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The spin-echo method was used to measure the hyperfine fields at the Od, Y, and Fe nuclei in 
Odx Y I-x Fe,. The hyperfine fields were different for atoms of the same kind at inequivalent positions. This 
difference was attributed to oscillations of the collective-state electrons. 

PACS numbers: 76.60.-k 

One of the special features of inter metallic com­
pounds of rare earths and iron is the depression of the 
Curie temperature with increasing molar content of 
iron, which is sometimes attributed to a change in the 
degree of delocalization of the 3d electrons of Fe at­
oms. [1] The same electrons are responsible for the in­
duced hyperfine fields at the nuclei of rare-earth metals 
in RFe 2 compounds [2] so that it is natural to assume a 
correlation between the hyper fine fields at the rare­
earth metal nuclei and the exchange interaction in all 
RFe 2 compounds. 

This assumption was checked by investigating the 
nuclear magnetic resonance (NMR) spectra of all types 
of nuclei in the Gdx Y l-XFe3 system, which had the crys­
tal structure of the PUNi3 type and in which gadolinium 
and yttrium were located at two inequivalent positions 
in the lattice, whereas iron occupied three such posi­
tions. [3] Figure 1 shows the nearest neighbors of GdI 
and GdII atoms (Fig. 1a) and of FeI, Fell, and FeIII 
atoms (Fig. 1b); it is clear that, in the case of GdI, the 
point symmetry is 6/mmm, whereas, in the case of GdII, 
it is 3/m and, in the case of iron, it is 3m, 3m, and m, 
respectively. The compounds of this system are ferri­
magnetic with gadolinium and iron atoms forming two 
sublattices with antiparallel directions of the magneti­
zation. Neutron-diffraction investigations of Ho Fe3 
demonstrated [4] that the magnetic moments of iron var­
ied quite considerably with the crystallographic position. 

The NMR spectra of Gd 15S, Gd 157, y89, and Fe57 were 
recorded by the spin-echo spectrometer method. The 
duration of the first and second pulses T 1 and T 2 (T 1 = T 2)' 
the delay between them, and the repetition frequency 
were varied within a wide range so as to maximize the 
spin echo signal. The NMR signal was recorded in the 
temperature range from 4.2 to 300oK. The samples were 
prepared by a method described earlier. [5] Metallo­
graphic and x-ray diffraction analyses and the NMR 
spectra themselves showed that some samples contained 
a small amount of a second phase of RFe 2 or ~Fe23 com­
position. Repeated measurements on several samples of 
the same composition, subjected to various heat treat­
ments, enabled us to identify the RFe3 structure lines. 

The compound GdFe3 exhibited four resonance lines 
of the gadolinium sublattice at frequencies of 54.6, 64.9, 
70.3, and 81.8 MHz. Bearing in mind the ratio of the nu­
clear magnetic moments of the gadolinium isotopes, we 
attributed the 54.6 and 64.9 MHz lines to the two inequiv­
alent pOSitions of Gd 155 and the 70.3 and 81.8 MHz lines 
to the inequivalent pOSitions of Gd157• An analysis of the 
composition dependences of each of these lines enabled 
us to attribute the 54.6 and 70.3 MHz frequencies to the 
crystallographic sites which were analogous (in respect 

1125 SOy. Phys.-JETP, Vol. 42, No.6 

of asymmetry) to the Gd atomic sites in GdFe2 (in four 
nearest neighbors of Gd), whereas the frequencies 64.9 
and 81.8 MHz were attributed to crystallographic sites 
with the hexagonal local symmetry (two nearest neigh­
bors of Gd). 

Thus, in the case of one gadOlinium isotope (Gd lS7) 

the hyperfine fields were 495 ± 5 and 425 ± 5 kOe, respec­
tively, with the higher value of the field corresponding 
to the hexagonal symmetry of the local environment (site 
of type I) and the lower to the cubic environment, similar 
to a Laves phase (site of type II). 

The replacement of gadolinium with nonmagnetic yttri­
um ions resulted in the broadening of the GdI and GdII 
NMR lines and distortion of their profiles; the NMR spec­
trum of Gdll exhibited four resolved satellites separated, 
on the average, by 3.B±0.2 MHz, whereas the GdIlines 
remained unresolved and decreased gradually in ampli­
tude. The change in the profile of the GdII NMR line and 
the appearance of satellites with decreasing x in 
Gdx Y1- xFe3 can be explained bearing in mind that yttrium 
atoms are equally likely to replace anyone of the four 
nearest neighbors of Gd' The relative proportion of a 
given configuration can easily be calculated from the 
well-known binomial distribution formula: 

ml 
W(x)= . (l--x)"'x". 

n!(m-n)! 
(1 ) 

If we know the frequency separation between the satel­
lites (3.8 MHz), we can show that each gadOlinium atom 
creates a hyperfine field 25 ± 2 kOe at the nucleus of an­
other gadolinium ion and the total contribution of the 
whole gadolinium sublattice, found from the frequency 
separation between the outermost satellites, is 75 ± 8 
kOe. 

The contribution of iron atoms to the hyperfine field 
can be determined by representing this field at a gado­
linium nucleus in the form 

(2) 

where Rep is the field due to the exchange polarization 
of the atomic core, ~<{i is the field created by the near-

~~:::~ 
~~:::~g~? 
~ ~Fe][ 

FIG. 1. Nearest-neighbor environments of atoms in Gdx Y l-xFe3. 
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est neighbors of gadolinium, and Hind is the field in­
duced at a gadolinium nucleus by the polarization of de­
localized electrons produced by the magnetic moment 
of the iron atoms and by the intrinsic spin of the gado­
linium atom. Simple calculations, similar to those in 
(6\ show that, in the Gdx Y1_xFe3 system, the hyper fine 
field at the GdII nuclei created by the iron sublattice is 
480 kOe, which is approximately 9% smaller than the hy­
perfine field in GdFe2 • 

The compound YFe3 exhibited two resonance lines at 
38.4 and 48.2 MHz, corresponding to the NMR of the Yl 
and YlI nuclei, i.e., the situation was the reverse of that 
found for GdFe3: the higher frequency was associated 
with the yttrium nuclei which had a cubic local symmetry. 
When the gadolinium content was increased, the 48.2 MHz 
line became homogeneously broadened and it was possible 
to distinguish four satellites separated, on the average, 
by 1.6±0.2 MHz, which was somewhat less than in 
Gdx Y1- x Fe2• [6J The Yl NMR line at 38.4 MHz was not 
split (like the Gdl NMR line) but simply broadened, and 
its center of gravity shifted slightly in the direction of 
higher frequencies. The nature of the change in the posi­
tion of the center of gravity of the NMR spectra with the 
degree of substitution at both gadolinium sublattice sites 
is illustrated in Fig. 2, which shows that the NMR spec­
tra of Yl and YlI exhibit somewhat different but nearly 
linear composition dependences, whereas, in the case 
of Gdl and GdII, the corresponding dependences are 
strongly nonlinear. 

The use of a stroboscopic integrator made it possible 
to determine the temperature dependence of the NMR 
frequency in the range 4.2-300oK (Fig. 3). It is clear 
from Fig. 3 that the Yand Gd atoms at different crys­
tallographic sites exhibit different temperature depen­
dences of the NMR frequency. The amplitude of the NMR 
signal decreases with rising T and, at about 300o K, the 
signal is lost in the background noise. 

A detailed investigation of the NMR spectra of Y and 
Gd reveals that only four satellites are observed for YlI 
and GdII, whereas five would be expected on the basis of 
the nearest-neighbor environment and the Yl and Gdl 
lines are not split at all. This is probably due to the 
fact that the hyperfine interaction of the Gd atoms with 
one another is anisotropic so that there is no coupling 
between the Gdl (Yl) and GdII atoms along the c axis of 
the rhombohedral lattice of the Gdx Y1-xFe3 system. We 
shall call the nearest neighbors that do not produce any 
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FIG. 2. Dependences of the positions of the center of gravity of 
gravity of the y89 and Gd IS? NMR lines on the Gd concentration. 

FIG. 3. Temperature dependences of the NMR frequencies of Gd ISS 

and y89 in GdFe3 and YFe3' 
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field at the nucleus of the central atom the "0 (null) 
neighbors." An analysis of the local symmetry of sites 
of the first and second kinds shows that, in the case of 
Gdl (Yl), both nearest neighbors of the rare-earth atom 
are of the null kind, whereas, in the case of GdII, there 
is only one null neighbor, i.e., the observed spectra are 
in good agreement with the proposed model. 

However, such partial "exclusion" of the gadolinium 
sublattice atoms from the participation in the hyperfine 
field at the Gd nuclei cannot be explained by a reduction 
in the influence of the rare-earth sublattice on transition 
from RFe 2 to RFe3. For example, the contribution of this 
sublattice to the hyperfine field at the YlI nuclei in 
Gdx Y1-xFe3 is only 23 ± 5 kOe, which is about half the 
corresponding contribution in the case of Gdx Y1_x Fe 2• 

If we bear in mind that the exchange interaction inside 
the Gd sublattice is due to the RKKY interaction, [7J the 
observed reduction in the contribution to the hyperfine 
field at the Y nuclei due to the gadolinium sublattice 
should be attributed to the change in the period of the 
RKKY oscillations because of a change in the carrier 
density and the Fermi wave vector kF' 

The nonlinear composition dependence of the NMR of 
Gd (Fig. 2) is due to a reduction in the mean free path 
of electrons because of the scattering by nonmagnetic 
yttrium ions. Clearly, the same factor is responsible 
for the difference between the temperature dependences 
of the hyperfine fields at the Gd and Y nuclei at inequiva­
lent crystallographic sites, but an analysis of Hhf (T) re­
quires the application of a concrete interaction model. 

In addition to the NMR spectra of Y and Gd in the 
Gdx Y1-xFe3 system, we also recorded the NMR lines of 
FeS7 throughout the substitution range. The shape of the 
signals obtained from some samples is shown in Fig. 4. 
It is clear from this figure that, in the case of GdFe3, 
there are three signals at 31.5,35.3, and 38.0 MHz, and, 
when gadolinium is replaced with nonmagnetic yttrium 
ions, the first two signals approach each other. In the 
case of Gdo.sYO.SFe3' these signals merge, forming a 
single line at 32.6±0.2 MHz, which decreases in width 
and, in the case of YFe3, becomes a narrow line at 31. 7 
MHz (the width of this line is 0.6±0.1 MHz). The transi­
tion from GdFe3 to YFe3 shifts the 38.0 MHz signal to­
ward lower frequencies to 34.7 MHz. However, accord­
ing to measurements on several samples of YFe3, the 
relative amplitude of this signal does not remain con­
stant from one sample to another, which suggests the 
presence of an impurity. A comparison of the corre­
sponding hyperfine field (258 ± 5 kOe) with the Mossbauer 
data for YS Fe23 and Y2Fe17 (8J shows that this field is of 
the same order as the hyper fine field at the FellI site in 
the YS Fe 23 structure. The 34.7 MHz signal is exhibited 
by all the YFe3 samples prepared from different melts. 
A comparison of the average magnetic moment in YFe3 

with the average hyperfine field of this compound shows 
that, if the ratio Hhf / Mat is constant, this compound 
should exhibit a second NMR signal at ~35 MHz. 

As pointed out in [9J, the occurrence of several Fe 57 

NMR signals is evidence of the inequivalence of the po­
sitions of iron atoms in the crystal lattice of Gdx Y1-xFe3. 
In contrast to RFe 2, this inequivalence is not due to the 
differences between the dipole and quadrupole contribu­
tions to the hyper fine field but it is due to the fact that 
the magnetic moments of the iron atoms vary with the 
crystallographic site. Neutron-diffraction investigations 
of HoFe3 (4J show that the magnetic moments of iron at 
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FIG. 4. NMR spectra of FeS7 in 
GdxYI-xFe3.In the x ';;;0.75 range, the 
NMR spectra of Fe 57 are limited on the 
high-frequency side by the NMR of y89. 

T ABLE I. Values of hyperfine fields and magnetic moments at 
different crystallographic sites of iron 

I I Hyperfin. 
Compound Type of site ~. Calculated value I Average value I Value of $LB 

of lAB of IJB from mag. meaS. 

Fe II :'!30±5 Ui.'l 
GdFe, Fe I 255±5 1.72 (\.81) 1.83 

Fe IJJ 280±5 1.88 
YFc, Fe 1 230±5 1.;-)5 

1.64 1.65 Fe III 250±5 1.67 

78°K amount to 1.88 liB, 1.43 liB, and 1.61 J.l.B, respec­
tively, for the first, second, and third kinds of site, Le., 
the highest moment is exhibited by the FeI atoms. How­
ever, the application of this reasoning to other RFe a 
compounds is justified only if the magnetic moments of 
the iron atoms are almost completely localized. The 
hyperfine fields at the Fe 57 nuclei in Gdx Y1_xFea vary 
fairly slowly when gadolinium is replaced with yttrium, 
which is difficult to explain on the basis of the localized 
stat~ theory. [lO) However, the changes in the Fe57 NMR 
lines with increasing Gd content can be understood by 
assuming that at least some of the 3d electrons are itin­
erant, Le., they are in a collective state. The dilution 
of the gadOlinium sub lattice reduces the energy of the 
intersublattice exchange interaction, Le., it alters the 
splitting of the 3d band and changes the wave vector k F. 

The magnetic moments of the iron atoms in materials 
intermediate between GdFea and YFea can be found on the 
assumption of a constant ratio of the hyperfine field Hhf ' 
to the magnetic moment of at atom liat. The results of 
calculations based on the assumption that Hhf / Ii at "'" 150 
kOe/ liB are listed in Table I. A better agreement be­
tween the calculated values of Ii and the results of the 
magnetization measurements can be obtained by assum­
ing that the highest magnetic moment is exhibited by the 
atoms at the third type of site, as suggested for ThFea 
in (11). 

An analysis of the local symmetry of the immediate 
environment of the iron atoms shows that, at sites of 
the first and second kinds, the symmetry is approxi­
mately the same so that, when the splitting of the d band 
decreases, the magnetic moments of FeI and Fell and 
the hyperfine fields may become equal, which explains 
the disappearance of one of the Fe 57 NMR lines in the 
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range x < 0.5. In the case of the FeIllatoms, the sym­
metry is much lower and the degree of magnetic sym­
metry decreases even further on transition from GdFe3 

to YFe3, which alters the ratio of the intensities of the 
signals due to each of these sites. 

Thus, our investigation yielded for the first time in­
formation on the NMR spectra of all types of the nuclei 
of the elements forming inter metallic compounds of the 
Gdx Y1-xFe a type and we established that 

1) the contribution of the gadolinium sublattice to the 
hyperfine fields at the YII and Gdll nuclei was 26 and 75 
kOe, respectively; 

2) the hyperfine interaction of the gadolinium nuclei 
with the nearest neighbors in the gadolinium sublattice 
was anisotropic; 

3) the magnetic moments of the iron atoms varied 
with the crystallographic site and depended on the ex­
change interaction between the rare-earth and iron 
sublattices. 

We are grateful to E. M. Savitskil, V. F. Terekhova. 
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used in our investigation. 
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