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The spectra of nuclear magnetic resonance in the intermetallic compounds YFe,, YFe,, and
Y,Fe,,are measured. The results are discussed together with the published values of the magnetic
moments of the iron atoms. A model of formation of the magnetic moment of iron, with account
taken of the polarization of the yttrium valence electrons, is proposed.

PACS numbers: 76.60. — k

INTRODUCTION

Animportant question in the development of the theory
of transition 3d metals and their alloys is that of the state of
the “magnetic” electrons. There exist now many theoretical
models based on assumption of some degree of localization
(or collectivization) of these electrons, but none explains
consistently the host of observed magnetic and electric prop-
erties of these substances. The interest of physicists in the
results of experimental investigations of the distributions of
the spin and charge densities of the electrons in magnets is
therefore understandable. The most direct method of obtain-
ing this information is assumed to be neutron and x-ray dif-
fraction. Unfortunately, we encounter here the circum-
stance that an insufficiently thorough reduction of the initial
experimental data leads frequently to contradictions in the
information. This, naturally, hinders objective interpreta-
tion of the data.

Whereas in pure 3d metals it is impossible at the present
stage to explain the basic magnetic properties within the
framework of a single model, the problem may turn out to be
more manageable for intermetallic compounds of these met-
als. This is made possible by the presence of a large number
of intermetallides with close crystal structure, and a compre-
hensive analysis of their magnetic properties reveals certain
regularities.

In the present paper the object of such an analysis will
be intermetallic compounds of yttrium with iron, having a
general chemical formula Y, Fe, . Even though the magnetic
properties of these compounds have been sufficiently well
studied, the character of the change of these properties on
going from one compound to another has not yet found a
satisfactory explanation. Special attention will be paid here
to a discussion of the possible mechanisms that induce local
fields at the nuclei of the nonmagnetic yttrium ions. The
results of this discussion will permit an estimate of the influ-
ence of the spin density of the yttrium valence electrons on
the magnetic moments of iron atoms.

EXPERIMENT

We investigated the nuclear magnetic resonance
(NMR) of Y®° nuclei in the compound YFe,, YFe,, and
Y,Fe,;, as well as the NMR of Fe’” nuclei in YFe,. The
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NMR spectra were obtained with a spin-echo spectrometer
and recorded at 4.2 K. The durations of the first and second
pulses, as well as the delay between them, were chosen to
obtain a maximum signal amplitude. The investigated sam-
ples were fused in an arc furnace on a water-cooled copper
bottom. Metallographic analysis and the NMR spectra
showed that some samples contained small amounts of im-
purity phases. In such cases the ingots were remelted and
annealed again.

With respect to magnetism, all the investigated com-
pounds are ferromagnets whose magnetic moment is due to
the iron sublattice.’~> The crystal structure of these com-
pounds is described in detail in the specialized literature.>*°
In contrast to YFe,, the yttrium ions in YFe; occupy two
nonequivalent sites in the crystal lattice, while the iron
atoms occupy three. The compound Y,Fe,, can have either a
hexagonal structure (of the Th,Ni, type) or a rhombohedral
(Th,Zn,,) one.? In the latter, all the yttrium positions are
equivalent, whereas the hexagonal structure is characterized
by the presence of two crystallographic sites for the yttrium
ions. Notwithstanding the difference between the coordina-
tion characteristics, the structures of the investigated com-
pounds are related. They can be obtained from a hexagonal
lattice of the CaCus type by simple atom rearrangements
accompanied by layer shifts.’

In YFe, we observed two NMR signals at 28.8 and 45.9
MHz. Measurements performed with participation of an ex-
ternal magnetic field indicate that the high-frequency signal
is due to the Y®° nuclei, and the low-frequency one to Fe®’.
YFe, reveals five resonance lines at 29.0, 31.7, 34.3, 38.4,
and 48.1 MHz. Comparison with the results of Ref. 7 gives
grounds for assuming that the 38.4- and 48.1-MHz signals
are due to resonance of the yttrium ions in two nonequiva-
lent postions 3(a) and 6(c), respectively, while the 29-, 31.7-,
and 34.3-MHz signals are due to resonance of Fe>”. For the
Y,Fe,; sample we observed one Y®** NMR signal at 42.6
MHz, attesting to the rhombohedral structure of the com-
pound.

Table I lists the values of the local fields HY at the yt-
trium nuclei in the Y, Fe, compounds. The average value of
the field HY for YFe, was found with account taken of the
quantitative difference between the yttrium ions at the sites
(@) and (c).
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TABLE 1. Values of local fields for different crystallographic positions of the yttrium in Y,Fe,.

Average
magng .. Number of Y Y Y
Compound Position of Y|nearest Fe| H exp» KOe H_ kOe | H_,., kOe
moment neighbors
nFe/ip
YFe, 1.45 gga; g —%ég,e —219.6 2106
a —183,7 —183.7
YFe; 1,63 {3 o h oo —214 s
YqFe;r 1.9 6(c) 19 —204 —204 —-212.1

*In the calculation of H Y. with the aid of Eq. (7), the starting point was the value of the field at
the yttrium nuclei in site (a) of the YFe; compound. The lattice parameters for Y,Fe,, were taken

tobea =28.51 A and ¢ = 12.43 A (Ref. 2).

DISCUSSION

a. Analysis of the results on the basis of the mean values of
the local fields and of the magnetic moments of the iron

Investigations of the magnetic properties of the inter-
metallic yttrium-iron compounds indicate that the yttrium
ions in these substances have no magnetic moment.!~> The
local fields at their nuclei should therefore be due entirely to
the influence of the neighboring magnetic atoms. The mag-
netic moment p*¢ of iron in Y, Fe, compounds increases
from 1.45 ug in YFe, (Ref. 8)to 1.9 up in Y,Fe,, (Ref. 9). It
would therefore be natural to expect a similar increase of the
induced local field at the yttrium nuclei. Our measurement
results however, show that such notions concerning the
mechanism whereby the magnetic fields are induced are
greatly oversimplified. It can be seen from Table I that with
increasing moment of the iron on going from compound to
compound, the mean values of the induced local fields H¥
remain practically unchanged.

To make clear the relation between the fields at the yt-
trium nuclei and the magnetic moments of the iron atoms we
use the results of Ref. 10. It was shown there that:

a) the iron moment in Y, Fe, depends linearly on the
number (3x/y) of the yttrium valence electrons per iron
atom,

pre=p'—p'=p’—K (3z/y) up, (1)
where K is the degree of polarization of these electrons:

b) the local fields at the Y®° nuclei in YFe, are due to the
polarized collectivized electrons of yttrium.

In accord with item b), the magnetic fields at the Y®°
nuclei should depend on the number 7 of the yttrium valence
electrons and on the degree of their polarization:

H'~KnA™pg. (2)
HereAY is the parameter of the hyperfine interaction of the
polarized yttrium electrons with the nucleus. Since the num-
ber of valence electrons and the degree of their polarization
are constants for YFe,, YFe;, and Y,Fe,,, the local fields at
the yttrium nuclei in these compounds should also be equal,
as is indeed confirmed by experiment. As for the correlation
between uF® and the field at the Y*® nuclei, however, this
correlation exists only between u and the field HY /m per
iron atom,

H¥/m=A% (nz/y) sy, (3)
where m = y/x is the number of iron atoms per yttrium
atom. The physical meaning of this field is that it is due to the
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influence of that part of the polarized yttrium electrons
which contributes to the magnetic moment per iron atom.

From a comparison of (1) and (3) it can be seen that the
reduced local fields HY /m are directly proportional not to
the total moment ™ but only to its component y'.

The model (1) of the formation of the magnetic moment
of the iron and the proposed mechanism whereby the fields
are induced at the yttrium nuclei permit a quantitative cal-
culation of 1#°. Regarding the parameter 4 ¥ as constant, we
write for two arbitrary compounds (A) and (B) the equations

HY 7 Hs¥ qu

=t @)
ma mg Us
MAFE=ILO_HA1, MBFE=MO_HB1- (5)
Equations of (4) and (5) for u° leads to the expression
Y Fe__ Y Fe
uq= HA mzgUp HB mapha . (6)

mpH Y —maHpY

Using the experimental values of u™ and HY /m for the
three possible combinations of compound pairs
(YFe, — YFe,, YFe; — Y,Fe,;, YFe, — Y,Fe,,) we obtain
for u° the respective values 1.96u5, 2.03uy, and 2.02u5.

We have so far left out of the exposition an essential
detail of the field-induction mechanism, namely the source
of the spin polarization of the collectivized electrons. Since
the yttrium ions have no magnetic moment, this source, or
more accurately the polarizing spin moment, should be re-
lated to the iron atoms. The constancy of the degree of polar-
ization K in the Y, Fe, sequence indicates that this moment
is localized. It is therefore reasonable to assume that the
constant magnetic contribution x° in (1) is the aforemen-
tioned local moment responsible for the polarization of the
collectivized electrons.

b. Allowance for the local surroundings

Of course, the foregoing analysis give only a general
idea of the mechanism that induces the fields H¥ and of the
participation of the yttrium electrons in the formation of the
iron moment. The use of averaged values of the local fields
HY, of the magnetic moments of the iron atoms, and of the
total number of magnetic atoms obscures the details of this
mechanism. We shall show below that allowance for the lo-
cal surroundings permits further elaboration of the mecha-
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nism without changing the basic quantitative results ob-
tained above.

The experimental results offer evidence that the local
fields at the yttrium nuclei in YFe, depend on the crystallo-
graphic position of the Y atom. It can be seen from Table I
that the field at the nuclei of the yttrium ions, which have 18
iron atoms in their nearest surrounding, is much weaker
than the field at the yttrium nuclei, which are surrounded by
12 nearest Fe neighbors. In the case of Y,Fe,;, where yt-
trium has 19 nearest Fe atoms, the field HY is close in value
to thatof HY in YFe, and YFe, for yttrium ions with 12 iron
neighbors. It is thus obvious that the number of nearest mag-
netic atoms can by itself not serve as a criterion for the esti-
mate of the induced field. We have attempted to determine
the field HY for YFe, by using the expression

HY~ Z Ni/re,
1

where N is the number of iron atoms in the ith coordination
sphere of radius ;. The necessary ratio of the values of H ¥ in
different positions is reached at @ = 12. However, so strong
a dependence of the local field at the yttrium nuclei on the
distance between ions is not confirmed by experiment.5
The values of the fields HY at nonequivalent yttrium
ion sites can be explained by using the premise that these
fields are due to the intrinsic polarized electrons of yttrium.
The polarization p should in this case be proportional to the
number N of the iron atoms responsible for the polarization,
and to the number (3/N ) of the yttrium valence electrons per
such iron atom. Taking into account the dependence of the
polarization on the distance between ions, we obtain

3 NS
HY__‘AoYP"-’AoY N—E X

(7)

r

It can be seen that (7) is a modified form of (2), with the
degree of polarization K replaced by the factor

S N;
N - r& !

i

that reflects the dependence of the polarization on the dis-
tance to the polarizing spin (S ).

At first glance, expression (7) for HY differs little from
the preceding ones. However, the use of the number 3/N
allows us to recognize that the yttrium electrons from differ-
ent sites (I and II in YFe;) are polarized by different numbers
of iron atoms. Indeed, considering the local surroundings of
theions YI and YII by iron atoms, and of the iron atoms Fel,
Fell, and Felll by yttrium ions, we can find that the number
of Fe atoms is 4.4 for YI as against only 2.3 for YII. Let us
demonstrate this with site YI as the example. As seen from
Table II, this yttrium site has in its nearest surrounding 6
Fell atoms and 12 FellII atoms. From the local surrounding
of the Fell and FellI atoms we obtain their weight fractions
relative to one nearest yttrium ion, namely 1 and 4. Conse-
quently we get (4)X6=2Fell atoms and
(4)X 12 = 2.4 Felll atoms per YI ion. We determine simi-
larly the magnetic surrounding for the YII ions, namely 0.5
and 1.8 Fel and Felll atoms. It is easily shown that this
analysis of the local magnetic surrounding of the yttrium
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Table II. Coordination characteristics of the structures of YFe, and
YFe,.

Compound | Atom Neighbors | neighers Distance, '

Y Fe 12 3,05
YFe; { Fe Y 6 3.05
[ Y1 { Fe I 6 2.98
Fe 111 12 3.3
Fe I1I 3 3.10
YII Fe II1 6 2,93
MELEEEE

YF II .
” el YI 3 2.98
Fe 11 Yi 5 3‘2(1)

YII 1 \
Fe II1 { YII 2 503

ions takes into account also the stoichiometry of the YFe,
compound. Since the number of YII ions is double that of
Y1, we get for the three yttrium ions (YI + 2YII) a total of
4.4 +2%2.3 =9 Fe atoms.

The number N in (7) is thus the sum 3 N, and is equal to
4.4 or 2.3 (depending on the yttrium site), while NV, takes on
values 2, 2.4, 0.5, and 1.8. Substituting the values of N, N;,
and 7y _ g, in (7) we find that the best agreement with experi-
ment is reached at @ = 5. The condition in this case was the
ratio of the observed local fields at the nuclei of the YI and
YII ions, namely H Y'/H Y = 0.8.

A similar calculation was made also for the compounds
YFe, and Y,Fe,,. Assuming that the polarizing spin (which
determines the local part 1° of the magnetic moment of iron)
and the hyperfine interaction parameter 4 J are the same for
the compounds YFe;, YFe,, and Y,Fe,,, we find that for the
last two HY equals 210.6 and 212.1 kOe, respectively. The
insignificant deviation from the experimental value (see Ta-
ble I) may be due to a certain error in the estimate of the
distance r between the ions, since the lattice parameters of
the investigated compounds were determined at room tem-
perature, but the NMR spectrum is usually investigated at
T<77K.

An earlier study 7 of NMR in the intermetallic com-
pounds Gd, Y, _, F3; has revealed an anisotropic distribu-
tion of the electron spin density in the rare-earth sublattice,
A feature of the mechanism proposed in the present paper
for inducing the fields H ¥ is likewise an anisotropic distribu-
tion of the charge and spin densities of the yttrium-atom
valence electrons in nonequivalent crystallographic posi-
tions. Neutron-diffraction investigations'' of HoFe, have
shown that the magnetic moments of iron in different crys-
tallographic sites differ noticeably. The presence of several
values of the magnetic moment for iron atoms in different
yttrium-ion surroundings confirms the existence of the indi-
cated anisotropy in YFe,.

We consider now the contribution of the polarized yt-
trium electrons to the magnetic moment of iron atoms for
the sites Fel, Fell, and Felll. According to the scheme (1) of
the formation of the moment for the iron atoms in YFe,, we
write

3 2N,
prt=pl—p ' =p’—C EXL 199 (8)

1
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FIG. 1. NMR spectra of Fe’’ in the compound YFe,.
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Since the average moment of the iron in YFe,is 1.63 up (Ref.
12), we have

AFe=p'—pt=1.63up. (11)
We have similarly for the moment of iron in YFe,
3 1
pre=p’—C— ———ug=1.45pp. (12)
2 rY—Fe

In Egs. (8)—(12), N, = 0.5 and N, = 2.4 are the numbers of
the Fell and Felll atoms per YI ion: N, =2 and N, = 1.8
are the numbers of Fel and Felll atoms per YII ion; Cisa

" normalization factor. The first subscript of 7 is the number of
the site occupied by the yttrium ion, and the second is the
number of the iron site.

The numbers of the iron atoms in sites I, II, and III are
in a ratio 1:2:6. Taking this into account, the solution of Egs.
(8)~(12) for pFe, pFe!', pFeI C and p° yields the following
values: pF' = 1.50ug; pf" = 1.73ug; pF" = 1.62us;
C=10% A% u® =2.02ug.

The published data on the magnetic distribution in the
iron lattices of compounds of the RFe;, type are very skimpy
and ambiguous. Neutron-diffraction results for HoFe, show
that at 77 K the largest moment is possessed by the iron
atoms in the first position, and at 7 = 297 K by those in the
third.!! The use of these results for other compounds, par-
ticularly for YFe,, can be justified only in the case of almost
complete localization of the iron magnetic moments. At the
same time the change of the local fields at the Fe®” nuclei, as
well as the change of the moment of the iron in the pseudo-
binary compounds Gd, Y, _,Fe, and Gd, Y, _ . Fe,, takes

place quite smoothly,”® a situation difficult to describe in the
framework of the theory of localized states.

For an experimental estimate of the value of 4" of iron
atoms in different crystallographic positions we have stud-
ied the NMR of Fe*” in YFe,. It can be seen from Fig 1,
vwhich shows the NMR spectra of Fe’’, that according to the
statistical weight of the number of iron atoms in the different
positions, the NMR signals at 29.0, 34.3, and 31.7 MHz
should be ascribed to the nuclei of the atoms Fel, Fell, and
Felll. A similar magnetic distribution in the iron sublattice
is reported also in Ref. 13 on the basis of data on the Mdoss-
bauer effect in YFe,. With allowance for the constant ratio
of the hyperfine field and the magnetic moment of iron, we
determined the values of ™ that follow from the resonance
measurements. Calculations made under the assumption
that HF/u™ = 145 kOe/uy (Ref. 14) are in satisfactory
agreement with the results obtained by solving Egs. (8)—(12)
(see Table III).

It was shown above that allowance for the local sur-
rounding leads to the same value of the localized part u° of
the magnetic moment of iron as was obtained by us above
using an approach with the average local field H ¥ and the
total number of the iron atoms. From a comparison of (2) and
(7) it can be seen that this agreement between the results is
due to the approximate equality of the mean values of the
distance ry _g. between the ions for the sequence YFe,,
YFe,, Y,Fe,,.

CONCLUSION

Concepts concerning the mechanism that induces local
fields at the nuclei of the nonmagnetic yttrium nuclei and
concerning the effect of their electron structure on the mag-
netic moment of iron were advanced previously'® on the ba-
sis of experimental data on the influence of hydrostatic pres-
sure on the local fields in YFe,. In the present study we have
succeeded in extending the region of applicability of these
concepts to include other compounds that are close in struc-
ture, and gained at the same time a deeper insight into the
physics of the phenomena involved. We have proposed a
model for the formation of the magnetic moment of the iron
in Y, Fe, compounds, an essential detail of the model being
a superposition of a collectivized and a localized component
of the moment.

We believe that our results can be useful for the inter-
pretation of the magnetic properties of yttrium compounds
with cobalt, where a similar distribution of the local fields at
the yttrium nuclei is observed.'®

TABLE III. Values of local fields and of magnetic moments of iron for different

crystallogrphic positions of Fe in YFe;.

. Values of 4™ /ug, Fe Fe , fro
Compound Position “'Ct';:mfmm H o, kKOe ’lf.eﬁ/ "I‘QBMI; ::na‘
Fel 1.50 =-211.7 1,46
YFe, Fe II 1.73 —250,3 1,72
Fe III 1,62 —-231.4 1,59
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