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The dependence of the magnetic moment per atom i alloys with the general formula YiFe. Coj, T (T=T, ¥, Cr.
Mo, W, Re) on concentration and kind of the added clement T has been anulyzed in the framework of the magnetic
vilenee concepl. A semwempirical method has been used 10 estimate the contribution of the sodute T 1o the magnetc
vilenoe by treatmg 11 as o scatlening conler which imtrodeces additional  states in the energy band scheme of the host Thus
approach explains the difference in magnetic moments for solute elements i the same column of the periodic table,

1. Introduction

During the last few years considerable atten-
tion has been focused on the study of the fairly
large class of ternary iron rich rare earth alloys
with the general formula RFe , T, erystallizing
in the ThMn,, type structure (tetragonal I,/
mmm} [1, 2] because of their potential applica-
tion in permanent magnets. The Th site in the
body centered tetragonal ThMn,, structure is
cccupied by a rare earth (R) atom while the
three imequivalent 8i, Bj, Bf Mn sites are oc-
cupied by Fe and T atoms (T =Ti, V, Cr, Mo,
W, 5i). Since the RFe , compounds do not exist,
the phase stability of the iron rich 1:12 com-
pounds depends mainly on the substitution of T
atoms in the Fe sites and their concentration
xix=2 for T=V, Cr, Mo, 5i and r=1.2 for
T="Ti, W).

The saturation magnetization M, which de-
termines the maximum theoretically expected
encrgy product (BH ), .. anses primarily from
the transition metal sublattice. This contribution
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can be assessed by studies of the members of the
series where R s non-magnetic (R =Y, Lu, La),
Considerable differences of the iron moments for
differemt T atoms have been observed in
YFe,, T, compounds [3] and Mossbaver hy-
perfine spectra reveal completely different dis-
tribution of the magnetic hyperfine fields, respec-
tively |4, 5]. It is known that the T ="Ti. ¥, Mo
atoms occupy preferentially a part of the 8 iron
sites with a statistical distribution of T atoms
over these lattice positions [6-8]. A recent study
of the spin reorientation transitions in  the
RFe, T, (T =V, Ti, 5i) series in terms of crystal
electric ficld interactions has shown a variation
of the influence of the site cccupation from T
clements on the total anisotropy energy in these
systems |9]. Tt is obvious, therefore. that the
contribution of clectronic states from T elements
in the 3d-band of the Fe host affects significantly
all the magnetic properties in these compounds.
A complete understanding of the cffect of the T
solutes requires spin polarized band structure
calculations which involve laborious computa-
tions and several approximations in view of the
complexity of the systems, Two different ap-
proaches of band structure calculations in the
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1:12  compounds  Y(Fe-T)},; (T = transition
metal) have been carried out by Jaswal et al. [10]
and Coehoorn |11] in order to reproduce the
observed iron magnetic moments, The first of
these is a simplified tight binding calculation and
leads to unexpectedly large moments (=1, ) of
T atoms, antiferromagnetically coupled with the
iron moments [10]. In the second approach, ab
initio calculations for the hypothetical ¥Fe,, and
YFe, T, compounds have been used 1o predict by
extrapolation the decrease of the magnetization
duc o substitutions of T atoms in YFe..
Reasonable agreement with cxperimental data,
however, was achieved only when the equilib-
rivm volumes determined from the ab initio
calculation were replaced by the experimental
volumes. The decrease in magnetic moment due
1o the T substitution is found to be insensitive to
the wpe of transition metal stom. The ex-
perimental data on the other hand show signifi-
cant variation, as, e.g. in the cases of YFe V.
and YFe, Mo, with average moments per Fe
atom of 1.6 and 1.3, respectively.

We present in this paper a simplified method
for the interpretation of the experimental data
on magnetic moments in Y(Fe, Co),, T, com-
pounds by extending the magnetic valence model
[12] based on the Friedel picture of the density
of states. Our modification of the magnetic val-
ence model consists of treating the solute transi-
tion clements T as scattering centres embedded
in Fe positions which produce d resonance states
above the Fermi level. The broadening of these
levels due 1o s—d admixture effects leads to a
part of the impurity d-state which lies below the
host Fermi energy and affects the d band mag-
netism, In this way the electronic character of
the solute is taken approximately into account. It
should be noted, however, that the underlying
assumption of strong ferromagnetism for the ap-
plication of the magnetic valence concept re-
mains necessary so that the model is expected 1o
be more successful for the case of Co alloys.

In the following section we briefly review the
relations that are used in the magnetic valence
model and describe in some detail the semiem-
pirical method that was used in order to calculate
the number #, of d states occupied by the solute.

The basic ideas as well as the numerical parame-
ters that we have used in order to take into
account the number of extra d electrons trapped
in the impurity d resonance states below the
Fermi level have been takem from Harrson's
book [13]. The results of these calculations are
then applicd 1o the interpretation of available
experimental data on Y{Fe, Co),, T, alloys.

2. Electronic states and the magnetic valence of
the solute alom

The relation defining magnetic valence £, and
its connection to the magnetic moment m for a
pure metal can be summarized as follows [12):

m=Z,+2IN,, (1
and
Z wIN T, (2)

where & is the number of valence electrons and
N, is the number of d electrons of the majority
spin band. In the cases where the majority spin d
bands lie entirely above (carly transition metals)
or below (late transition metals) the Fermi level,
N, in eq. (2) takes the value of precisely () or §,
respectively. It is then clear from the definition
(2) that in such cases Z_ is an integer for each
column of the periodic table, which can be used
to describe the influgnce on the host system
magnetization of a specific element when it ap-
pears as a solute in Fe, Co and Ni-based alloys.
For the case of alloys, eg. (1) becomes

(m)={Z )+2N, . (3
with
‘lzm}=2-’f.3w- (4)

and x, are the relative concentrations of the
constituent atoms. In deducing eq. (3) we have
assumed that N, does not vary significantly by
alloving. This assumption is plausible for transi-
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o metal alloys which have similar band struc-
tures [12, 14] but it is also valid even if the alloy
includes a metalloid element having a larger
number of sp electrons as shown by Terakura
and Kanamori [15]. The value of 2N, in eq. (3)
is between (L6 and 0.9 [12, 14).

Equations {3) and (4) have been applied very
successfully, in the case of strong ferromagneis,
to a great number of Fe-, Co- and Ni-based
alloys with transition metals and metalloid ele-
ments [14]. The most pronounced discrepancy
with experiment is found in the case of Fe alloys
which do not satisfy the condition of strong
ferromagnetism. In addition, the assumption
N,=0 or 5 for carly and late solute transition
metals is responsible for the failure of the mag-
netic valenece approach to give different magnetic
valences Z_ for the elements in the same column
of the periodic table. According to this model,
for example, the three alloys of the type
YFe,, T, with T=Cr, Mo, W, which have the
same valence, would have the same magnetic
moment in disagreement with the observed val-
ues |3].

In order to improve the magnetic valence ap-
proach it is necessary to obtain & guantitative
estimate of N, for the solute transition metals,
The effect of the perturbing potential localized at
the vicinity of a transition metal impurity in Fe,
Co oor Niois to create localized virtual bound
d-states which, depending on their relative posi-
tion with respect to the Fermi level, may he
occupicd or not, Furthermore, the s—-d admix-
ture effects will cause a broadening in energy of
the relatively localized impunty d-states, as men-
tioned above, which spread out into an energy
range of I" as shown schematically in fig. 1. This
results, for example. in an early transition metal
sodute in a finite density of states below the
Fermi level and therefore N, # (. The phenom-
enon can be understood, as proposed by Friedel
[16], by considering the impurity as a scattering
center for “free™ electrons in the host sp-band
and d-band (at least those electrons near the
bBottom of the d-band).

Ouantitative treatments of the transition im-
purity problem have been given by several au-
thors [15. 17-1%] using various approximations.

E eV}
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Fig. 1. Schematic representntion of the relative position of
the encrgy bevels and the density of states for a transition
metal soluie m Fe, Co or NI, The Cnergy wilues pertain 1o Y
undl Cay,

Here we shall use the results given by Harrison
[13] which are based on the self-consistent Har-
tree=Fock treatment by Anderson [17]. We as-
sume that the concentration is small so that we
can consider solute atoms as isolated impurities
acting as scattering centers and producing d-
resonance states around an energy E,. If the
Fermi energy £ is well above £, the resonance
is completely occupicd and it is empty if £, is
miuch less than £ .

In the cases where E, is close to £, Harrison
derives the following relation for #” and n”, the
fractional occupation for spin-up and spin-down
states of impurity atom, respectively [13]:

tan{mr " /5) = DA EY +n" U, — E)]. (5)
In this expression s the resonance width, £
is the energy of the resonance without exchange
and L7 is the exchange interaction for each pair
of d electrons of the same spin on the same
atom,
Anticipating the example of ¥Y(Fe-Co),, WV,
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alloys in the next section, where the Y and V
atoms will be assumed mot 1o carry a magnetic
moment, we shall use eg. (5) for the case of
n'=n =mn, Solving eq. (5) for n,, we de-
termine &, appearing in eq. (2) by

MN,=5n,. (6}

The energy £} in eq. (5) is measured with

respect 1o the bottom of the sp<band of the host,
The method used to determine this parameter is
illustrated in fig. 1 for the case of V' in Co host.
First the position of the bottom of the sp-band of
V with respect to the free continuum states is
determined by the relation:
E_ =¢,+8V,. (n
where &, is the Hartree-Fock emergy of the
atomic d state caleulated from Fischer (207 and
V., an appn'-prialc‘ matnx element given by
V,=-14h"/2emd’ [13. Solid State Table],
with o the average distance of the nearest neigh-
bours caleulated from the atomic volume of the
clement and h'/2am = 7.62 ¢V A° In table 1 we
have tabulated the terms which appear in eq.
(7). Using the computed values of E_ . the posi-
tion of the impurity d-band in the energy level
scheme of the host is

(V)= [E,(Co) - ELVI+ E(V).  (8)

where £,(V) is the energy at the middle of the
d-band of the ¥V metal obtained from table 20-4
of ref. |13]. The exchange energy U, is also
caleulated from atomic data and 15 tabulated in
the same table. The value of I is caloulated from
the relation given by Heine (21):

W,
RGN
idx) i)

=12}, ()

where fix) and nix) are, respectively, Bessel
and Neumann functions with argument x = k,r,
and W, is the bandwidth. The parameters &,, r,
and W, are also tabulated by Harrison [13]. The

vilues of I caleulated from (9) are given in table
2. We note here that the bandwidth W, used in
this calculation 1s taken to be that of the solute
metal assuming that the local density of states
around the impurity is adjusted to come closer to
the situation in the solute.

Using these parameters and Fermi energies £,
(Fe) =8.8¢V, E.(Co)=12.49¢V and E,(Ni)=
12.13¢V given by band structure calculations
[22] we have calculated from egs. (5) and (&) the
values of 2N, and the corresponding magnetic
valence for transition metals of the first, second
and third rows. The results are given in table 2.
For comparison we include also the (integer)
values of Z, calculated on the basis of the simple
magnetic valence model [12]. We have used the
Fermi energies of the pure Fe, Co and Ni for the
corresponding Fe-, Co-, Ni-rich alloys with the

Tahble 1

Cabeulated V,, matrix elements for fised average distances of
nearest neighbours. atomic Hartree-Fock d-enerpy bevels o,
and £ energies for the bottom of the sp-bamd

Transitin =BV, eV —r, 1Y) - E_ e¥)
mchal

5 10LAKS Q.35 19,40
i 1165 L1 2.1
W 14,87 12.5% 1743
Cr 1439 1394 U]
S 1é. 20 15.27 3147
e L isil L. 54 35014
Co 1727 1777 3504
Mi 1743 |5ty W
bl 315 [, ] 15.15
Er 1054 B4 19im
Mh 1252 [LIEIE] 22.55
Mo 17 1.3 21533
Te I4. 56 13,08 27.64
Ru 15 1 14.59 20,69
Rh 14 % 161k a2
Pd 4.7 17wy 3.9
Lk LA A2 15.62
Hi 11024 B.14 1E.98
Ta 12.34 .57 2212
W 13.R2 (LR M 5K
He 14,31 12.35 26,67
s 14.TR 13.73 28,52
In 14,64 1513 29,452
P 14.07 1,53 362
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Resonamce widih, maporniy span contrebution and magaetic valence of transition maotal impunties in Fe-, Co- and Mi-based alloys.
The last column gives the value of mognetic valenos according 1o ref. [12]

Transitson Iiev) Fe-host Covhamst MNishirst £ I5F)
el

N, £, N, £ N, .
5 1131 nis —2.85 017 -2.83 0.13 ~3-B3 =3
Ti 1108 (I L] -3.81 .23 -an 014 ~3Hl —-d
W 1458 33 -4 67 0,40 -4.51 0.33 —4.67 =5
Cr .94 .64 -5.38 (N -4 IR -534 ~f
Mn [RMb 1.0 =54 w07 .07 LI2 —5.R8 =7
Fe (683 .26 1.2 967 169 9.3 1.31 2
Cx 159y w73 T3 .52 18, ] 9.73 T3 1
i 00 46w .86 {114 . H =011 R —{1.14 il
Y 1377 14 —~2.88 015 ~2.85 014 -2 By
£ 1.338 niv e 0,20 ~3.80 017 =283
Nh .27 0.2l -4.T9 10,26 4. T4 {1 el 478
My 1.073 027 -5.73 103K ~5.62 .28 -4
Tc L8527 13K = h2 0.7 =, 39 i L]
Hu ihLAs3 i =7 .50 1.30 1.m2 — 6,94
Rh (442 .62 62 G50 (111 QRS 65
Pd 341 Q.83 =17 059 =11 0.54 ~.16
Lu 1563 1% - 2.B5 017 -1EX 015 —-2.K5
Hi 1.953 0.21 -3 024 =176 0.22 -3.78
Ta 1.581 n.27 -4,73 n.i -4.08 0.3 -4,73
w 1.853 0.32 ~-5.68 0.3 —5.61 3z ~5.68
Re 1.583 0n.i7 .63 01,50 —#. 50 .38 ~f, BT
s 1.321 [LEE] .52 0. =T.12 .50 =750
Ir 1.0 0,72 ~B.28 1.7 - 1.2 L7 -B.24
P 0. 789 1.45 -HR.55 9.32 ={l. 6% .59 —H.4l
Table 3

Magnetic valence, average magnetic moment and magnete moment of Fe atoms in the ternnry alloys YFe,, T, Expenmental
values are obtuned from Missbauer amd magnetizalion measurements,

T x This work Willimms et af, [12] Miosshawer Mlagne tiation
{m, 3 mEAsurements
(2.} bim) Ly, ) (2.} im) {omiy, } Ly, }
Ti 1.2 108 169 204 1.4% 1.6 200 1 U
v 2.0 1] 1.20 .57 054 .14 (1] (B b.61*
Cr 2.0 .49 109 1.42 0.38 0.5 1.28 1. I&7
Mo 2.0 092 14 1.35 038 0.9 .28 1 127
W 1.2 IR 1.51 1.83 LLHE 148 I.78 - 193
Re .2 0.83 L.43 L.72 1.15 1.75 2.11 - L8z

= Verhaef ct al. [3].
" Chiristides en al. [24].
" Denissen o al. [4].

M Chiristies €1 al. [25].

“ Jurczyk |26].
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assumption that the E; of the host does not
change significantly. From the foregoing descrip-
tion of the method of calculation it is seen that
the occupation of the d-resonance is mainly de-
termined by the difference E, — £¢ and the
width [". This introduces a dependence of N, on
the electronic character of the solute due 1o
different values of E; and results in non-integer
values of Z_. Thus, for example the values of
2N, for Cr and Mo, which have the same num-
ber of valence electrons and hence £_ = —6 in
the simple magnetic valence model, are now (L64
and 0,27, respectively, for an iron host. This
difference is expected to appear in the magnetic
moment as is discussed below in the application
to 1:12 alloys,

There are several approximations involved in
deriving the values of table 2. The assumption of
isolated impurities is not strictly valid for the
alloys considered here so that impurity bands
should be considered in a more accurate calcula-
tion instead of the simple scattering resonances.
Furthermore, the transition metal solute may
carry a moment in which case n, 15 different
from n_ in the previous calculation. Also, since
the calculated values of 2N, depend strongly on
the difference E, - E;, anomalies are expected to
appear when these two levels are close. This is
seen in the instability of the values of table 3 for
Mn., Ru and Pt. For these reasons it may be
expected that the application of these results
would be more successful for the cases of the
1:12 considered here with an early transition
metal solute, It is seen that the value of N, is
close to zero for early transition metals as would
be expected from the effect of the repulsive
potential for 3d electrons which places the reso-
nance far above the Fermi level.

3. Application to Y(Fe-Co),,_ T alloys
iT=Ti. ¥, Cr, Mo, W)

The modificd magnetic valence method which
is described in the previous section is applied
now to the ternary iron-based alloys with general
formula Y(Fe, Co),. ,T,. These alloys are most
appropriate for comparison with experimental

results since they are rich in Fe or Co and
contain two different transition elements. The
average magnetic moment for an alloy can be
calculated from egs. (3) and (4) using for the
magnetic valence of Y and the transition metal
the new values which are listed in table 2.

The results for YCo,, |V, alloys are shown in
fig. 2 where the magnetic moment per atom is
plotted as a function of ¥V concentration, to-
gether with the curve caleulated by using Z_ =
— 7 according 1o Williams et al. [12] for com-
parison. Experimental data from a recent investi-
gation of these alloys by Jurceyk |23] are also
plotted in the same figure. It is seen that our
calculation presents a significant improvement
over the simple magnetic valence approach. The
correction becomes more important as x in-
creases,

A similar comparison for alloys with formula
YFe,,_,V, is shown in fig. 3. Experimental points
are obtained both from magnetization measure-
ments and Mossbauer spectra [3]. In the latter
case the magnetic moment per Fe has been
calculated from the hyperfine field using a con-
version factor of 15T/p,. For this group of
alloys it can be seen that both models give too
high values in the low concentration region (x <
1.5) where the effect of ¥V is small and the weak

1.5
£ '\\
J: ¥Cois.:Vs
° S
"-.‘1.0 I‘H\“"\.\_\
ey s,
& “?‘_am
e T 3 3

Fig. 2. Average magnetic moments per atom in ¥YCo,, W,
alloys as a function of ¥ concentration. The full line n
caleulated with the [mnfumed msdel. The dashed line is giw:n
by the simple magnetic valence model of ref. [12]. Es-
perimental resulis are obtained from magnetization measure-
ments 23]
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ﬁi.ﬁ T 4. Conclusion

E

Sa0{ M. YFe -V, We have examined the magnelic moments of
o oy the series of Y(Fe, Co), T, alloys (T =Ti, V. Cr,
“‘“1 5 4 e Mo, W, Re) in the light of the magnetic valence
g E'““‘é\\ conceptl, using an estimate for the contribution
1.0 g 'Hk“r'r\ of the solute atoms 1o the majority spin band.
St o We have shown that this estimate can be ob-
E Ta \“‘x " tained by treating the transition metal atom as an
. 0.5 TR impurity and calculating the number of occupied
majority spin states of impurity atoms by reso-
08,5 3 273 33 4.3 nance scattering theory, The magnetic valence
X calculated by this approach takes non-integer

Fig. 3. Average magnctic moments per atom in YFe, |V,
alloys as a function of W concentration. The full hine =
caloulited wath the proposed model. The dashed line s given
by the simple magnetic valence model of ref, [12]. Ex-
perimental results are obtained from magnetizalion measure-
ments (xh and Mossbauer data [3].

ferromagnetic character of the Fe-host plays a
dominant role. This is expected since the pro-
posed method does not address the major prob-
lem in applying the magnetic valence approach
to Fe alloys, i.c. the failure of the assumption of
strong ferromagnetism for the host Fe. In the
range of higher V concentrations where the ef-
fect of V is expected o be stronger, the modified
meddel gives values closer to the experimental
results.

As another comparison with experimental re-
sults, the valugs of magnetic moments, calcu-
lated with our model and that of ref. [12] are
listed in table 3 for several YFe,. T, alloys
(T=Ti, V. Cr, Mo, W, Re). For the case of
T="Ti a value higher than the experimental is
given by both approaches. a result similar to that
for low ¥ concentration alloys mentioned above.,
For the remaining compounds a significant im-
provement is found in the agreement with ex-
penmental data. We note in particular that our
caleulation leads to different values for YFe, Cr,
and YFe, Mo, in accordance with expenmental
results while the simple magnetic valence model
would give the same magnetic moment for both
alloys since Cr and Mo belong w0 the same
column of the penodic table and therefore are
assigned the same magnetic valence in that
misdel.

values and differs for elements in the same col-
umn of the periodic table in comtrast to the
simple moedel [12]. The improvement in the in-
terpretation of experimental results given by the
proposed method are illustrated by an applica-
tion 1o Y(Fe—Co),,_, T, alloys. The agreement of
{m} ., with {m},  is strongly dependent on the
assumption of strong ferromagnetism in the band
structure of the host metal.

Acknowledgements

This work was supported in part by EEC
contract MA-1TE-MI52. It was completed durning a
visit. of one of the authors (H.S. Li} tw the
Institute of Materials Science of the NCSR
“Demokritos’

References

[1] KHI Buschow and DB De Mooij, in: Concerted
European Action on Magnets (CEAM), eds. IV, Much-
ell e1 al. (Elevier Appbed Scence, London, [989) p
fad

12] FM.D. Coey, Li Hong-Shuo, 1P Gavigan, 1M,
Liadogan and Hu Bo-Ping. Concerted Evropean Action
on Magnets (CEAM), eds. IV, Mitchell et al. | Ebevier
Applicd Science, London, 1959) p. T

13] R. Werhoel, F.R. de Boer, Zhang Zhi-doag and K. H.]
Buschow, 1. Mapn. Magn. Mater, 75 (15HE) 314

[4] ©.1.M. Denissen, R, Cochoom and K.H.J. Buschow, |
Magn. Magn, Mater BT (1990) 51

[5] Hu Bo-Ping. Li Hong-Shuo, J.P. Gavigan and J.M.D.
Coey, 1. Phys, Comdens. Mar. 1 (198%) 755,




36 ©. Cheisrides e al, | Magnetic moments of Y(Fe-Co),, | T, alloys

[6] B.B. Helmhobdt, 1.1, Vieggaar and K.H.J. Buschow. J
Less-Common Metals 138 (1988) L11
[T] O, Moze, L. Paretl, M. Sol= and W.LF. David, Sold
State Commun, &b [ 1988) 465,
[B] DB, de Mossj and K. H.J. Buschow, 1. Less-Common
Metaks 136 (1988) 207,
[9] C. Christides, M. Anagnostou, Li Hong-Shuo and A,
Kostikas, Phys. Rev. B, o be published.
[10] .5, Jaswal, Y.G. Ren and D.J. Sellmyer, 1. Appl.
Phys. 7 {1990 4564,
[11] R. Cochoorn, Phys. Rev. B 41 {1900) 11790,
[12] A R. Williams, VL. Moruzzi, A P. Malozemoff smd K.
Ternkura, IEEE Trans. Magn. MAG-19 (1983) 1983
[13] W.A. Harrison, Electronic Structure and the Properties
of Solids {W.H. Freeman, San Francisco, 1980) Ch. 10,
[H4] AP Malozemoff, A.R. Williams and VL. Moruzzi.
Phys. Rew, B 29 (1984) 1620

[15] K. Terakura and 1. Kanumon, Prog. Theor. Phvs. 46
(1971} 1NT,

[16] 1, Friedel. Muovo Cun. Suppl. 2 (1958) 287

[17] BW. Anderson. Phys. Rev, 124 (1961) 41.

[18] A.M, Clagston, Phys. Rev. 125 (1961) 439,

[19] P.A. Wolff. Phys. Rev. 124 (1961} 1030,

[20] C.F. Fiseher, Atomic Duta 4 (1972 451,

[21] V. Heine. Phys. Rev. 153 (1967) 511.

[22] LF. Matheiss, Phys. Rev., A 134 {1964) 477, 485

[23] M. Jurcevk, 1. Magn. Mapgn. Mater. E7 (1990} 1.

[24] €. Christicles, unpublished resulis.

[25] €. Christides, A, Kostikas, D, Miarchos and A,
Simogoulos, J, Phys. 49 ( 1988) C8-539,

[26] M. Jurcevk. 1. Magn. Magn. Mater. 89 | 1990} L3,




