in reasonable agreement with the ex-
perimental results. The error in the cohesive energy may be
partly attributed to the commensurate assumption of the
ground state in our calculations.

We found out that for the Fe alloy, by adjusting the initial
charge density, the self-consistent procedure can lead to two
different results. In one case, Fe carries a rather large mag-
netic moment (~1.8up) antiparallel to the magnetic moment
of Crl and so we call it the free magnetic phase. In the other
case (quenched magnetic phase) the iron atom has a much
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FIG. 1. (Color online) Lines: Variation of the total energy (left
axis) as a function of volume for free (dashed line) and quenched
(solid line) magnetic phases of Fe. Symbol-lines: Volume depen-

dence of the Fe magnetic moments (right axis) in Fe; (A) and Fe,
(V) alloys.

smaller magnetic moment (~0.6up) parallel to Crl magnetic
moment. The energy-volume curves of these two phases,
compared to each other in Fig. 1, indicate more stability for
the quenched phase and a transit to the free magnetic phase
at a pressure of about 24 GPa. The structural properties
(Table I) of these two phases are very similar while their
magnetic properties are quite different. This will be dis-
cussed in the next section. Hereafter we use symbols of Fe,
and Fe, for the free and quenched magnetic phases of Cr,sFe
alloys, respectively.

We use the parameters in Table I to investigate the effect
of dilute impurities on the structural properties of chromium.
It is clearly seen that for 4d impurities (Ru—Sb), the bulk
modules as well as the cohesive energy decrease from Ru to
Cd and then increase, predicting that the Cd alloy has the
weakest bond in this series. The other systematic behavior
observed for the lattice parameters and d,, values increase
from Ru to In and then start to decrease. The nearly similar
trend followed by lattice parameters, d,,,, and the atomic co-
valent radius shown in Table I, is an indication of the cova-
lent character of the existing bonds between impurities and
their nearest Cr neighbors.

For a better understanding of the bonds strength in our
systems, we calculated the maximum value of difference
electron densities (crystal charge density minus atomic
charge density) along the nearest neighbor bonds and plotted
them in Fig. 2. The four nearest neighbor bonds in the su-
percell are shown in the [011] plane (inset of Fig. 2). This
plot can be used for a qualitative comparison of the bonds
strength in the different alloys. It is clearly seen that the X
-Crl bond for all alloys, except X=Ru, is weaker than the
pure system. For the 4d impurities used in our calculation the
bond strength decreases smoothly from Ru to Sb although it
looks practically unchanged between Cd and Sn. This is gen-
erally consistent with the lattice constant, bulk modules, and
cohesive energy behavior for the same impurities (Table I)
and shows that Crl-impurity coupling with 4d elements is
the main source of different structural properties. The Crl
-Cr4 bond strength increases slowly in the range of Ru—Ag
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FIG. 2. (Color online) The maximum values of the difference
electron density at the four nearest neighbor bonds. Inset: The four
nearest neighbor bonds shown in [011] plane.

and then remains essentially constant while the Cr1-Cr2 and
Cr1-Cr3 bonds are practically not affected by the impurity.
Figure 3 shows the total and atom projected density of
states of impurity and Crl for all alloys at their equilibrium
lattice parameters. We observe that, compared to other impu-
rities, Fe in general and Fe, in particular have the highest
degrees of hybridization with Crl. For all alloys containing
4d elements, the d electrons are the main constituent of the
valence band and by going from Ru to Sb, the DOS of the
impurity are moving away from the Fermi energy. Therefore
by filling the 4d shell, the hybridization between the impurity
and Crl atom decreases which is in good agreement with the
behavior of the X-Cr1 bond and the observed structural prop-
erties. In the filled 4d shell impurities (Cd, In, Sn, Sb) the d
electrons are well localized below the Fermi level (not
shown in the figure) and therefore the hybridization and con-
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FIG. 3. (Color online) The calculated majority (solid lines) and
minority (shaded areas) density of states of the alloys projected into
total (per atom), impurity (X), and Crl components.
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TABLE II. The atomic magnetic moments (up) of alloys at their theoretical lattice constants. For impurities the partial magnetic moments
are also listed. No impurities: magnetic moments of Cr atoms in the optimized supercell of alloys but after substituting impurity with
vacancy. Pure: the magnetic moment of a Cr atom in a pure antiferromagnetic chromium with the alloy equilibrium lattice constants.

Impurity Cr Atoms No Impurities Pure
D D,, Dy, Total Crl Cr4 Crl Cr4 Cr

Fe; 1.80 0.88 0.92 1.81 -0.92 0.90 -1.06 0.85 0.99
Fe, -0.59 -0.90 0.31 -0.61 -1.05 1.02 -1.06 0.88 1.00
Ru 0.17 -0.11 0.28 0.16 -1.04 0.96 -1.36 1.00 1.12
Rh -0.21 -0.36 0.15 -0.22 -1.21 0.94 -1.51 1.03 1.16
Pd -0.25 -0.23 -0.02 -0.26 -1.36 0.86 -1.67 1.07 1.23
Ag -0.15 —-0.08 -0.07 —-0.16 —-1.58 1.00 -1.81 1.16 1.36
Cd -0.05 0.00 -0.04 —-0.05 -1.53 1.06 -1.84 1.17 1.41
In -0.02 0.01 -0.03 0.00 -1.51 1.08 -1.86 1.19 1.43
Sn -0.02 0.01 -0.03 0.00 -1.38 0.96 -1.83 1.16 1.40
Sb -0.01 0.01 —-0.02 0.00 -1.13 0.80 -1.77 1.70 1.33
Ta 0.15 0.05 0.10 0.15 -0.87 0.72 -1.63 1.11 1.22

sequently the bond strength between the Crl atom and the
impurity is very low.

Although the coupling of the nearest neighboring Cr at-
oms in all of the considered compounds is antiferromagnetic,
the presence of impurity atoms breaks the equivalency of the
two nearest neighboring Cr atoms and leads to a ferrimag-
netic state for the alloys. Therefore as is obvious in the DOS
plots (Fig. 3) the spin polarizations at the Fermi level of
alloys, in contrast to an ideal antiferromagnet, are not zero.
The spin polarization P, which is an important parameter in
magnetoelectronic studies, can be defined as P=[N(E)
—N|(Ef)]/N(EF), where N is the density of states, E is the
Fermi energy, and the up and down arrows indicate the ma-
jority and minority spins, respectively. The obtained values
of P in alloys are listed in Table I and in some cases their
values are quite comparable with the spin polarizations of a
ferromagnetic material.

The total DOS plots (Fig. 3) show that all systems are
metals while their Fermi level locations in a pseudogap in-
dicate some covalent feature for the bonds. By comparing
the total charges located inside the atomic spheres of Cr at-
oms in the alloys and the pure system, we found out that
there is no considerable charge transfer between the impuri-
ties and Cr atoms and for this reason the ionic character of
the bonds are negligible. Hence we conclude that the mecha-
nism of bonding in the studied compounds are mainly me-
tallic covalent.

In addition to what has been discussed so far, exhibiting
the following behavior in these alloys needs further specula-
tion. Figure 3 shows that the Fermi level in some alloys is
located on a singular point of DOS. Recently,?>*” similar
singularities observed in Mo-Re and Cr-Re alloys were as-
sociated with the so-called electronic topological transition
(ETT). ETT is a drastic change in the Fermi surface topology
which can be accompanied by peculiarities in the thermody-
namic potential derivatives. Although such behavior has
been explained within the nonmagnetic phase of alloys, it
seems that even in the magnetic states, the occurrence of an
ETT transition is not completely ruled out.

IV. MAGNETIC PROPERTIES AND HYPERFINE
INTERACTIONS

The calculated magnetic moments of the impurities and
the chromium atoms in alloys at their theoretical lattice pa-
rameter are listed in Table II. It is clearly seen that Cd, In,
Sn, and Sb atoms, with filled 4d shells, are nonmagnetic
while other impurities have magnetic characteristics, which
are mainly contributed by the polarization of their d elec-
trons. For a better understanding of the magnetic interaction
mechanism inside the alloys, the magnetic moment of Cr
atoms in two other hypothetical structures were also calcu-
lated. In order to construct these two structures, supercells
containing different impurities were initially optimized and
then the impurities were removed from the first structure (No
impurities) while they were replaced by chromium atoms in
the second structure (Pure). The results obtained for these
two structures (listed in Table IT) can be further used to study
the effects of impurities and supercell volume on the mag-
netic properties of alloys.

In all alloys, except Fe,, the magnetic moments of Cr
atoms increase by removing impurities and the most incre-
ment occurs for Ta alloy. In addition, the magnetic moment
of a Crl atom in a Ta alloy (and to a smaller extent in a Sb
alloy), compared to the others, is much lower than the cor-
responding value in the pure system. We conclude that the Ta
impurity has a high diminishing effect on Cr magnetism and
substantially reduces the magnetic stability of the system,
which is in agreement with the lowest value of magnetization
energy observed in the Ta alloy (Table I). This behavior of Ta
may be attributed to the more itinerant character of 5d va-
lence electrons in Ta compared to the 4d and 3d valence
electrons in other impurities. The greater values of the mag-
netization energy for all alloys (except Ta) compared to the
pure system show that enhancement of the Cr magnetic mo-
ments by substituting the impurity with vacancy in these
systems is not due to any diminishing effects of these impu-
rities but is the result of the lower coordination number of
Crl after removing the impurity. The rather close agreement
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of the Crl magnetic moment in these alloys with the corre-
sponding values in pure Cr indicate that these impurities do
not change the magnetic stability of the Cr host substantially
and therefore we attribute the scattered values of E,; in these
cases mainly to the different volumes of these systems.

As was mentioned in the previous section, we obtained
two different phases for Fe alloy; namely Fe, and Fe, with
rather identical Cr magnetic moments (Table II). The calcu-
lated cohesive and magnetic energies show that the quenched
phase is the stable phase which is consistent with the experi-
mental observations. A microscopic measurement of the hy-
perfine field at Fe sites by the Mossbauer effect yields a
small Fe magnetic moment of approximately 0.5u,3840
close to our results for Fe, phase, while the temperature de-
pendence of the magnetic susceptibility indicates large local
moments on Fe ions in the Cr matrix,> which is consistent
with the Fe; phase. Shiga and Nakumara*'#* found out that
at Fe concentrations of about 620 %, two phases, with dif-
ferent Fe magnetic moments, can be observed in the Cr-Fe
alloy and that around 6% of the Fe concentration (similar to
our CrsFe alloy) the phase with the low Fe magnetic mo-
ment is the most probable phase, which is in agreement with
the lower magnetic energy of the quenched phase. By com-
paring Fe magnetic moments at different volumes (Fig. 1), it
is concluded that this property increases by increasing the
volume in the free magnetic phase of the Fe alloy and de-
creases for the quenched system. Therefore, by choosing
very large volumes (evaporating of crystal), the Fe moment
in Fe, reaches its isolated atomic value while in the Fe,
phase it vanishes. We therefore conclude that in the Fe, alloy
the inherent magnetic character of Fe is completely
quenched and its magnetic moments are totally due to the
electronic hybridization with Cr neighbors, which is in good
agreement with the observed high hybridization in the Fe,
alloy (Fig. 3).

Looking at Table II, we observe that substituting impurity
with vacancy in an Fe, alloy has almost no effect on the
magnetic moment of the Crl atom. Hence it seems that Fe
and Crl atoms are magnetically decoupled in this system, in
agreement with what Booth observed in 1966.*3 In addition,
in contrast to other alloys, the magnetic moment of Cr4 after
removing impurity changes more than Crl, although Crl is
the nearest neighbor of the impurity. Such behavior along
with the magnetic decoupling of Fe-Cr1 in the Fe, alloy can
be considered as an indication of the importance of longer
(than the nearest neighbor) range magnetic interactions be-
tween Fe and Cr atoms in this phase.

A comparison between the magnetic moments of Cr4 as
the furthest atom to the impurity with the corresponding
value in the pure system (Table IT) shows that, except for the
Fe alloys, the two values are not compatible. Such inconsis-
tency does not seem to be a long range interactional effect
but is mainly due to the relaxation of the Crl atom, a phe-
nomenon that is very weak in Fe alloys. In every supercell,
the impurity pushes away the Crl from its ideal position
toward the Cr4 that has eight Crl nearest neighbor and this
relocation effectively quenches and decreases the magnetic
moment of the Cr4 atom. We found that by moving back the
Crl to its ideal position, the magnetic moment of the Cr4
returns back to its corresponding bulk value too.
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TABLE III. Various components of the hyperfine field (kG) on
the impurities at theoretical lattice constants. As we found that Fe,
is the stable phase of Fe alloy, the measured B),; value on Fe probe
is assigned to this phase.

Core Valence Total Modified  Exp.!!

Fe, -219.0 154.2 -64.8 -166.7

Fe, 70.2 1.4 71.6 70.7 36
Ru -8.2 36.3 28.1 4.1

Rh 53.8 35.6 89.4 65.9 65
Pd 60.4 36.0 96.4 72.6

Ag 33.2 93.0 126.2 64.8

Cd 8.0 149.2 157.2 58.6 60
In 2.7 248.2 251.0 86.9

Sn 1.6 269.8 271.4 93.1 93
Sb 1.3 229.2 230.5 79.0

Ta 3.2 38.9 42.1 16.4 14

Now let us focus on the hyperfine interaction in dilute Cr
alloys. The hyperfine field generally consists of dipolar, or-
bital, and Fermi contact contributions, while in the cubic
symmetry, Fermi contact is the dominant term. In the Pauli
approximation and within the scalar relativistic limit this
term can be calculated by using the spin density of s elec-
trons at the nuclear position [1°(0)],

8
By= {ﬂg[n‘}(O) —nl(0)].

To take into account the full relativistic corrections, the
spin density has to be averaged over the Thomson radius.**
Following this scheme, we calculated By on Fe, Ta, and 4d
impurities in the Cr host at their equilibrium lattice con-
stants. The obtained B, values given in Table III are broken
down into total, core (szf)’ and valence (Bzf) contributions.

The calculated data show a consistent trend between B,
(Table III) and the polarization of the d valence orbital of
impurities (Table II). Such results confirm that the core po-
larization is mainly due to the exchange interaction of the
polarized d shell with the s orbitals of the core. Following
the explanation of Freeman and Watson*® this s-d exchange
interaction in general is expected to be negative leading to
the opposite direction of B;;f and magnetization of d elec-
trons. This expectation is fulfilled by all of the investigated
alloys except the Ta compound that has a positive s-d ex-
change interaction. The valence component of By is origi-
nated from the coupling of the impurity and the neighboring
Cr atoms and so it is called the transferred hyperfine. Since
the hyperfine interaction is a local effect, Bzf is mainly de-
termined by X-Crl coupling. The almost zero value of Bzf in
an Fe, alloy is another indication of the magnetic decoupling
of Fe and Crl in this system.

A comparison between the theoretical and experimental
results (Table III) shows that our DFT calculations highly
overestimate the B),; values in the Cr host. To make sure that
this discrepancy is not due to the much higher impurity con-
centration used in our calculation compared to the available
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experimental conditions, we repeated our calculations using
a bigger supercell (a 3 X3 X 3 supercell containing 27 atoms
having 1/27 impurity concentration) and found almost simi-
lar values. Additionally, in a similar work?’ it was shown that
By is not substantially sensitive to the supercell size. We
then attribute this overestimation to the GGA function of the
exchange correlation used in our calculations. It is accepted
that GGA overestimates magnetic moments of the Cr atoms
in the antiferromagnetic phase with respect to the measured
values.?®> On the other hand, the LDA is not able to stabilize
the antiferromagnetic ground state of Cr, although the ob-
tained magnetic moments at the experimental lattice con-
stants are in good agreement with the experiments. We ap-
plied the LDA to the alloys and found out a nonmagnetic
ground state for all the impurities. Furthermore, at the ex-
perimental lattice constants of Cr, in one case (Cd alloy), the
LDA improves the B, values but in the other it leads to a
nonmagnetic or a weak magnetic state. We therefore believe
that LDA is not an appropriate functional for the systematic
study of the hyperfine interaction (and other magnetic prop-
erties) in Cr alloys. In the rest of the paper we try to develop
a simple model for extracting a reasonable B, within the
GGA.

Recently Cottenier ef al.** proposed a scheme called labo-
ratory chromium to study the magnetic properties of Cr. This
model is based on the scaling behavior of the magnetic prop-
erties of the system versus the magnetic moments of Cr at-
oms and uses the central criteria that if one uses a lattice
parameter that leads to the measured magnetic moments, the
other magnetic properties of the system will also be obtained
in reasonable agreement with the experiments. Such lattice
constants that can essentially differ both from experimental
and theoretical values are called a magic lattice constants
(@yqq)- Cottenier et al. suggested a value of a,,,,=2.81 A for
the ISDW state of pure Cr within the GGA. In order to check
the applicability of such a model in our system, We initially
looked for the magic lattice constants that give the measured
By, values. We found that there is not any correlation among
the atomic magnetic moments in various alloys to be used as
a criterion for the exact definition of the magic lattice con-
stants for different Cr alloys. Therefore it seems that a,,,,, in
these systems is a case-sensitive parameter and hence this
scheme is not applicable to the systematic study of the mag-
netic properties of Cr alloys.

Now we implement the basic idea behind this model, the
scaling behavior of magnetic properties versus magnetic mo-
ments, to develop a simple model for extracting reasonable
By from the theoretical results. As mentioned earlier, the
GGA overestimates the magnetic moments of chromium and
since Bzf originates mainly from the hybridization of impu-
rity with the neighboring Cr atoms and is roughly propor-
tional to the magnetic moment of nearest neighboring Cr
atoms,* it is quite normal for the valence component of By,
to be overestimated. If Bzf is overestimated by a factor of w,
we can define a modified hyperfine field (B;ff) as follows:

L 24

1
Zlf:BZf‘*‘ ;Bzf. (1)

We found that the best fit to the experimental data could be
obtained by using w=2.95. The calculated B%- modified by
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this correction factor are listed in Table III and surprisingly,
except for the Fe alloy, are in good agreement with the ex-
perimental values. In the Fe, alloy, due to the magnetic de-
coupling of the impurity and Crl atoms, the valence compo-
nent of By, is negligible and one should look for other
sources of overestimation. We will discuss this at the end of
this section.

More precise investigation shows that such an overesti-
mation factor is not meaningless and can be predicted by
comparing the experimental and calculated Cr magnetic mo-
ments. The effective measured value of Cr magnetic mo-
ments in the ISDW state is 0.44u,* while from a numerical
point of view the atomic magnetic moment is not a well
defined quantity and depends on the definition of atomic
spheres (muffin-tin radius). A reasonable procedure is to se-
lect these atomic spheres as big as possible, with a muffin-tin
radii equal to half of the nearest neighbor distance. On the
other hand, increasing the muffin-tin radius decreases the
accuracy of the LAPW method. To overcome this obstacle
we initially used a muffin-tin radii of 2.0 a.u. for self-
consistent calculations and after obtaining the converged
electron densities, the biggest possible atomic sphere was
used for the calculation of Cr magnetic moments. In this way
and by using DFT-GGA calculations, we finally obtained a
value of 1.28up for Cr magnetic moments at experimental
lattice constants (2.884 A) within the commensurate antifer-
romagnetic state. Therefore the overestimation factor of
magnetic moments with respect to the measured value is
1.28/0.44=2.091, very close to the obtained overestimation
factor for Bj. Hence, we conclude that the origin of the
overestimation of hyperfine filed in Cr alloys is probably the
overestimation of magnetic moments in pure chromium.

For the Fe, alloy the case is quite different and due to the
magnetic decoupling of Fe and Crl such an argument does
not hold. In order to find out why B, in this system is over-
estimated while its valence component is negligible one
should consider the electronic interactions in this system. As
a matter of fact, in contrast to very weak Fe-Crl magnetic
coupling in the Fe, alloy, it has the strongest Fe-Crl hybrid-
ization among the studied alloys (Fig. 3). Therefore it seems
that the small magnetic moment of Fe in the quenched phase
is induced by the hybridization with Crl and the magnetic
character of Fe in this case is completely quenched. Hence
the observed overestimation in Cr magnetic moments would
be transfered to the Fe local moments and accordingly the
core components of By in this system is overestimated.

Let us now discuss the applicability range of this simple
model and the validity of Eq. (1). In general, one expects that
the overestimation of the Cr magnetic moments within the
GGA leads to a similar overestimation in the local moments
of impurities and hence the general form of Eq. (1) should be
written as BZ}= ﬁBZf"' éBZf; both B;;f and Bzf components
are rescaled but with different weights. For those impurities
where Bzf is the dominant contribution of By, the rescaling
of Bj, does not have any considerable effect and Eq. (1) is
well applicable to them. Therefore the calculated Bj}'. values
for Cd, In, Sn, Sb, Ta, and even Ru (Table IIT) would be
considered as reliable theoretical predictions. For those cases
in which the core contribution is relatively significant, it is
not clear to what extent this component has been overesti-
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FIG. 4. (Color online) Variation of the normalized magnetic
moments (magnetic moments divided by the corresponding value at
the theoretical lattice parameter) of impurity (solid line) and Crl
(dashed line) versus lattice constants a (a,, are the theoretical lattice
constants).

mated. For example, the results for the Rh alloy show that
rescaling of B,Ulf is good enough for the reproduction of a
measured value and most likely B;'f is not overestimated
while in the case of the Fe, alloy there is a high overestima-
tion in the core component. Hence, for these systems a
unique rescaling factor could not be defined for Bf,f.

We found that by considering the volume dependence of
the impurity magnetic moments one can qualitatively inves-
tigate the overestimation factor (w1) induced by Cr magnetic
moments in the B;f. Figure 4 compares the impurities and
Cr1 magnetic moments (normalized to their value at theoret-
ical lattice parameter) as a function of lattice constants for
alloys with a large B;f component. While Crl moments in all
alloys around the theoretical lattice constants change rather
monotonously, impurity moments in some cases do not fol-
low such a trend. In Pd and two Fe alloys, magnetic mo-
ments of impurity and Crl change almost with the same
absolute slope and hence it seems that impurity moments are
highly influenced by Crl moments. As the calculated Cr mo-
ment is much higher than its real corresponding value one
expects the magnetic moment of the impurity in such sys-
tems to be substantially overestimated. Bj; for Fe, alloys can
be considered as a prototype of such systems. As the core
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component of Bj,, in Fe, is probably overestimated by a fac-
tor of about 2 (Table III), by applying the same factor in the
Pd alloy it is expected that the real value of the hyperfine
field on such impurity (after rescaling both core and valence)
to is around 42 kG. On the other hand, we observe that in
Rh, Ag, and even in Ru alloys the behavior of the two curves
is quite different and it seems that the impurity magnetic
moments around the theoretical lattice constants are not
strongly affected by the Crl moment. Therefore one reason-
ably expects that the impurity magnetic moments are not
substantially overestimated in these alloys. As we see in the
Rh alloy the experimental value is reproduced only by res-
caling the valence component of B, Hence for the Ag alloy
we expect our predicted value for BZ}- in Table III to be close
to the real hyperfine field.

V. CONCLUSION

Using the density functional approach we have investi-
gated the structural, electronic, and magnetic properties,
as well as the hyperfine interactions in Cr;sX alloys
(X=Fe, Ru—Sb, Ta). Our results show that there are two
possible magnetic states for the Fe impurity in the Cr host
and the stable state is the one with a rather low Fe magnetic
moment, in agreement with the experiments. We observed a
rather high overestimation in the calculated hyperfine fields
and attributed them to the generalized gradient approxima-
tion used in our calculations. We presented a simple model
based on the rescaling of the valence component of B, using
the overestimation factor obtained in the pure antiferromag-
netic Cr system. The results show that this model is well
applicable to the impurities that have a dominant valence
contribution to the hyperfine field. It was also shown that for
dilute alloys with considerable core contribution to the By
normalized magnetic moments of impurity and its nearest Cr
neighbors could be used to roughly estimate the overestima-
tion of Bj,.
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