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The magnetic fields at the nuclei of Sn impurity atoms in Dy, Ho, Er and Tm rare-earth matrices at 7"K have been measured 
by means of the Mi:issbauer effect. The magnitudes of the fields were found to be equal to (185±5) kOe for Dy (Sn), 
(120±10) kOe for Ho(Sn), and (140±10) kOe for Er(Sn). Two magnetic field values associated with two magnetically 
inequivalent positions of the Sn atoms in the matrix, (105±8) kOe and (40±6) kOe, were obtained for Tm(Sn). It was found 
that the magnetic fields at the Sn nuclei in the rare-earth ferromagnets of the yttrium subgroup are proportional to the average 
over the first coordination sphere of the projection of the spin part of the magnetic moment on the total moment of the matrix 
ion. The temperature dependence of the magnetic field at the Sn nuclei in Dy and Ho was measured. Large deviations of the 
temperature dependence of the magnetic field from the Brillouin curves for the corresponding matrices were found. Possible 
mechanisms leading to such devia:tions are discussed. 

SYSTEMATIC investigations of the magnetic fields at 
the nuclei of diamagnetic impurity atoms in metallic 
ferromagnets are of interest from different points of 
view. A large amount of experimental material has 
been accumulated on these fields for ferromagnets of 
the 3d-group (Fe, Co, Ni), a number of empirical regu
larities have been established, and different mecha
nisms, which explain qualitatively much of the data on 
the basis of the s-d interaction model, have been pro
posed p-sJ. However, the creation of a consistent theory 
of the magnetic hyperfine interaction in metals en
counters well-known difficulties, and the problem, as 
a whole, remains unsolved at the present time. 

The magnetic hyperfine interaction of diamagnetic 
impurities in rare-earth (RE) metals has been studied 
very little as yet. The difficulties of investigating this 
interaction for impurity atoms in RE metals are asso
ciated primarily with the exceedingly small solubility 
of most elements in these metals. Only recently have 
a number of papers appeared in which measurements 
of the magnetic fields at the nuclei of impurity atoms 
Sn in Gdr 6l, Sn in Er(7l, Te and I in Gd[8l, Cd in Gdr91, 
Sn in Tbr10l, and Ag, In and Sb in Gd(UJ were reported. 

Campbellr12l proposed a model to explain the nature 
of the origin of the magnetic field at impurity nuclei in 
Gd. In this model, it is assumed that the sign of the 
conduction electron polarization in Gd is opposite to 
the sign of the conduction electron polarization in the 
3d-ferromagnets. The experimental dataCBJ agree well 
with the predictions of this model; however, the results 
obtained inrs,uJ require an appreciable change of one 
of the parameters of Campbell's model in order to at
tain satisfactory agreement with the experimental data. 
If, however, the model proposed in(2J is used, one can 
obtain fair agreement with experiment for nonmagnetic 
impurities in RE metals. 

In the present work, we have measured the magnetic 
fields acting on the nuclei of Sn atoms in the Re 
metals Dy, Ho, Er and Tm. The measurements were 
performed by means of the Mossbauer effect at the 
Sn119 nuclei. TheRE metals listed have a hexagonal 
closepacked crystal structure. The first coordination 
sph_ere about any site is formed by twelve atoms, of 

which six nearest neighbors lie in the basal plane and 
three atoms in each of the neighboring planes. At low 
temperatures, two magnetic phase transitions occur in 
these metals. At temperature e 1, a transition from 
ferromagnetism to antiferromagnetism (FM - AFM) 
occurs, and at a higher temperature e2, a transition 
occurs from antiferromagnetism to paramagnetism. 
These temperatures for Dy, Ho, Er and Tm respec
tively are equal to: e 1 = 87, 20, 20 and 22"K, and 4h 
= 179, 132, 80 and 56°K(13l. 

The magnetic moments in Dy in the FM regime are 
arranged parallel to each other as in classical ferro
magnets. Ho and Er in the FM state possess a conical 
magnetic structure, and Tm has an alternating struc
ture in which in four consecutive planes the moments 
point in one direction along the c -axis of the crystal, 
and in the next three planes in the other direction. In 
the AFM state, Dy and Ho have a spiral magnetic 
structure, in which the angle through which the mag
netic moment vectors are rotated in the planes adjacent 
to the basal plane are increased from 26° at 90°K to 
44° at 179"K for Dy and from 30" at 20°K to 49.5° at 
133°K for Hor 13l. 

DESCRIPTION OF THE EXPERIMENT AND RESULTS 
OF THE M!l:ASUREMENTS 

Solid solutions of Sn (0.3 at.%), isotopically en
riched to 86.9% Sn 119, in Dy, Ho, Er and Tm were 
prepared by fusion in an arc furnace in an argon atmos
phere, with subsequent quenching. The metals Dy, Ho, 
Er and Tm, obtained from Giredmet (State Rare 
Metals Research Institute), were respectively 99.90, 
99.80, 99.92 and 99,85% pure. Preliminary measure
ments were made with samples with a high Sn concen
tration. In these cases, however, additional lines ap
peared in the absorption spectra, caused by the pres
ence of contaminant phases. 

The absorbers for the Mossbauer experiments were 
prepared from alloy fillings, which were then deposited 
on a beryllium backing. BaSn03 containing the isotope 
Sn119m was used as the source of y-quanta. The meas
urements were performed on an electrodynamic spec-
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FIG. I. Spectra of the resonance absorption of 'Y-quanta by nuclei 
of Sn119 impurity atoms inDy (a), Ho (b) and Tm (c), measured at 
temperature 7°K. The speed of the source of 'Y-quanta is plotted along 
the abscissa, and the intensity of the flux of quanta in relative units 
along the ordinate. 

trometer with an NTA-512 multi-channel analyzer. All 
the absorbers investigated by us at 300°K gave a single 
absorption line with half-width less than 1 mm/ sec and 
with isomer shifts equal to (1.80 ± 0,07) mm/ sec rela
tive to CaSnOs. With increase of the Z-matrix, an 
insignificant decrease of the shifts was observed; this, 
however, did not go outside the limits of the experi
mental errors. For the alloys Dy( Sn) and H o( Sn), the 
Mossbauer absorption spectra were measur~d from a 
temperature of 7"K to the temperatures at which the 
matrices underwent transitions from the antiferromag
netic to the paramagnetic state, i.e., to the tempera
tures 179°K and 133°K respectively. The absorption 
spectra at temperature 7°K are shown in Figs. 1a and 
lb. The magnitudes of the field H~~p at this tempera
ture were found to be equal tp ( 185 ± 5) kOe for Dy( Sn) 
and ( 120 ± 10) kOe for Ho( Sn). The temperatures 
dependences of the field H~~p for Dy( Sn) and Ho( Sn) 

are depicted in Figs. 2a, b. It can be seen from these 
figures that the experimental points lie appreciably 
below the Brillouin curve for J = 15/2 in the case of 
Dy and for J = 8 in the case of Ho, and that the transi
tion from the ferromagnetic to the antiferromagnetic 
state is not accompanied by any noticeable discontinu
ous change of the field at the Sn nuclei. The Dy and 
Ho matrices have similar magnetic structures in the 
antiferromagnetic regime, and the observed deviations, 
which pertain principally to this region, have a similar 
character. 

In the Tm matrix ( 0.3 at.% Sn), the absorption 
spectrum for impurity Sn at 7"K gives two values of 

I Gd I Tb Dy I Ho I Er Tm 

~n (0), kOe 
exp -329±4 241 ±6 185±5 120±10 140 ± 10;-124 t4 105-!:6 40±6 

1',/I'B 7 6 3. 77 2,92 2 1 

H~:P(0)/,,/,8 , 
-47 40 37 31.8 47.9; -42,5 52.5 40 

kOe_ 

Note. Jlt is the projection, averaged over the first coordination sphere, of the spm part 
of the magnetic moment on the total moment (in Bohr magnetons JlB)· 

the magnetic field (cf. Fig. 1c). The magnitudes of 
these fields were found to be equal to (40 ± 6) kOe and 
( 105 ± 8) kOe. An analysis of the magnetic structure 
of Tm flSJ and of the possible location of Sn atoms in 
its lattice gives two possibilities for the magnitude of 
the magnetic field, each of which, in its turn, can give 
two fields of opposite sign. Since in the experiment an 
external field was not applied, only two values of the 
field were observed. 

Measurements of the magnetic fields at the nuclei 
of Sn impurity atoms in Er were first made by Price 
and Streetf7 l; they obtained a value of the field equal 
to -( 124 ± 4) kOe. Our observed magnitude of the 
field for Er(Sn) at 7°K is somewhat greater and is 
equal to ( 140 ± 10) kOe. 

In the Table, we give the data available at present 
on the magnetic fields H~~p( 0) at the nuclei of Sn im-

purity atoms in Re metals of the yttrium subgroup. 

DISCUSSION OF THE RESULTS 

In the rare-earth (RE) metals, the 4f-electrons, 
which are located in the "interior" of the electronic 
shell of the ion, are the principal carriers of magnetic 
moments localized at the lattice sites. The exchange 
interaction of the 4f-electrons with the conduction 
electrons, which have a largely s-character, is re
sponsible for the ordering of these magnetic moments 
and induces polarization of the conduction electrons. 
The model of the s-f exchange interaction in RE metals 
is better founded than the s-d interaction model in the 
case of the 3d-transition metals. 

In our interpretation of the magnetic fields at the 
nuclei of diamagnetic impurity atoms in Re metallic 
matrices, we start from the idea that these fields are 
induced by the polarized conduction electrons and not 
as a result of direct exchange, and the magnitude of 
the hyperfine magnetic field must be proportional to 
the conduction-electron spin density in the region oc
cupied by the impurity. With the aim of simplifying, 
we postulate that the spin density is proportional to the 
conduction electron polarization, and that, for our 
study, effects due to the difference in behavior of elec
trons with oppositely directed spins play no part. 

It is known that in the 3d-ferromagnets (Fe, Co, Ni) 
the magnetic fields at the nuclei of nonmagnetic im
purity atoms are usually proportional, with good ac
curacy, to the atomic magnetic moment 1-LM of the 
matrix. For the RE ferromagnets, the parameter 
equivalent to 1-LM must be the projection of the spin 
part of the magnetic moment on the total moment, i.e., 
the quantity 2( g - 1) J, where J is the total moment 
of the trivalent ion of the RE element, and g is the 
Lande factor. The experimental results show that in 
RE ferromagnets with collinear ordering (Gd, Tb, Dy), 
the observed fields at the nuclei of Sn impurity atoms 
are indeed proportional to 2( g- l)J with good ac
curacy. For matrices with more complicated ordering, 
(Ho, Er, Tm), the magnetic structure is such that the 
moments of ions in different layers of the lattice are 
noncollinear (Ho and Er) or antiparallel (Tm), and 
the mean polarization of the conduction electrons must 
be proportional to the weighted vector sum of the mo
ments, and not simply to the quantity 2( g - 1) J. 
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Postulating that it is the immediate neighborhood which 
plays the principal role in the formation of the magnetic 
field at the impurity nucleus, we obtain that the fields 
are approximately proportional to the average over the 
first coordination sphere of the projection of the spin 
part of the magnetic moment on the total moment IJ. ~, 
which is equal to 2( g - 1 )J for Gd, Tb and Dy, is 
less than 2( g - 1) J for Ho and Er, and has two values 
for Tm. The absence of strict proportionality between 
H~~0( 0) and the quantity IJ. 1 (cf. the Table) is com
pletely natural, since the collective contribution from 
more distant neighbors can differ markedly for 
matrices with different magnetic ordering. 

The existence of two different magnetic field values 
at Sn nuclei in a Tm matrix demonstrates directly 
that the conduction electron polarization and the cor
responding spin density depend on the details of the 
magnetic structure. In the case of the Tm matrix, a 
tin impurity atom can be situated in two magnetically 
inequivalent positions. In one position, the tin ex
periences a polarizing influence due entirely to Tm 
ions positioned in the same basal plane, while the ex
change interactions with ions positioned in the immedi
ate neighboring planes cancel each other. In the other 
position, the exchange interactions with the neighboring 
planes and in its own plane reinforce each other. Since 
an Sn atom has six nearest neighbors in its own plane 
and three nearest neighbors in each neighboring plane, 
one may expect that the field at the Sn nucleus will 
differ by a factor of approximately 2 for these two 
positions. In fact, the measured ratio is 2.6. The in
crease of the field by more than a factor of 2 could be 
connected with a number of reasons, e.g., with the fact 
that the interaction with the neighboring planes is a 
little greater than the interaction in the basal plane. 
But the very fact of this increase of the field makes it 
possible to conclude that the sign of the exchange inter
action with ions of a neighboring plane is the same as 
the sign of the exchange interaction of ions in one 
plane. The same conclusion also follows from an ex
amination of the data for the other matrices. 

The temperature dependence obtained for the mag
netic fields H~~p( T) at the nuclei of Sn impurity atoms 
in Dy and Ho matrices (Fig. 2) shows that the mean 
value ( a z ) of the conduction electron polarization 
close to an impurity falls off with increase of tempera
ture faster than indicated by the corresponding Bril
louin curves with J equal to 15/2 and B. We shall con
sider the possible reasons for this deviation, using the 
molecular-field approximation. The magnitude of the 
polarization •'j can be represented in the form 

where x is the electronic spin susceptibility, and 

ha =~ L/•n.(S)a. 
gJ.t.s a. 

(1) 

(2) 

is the molecular field at the point R, which gives the 
interaction equivalent to the s-f exchange; ( S)R' is 
the mean value of the spin of the ion at site R'; IRR' 
is the magnitude of the exchange interaction with 
electrons at the point R. The summation must be ex
tended over all the lattice sites. 
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FIG. 2. Temperature dependence of the magnetic field at the nuclei 

of Sn impurity atoms in metallic Dy (a) and in metallic Ho (b). The solid 
curves are Brillouin curves for J = 15/2 and J = 8 respectively. 

We first consider the temperature dependence of 
( Sz ) for ions of a matrix containing no impurity. This 
should be expressed by the Brillouin function BJ(x), 
where x = giJ. BJhR /kT, if the degeneracy of the state 
of the ion with total moment J is lifted as a result of 
the Zeeman interaction with the molecular field hR. 
In the free-i.on model, the magnetic field H~fff at the 
nucleus of a RE ion is determined principally by the 
magnitude of ( Jz ); therefore, the dependence of H~fff 
on temperature should also be determined by the func
tion BJ(x): 

H':rr (T) (l,)T (S,)T BJ (.r) 
H'~rr.(O) = <J,>r~o = (S,>r~o = BJ(oo) . 

The contribution of the conduction electrons to this 
field is comparatively small (~100 kOe). 

In Fig. 3, we give experimental values of H4 

(3) 

H~fff(T)/H~fff(O) for Dy nuclei in metallic dysprosium, 

obtained in paperr 14l. It can be seen that the experi
mental points lie above the Brillouin curve for 
J = 15/2. We postulate that this deviation could arise 
mainly from the interaction of the Dy3• ion with the 
crystal field. If this interaction is taken into account, 
the temperature dependence of ( Jz) will be deter
mined by the function 

(/,)r = ( t{t(/,) ( t /,<t(/,), (4) 
J r.=-1 J z=-1 

""(/) _ ( gv8l,ha + bl,') 
v , -exp - kT ' 

which does not coincide with the function BJ(x). The 
constant b characterizes the magnitude of the interac
tion with the crystal field. If we assume that the en
ergy of interaction of the ion with the crystal field is 
approximately 0.2 of the energy of its interaction with 
the magnetic field, fair agreement is obtained between 
the experimental data and the calculation using formula 
(4) (cf. Fig. 3). The absence of complete agreement is 
not surprising, since we computed the simplest case of 
a combined interaction. 

In our treatment, we assumed that the magnetiza
tion ( Sz) was the same for all atoms of the matrix. 
However, the presence of a nonmagnetic impurity 
should lead to a decrease of the magnetization of the 
neighboring atoms. The magnitude of this effect was 
calculated for a ferromagnetic matrix of cubic struc
ture in the case of matrix atoms with spins ?"2, 1 and 
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FIG. 3. Temperature dependence of the magnetic field for Dy nuclei 
in metallic Dy. The solid curve is the Brillouin curve for J = IS /2. The 
dashed curve is calculated from formula (4). 

r2 inP5l, and for spin % inP6l. The calculations show 
(cf.P6l) that the magnetization decrease~( Sz >n 
= ( Sz) - ( Sz >n is most marked for atoms of the first 
coordination sphere n = 1, while at a sufficiently large 
distance from the impurity, for n 2: 7, the magnetiza
tion ( Sz ) n is equal to its unperturbed value ( Sz ) . It 
is important to emphasize that these deviations 
~ ( Sz >n increase with temperature and reach a maxi
mum at temperatures ~o.9Tc, and then fall sharply 
to zero at T = Tc. The maximum deviation of the 
magnetization, due to all the six closest spheres, ap
proaches ~ 13%. The results of this calculation can be 
compared with the experimental dataf 6l on the fields 
at the nuclei of Sn impurity atoms in a Gd matrix 
( S = %). In rsJ, the measurements were performed only 
up to temperatures 0.7Tc. At this temperature, the 
measured value of the field at the tin nucleus is ~ 14% 
less than that expected from the Brillouin curve for 
J = %, and the calculations give a decrease of ~9.3%. 
It follows from this comparison that the deviations in 
the temperature behavior of the fields at Sn nuclei in 
a Gd matrix may be due mainly to the effect of de
crease of the magnetization of the neighboring Gd ions. 

The fields we have measured at the nuclei of Sn 
impurity atoms in Dy and Ho matrices at T = 0. 7TN 
have magnitudes 31% and 34% less than those predicted 
from the Brillouin curves for J = 15/ 2 and J = 8 re-
spectively. . . 

Theoretical calculations for the magnetizatiOn de-
crease due to a magnetic vacancy in a Dy matrix 
have not been performed, but, in our opinion, there are 
no reasons to assume that this effect will be much 
greater than in the case of Gd. Therefore, to explai~ 
such a substantial decrease of the fields at the nucle1 
of Sn impurity atoms in Dy, it is necessary to con
sider other possible effects: 1) the dependence on 
temperature of the exchange interaction IR~', and . 
2) the dependence on temperature of the spm polanza-
tion X· 

We now consider the first dependence. 
For the molecular field hR, in place of (2} we can 

write a simplified expression which takes into account 
only the contributions from atoms lyi~g in the ba~al 
plane (interaction 10}, in the neighbormg plane~ (mter
action It), and in the next layers beyond the nelghbor
ing layers (interaction I2): 

ha = - 2-[I, +I, cos a- I, cos 2a]. 
gflB 

(5} 

The helical angle a between the magnetic moments 
lying in a given plane and in the neighboring plane is 
given by the known ratio 

cos a=-!, I 41,. (6) 

The decrease of hR arising from the change with tem
perature of the angle a only (we assume that the in
teraction 10 ~ Lt does not change with temperature) is 
found not to be large (10%). If we take into account the 
data for the dependence of It and h on temperatureP71 , 
we obtain for hR a temperature dependence differing 
substantially from that observed for H~~p(T). In this, 
we did not take into account the possible change of Ia 
with temperature; therefore, the analysis of the effect 
of the assumed temperature dependence of the exchange 
interaction cannot be regarded as sufficiently reliable. 

Turning to the dependence 2), we recall that the 
spin susceptibility of the conduction electrons, regarded 
as an electron liquid, is described by the expression 

x = Jlav(eF) I (1 +I). (7} 

Here, v(€F) is the density of states (per unit energy 
interval) for electrons situated at the Fermi surface 
in the metal, and I is a dimensionless coefficient char
acterizing the magnitude of the exchange interaction of 
the quasi-particles compared with their kinetic energy. 
In the literature, different mechanisms leading to a 
temperature dependence of the susceptibility x have 
been considered. There are reasons for supposing 
that, with increase of temperature, there is an increase 
in the electron-electron scattering, which can lead to 
disordering of the spins. This effect should be mani
fested in the temperature dependence of the exchange 
interaction I. Another factor affecting x arises from 
the dependence of the effective density of states 11 ( € F) 
on temperature. 

We note, finally, that the quantity x in (1) is a tensor, 
and hR can describe a spiral spin wave with wave
vector depending on temperature. Therefore, with 
change of temperature, anisotropic properties of x 
may appear. To elucidate the role of the effects we 
have considered, further experimental and theoretical 
investigations are necessary. 

In conclusion, we express our thanks toN. I~ Moreva 
for preparing the alloys. 
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