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Results of self-consistent ab initio band-structure calculations using the augmented —spherical-
wave method are presented for the stable intermetallic compounds Y2Fe», Y6Fe», YFe3, and YFe2
and for the hypothetical compound YFe5 ~ The calculated magnetic moments agree well with the
experimental data, if a small orbital contribution to the total moment is assumed. The calculated
equilibrium volume is systematically 6—7%%uo too small. This is attributed to (i) a failure of the local-
spin-density-functional approximation in describing the contribution of the Fe sublattice to the total
volume, and (ii) an underestimate of the contribution of the Y sublattice. The calculations explain
the anomalously large volume and magnetization of Y6Fe», while the calculated magnetic moments
on its four inequivalent sites agree well with neutron diffraction data. The volume dependence of
the magnetization of each site in the Y-Fe compounds is related to the density of states at the Fermi
level by a simple, but quite accurate expression.

I. INTRODUCTION

In the last two decades the Y-Mn, Y-Fe, Y-Co, and Y-
Ni binary compounds have been studied extensively, not
only because of their own interesting properties, but also
because they are prototypes for the interesting class of
4f-rare-earth —3d-transition-metal (RE-TM) compounds. '

Investigations of the yttrium compounds can reveal the
contribution of the 3d sublattice to the magnetic proper-
ties of the RE-TM compounds, because the nonmagnetic
Y atom is chemically very similar to the trivalent rare-
earth atoms. The contribution of the rare-earth atoms to
the magnetization and the magnetic anisotropy is rela-
tively well understood on the basis of the atomic-level
structure of the trivalent rare-earth atoms, perturbed
slightly by the crystal field and by weak exchange interac-
tions with the transition-metal (M) atoms that are mediat-
ed by the rare-earth Sd states. On the other hand, the
3d-transition-metal electrons have a much more itinerant
character. Therefore their contribution to the magnetic
properties is strongly dependent on the crystal structure
and lattice parameters.

Electronic-structure calculations of many Y-M com-
pounds have been performed by Inoue et al. and Shim-
izu et al. using the recursion method and by Yamada
et al. using also the tight-binding approximation. Both
methods are non-self-consistent. They calculated the
density of states (DOS), the local magnetic moments, the
high-field susceptibility ghf, and the coefficient y of the
electronic contribution to the low-temperature specific
heat. Using the calculations several interesting phenome-
na were discussed like the thermal spontaneous fer-
romagnetism in Y2Ni7, the metamagnetism in YCo2, and
in the ofF-stoichiometric compound YzNi, 6, and the (pos-
sible) ferromagnetism of the superconducting compound
Y9Co7. Often, good agreement between the calculated
and experimental physical properties was obtained.
However, self-consistent calculations of YCo~ (Ref. 6)

and YFez (Ref. 7) by Mohn and Schwarz using the
augmented —spherical-wave (ASW) method showed that
the majority- and minority-spin DOS s are shaped
differently due to differences in the yttrium —transition-
metal covalent interaction for majority- and minority-
spin electrons. These effects were not taken into account
in the non-self-consistent calculations mentioned previ-
ously. Other important aspects of self-consistent calcula-
tions are the possibilities for calculating the equilibrium
volume, pressure dependence of the magnetic properties,
the relative energy of compounds in different crystal
structures, and the relative energy of different spin order-
ings.

In this paper we present a study of the electronic struc-
ture and magnetic properties of all Y-Fe binary com-
pounds by means of ab initio self-consistent band-
structure calculations. In the series Y2Fe&7 —Y6Fe23
—YFe3—YFe2 the average magnetic moment per Fe atom
is observed to decrease. Contrary to the Y-Co com-
pounds, the Curie temperature is observed to increase
with increasing Y concentration, from 310 K for Y2Fe, 7
to 537 K for YFe2. Our aim is to investigate the predic-
tive quality of the calculations, particularly with respect
to the magnetic moments.

This work has been stimulated by recent developments
in the search for novel materials for permanent magnets.
After the development of excellent permanent magnets
based on the intermetallic compound Nd2Fe&4B, ' an in-
tensive search for other Fe-rich rare-earth-containing in-
termetallic compounds has started.

Several groups investigated the possibilities of prepar-
ing novel binary rare-earth —iron compounds in crystal
structures that occur in the rare-earth —manganese or
rare-earth —cobalt system, but not in the rare-earth —iron
system itself. A very promising new class of compounds
was found by de Mooij and Buschow, ' who stabilized
iron-rich compounds RFe&2 in the tetragonal ThMn, 2

structure by substituting some Ti, V, Cr, Mo, %', or Si for
Fe, and independently by Ohashi et al. , who prepared the
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compound SmFe&& Ti." Band-structure calculations of
hypothetical YFe&2 and of transition-metal-substituted
compounds will be reported in a separate paper. ' Fe-
rich rare-earth —iron compounds with the tetragonal
BaCd]& structure, ' the tetragonal CeMn6Ni& structure, '

and the distorted cubic NaZn&3 structure' have also been
prepared by partial substitutions for the Fe atoms. Other
methods were used for the preparation of SmFe5 and
NdFe5 in the hexagonal CaCu~ structure. SmFe5, stabi-
lized by a small amount of oxygen or titanium, was
prepared by sputtering onto a heated substrate, ' while
metastable NdFe5 was prepared by liquid quenching, us-
ing the melt-spinning technique. ' The CaCu5 structure
is closely related to the structures of the stable com-
pounds YFe3 and Y2Fe, 7. We have therefore included
calculations of hypothetical YFe5 in this paper.

II. CRYSTAL STRUCTURES

In Table I the crystallographic data used in the calcu-
lations are given. The crystal structures of YFez, YFe3,
YFe&, and Y2Fe&7 are closely related. ' The building
blocks of these structures are shown in Fig. 1.

The hypothetical compound YFe5 has the most simple
structure. Its hexagonal CaCu5-type unit is identical to
the building block in Fig. 1(a). There are two ine-
quivalent Fe sites: the 2(c) sites within the plane contain-

ing the Y atoms, and the 3(g) sites in the top and bottom
planes.

The cubic MgCu2 Laves-phase structure of YFe2 can
be viewed as a stacking of the Y2Fez blocks in Fig. 1(b).
One of the Fe atoms in the intermediate layer of the YFe5
block is replaced by an Y atom and, to avoid too small in-
teratomic distances, the Y atoms are shifted by —,'e paral-
lel to the c axis to opposite sides of the Z =

—,'c layer. The
top layer is shifted by —,

' of the length of the diagonal of
the basal plane. The stacking of these blocks is shown
schematically in Fig. 1(c). Similarly, the rhombohedral
structure of YFe3 can be viewed as a repeated stacking of
YFe& and Y2Fe~ blocks [Fig. 1(d)].

The structure of Y2Fe&7 follows from the CaCu& struc-
ture of YFe5 by replacing one-third of the Y atoms by Fe
pairs (so-called dumbbell pairs). Layers of YFe~ units in
which this has been done can be stacked basically in two
di6'erent ways, leading to the rhombohedral Th2Zn&7
structure [Fig. 1(e)] or to the hexagonal Th2Ni, 7 structure
[Fig. 1(f)]. It is possible to prepare Y2Fe, 7 in either of
these structures, ' in which the local environments of the
atoms are very similar. Mossbauer spectroscopy shows
that the magnetic moments in these two modifications are
also almost equal. In view of the large size of the unit
cell of the hexagonal modification (38 atoms/cell), we
have restricted ourselves to the rhombohedral Th2Zn$7
structure (with 19 atoms/cell).

TABLE I. Crystallographic data of Y-Fe compounds. [P. Villars and L. D. Calvert, Pearson's Handbook of Crystallographic Data
for Intermetallie Phases (American Society of Metals, Metals Park, OH, 1985)].

Compound

Y2Fe)7

Structure type
and lattice
parameters

Th2Zn]7 (a =8.46 A, c = 12.41 A)

Pearson symbol
and space group

hR19 (R3m, No. 166) Y
Fe(1)
Fe(2)
Fe(3)
Fe(4)

6(c}
6(c)
9(d)

18(f}
18(h)

{0,0,—')
(0,0,0.097)

(0.333,0,0)
( ~ ) 2 )0 167)

Atomic positions

YFe5' CaCu5 (a =4.97 A, c=4.03 A} hP6 (P6/mmm, No. 191) Y
Fe(1)
Fe(2)

1(a)
2(c)

3(g)

(0,0,0)

Y6Fe23 Th6Mn23 (a =12.12 A) cF116 (Fm3m, No. 225) Y
Fe(1)
Fe(2)
Fe(3)
Fe(4)

24(e)
4(b)

24{d)
32(fl)
32(f,)

(0.203,0,0)

(0.178,0.178,0.178}
(0.378,0.378,0.378)

YFe3 NbBe3 (a =5.133 A, c=24.60 A) hR12 (R3m, No. 166) Y(1)
Y(2)
Fe(1)
Fe(2)
Fe(3)

3(a)
6(c)
3(b)

6(c)
18(h)

(0,0,0)
(0,0,0.1402)
(0,0,—,')
(0,0,0.3344)
(0.504,0.496,0.0818)

YFe2 Cu2Mg (a=7.363 A) cF24 (Fd3m, No. 227) Y
Fe

8(a)
16(d)

(0,0,0)

'Estimate of lattice parametes based on an interpolation of the concentration dependence of the Y-Fe compounds (see Sec. II).
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The structure of Y6Fe23 is not related to the structures
mentioned above. The face-centered-cubic unit cell,
which consists of 116 atoms, is quite complex. A pecu-
liarity of the structure is the local surroundings of the Fe
4(b) atoms. The first eight nearest Fe neighbors form a
coordination shell similar to that in bcc Fe, at a distance
of 2.S6 A. However, the second-nearest neighbors are
very far away (six Y atoms at 3.6 A) and, consequently,
the Fe 4(b) atoms are quite isolated.

In Fig. 2 the deviation of the average atomic volume
from Vegard's law is plotted, which rejects the strength
of the chemical bond. The figure shows a quite regular
behavior with Y6Fe23 as a notable exception. Its volume

Fe
1.0:g

0.90—

Y2Fe&7 YFe5 Y6Fe23 YFe3 YFe2

0

0.85
0

I

10
I

20

Y (at. Xl

30

(a) YFes (b) Y2Fe4 block FIG. 2. Experimental volume of Y-Fe compounds relative to
the volume according to Vegard's law. The open circle denotes
the estimate of the volume of YFe„based on an interpolation of
the volumes of structurally related compounds (dashed line).

is approximately 2 Jo larger than would follow from an
interpolation, based on the volumes of the other com-
pounds. Interpolation was used to estimate the volume of
hypothetical YFe5 (dashed line).

III. CAI.CUI.ATIONAI. METHOD

(c) YFe2 (d) YFe3

II

Ji

(e) YgFe)7 (rh) (f) Y2Fe&7 (hex)

FIG. 1. Crystal structures of Y-Fe compounds. (a) Hexago-
nal unit cell of YFe~. Y and Fe atoms are drawn as open and
solid spheres, respectively. (b) Y&Fe4 building block. (c) Stack-
ing of Y~Fe4 blocks, and cubic unit cell of YFe& Laves-phase
structure. (d) Alternative stacking of YFe5 and Y2Fe4 blocks
and rhombohedral unit cell of YFe3. (e) Dumbbell Fe pairs in
rhombohedral Y2Fe&7 structure. (f) Dumbbell Fe pairs in hexag-
onal Y&Fe» structure.

The band-structure calculations were performed using
the augmented —spherical-wave (ASW) method. ' Ex-
change and correlation were treated within the local-
spin-density-functional approximation, using the form
given by von Barth and Hedin, with the parameters
given by Janak. The calculations were scalar relativis-
tic, including mass-velocity and Darwin terms. Spin-
orbit interaction was neglected.

Within the ASW method, the crystal is subdivided into
overlapping Wigner-Seitz spheres, centered at the atomic
positions. The potential in each of the spheres is assumed
to be spherically symmetric. This overlapping-spheres
approximation leads to a considerable reduction of the
computational effort, compared to full-potential methods
like the full-potential linear augmented —plane-wave
(FLAPW) method. In fact, full-potential calculations of
the most complex Y-Fe compounds would cost an unreal-
istically large amount of computational time. In low-
dimensional systems or open lattices this atomic-spheres
approximation might cause severe errors. However, in
the metals treated in this paper only small errors are ex-
pected, as the coordination numbers are high and the lat-
tices do not contain large holes.

For calculations on elemental metals in which all sites
are equivalent, the overlapping-spheres approximation
does not introduce adjustable parameters because of the
requirement that the volume of the spheres should be
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equal to the volume per atom. However, for compounds
a choice must be made for the radius ratio of the spheres
on inequivalent sites. For all compounds we used the ra-
tio rz.rFE =1.35. Using this value the overlap between
the spheres around atoms on neighbor sites is generally of
the order of 10—15%%uo of the radius, as, for example, in
fcc and bcc metals. We investigated the inAuence of the
radius ratio on the calculated magnetic moments by addi-
tional calculations using the radius ratio rY:r„,= 1.25.

The basis set of valence states used in the calculations
was (4s, 4p, and 3d) for Fe and (5s, 5p, and 4d) for Y. In
the calculation of the three-center overlap integrals the
almost empty 4f states were also used. This can be re-
garded as treating these f states as a perturbation. The
number of k points in the irreducible part of the Brillouin
zone on which the calculation of the self-consistent po-
tential was based could be much smaller for the systems
with large unit cells than for systems with small unit
cells. For YFe2, for example, we used 64 k points, while
for Y6Fe23 10 k points were sufticient. Calculations with
more k points did not change the calculated partial mo-
ments by more than 0.02pz. The density-of-states calcu-
lations were based on meshes of 1012, 4096, 280, 1300,
and 2050 k points for YzFe, 7, YFe~, Y6Fez3, YFe3, and
YFe2, respectively.

IV. RESULTS

A. Volume, bulk modulus, and heat of formation

From the total energy, calculated at different volumes,
the equilibrium volumes, bulk moduli, and heats of for-
mation (with respect to bcc Fe and hcp Y) were deter-
mined. In Table II the results are compared with the ex-
perimental data. The data within parentheses refer to a

radius ratio r~:r„,=1.25. If not stated otherwise, all
other data and figures presented in this paper have been
calculated using rY.rF, = 1.35.

For all Y-Fe compounds the ferromagnetic calcula-
tions systematically result in a 6—7% lower volume than
the experimental volume. A similar error was also found
for elemental bcc Fe and hcp Y. A different choice of the
radius ratio, r~:r„,=1.25, leads to a further reduction of
the calculated volume, to approximately 8—10% below
the experimental volume.

The calculated as well as the experimental bulk moduli
show a decreasing tendency with increasing Y concentra-
tion. However, the bulk modulus of Y6Fe23 is, theoreti-
cally and experimentally, slightly lower than the bulk
modulus of the neighbor compounds Y2Fe, 7 and YFe3.
For the Fe-rich compounds, and for bcc Fe itself, the cal-
culated bulk modulus is systematically too high. For
YFe2 and for hcp Y the difference between theory and ex-
periment is within the experimental and calculational ac-
curacy.

While the effect of the rY.rF, ratio on the calculated
equilibrium volume and bulk modulus is modest, Table II
shows that the effect on the energy of formation is quite
strong. The calculated total energy is approximately 100
meV lower with rY:r„,=1.25 than with r&..I"„,=1.35.
We found that a further reduction of r~:IF, to values
below 1.20 generally leads to an increase of the calculated
total energy. The relative values of the calculated ener-
gies of different compounds do not correlate much with
the experimental differences in the heat of formation,
measured at 973 K, which are given in the last column of
Table II. From the sensitivity of the calculated binding
energy to the radius ratio, we conclude that for calcula-
tions of the phase stabilities, the approximations made
within the ASW method are too crude.

TABLE II. Comparison of calculated volumes, bulk moduli, and heats of formation with experimen-
tal data. Numbers in parentheses were obtained from calculations using r&.rF, = 1.25.

Fe (bcc)
Y,Fe„

(rhombohedral)
YFe5

Y6Fe23

YFe3

YFe2

Ye

~-I./~-pt

0.939
0.933

(0.916)
0 935

(0.924)
0.935

(0.900)
0.935

(0.910)
0.935

(0.914)
0.936

a
~calc

{Mbar)

2.3
1.6

(1.3)
1.5

(1.5)
1.2

{1.1)
1.3

(1.1)
1.3

(1.3)
0.43

~expt
(Mbar)

1.7
1.3'

1.0'

1.29'

0.45

E„i,(0 K)
(me V/atom)

0
42

( —38)
—74

( —140)
71

(
—69)
—26

( —150)
24

( —101)
0

LakHexpt (973 K)
(me V/atom)

0
—66

—84

—93

'Accuracy +10%.
Estimated uncertainty due to finite number of k points is +15 meV/atom.

'P. R. Subramanian and J. F. Smith, CALPHAD 8, 295 (1984).
Estimate of V,„pt (See Fig. 2).

'ASW calculation of hcp Y with c/a =1.593.
Data for Er-Fe compounds, M. Brouha, K. H. J. Buschow, and A. R. Miedema, IEEE Trans. Magn.
MAG-10, 182 (1974).
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B. Average magnetic moment

Figure 3 shows the volume dependence of the average
moment per Fe atom. In Fig. 4 the calculated moments
at the calculated volume (indicated by crosses in Fig. 3),
the calculated moments at the experimental volume and
the experimental moments are given. Table III contains
the numerical data and references. ' Note that the ex-
perimental moments are the total moments, including the
orbital contribution to the moment, while the calcula-
tions yield only the spin contribution. For Fe the orbital
moment is know to be 0.09p~, but for the Y-Fe com-
pounds no measurements of the g factor, from which the
orbital moment can be derived, have been published. A
calculation by Szpunar indicates that in Y2Fe, 7 the
average orbital moment is approximately 0.03pz. The
anisotropy of the magnetic moment of Y2Fe&7 that was
measured by Sinnema (2.07p, z for the field along the a
or b axis and 2.03@~ with the field along the c axis) indi-
cates that the orbital moment is at least 0.04pz.

The moments that were calculated at the calculated
volume are 0.06pz —0.22pz smaller than the total experi-
mental moments p„, and the moments that were calcu-
lated at the experimental volume are almost identical to
p,„z, (YzFe&7) up to at most 0.14)M& higher than p,„,. If
we assume that the average orbital moment is
0.05pz —0.10p~ per Fe atom, then the moments calculat-
ed at V„&, are in better agreement with the experimental
spin moments than the moments which were calculated
at V,„p,. However, in the series YFe2—YFe3
—Y6Fe23 —Y2Fe&7 the difference between )M„&,( V„&, ) and

p p$ increases. This could indicate that the orbital mo-
ment increases in these series. A decrease of the rY:rF,
ratio to 1.25 leads to a small decrease of the average mo-

Fe Y&Fe&7 YFe5 YeFe23 YFe3
I I

YFe2

2.2 L
'C

ments that were calculated at the (new) calculated equi-
librium volume V„~,. This decrease is due to the de-
crease of V„&„because calculations for a fixed volume
show an increase in m„&, of approximately 0.05p~ upon
decreasing rY:rF, to 1.25.

Figure 3 shows that the stability of the magnetic mo-
ment against volume change varies strongly. For Fe the
magnetization is much more stable than for Y2Fe&7,
Y6Fe23, and YFe3. In Sec. V we will discuss how
(Bm/BV) is related to the density of states at the Fermi
level.

In addition to calculations for the ferromagnetic state,
we have also performed calculations for the hypothetical
nonmagnetic state. In Table IV some of the results are
given. The nonmagnetic state is different from the
paramagnetic state, in which there are 6nite moments
which Auctuate in size and direction, without long-range
ordering. Therefore, the energy difference between the
ferromagnetic and nonmagnetic states (second column,
Table IV) is not a proper measure for the temperature
stability of the ferromagnetic state. Nevertheless, it is in-
teresting to note that this energy difference is much
higher in Fe ( T, = 1044 K) than in the Y-Fe compounds,
which all have a much lower Curie temperature (highest
T, =537 K for YFe2). The volume difference between the
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FICx. 3. Volume dependence of the average magnetic moment
per Fe atom. Crosses denote the moment at the calculated equi-
librium volume.

FIG. 4. Calculated moments at the calculated volume
[m„„(V„~,)], calculated moments at the experimental volume
[m„„(V,„~,)], and experimental moment m, „~,. For numerical
data and references, see Table III.
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TABLE III. Calculated magnetic properties and experimental magnetic moments. Data between
parentheses refer to calculations with rY.r„,=1.25. The uncertainties in the experimental moments
reAect the experimental accuracies, as well as spread in the literature values.

Fe
Y2Fe» (rh)

YFe5

Y6Fe23

YFe3

YFe&

m„(,( V„),)
(p~ /Fe-atom)

21.6
1.83

(1.79)
1.66

(1.67)
1.78

(1.77)
1.52

(1.48)
1.36

(1.34)

m„),( V,„,)
(p~/Fe-atom)

2.25
2.06

(2.09)
1 ~ 83

(1.88)
2.07

(2.13)
1.79

(1.85)
1.51

(1.56)

m expt

(p~ /Fe-atom

2.22+0.01
2.07+0.03

1.94+0.04

1.65+0.04

1.45+0.02

References
m expt

25
26,27

27,28,29

27,30

27,31

In Figs. 5(a) —5(f) the total densities of states are shown,
calculated at the theoretical volume. All Y-Fe com-

TABLE IV. Calculated energy difference between the fer-
romagnetic and nonmagnetic states (EF—ENM ), relative
volume difference (VF —VNM/V, „p,), and bulk modulus of the
nonmagnetic state.

Fe
Y2Fe» (rh)
YFe5
Y6Fe23
YFe3
YFez

(EF ENM ) '

(me V/Fe-atom)

295
79

137
47
98

125

( VF VNM )/V pt

0.061
0.049
0.040
0.057
0.032
0.026

~NM
(Mbar)

3.0
2.1

2.0
1.8
1.8
1.6

ferromagnetic and nonmagnetic states decreases with de-
creasing average Fe moment, with the exception of
Y6Fe23, in which the difference is higher than expected
from an interpolation of the values for the neighbor com-
pounds YFe5 and YFe3 (5.7% versus 4.0% and 3.2%, re-
spectively). While the volume of ferromagnetic Y6Fe23 is
2% larger than the volume that would be expected from
an interpolation between the other members of the Y-Fe
series (Fig. 2), we see that this volume anomaly is absent
for nonmagnetic Y6Fez3. The relatively high average rno-
rnent, the low bulk modulus, and the volume anomaly, all
predicted well by the calculations, are interrelated. As to
the bulk modulus, this is demonstrated by the last
column of Table IV, which shows that also in this respect
nonmagnetic Y6Fe23 behaves regularly.

For hypothetical YFe5 the calculated moments are
slightly lower than one would expect from an interpola-
tion between the structurally related compounds YFe3
and YzFe&7. From the trend in the relative position of
the experimental and calculated moments, we estimate
that in YFe5 the average moment per Fe atom is
(1.8+0.07)pz, corresponding to a saturation magnetiza-
tion of 1.22+0.05 T.

C. Total densities of states

pounds, as well as Fe itself, can be classified as weak fer-
romag nets, because in none of the compounds the
majority-spin band is occupied completely. The DOS of
YzFe&7 and YFe5 shows some similarity to the DOS of
Fe. In both compounds, as well as in Fe, the majority-
and minority-spin Fermi levels are situated above and
below, respectively, of a pronounced peak of antibonding
states. The densities of states of YFe3, YFe2, and, in par-
ticular, of Y6Fez3, are more complex. For these com-
pounds a description of the spin splitting within the
rigid-band model is a bad approximation. The majority-
spin DOS of these compounds does not show a pro-
nounced deep valley separating bonding and antibonding
states, while in the minority-spin DOS such a valley is
clearly present around the Fermi level. Such a local
minimum in the DOS around the Fermi level, which can
only be described well by self-consistent calculations,
leads to an energetically more stable ground state.

D. Local moments and local densities of states

In Table V the calculated local moments are compared
with the nuclear hyperfine fields, measured by Fe
Mossbauer spectroscopy, and with moments that were
measured by neutron diffraction. To our knowledge,
neutron-diffraction experiments were only reported for
Y6Fe23. For this compound, the neutron data and the
calculated moments agree very well, apart from a sys-
tematic dift'erence of approximately 0.08pz/atom. From
Mossbauer spectroscopy indirect information about the
local moment can be obtained from the hyperfine fields.
In the Y-Fe series Gubbens et ah. found an almost con-
stant conversion factor from the average hyperfine field
to the average magnetic moment per Fe atom of 14.8
T/p~. In Table V we have applied this factor to the indi-
vidual sites. ' The difference from the calculated mo-
ments is (0.1 —0.4)ps /atom, which is of the same order as
the differences between the moments within one corn-
pound. For Y6Fez3 the neutron-diffraction data agree
better with the calculations than the moments derived
from Mossbauer spectroscopy. This indicates that a con-
stant conversion factor of the hyperfine fields to the local
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FIG. 5. Total density of states for majority-spin ($) and minority-spin ($) electrons of Fe and Y-Fe compounds. The energy is
given with respect to the Fermi level (vertical dashed line).

TABLE V. Calculated and experimental moments at crystallographically inequivalent sites.

Compound

Y2Fe&7

Site

Y
Fe(1) 6(c)
Fe(2) 9(d)
Fe(3) 18(f)
Fe(4) 18(h)

—0.29
2.29
1.91
2.25
1.97

—0.20
2.12
1.60
2.08
1.67

36.4

30.0

2.46

2.03

m„&, ( V pf ) m„~, ( V„&, ) Mossbauer spectroscopy' Neutron diffraction'
(pg) (JMg ) Hf ( T) m(pz ) m (p~)

YFe5 Y
Fe(1)
Fe(2)

1(a)
2(c}
3(g)

—0.32
2.10
1.78

—0.24
2.00
1.53

Y6Fe23 Y 24(e)
Fe(1) 4(b)
Fe(2) 24(d)
Fe(3) 32(f1)
Fe(4) 32(f2)

—0.38
2.27
1.91
2.16
2.35

—0.32
2.07
1.53
1.82
2.15

37.0
26.7
25.3
30.9

2.50
1.80
1.71
2.08

2.16
1.60
1.90
2.21

YFe3 Y(1) 3(a)
Y(2) 6(a)
Fe(1) 3(b)
Fe(2) 6(c)
Fe(3) 18(h)

—0.38
—0.45

1.81
2.12
1.83

—0.28
—0.36

1.69
1.85
1.53

22.2
24.2
23.4

1.50
1.63
1.58

YFe2 Y
Fe

8(a)
16(d)

—0.53
1.78

—0.44
1.58 21.0 1.42

'References 20, 34, and 35.
Conversion factor from hyperfine field to moment: 14.8 T/pz.

'Data for Y6Fe23 from Ref. 6.
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FIG. 6. Partial densities of states of inequivalent atoms in Y2Fe&7.

moments is not a good approximation.
For all compounds we find a small moment on the Y

site, which is coupled antiparallel to the Fe moments. It
increases with increasing Y content, from 0.20pz in

Y2Fe» to 0.44p~ in YFe2. For YFe, the large antiparal-
lel Y moment was already found by Mohn and Schwarz. 7

They interpreted the effect as arising from covalent bond-

ing between the Fe and Y states. This covalent Fe-Y in-
teraction causes the failure of the rigid-band model that
was already noted in the discussion of the total densities
of states in Sec. IV B. Whereas the Fe moments are local-
ized, the spin density around the Y atoms is small and
quite extended, which makes it difficult to determine the
Y contribution to the magnetization density experimen-

YF
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CoC
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g$ M8
Q m
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—10 -5 0 5
energy (eV)

Fe 2(c)
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I I I I j I j I I f I
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FIG. 7. Partial densities of states of inequivalent atoms in YFe&.
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FIG. 8. Partial densities of states of inequivalent atoms in Y6Fe».

tally. Experimental evidence of the induced moments on
the Y site was provided by nuclear-hyperfine-field mea-
surements by NMR (Ref. 37) and Mossbauer spectrosco-
py.

For hypothetical YFe5 no comparison of the calculated
local moments with experimental data is possible. How-
ever, due to the close structural relationship with Y2Fe,7,
the 2(c) sites in YFe~ have a similar atomic surrounding
to the 18(f) sites in Y2Fe,7. The same holds for the 3(g)
site in YFe~ and the 9(d) and 18(h) sites in Y2Fe,7. These
similarities are reflected clearly in the sizes of the local
moments.

In Figs. 6—10 the partial densities of states (DOS) for
all crystallographically inequivalent sites in Y2Fe,7, YFe5,
Y6Fe23, YFe3, and YFe2, respectively, are shown. For all
Fe atoms, with the exception of the atoms on the 6(c)
sites of Y2Fe, 7 and the 4(b) sites of Y6Fe23, the majority-
spin DOS shows a pronounced peak just above the Fermi
level. All these sites, for which the majority-spin band is
not occupied completely, contribute to the weak fer-
romagnetic character of the Y-Fe compounds. For
Y2FeI7 and YFe5 the antibonding peak in the partial
DOS is quite narrow and high for the sites with a large
local moment [6(c) and 18(f) in YzFe&7 and 2(c) in YFe5],
but broader and lower for the sites with smaller local mo-
ments. For Y6Fe23 the peak structure of the antibonding

band is quite complex. For the (d), (f, ) and (f2) sites the
minority-spin Fermi level is located just above a steep
edge in the DOS. For the majority-spin Fermi level this
holds for all sites, including the (b) site. The partial DOS
of the latter site shows some very sharp and narrow
peaks, corresponding to rather localized states at these
relatively isolated atoms (see Sec. II). In YFe3 the Y
atoms at the 6(c) sites are situated in the Y2Fe4 blocks
(Fig. 1). Therefore, the partial DOS at these sites shows'a
strong similarity to the DOS of the Y [8(a)] sites of YFez.
The Y atoms at the 3(a) sites in YFe3 are situated in the
YFe5 blocks. However, the similarity of their partial
DOS with the DOS at the Y [1(a)] site in YFe~ is quite
poor. This can be explained by the presence of two Y
nearest neighbors at 3.44 A from te 3(a) sites in YFe3,
while in YFe5 the Y atoms are surrounded completely by
Fe atoms.

V. DISCUSSION

A. Total magnetization

From the results presented in Sec. IV a coherent pic-
ture is obtained of the possibilities for predicting the elec-
tronic structure and magnetic properties of Y-Fe com-
pounds by ASW calculation. Trends in the volume, the
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bulk modulus, and the magnetic moments are predicted
very well, including the anomalous values for Y6Fe23.
The calculated values of the average magnetic moments
at the calculated volume are (0.1 —0.2)pz/Fe-atom lower
than the experimental values. The remaining differences
might be (partly) due to the neglect of the orbital contri-
bution to the moment.

The calculated equilibrium volume is for all com-
pounds approximately 6—7% too low, and, related to the
volume error, the bulk moduli are too large. It is remark-
able that the error in the calculated volume is quite in-
dependent of the particular compound. For bcc Fe, as
well as for Y metal the error is 6—6. 5%%uo. Using the ASW
method, we find that within the 4d series the calculated
volume is within l%%uo of the experimental volume for the
elements Nb to Pd, and 3%%uo lower than the experimental
volume for Zr. A similar result was obtained by the
Korringa-Kohn-Rostoker (KKR) calculations, performed
by Moruzzi et al. FroID full-potential calculations on
hcp Y, performed by Daalderop, it was shown that the
volume error is not related to the spherical approxima-
tion. The volume calculated in these calculations was
7%%uo lower than the experimental value. Furthermore, it
was found that by calculations using the linear mufBn-
tin-orbital (LMTO) method, in which (unlike the ASW
method) the rigid-core approximation was made, the
volume of hcp Y is underestimated by only 3&o. With
respect to the valence-electron electronic structure, the
LMTO method is quite similar to the ASW method.
From these results we conclude that it would be of in-
terest to examine the role of the core levels in determin-
ing the total energy in more detail.

From the results of calculations of bcc Fe by Hatha-
way et al. ' it can be concluded that another part of the
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systematic volume error is due to the use of the local-
spin-density approximation, within which exchange and
correlation efFects in magnetic 3d-transition-metal atoms
are treated incorrectly. They found that also in calcula-
tions without any approximation to the shape of the po-
tential, using the same form of the exchange-correlation
potential as we have used in the present paper, the
volume of bcc Fe is underestimated. In the full-potential
calculations the volume was underestimated by 10%, and
the calculated spin magnetic moment was (2.06+0.01)pz.
Since in the ASW calculations the volume error is only
6% and the calculated spin magnetic moment is 2.16@,~,
it can be concluded that in the case of bcc Fe the use of
the overlapping-spheres approximation leads to a partial
compensation for the volume error, and a slight overcom-
pensation of the error in the spin magnetic moment
whose experimental value is 2.12p~. They also per-
formed calculations with a different type for the
exchange-correlation potential, which was introduced by
Vosko, Wilk, and Nusair, and which is generally re-
garded as the potential which yields the most accurate
description for the charge- and spin-density-dependent
energy of the homogeneous electron gas. However, these
calculations resulted in even larger deviations from
the experiment properties: V„~,/ V,„,=0.895 and

V, ;„=2.18p~. These results, as well as calculations of
the shape of the Fermi surface, calculations of the rela-
tive stability of fcc Fe and bcc Fe," ' and calculations
for other elements, illustrate the shortcomings of the
local-spin-density-functional theory in describing accu-
rately the properties of magnetic 3d metals. Model calcu-
lations on Fe, Co, and Ni show indeed that a proper in-
clusion of on-site correlation leads to a significant correc-
tion for the calculated lattice constants.

The total error in the calculated volume is then a sum
of contributions of the Fe sublattice, and of the Y sublat-
tice, which with increasing Y concentration are decreas-
ing and increasing, respectively. It is expected that a
better value for the calculated spin magnetic moment is
obtained from a calculation at the volume V,',&„which
would have been obtained in the absence of the error in
the Y volume. Since V,',&, & V„&„ this could lead to a
significantly better agreement between m„&, and m,„„in
particular, for the compounds which have the highest Y
concentrations.

If it is assumed that the volume error due to the Y sub-
lattice is simply proportional to the partial Y volume,
calculated using the atomic radii that were used in the
ASW calculations, then V,',&,

=0.970V„, and

m„&,=1.44p~/Fe-atom for YFe2, e.g., which is very
close to the experimental moment mezp& 1 45pp/Fe-
atom. Of course the correction of the calculated volume
would also lead to a correction of the local moments and
of the total and partial density of states.

B. Inhuence of sphere radii

In ASW calculations for compounds the choice of the
radius ratio of inequivalent atoms inAuences the results.
As discussed in Sec. III, we have chosen equal volumes
for all inequivalent Fe atoms, and for all inequivalent Y

atoms. For Y and Fe atoms a radius ratio of the
Wigner-Seitz spheres of 1.35 was used. A comparison
with calculations using rz..rF, =1.25 shows that the re-
sults are slightly dependent on the radius ratio. For
rY:rF, =1.25 the volume underestimation is somewhat
larger (8—9%), but for the calculated moments at the
calculated volumes the differences are less than
0.05pz/Fe-atom. The moments, calculated at the experi-
mental volume, are approximately 0.05p~/Fe-atom
larger. The calculated total energy is extremely sensitive
to the choice of the sphere radii. This result shows that
for lattice-stability calculations a full-potential approach
is necessary. However, we remark that the order of mag-
nitude of the calculated energy of formation, being
50—100 meV/atom, is predicted quite well if we take
rY:r„,=1.35 and rY:r„,=1.25. Compared to the heat of
formation of Y-Co and Y-Ni compounds, which can be
estimated from experimental data for La-Co, Th-Co, La-
Ni, and Th-Ni (Ref. 46) to be of the order 200 and 400
meV/atom, respectively, for the 1:1 compound, the
values for the Y-Fe compounds are relatively small.

C. Density of states

The total density-of-states curves for Y2Fe, 7, Y6Fe23,
and YFe3 agree with those, calculated by Inoue and
Shimizu, with respect to the position of the majority-
spin Fermi level, which is situated in a valley of the DOS,
just below a narrow peak at the upper edge of the d band.
Apart from this similarity, the shapes of the two sets of
DOS curves differ drastically. This results, for example,
in important differences in the local densities of states at
the Fermi level, but in spite of this, in most cases the cal-
culated local moments do not diff'er very much (see Table
VI). The ASW calculations generally yield lower values
for the local densities of states at the Fermi level, particu-
larly for the minority-spin electrons. The difference can
be explained by considering that an adjustment of the po-
tential resulting in a lowering of the density of states at
the Fermi level, and thereby resulting in a decrease of the
total energy, is only possible in a self-consistent calcula-
tion. The importance of this effect can be judged from a
comparison of the majority and minority density-of-states
curves in Figs. 5—10. From these curves it is clear that a
rigid spin splitting of the density of states, as used by
Inoue and Shimizu, is not a good approximation. Anoth-
er approximation which influences the shape of their
DOS curves is the neglect of the hybridization with the
s/p band.

D. Volume dependence of magnetic moments

The volume dependence of the magnetization is fairly
weak for Fe and YFe2, but much stronger and more non-
linear for Y2Fe, 7 and Y6Fe23 (see Fig. 3). Within the
Stoner model (exchange splitting b. proportional to the
magnetic moment m: h=lm, with I the effective ex-
change integral), and assuming the following: (i) the 3d-
band width is inversely proportional to the fifth power of
the lattice constant, (ii) the d band deforms uniformly un-
der pressure, and (iii) I is independent of the volume, it
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TABLE VI. Comparison of local densities of states at the Fermi level and local magnetic moments
obtained in the present work and in the work by Inoue and Shimizu (Ref. 3) {IE). Units of N(cF):
eV ' atom ' spin

Y,Fe„
Site

Y
Fe(1)
Pe{2)
Fe(3)
Fe(4)

&{&F,T)
Present

work

0.11
0.38
0.77
0.47
0.76

IE

0.40
1.18
1.02
1.18

&{p, l)
Present

work

0.24
1.15
0.73
0.52
0.72

IE

0.98
0.90
1.14
1.14

M {p~)
Present

work

—0.20
2.12
1.60
2.08
1.67

IE

2.31
1.55
1.86
1.79

YFe5 Y
Fe(1)
Fe(2)

0.10
0.41
0.62

0.16
0.38
0.58

—0.24
2.00
1.53

Y6Fe23 Y
Fe(1)
Fe(2)
Fe{3)
Fe(4)

0.36
0.82
0.66
0.54
0.49

1.14
1.14
0.57
0.69

0.30
0.65
0.36
0.86
0.90

0.'55

0.98
1.34
1.83

—0.32
2.07
1.53
1.82
2.15

2.19
2.10
1.68
2.10

YFe3 Y(1)
Y{2)
Fe(1)
Fe(2)
Fe(3)

0.13
0.12
0.43
0.49
0.62

0.45
0.48
0.60

0.20
0.24
0.45
0.63
0.67

1.04
1.16
1.16

—0.28
—0.36

1.69
1.85
1.53

1.60
1.67
1.59

YFe2 Y
Fe

0.25
0.61 0.43

0.18
0.37 0.96

—0.44
1.58

can be shown that Bm /BV is related to the DOS at the
Fermi level by

V Bm 5

m BV ~ 0 3 1 + 1 —2I
N(sF, t) N(sF, l)

(see Mathon, Ref. 47, Eq. 2.17, with I independent of the
bandwidth).

Equation (1) shows that the volume dependence of the
magnetization in strong ferromagnets [occupied d band,
N(s„, f ) small] is very small, while in weak ferrornagnets,
in which N(sz, t') and N(sz, g) can be high, Bm/BV is
much higher. In some cases the denominator of the
right-hand part of Eq. (1) can even go to zero, resulting in
a singularity in m ( V). Moruzzi et al. have shown that
this situation occurs in hypothetical fcc Fe. The rela-
tively strong nonlinearity of m ( V) in Y2Fe, 7 and Y6Fe23
can be explained by the rapid variation of the density of
states close to the Fermi level [see Figs. 5(b) and 5(d)).

In the derivation of Eq. (1) it was assumed implicitly
that there is only one atomic site per unit cell. Complica-
tions, like the presence of several inequivalent magnetic
atoms, or the presence of nonmagnetic atoms, are not
taken into account. Nevertheless, we have found that for
the Y-Fe compounds the volume dependence of the local
moments is described well by Eq. (1). This can be seen
from Table VII, in which the Bm/BV values that were

calculated according to Eq. (1), using I=0.925 eV, ' are
compared with the Bm /8 V values, found by calculations
at different volumes. For bcc Fe the values N(s~, T)
=0.74 states (eV atom spin) ' and N(sz, l ) =0.25
states (eV atom spin) ' were used. The DOS data for the
Y-Fe compounds were taken from Table VI.

The volume dependence of the average magnetic rno-
rnent per Fe atom can be obtained in two ways from the
DOS: (i) as the weighted average of the volume depen-
dence of the local moments, and (ii) using Eq. (1) with
N(sz, f ) and N(sF, $ ), averaged over all Fe atoms. Using
method (i) the local moments are regarded as being quite
independent, while in method (ii) the presence of different
localized moments is disregarded. Both methods can
yield quite different results if for the different atoms in
the crystal the N(cF ) values are very dissimilar. In Table
VII the ( V/m )(Bm /8 V) values, calculated according to
these two methods, are compared with the result ob-
tained directly from a variation of the volume. Ap-
parently, the results of the two methods do not differ
much in the cases considered and the agreement with the
value obtained directly is quite good.

Vfe conclude that trends in the volume dependence of
the local and total moments can be understood well from
the density of states at the Fermi level. Numerical
differences between the values of Bm /BV obtained by Eq.
(1) and the value obtained directly by a volume variation
can be attributed to the neglect of the yttrium contribu-
tion to the moment and the DOS, to the numerical inac-
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TABLE VII. Volume dependence of magnetic moments. Comparison of ( V/m)(Bm /8 V), calculat-
ed at V„&„using Eq. (1), with values obtained directly from calculations at different volumes.

( V/m)(Bm/BV) ( V/m)(Bm/BV) ( V/m )(Bm /BV) ( V/m )(c)m /BV) (V/I )(cpm /BV)
[Eq. (1)] (Direct calc.) [Method (i)] Method (ii) (Direct calc. )

Fe Fe(1) 0.88 0.85 0.88 0.88 0.85

Y2Fe» Fe(1)
Fe(2)
Fe(3)
Fe(4)

1.9
3.8
1.4
3.6

2.1

3.3
1.2
3.3

2.5 2.5 ,2.4

YFe, Fe(1)
Fe(2)

1.0
2.1

0.8
2.2

1.6 1.5 1.6

Y6Fe~3 Fe(1)
Fe(2)
Fe(3)
Fe(4)

3.4
1.3
2.6
2.4

3.3
1.8
1.8
2.2

2.3 2.4 2.6

YFe3 Fe(1)
Fe(2)
Fe(3)

YFe, Fe(1)

1.1
1.7
2.6
1.2

0.9
2.0
3.1

1.5

2.2

1.2

2. 1

1.2

2.6

1.5

curacy of the calculated DOS values (errors of the order
of 10%), and possibly to a small variation of I with the
volume.

Experimental data on r)m/BV can be obtained either
from direct measurements of the pressure dependence of
the magnetization or from an indirect determination
from the forced volume-magnetostriction coe%cient h,
which by a thermodynamic relation can be related to
am/aV,

1 BV 1 Bm"=
V aH, V ap

Bm= +pe@
T,H

VI. CONCLUSIONS
In this paper we have presented the results of self-

consistent ab initio band-structure calculations of the Y-

(2)
On the right-hand side of this equation ~ is the iso-
therrnal compressibility. For bcc Fe the experimental
value of h is 5.6 X 10 ' (A/m) ' (Ref. 49) and
&=5.9X10 ' Pa '. A calculation of the dimensionless
quantity ( V/m)(Bm /8 V) using Eq. (2) then yields a value
of 0.43, while the theoretical value is 0.85.

For YFez h,„,=5.6X10 ' (A/m) ' (Ref. 50) and

~,„,=8.3 X 10 ' Pa ', from which it follows that
( V/m)(t)m/BV) is 1.33, while the theoretical value is
1.5. From the comparison between theoretical and exper-
imental values of (V/m)(t)m/BV) of Fe and YFez, no
general conclusion can be obtained about the accuracy of
the calculated values. Unfortunately, no experimental
data for the other Y-Fe compounds are available.

Fe compounds. The calculated magnetic moments agree
well with the experimental data, if the presence of a small
orbital contribution to the total moment is assumed.
Measurements of the orbital moment would contribute
significantly to a more detailed evaluation of the accuracy
of the computational methods used.

In the case of Y6Fe23 the local magnetic moments on
the four inequivalent Fe sites can be compared with
neutron-diffraction data. The agreement is very good,
while the agreement with the moments derived from the
nuclear hyperfine fields, which were determined by
Mossbauer spectroscopy, is worse. In order to get a more
general picture of the situation, neutron-diffraction deter-
minations of the local moments of Y2Fe&7 and YFe3
would be helpful.

A unique feature of self-consistent ab initio calculations
is the possibility of calculating the volume dependence of
several physical quantities. From the volume dependence
of the total energy the equilibrium volume and the bulk
modulus were derived. The calculated equilibrium
volume is systematically 6—7%%uo too small. This was at-
tributed to (i) a failure of the local-spin-density-functional
approximation in describing the contribution of the Fe
sublattice to the total volume, and (ii) an error in the con-
tribution of the Y sublattice. The calculated volume
dependence of the local and total magnetic moments
could be related in a simple way to the density of states at
the Fermi level. Experimental determinations of the
volume dependence of the magnetization of the Y-Fe
compounds are necessary to judge the validity of our pre-
dictions.
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