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We have performedab initio calculations of a possible complex noncollinear magnetic structure in
aluminium-rich Al-Mn liquids within the real-space tight-binding linear muffin-tin orbital method. In our
previous work we predicted the existence of large magnetic moments in Al-Mn liquids@A. M. Bratkovsky,
A. V. Smirnov, D. N. Manh, and A. Pasturel, Phys. Rev. B52, 3056 ~1995!#, which has been very recently
confirmed experimentally. Our present calculations show that there is a strong tendency for the moments on
Mn to have a noncollinear~random! order retaining their large value of about 3mB . Thed electrons on Mn
demonstrate a pronounced non-rigid-band behavior which cannot be reproduced within a simple Stoner picture.
The origin of the magnetism in these systems is a topological disorder which drives the moments formation
and frustrates their directions in the liquid phase.

I. INTRODUCTION

The behavior of magnetic atoms dissolved in simple met-
als has been a subject of experimental and theoretical studies
for many decades. The relevant phenomena raise the ques-
tion of how the magnetic state of the impurity or lattice of
the magnetic atoms depends on the host metal and atomic
configuration. The basic understanding of the phenomenon
came with Friedel’s concept of a virtual bound state1 and the
Anderson impurity model,2 which allowed the classification
of the different possibilities to some extent.

There are, however, a few important open questions and
one of those is about the effect of disorder, especiallytopo-
logical disorder, on the magnetic state of the system. A con-
spicuous example is Mn in an Al matrix. Friedel estimated
that Mn in Al is nonmagnetic1 but as a result of later studies
this view was revised. Cooper and Miljak found that a Mn
impurity in fcc Al carries a big moment ofm53.260.2 and
the moment on Mn gets apparently screened bysp electrons
up to very high temperatures, suggesting surprisingly high
values of the Kondo temperature,TK5600 K.3

With the discovery of Al-Mn quasicrystals4 the problem
of the magnetic behavior of Mn in Al became rather acute
and is a focus of extensive research. Hauseret al.5 studied
the Mn magnetic moment in crystalline (c), icosahedral
( i ), and amorphous (a) phases of Al1002xMn x alloys. They
revealed that Mn in the disordered phases has a well defined
local magnetic moment (meff /mB;0.7,1.1,2.4 atx516, 20,
45! with no moment in crystalline Al6Mn and a fairly large
magnetic moment of 1.55mB for crystalline Al95Mn5 .
Hauseret al. have speculated that the interaction of Mn at-
oms in Al-Mn is the reason for the appearance of magnetic
Mn sites. Some data suggest the existence of a Mn magnetic
moment in liquid Al-Mn of aboutmeff /mB;2.9,3.2 for
x520 and 40,6 respectively. Many authors have reported
that, for thei anda phases, only a small fraction of the Mn
atoms are really magnetic at low temperatures and that they

have a large moment ranging from 2.5mB ~Ref. 7! to even
7mB .

8

On the theoretical side there are contradictory results for
the magnetic behavior of Mn in an Al matrix. In Refs. 9–12
the moment on Mn in fcc Al was found with values varying
in the interval 1.74-3.26mB , whereas in the calculations13

and in Ref. 14 Mn was found to be paramagnetic. Liuet al.14

found no moment on Mn in MnAln clusters withn,54,
however, in clusters containing more than one manganese
atom the moment appeared. On the other hand, the results of
Ref. 15 support the idea of a virtual bound-state model10 as
an explanation of Mn magnetism in the single-impurity limit.

Recently, we have performedab initio calculations for
liquid Al 1002xMn x (x514, 20, and 40! to gain more insight
into the problem of Mn magnetism in a disordered Al host.16

Our real-space~RS! spin-polarized calculations showed un-
ambiguously the formation of a large moment of about
3mB on Mn in these Al-Mn liquids. We showed that the
reason for the moment formation lies in a smearing out of the
van Hove dip in the density of states which kills the moment
in c-Al 6Mn. It means thattopological disorderis the origin
of the moment formation on Mn in an Al matrix.

This prediction has been very recently confirmed experi-
mentally by Hippertet al.17 who investigated the series of
alloys Al12x2yPdxMn y and found that a localized moment
appears on Mn atoms in the liquid state and disappears in the
solid state. The moment they have found is 2.7660.01mB
from susceptibility measurements and 2.7460.1 from the
neutron-scattering data, in agreement with our predictions.16

The authors17 have also observed that, first, the moment is
independentof the Mn concentration thus demonstrating a
single atom behavior. Secondly, the magnetic moment isris-
ing with temperature. This temperature dependence might be
a fingerprint of Kondo screening of the moments on Mn
atoms, though one can consider as an explanation the local
environment effect as well.

Since the physical picture of large magnetic moments on
Mn atoms diluted in a disordered Al matrix is most likely a
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correct one, we may further study the detailed character of
this magnetic state. It is well-known that the indirect
@Ruderman-Kittel-Kasuga-Yosida~RKKY !# interaction be-
tween solute atoms in a disordered matrix could result in a
spin-glass state, which is a manifestation of random mag-
netic order.18 As has been indicated by Pettifor,19 the reason
why Mn and Fe are close to adisordered local moments
regime is because they have a half-filledd shell and, corre-
spondingly, a large Fermi momentum. The latter would lead
to a short spatial period of the RKKY oscillations and, there-
fore, to frustration in the direction of moments if there is
atomic disorder. The antiferromagnetic sign of the Mn-Mn
interaction was suggested by Hauseret al.5 for the case of
Al-Mn amorphous alloys and quasicrystals. However, in cal-
culations using the Korringa-Kahn-Rostoker–KKR Green’s-
function method the Mn-Mn interaction in fcc Al appeared to
be of aferromagnetic sign.11 It means that only topological
disorder can produce the random sign of the RKKY interac-
tion on different Mn sites and, therefore, frustrate the other-
wise ferromagnetic order.

To gain more insight into the magnetic structure of Al-Mn
liquids we have performed and report here local-spin-density
approximation~LSDA! calculations for Al1002xMn x allow-
ing for arbitrary directions of local magnetic moments. Non-
collinear spin structures can be calculated within the
LSDA,20 but there are very few applications for disordered
systems using the supercell linear muffin-tin orbital~LMTO!
method21 or the ‘‘LMTO-derived’’ tight-binding Hubbard
model with a fixed Stoner exchange integral.22 In the present
work we have implemented and made use of the method,20

within the ab initio real-space tight-binding LMTO formal-
ism ~RSTB!, successfully applied before for studies of col-
linear magnetism in disordered Fe-B and Ni-B,23–25 and
Al-Mn systems,16 and we now apply it to self-consistent cal-
culations of the noncollinear magnetic Al1002xMn x liquids
with x515, 20, and 40.

II. ELECTRONIC STRUCTURE CALCULATIONS
WITH NONCOLLINEAR REAL-SPACE

TIGHT-BINDING LMTO

In a system with noncollinear magnetic order the elec-
trons experience an exchange field which depends on the
local orientation of the magnetic moment at each atomic site
R,26 and it can be written, in the local-density approxima-
tion, as20

Vss8
xc

~r !52
1

2
Dxc~n,m;r !eWR•ŝ

W , ~1!

where n[n(r ) and m[umW (r )u are the local electron and
spin densities, respectively, andeWR5@cos(fR)sin(uR),
sin(fR)sin(uR),cos(uR)] is the direction of the moment on site

R with respect to the global coordinate system,ŝW is the Pauli
spin matrix in standard representation. All these quantities
should be found self-consistently and this constitutes a com-
plicated problem. We have treated it as follows.

In constructing theab initio Hamiltonian H, we have
made use of the method of Andersen and Jepsen27 and trans-
formedH into a tight-binding form to make use of the real-
space recursion method. The overlap and Hamiltonian matri-

ces in the tight-binding LMTO method were expressed via a
two-centerHamiltonian ha, which for a noncollinear case
takes the following form:

ha5ca2En1Ada~USaU†!Ada, ~2!

whereSa[SR8L8RL
a is the spin-independent matrix of the lo-

calized structure constants,ca and da are the matrices of
potential parameters, diagonal in spin space,En are the ref-
erence energies chosen at the centers of the respective bands,
U is the standard spin-12 rotation matrix,

U5S exp~ ifR/2!cos~uR/2! exp~2 ifR/2!sin~uR/2!

2exp~ ifR/2!sin~uR/2! exp~2 ifR/2!cos~uR/2!D ,
~3!

andUi j
†5Uji* .

In practice, to make use of the recursion method, we have
constructed a nearly orthonormal representation starting
from the most localized tight-binding~TB! Hamiltonian
ha, Eq. ~2!, rotated such that we obtain the Hamiltonian
matrix in the global coordinate system,

Hg5U†~En1ha~12oaha!21!U

5U†~En1ha2haoaha1••• !U. ~4!

This orthonormalized Hamiltonian in the atomic-
sphere approximation~ASA! has been used in the
present work tosecond orderin the E2En expansion.
The local density-of-states matricesNRs,Rs8(E)
521/p Im^Rsu(E2H1 i0)21uRs8& have been found by
the recursion method with the HamiltonianHg, Eq. ~4!, and
the band edges have been estimated according to Beer and
Pettifor.28 The orientation of a local-spin quantization axis
can be easily found~in the ASA! by diagonalizing the den-
sity matrix integrated over the atomic spheres,qss8 5
*SRrss8(r )d

3r , yielding the angles,20

tan~u!5
2uq12u
q112q22

, tan~f!52Arg~q12!. ~5!

It should be noted that the present is anO(N) LDA
scheme because we work in real space with the use of the
recursion method. As usual, we expect it to become superior
to k-space methods for large systems. Our rough estimate
shows that the crossover point is at about 50–60 inequivalent
atoms. Moreover, the present method is intrinsically parallel-
izable, and we have made use of this advantage.

III. RESULTS AND DISCUSSION

A. fcc Fe

In the first instance, we have applied the method to the
well-known problem of fcc Fe in order to compare the re-
sults with those calculated by the ASW method.29 The results
are shown in Table I. They show a consistent agreement with
each other for different atomic densities. Our data~Table I!
illustrates two important points:~i! the effect of accuracy in
the construction of the Hamiltonian and~ii ! the convergence
of calculated quantities.

8516 53A. V. SMIRNOV AND A. M. BRATKOVSKY



We have found that in order to calculate the magnetic
moments and total energies at the same level of accuracy as
achieved with thek-space method, it is important to con-
struct the Hamiltonian very accurately, by including up to 42
neighboring atoms. If one takes 18~first and second! neigh-
bors only, the magnetic moment on Fe drops from the correct
value of 2.66mB down to 2.50mB at the atomic-sphere radius
S52.79 a.u.~Table I!.

Concerning the convergence of the method, we have
checked forS52.655 a.u. what the most stable magnetic
structure is and we found it to be a noncollinear one. The
total energy of this noncollinear structure relative to the fer-
romagnetic configuration atS52.79 a.u. approaches -37
mRy in the RSTB method compared to239 mRy in the
ASW. The magnetic moment comes out to be somewhat
smaller than that in the ASW calculations~1.3 vs 1.54mB).
The state with lowest energy has been, however, predicted
correctly with the Fe moments pointing towards the center of
the cubic cell, thus showing the reliability of the RSTB
method.

B. Al-Mn liquid

For our RSTB-LMTO calculations of the electronic struc-
ture we have taken 60 atom structural models for liquid
Al 60Mn40 and Al80Mn20, and 56 and 98 atom models for
liquid Al 84Mn14. The structural models were constructed by
means of a standard Monte Carlo method with bond-order
potentials to account properly for the covalent interactions in
Al-Mn systems~for details see Ref. 16!. Comparing the ra-
dial distribution functions for these structures with ones for
666-atom clusters from Ref. 16, we have found that they are
close to those calculated with smaller size models. The bond
lengths and coordination numbers were found to be quite
close in Al86Mn14 to those in Al80Mn20. The topological
short-range order in Al60Mn40 is quite different from that in
Al 80Mn20: in the former we haveZ MnMn53.38 for the
Mn-Mn coordination number, whereas in the latterZMnMn is
just 1.36. There are no Mn-Mn pairs inc-Al 6Mn, and their
coordination number is very small in the Al86Mn14 liquid.
The analysis of bond angles shows some tendency for
Al 86Mn14 and Al80Mn20 liquids to have an icosahedral
motif.16

We have performed calculations, assuming both collinear
and noncollinear arrangements of spins, for Al1002xMn x liq-
uids of different compositions. We have found a strong ten-
dency for magnetic moments on Mn to have large absolute
values and orientational disorder~in the noncollinear case!,
so that the net magnetic moment averages to a very low
value, which is almost zero for Al84Mn14. It is important to
note that forc-Al 6Mn our noncollinear calculations yielded
a nonmagnetic state, in accordance with our previous discus-
sion of the role of the van Hove singularity at the Fermi level
in the density of states of this system.16

To construct the continued fractions needed for the recur-
sions we have used up to;1200-atom clusters built from
our ‘‘supercells’’ by applying periodic boundary conditions.
For these systems we have used nine recursion levels for the
s andp electrons and 18 levels for thed electrons of the Mn
atoms, and eight recursion levels for the Al electrons.

We have found that all average values in the present cal-
culations are close to our previous results16 based on large
structural models and averaged self-consistent potential pa-
rameters~Fig. 1, Table II, III!. Moreover, it is worth noting
that in the collinear case we have found no meaningful
changes in the distribution of the local magnetic moments, in
marked distinction from what has been obtained in Ref. 22
for amorphous Fe, although in Ref. 16 the values of Mn
magnetic moment are somewhat larger. For Al84Mn14 sys-
tem the averages are in good agreement for small (N556!
and large (N598! calculated cells in spite of rather small
statistics for Mn in the former calculation.

The analysis of the densities of states projected onto the
local magnetization axes reveals that the total electronic den-
sity of states~DOS! has a sharp peak for majority spins in all
liquid Al-Mn alloys at about22.5 eV below the Fermi level
~Fig. 2!, and a peak in the unoccupied minority spin band at
about11 eV. The local projected DOS’s are similar to those
calculated in our previous work.16 The difference between
collinear and noncollinear DOS grows with increasing Mn
concentration~Figs. 1, 2!. We note that the shape of the
majority/minority DOS reflects a non-rigid-band behavior
~Fig. 1! which shows up in an asymmetric splitting of the Mn
d band with respect to the Fermi level. This means that the
rigid-band Stoner model is hardly applicable to this system.

TABLE I. The parameters of the noncollinear fcc Fe: the comparison of the real-space tight-binding
LMTO ~RSTB! and the ASW methods; 42 neighbors were used for constructing the HamiltonianHg if not
indicated otherwise;Dmax 5 maxucosuij2^cosuij&u. In noncollinear ASW calculation cosuij5^cosuij&521/3.

S ~a.u.! Moment on Fe (mB) DE ~Ry! ^cosuij& Dmax

RSTB ASW RSTB ASW RSTB RSTB

2.82 2.72 2.69 0.085 0.093 Ferromagnetic

2.79 2.66 2.65 0 0 Ferromagnetic
2.79a 2.50 2.65 -0.001 0 Ferromagnetic

2.655a 1.24b 1.54 -0.037 -0.039 -0.3329 0.08
1.27c 1.54 -0.037 -0.039 -0.3332 0.03

aWith the use of 18 nearest neighbors forHg.
bAfter 150 iterations to achieve self-consistency.
cAfter 300 iterations.
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We have found that the noncollinear state is more stable
compared to the collinear one, being lower in energy by
about 0.025 Ry~Table II!. The average value of the Mn
moment in our calculation is almost independent of the man-
ganese concentration in correspondence with the experiment
described in Ref. 17.

In our calculations the distribution of the absolute values
of the Mn moment is asymmetric in Al86Mn14 and
Al 80Mn20, and it is biased towards higher values, whereas
the moment distribution in Al60Mn40 is symmetric~Fig. 3!.
To gain more insight into the spatial distribution of the mo-
ments on Mn we have analyzed the average cosine of an
angle between the moments,^cos(uij)&. We have found that
^cos(uij)& is positive and rather large for neighboring atoms
separated byRi j,4.7 Å ~Table III! and negative for next
neighbors, 4.7 Å,Ri j,6.1 Å @for the Mn impurity in fcc-Al

it corresponds to first-and second-nearest neighbors in the
former case and third neighbors in the latter~inset in Fig. 4!#.
It is instructive to analyze the average cosine of the angle
between Mn moments, cos(uij), as a function of the distance
Ri j between them~Fig. 4!, in conjunction with the Mn-Mn
partial radial distribution function. For Al86Mn14 liquid the
nearest neighbors are likely to be subject to a ferromagnetic
interaction, whereas other studied systems display a definite
antiferromagnetic sign of the interaction between nearest Mn
atoms which changes quickly into ferromagnetic with in-
creasing separation. It makes these systems quite different
compared to Mn in fcc Al where the exchange has a ferro-

TABLE II. The results for collinear spin configurations.mmin–
mmax is the interval spanned by the values of Mn moments;^mMn&
and ^mAl& are the average values of the moment on Mn and Al,
respectively.m is the value of the average moment per atom. Data
in parentheses are for the models withN556 atoms. Directions of
Al moments are opposite to Mn moments.

Al 60Mn40 Al 80Mn20 Al 86Mn14

mmin–mmax 1.96–3.08 1.28–3.39 1.62–3.49
^mMn& 2.68 2.72 2.84~2.87!
^mAl& 0.096 0.048 0.039~0.040!
m 1.01 0.51 0.37~0.38!

mMn
a 2.87 3.17 3.29

aThe result of collinear calculation~Ref. 16!.

TABLE III. The results for noncollinear spin configurations.
mmin–mmax is the interval spanned by the values of Mn moments;
^mMn& and ^mAl& are the average of the moment value on Mn and
Al, respectively.m is the value of the average moment per atom;

^eW ieW j&Mn is the average cosine of angle between moments on two

neighboring Mn atoms (ueW u51). Efm2Enc is the energy difference
between ferromagnetic and noncollinear configurations. All the mo-
ments are in units ofmB , data forN556 atoms are in parentheses.

Al 60Mn40 Al 80Mn20 Al 86Mn14

mmin–mmax 2.05–3.43 1.42–3.54 1.86–3.39
^mMn& 2.74 2.89 2.88~2.91!
^mAl& 0.062 0.036 0.029~0.030!
m 0.27 0.23 0.08~0.03!

Efm2Enc ~Ry! 0.025 0.024 0.026~0.026!

^eiej&Mn
Ri j,4.7 Å 0.22 0.42 0.13
4.7 Å,Ri j,6.1 Å -0.09 -0.21 -0.25

FIG. 1. The spin-polarized electronic density of states for Al-Mn
liquids: ~a! Al 84Mn14, ~b! Al 80Mn20, and~c! Al 60Mn40. Solid line:
density of states for a global quantization axis, noncollinear con-
figuration; dot-dashed line: the same for a local quantization axis;
dotted line: the density of states per spin for the collinear case.

FIG. 2. The total electronic density of states per atom for Al-Mn
liquids: ~a! Al 84Mn14, ~b! Al 80Mn20, and~c! Al 60Mn40. The solid
and dotted lines are results of noncollinear and collinear calcula-
tions, the dashed line is for a smaller structural model of liquid
Al 84Mn14.
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magnetic sign up to third neighbors:11 topological disorder
produces RKKY exchange constants of random signs and the
resulting frustration causes the random directional order of
moments on the manganese atoms. For distant neighbors we
have found a preference for an antiferromagnetic alignment
of the Mn moments.

IV. CONCLUSIONS

The present results confirm our earlier prediction that to-
pological disorder is the main driving force for the formation
of a large (meff;2.8mB) magnetic moment on Mn in Al-Mn
liquids.16 This value is close to the the single-impurity limit,3

and is not sensitive to interaction with other Mn atoms in the
alloy, as recently found experimentally.17

It is a popular view that, at low temperatures, only a frac-
tion of the Mn sites in disordered Al-Mn/Al-Mn-Pd systems
carry a moment due to a strong local environment effect with
the remainder being nonmagnetic.8,30,31,17A similar view has
been applied in Ref. 17 to make an interpretation of their
measurements in the molten state at high temperatures.
These authors concluded that about 60% of the Mn atoms
can be nonmagnetic only if the rest of them carry moments
of more than 5mB . Our results, however, do not confirm this
view.

We have found thatall Mn sites are magnetic in the sys-
tems we studied~Table III! though the absolute values scatter
a lot ~from 1.42 to 3.54mB in Al 80Mn20, for instance!. As we
have mentioned above, at low temperatures Mn atoms can be
in a Kondo-compensated spin state which disappears with
increasing temperature. The observed rise in magnetic sus-
ceptibility x above the melting point in Al-Pd-Mn systems17

is quite the opposite to what is expected from the usual spin-
fluctuation theories wherex is Curie-like and, therefore, de-
creases with temperature.32 It could be a fingerprint of
Kondo unscreening with increasing temperature, but it could
also be a result of a variation of the moments distribution
~Fig. 3! with temperature and local environment effects, facts
which should be analyzed further. We predict that Al-Mn
liquids have a random magnetic order with predominance of
ferromagnetic interactions for nearest Mn neighbors, and
noncollinearity is triggered by random RKKY interaction be-
tween solute atoms of Mn in a disordered Al matrix.
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FIG. 3. The histogram of the moment distribution in Al-Mn
liquids. The vertical line marks the center of gravity of the distri-
bution. Note the pronounced asymmetry in the distribution in the
case of Al84Mn14 and Al80Mn20 compared to the symmetric distri-
bution in Al60Mn40. FIG. 4. The cosine of the angle between two Mn moments~solid

line! and partial Mn-Mn radial distribution functions~dashed line,
right axis!. These results demonstrate a fine balance between the
ferromagnetic and antiferromagnetic signs of interaction and its
rapid variation with distance, as can be reliably guessed from the
resulting angle distribution between the Mn moments shown in this
figure. Inset: the data of T. Hoshino~Ref. 11! for the energy differ-
ence between the antiferromagnetic and ferromagnetic Mn dimer in
fcc Al. Calculations have been performed for the distance between
Mn atoms in the dimer corresponding to first-, second-, third-, and
forth-nearest-neighbor separations in fcc-Al matrix.
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