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The hyperfine interaction for 'I9Sn impurity atoms (-0.5 at.%) in metallic gadolinium has been 
investigated by emission Mossbauer spectroscopy in the temperature range 4.5 to 320 K. At 4.5 K 
the magnetic hyperfine field Hhf = - 32.34 f 0.04 T, the quadrupole interaction is close to zero, 
and the isomeric shift with respect to CaSnO, is 1.91 0.01 mm/sec. Below 170 K the 
Hhf (T)/Hhf (0) dependence agrees well with the behavior of the reduced magnetization of the 
matrix corrected for the depolarizing effect of the nonmagnetic impurity. It was concluded from 
this that the proportionality coefficients relating Hhf ( T )  to the polarization of the matrix conduc- 
tion electrons o(T),  and o(T)  to the mean of the Gd ion spins (S,), do not depend on T. An 
appreciable negative anomaly was observed in the temperature range 200 to Tc(Tc = 291 K). The 
direction ofH,,, changes on varying the temperature and follows the rotation of the easy magneti- 
zation axis of the Gd matrix. The features of the behavior of the Mossbauer spectra of tin in an 
external magnetic field indicate the noncollinear nature of the ordering of the Gd spin moments at 
T >  230 K. The connection between the hyperfine magnetic field and the magnitude of the con- 
duction electron polarization is discussed. 

1. INTRODUCTION 

The magnitudes of the hyperfine (hf) fields at nonmag- 
netic impurities in heavy rare-earth metals (REM) at abso- 
lute zero depart from proportionality to the magnitude of 
the projection of the REM ion spin onto the total moment1-' 

H h f ~  (&?,-I) I .  (1) 

Studies of the temperature dependence of these fields, 
Hhf(T),  showed that it is appreciably different from that of 
the magnetization of the matrix, M (T).2.4,5 The observed de- 
partures can be connected both with the nature of the inter- 
action which leads to magnetic ordering, and with the mech- 
anism by which hf fields arise at the impurity nuclei. In this 
connection it is important to establish reliably whether there 
is proportionality between the magnitudes of Hh, and the 
polarization of the conduction electrons. For this purpose, 
in the present work measurements have been carried out of 
the temperature dependence of the hf fields on the nuclei of 
tin impurity atoms in metallic gadolinium, using the method 
of Mossbauer emission spectroscopy. Since the Gd3+ ion in 
the metal is in the 8S7/2 state (with a small admixture of the 
6P712 first excited state), the exchange interaction Hamilton- 
ian should in this case be of the pure spin form: 

a = - J S s .  (2) 

The polarization of the conduction electrons, u, should 
thus be proportional to the mean value of the spin of the ion 
(S  ) with the condition that the corresponding coefficient of 
proportionality should be independent of temperature. If 
Hhf (T)  is then proportional to o(T),  the temperature depen- 
dence ofHhf should agree with the dependence of the matrix 
magnetization. Measurements of hf fields on a Sn impurity 
in Gd were made earlier,6 but they did not cover the whole 
temperature range of magnetic ordering and were not suffi- 
ciently accurate. 

As is known, metallic gadolinium has a close-packed 

hexagonal crystal structure and the symmetry does not 
change on passing through the Curie point. There has been 
much work on the magnetic properties of gadolinium. An 
anomaly was found7 in the magnetization of polycrystalline 
Gd around 210 K. The authors ascribed this anomaly to the 
existence of a helicoidal spin structure which even in a rather 
small ( z  15 Oe) external magnetic field changed into ferro- 
magnetic. However, neutron diffraction did not 
show reflections corresponding to a spiral spin structure. 
From these and other investigations it could be concluded 
that Gd below Tc is a normal ferromagnet, but the direction 
of easy magnetization depends appreciably on temperature. 
It was also shown in some other work10911 that in the tem- 
perature region Tc-230 K, the magnetic ordering in Gd is 
probably of a more complicated nature than had been sug- 
gested earlier. 

2. THE EXPERIMENTS 

The specimens for the investigation were prepared in 
two variants: in the form of an absorber and in the form of a 
source. The stable isotope l19Sn (0.5 at.% by calculation) was 
introduced into Gd (99.6% purity) by threefold remelting in 
an argon arc furnace. The alloy was ground with a diamond 
needle file in an inert atmosphere into a chip which was then 
deposited on an aluminum substrate from a solution of BF-2 
adhesive in alcohol. The source specimen was prepared by 
melting weighed quantities of gadolinium and radioactive 
"9mSn on a tantalum substrate in an argon atmosphere in an 
induction furnace. The calculated tin concentration was also 
not more than 0.5 at.% in this case. After melting, the speci- 
men and the tantalum substrate were rolled down to a thick- 
ness of 0.1-0.2 mm and then heated briefly (1-2 sec) at - 1000 "C (the temperature was not monitored) in an induc- 
tion furnace and wrapped in aluminum foil. 

Mossbauer spectra were measured with a spectrometer 
operating with constant acceleration, the speed being cali- 
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brated with a laser interferometer.'' The spectra were re- 
corded with a gas discharge proportional resonance counter 
having a cathode covered with the compound Ca119Sn03. 
The counter was fixed in a light frame which was in turn 
fixed to the shaft of the vibrator. While the absorption spec- 
tra were being measured, a Mossbauer source in the form of 
the compound Ca'l9SnO3 was fixed to the side of the frame 
opposite the detector, and a cryostat with the absorber was 
housed inside the frame between the detector and source. 
The source specimen was placed in the cryostat to measure 
emission spectra, while the Ca119Sn03 source was removed 
from the frame. The specimen temperature was maintained 
constant to an accuracy of $. 0.1 K. The spectra were ana- 
lyzed by a computer using the method of least squares. 

RESULTS AND DISCUSSION 

We first note that gadolinium has a low Debye charac- 
teristic temperature (OD = 173 K, according to RosenI3). 
Raising the temperature of the specimen above OD thus 
leads to a sharp reduction in the probability of the Moss- 
bauer effect and, as a consequence, to a fall in the resonance 
effect to a small value (a few percent in the case of the absorb- 
er at 4.5 K). This makes the obtaining of reliable results from 
absorption spectra difficult. The main measurements were 
therefore made on the source specimen, since a better signal 
to noise ratio could be obtained then and the spectra mea- 
sured to high accuracy over the whole temperature interval 
of interest to us. 

Some Mossbauer spectra of the source specimen are 
shown in Fig. 1. At 4.5 K (Fig. 1, curve 1) the spectra consist 
of six resonance lines, the position of which is characteristic 
of Mossbauer spectra of the 'I9Sn nucleus when a high mag- 
netic field H,, = - 32.34 + 0.4 T acts on it. The symmetric 
disposition of the lines relative to the isomer shift 
S = 1.91 f 0.01 mm-sec-' indicates the absence of any ap- 
preciable quadrupole interaction (AEc0.05 mm.sec-I). The 
fact that the spectrum in the paramagnetic region at 300 K 
has a single resonance line at S = 1.87 f 0.01 mm.sec-' 
with width r = 1.13 mm.sec-' also points to this. 

Increasing the specimen temperature leads to a reduc- 
tion in the splitting in the spectrum, but the spectrum retains 
its shape to 100 K. Another resonance line with an isomer 
shift 6 = 1.85 + 0.01 mm-sec-' appears in the spectrum 
above 100 K (see Fig. 1, curve 2), with relative intensity 
~ 3 0 %  of the overall intensity of the spectrum. This line 
gradually broadens below 100 K and is completely absent at 
77 K. As can be seen from curve 1 in Fig. 1, the position of 
the lines from this phase then coincide with the positions 
from the main phase, so that the spectrum at T < 77 K is well 
described by a single sextet. 

It seems that most of the Sn atoms are dissolved in Gd 
and occupy regular sites of the crystal lattice. This is con- 
firmed by the fact that the magnetic ordering temperature of 
291 f 1 K determined from the Mijssbauer spectra accord- 
ing to the start of broadening of the spectral line, agrees well 
with the known T, for Gd. The other, smaller fraction of the 
Sn atoms are either in a nonequivalent position in the gado- 
linium lattice (in interstitial sites associated with defects and 

, 
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FIG. 1. Emission Mossbauer spectra of '19Sn nulcei in gadolinium at dif- 
ferent temperatures: 1) 4.5, 2) 120, 3) 215,4) 240 K. 

impurities) or form a separate phase. The fraction of these 
atoms depends on the history of the specimen preparation: 
for example, they are fewer for a higher rate of cooling of the 
melt after fusion, while on the other hand the fraction of this 
phase increases on annealing. We shall only discuss below, 
the Mossbauer spectra of tin lying on regular sites of the Gd 
matrix. 

On the whole, the values of the parameters H,,, S and 
AE agree, within the limits of error, when calculated from 
absorption and from emission spectra. At the same time, 
some features are observed in the source spectra. As can be 
seen from the spectra in Fig. 1, the intensity of the second 
and fifth lines of the sextet changes on varying the tempera- 
ture. On raising the specimen temperature, the intensity of 
these lines first increases, reaches a maximum value in the 
range 120-1 80 K and then decreases again almost to zero for 
T >  230 K. These changes can be explained if one takes into 
account that the ratio of the intensities of the lines of the 
sextet depends on the angle 8 between the vector of the mag- 
netic field at a tin nucleus and the direction of the y-ray beam 
in the following way: 

Two extreme cases can be distinguished here. When 0 = 0 
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FIG. 2. Temperature dependence of the angle 0 between the direction of 
the y-ray beam (c axis of the crystal) and the direction of the hyperfine 
magnetic field vector at l19Sn nuclei (points) and the dependence of the 
angle between the c axis and the magnetic moment of gadolinium accord- 
ing to neutron scattering datas--curve 1, and according to magnetocrys- 
talline meas~re'ments'~-curve 2. 

the ratio of intensities is 3:O: 1, and if 8 = 90" it is 3:4: 1. It is 
natural to associate the change in the ratio between the line 
intensities of the sextet observed by us with the formation of 
a texture in the source specimen. As a result of the rolling 
and subsequent thermal treatment, a preferred orientation 
of the gadolinium crystallites evidently arises." Since we ob- 
served a ratio close to 3:O: 1 at temperatures above 230 K it 
can be concluded that the crystallographic c axis is, in our 
case, oriented perpendicular to the plane of the specimen (in 
the direction of propagation of the y-ray beam), since it is 
known from neutron diffraction dataas9 that in the tempera- 
ture region Tc-230 K the direction of the magnetic moment 
is oriented along the c axis. This conclusion is, naturally, 
only valid under the assumption that the direction of the 
magnetic field at the tin nuclei is determined by the direction 
of the spins of the neighboring gadolinium atoms. 

The temperature dependence of the angle 8, calculated 
according to Eq. (3) is shown in Fig. 2 as confirmation of this 
assumption. In this figure the variation of the angle q, 
between the Gd magnetic moment and the c axis is shown, 
derived from neutron diffraction8 and from magnetic mea- 
surements. l4 Comparison of these results shows good quali- 
tative agreement, although some disagreement is seen at low 
temperatures. These departures can be explained by several 
causes. First, it is possible that there is incomplete ordering 
of the specimen. Second, even in the measurement of the 
angle q, by different authors using one and the same method 
there is not good qualitative agreement, and more so among 
measurements by different  method^.^.^^'^ These differences 
can be ascribed to differences in thermal treatment of the 
specimens studied, the existence of internal strains and also 
the composition and amount of impurities. The nature of the 
impurity is probably important since, for example, in the 
temperature range 15-200 K no change in the angle between 
the direction of the magnetic hypertine field and the princi- 
pal axis of the tensor of the electric field gradient15 (the c axis 
of the Gd crystal) was observed for "'Cd nuclei in Gd. 

Figure 3 shows the dependence of reduced hyperfine 
field Hhf(T)/Hhf (4.5 K) at Sn nuclei in Gd on the reduced 
temperature T/Tc; results of Gotthardt et aL6 are also 
shown there. The variation of the spontaneous magnetiza- 
tion of Gd, M /Mo, according to Nigh et al. l6 is shown in the 

FIG. 3. Dependence on reduced temperature of: reduced magnetization of 
gadolinium M /Mo (Ref. 16)-continuous curve 1; reduced magnetization 
of a gadolinium ion next to a nonmagnetic impurity Ml/Mo (Ref. 17)- 
dashed curve 2; reduced hyperfine magnetic field at l19Sn nuclei in Gd: 0) 
our measurements, 0) according to Gotthardt et aL6; A) the analogous 
dependence for "'Cd in GdI5. 

same figure and the calculated17 reduced magnetization of a 
gadolinium ion next to a nonmagnetic impurity Ml/Mo. 
Comparison of these results shows that in the temperature 
range 4.5-1 70 K the Hhf (T)/Hhf (4.5 K) dependence agrees 
with that of M,/Mo. However, an appreciable divergence is 
observed at higher temperatures between the reduced hyper- 
fine field on Sn and both M/Mo and Ml/Mo, so that the 
difference 

is a negative quantity (negative anomaly) and reaches a value 
of 0.2. If we subtract Ml/Mo and not M /Mo, then the differ- 
ence reaches 0.1. 

We note here some features of the Mossbauer spectra at 
temperatures above 230 K. For example, application of an 
external magnetic field Ho = 0.02 T perpendicular to the y- 
ray beam in the range 230-260 K, not only leads to reorien- 
tation of Hhf by 90°, but also to its increasing by z 5% (H,, 
= 0.74.5 T, Fig. 4). That such a small value of Ho is suffi- 

cient to turn the axis of easy magnetization is due to the well 
known small magnetocrystalline anisotropy in gadolinium 
in this temperature range. The increase in Hhf at tin nuclei 
can be explained by the anisotropic nature of the hf magnetic 
interaction. As has been shown,18 the field Hhf at tin nuclei 
in Gd0,95Tm0,05 is less by 4 f 1% than in Gdo,,7Tbo,o,, in 
which the magnetization direction is directed perpendicular 
to the c axis. The magnitude and sign of AH,, found by us 
agrees well with the results of Balabanov et a1.,I8 but the 
observed anomaly in Hhf(T)/Hhf (0) cannot be completely 
explained by anisotropy in the hf interaction, since the dis- 
agreement is appreciably less. Besides, the change AHhf in 
an applied field Ho = 0.35 T is double (taking the sign of Hhf 
into account) that for Ho = 0.02 T. This fact can be under- 
stood if non-collinearity of the magnetic moments in Gd is 
assumed, which evidently decreases on applying an external 
magnetic field. Actually, neutron diffraction studies 
showed19 that the angle q, fluctuates above 235 K and that 
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FIG. 4. Emission Mossbauer spectra of l19Sn nuclei in Gd at 230 K: 1) 
without external field, 2) in a magnetic field of 0.02 T applied perpendicu- 
lar to the pray beam. 

only on the average is g, equal to zero. 
The shapes of the Mossbauer spectra obtained at 

T >  230 K indicates the existence of at least two magnetically 
nonequivalent sites for tin in Gd with relative populations 
3:1, and the tin nuclei in the less populated sites have Hhf 
~ 2 0 %  less than for sites with the larger population. Unfor- 
tunately, a detailed interpretation of these spectra is compli- 
cated by the overlap of lines from two sextets, which in- 
creases with increasing temperature. Nevertheless, the 
features enumerated above confirm the earlier sugges- 
tions7.11.~7 that Gd is not a simple ferromagnet in the range 

T,-230 K. 

4. DISCUSSION 

The Hhf ( T )  dependence for ' ' 'Cd over the whole tem- 
perature range up to T, and for '19Sn in the temperature 
range T < 170 K agrees with the magnetization curve for Gd, 
corrected for the depolarizing effect of the impurity, i.e., 
Hhf(T) = a(S,), where a is a constant. At T = 0 the polar- 
ization of the conduction electrons u(0) is proportional to the 
spin S, according to the Hamiltonian of Eq. (2), while H,, (0) 
is usually taken to be proportional to u(O), i.e., u(0) = x,(O)S 
and Hhf (0) = x,(O)u(O). If the coefficients X, and X, depend 
on temperature, then 

o(T) =xi (T) (8,) and' Hhf(T) =xz (T)b (T). 

Consequently the cond i t i on~ , (T )~ , (T )  = a is required. The 
existence of such a connection between these coefficients 
which characterize completely different forms of interaction 
(exchange and hyperfine) is quite unreasonable i fx ,  and X, 
depend on T. The condition obtained thus indicates that 
xl\T) = const and x,(T) = const. Consequently, Hhf (T )  on 

the nonmagnetic impurities Sn and Cd is proportional to the 
polarization of the conduction electrons of the matrix, u (T  ). 
It can also be deduced that u(T) is proportional to the magne- 
tization of the matrix (S,) for a fixed magnetic structure, 
while the negative temperature anomaly in Hhf (T)  for tin in 
the temperature region T >  170 K is explained by a decrease 
in the matrix polarization, associated with the rotation of the 
axis of easy magnetization and readjustment of the magnetic 
structure of Gd, 

In other REM's, as distinct from Gd, large deviations of 
the temperature dependence Hh,(T) at an impurity atom 
were observed from the magnetization curve.,s3 Assuming 
the proportionality between H,, and a (T) ,  we come to the 
conclusion that the temperature anomalies in hf field in 
REM's indicate the absence of proportionality between (S, ) 
and u(T). This suggests that the interaction between the 4-f 
ions and the conduction electrons (k-f interaction) is not 
pure spin, but contains contributions associated with the or- 
bital momenta and the conduction electrons.20~2' It has been 
shownz0 that the dependence of Hhf at nonmagnetic impuri- 
ties in a number of isomorphic REM compounds on the total 
momentum of the ion, J, is well described by the three-term 
formula 

where the first term is the usual spin contribution to the 
conduction electron polarization, while the second and third 
are, respectively, the orbital and spin-dipole contributions. 
We obtained Eq. (5) independently, starting from the general 
formulation of Hirst.,' If account is taken of higher terms in - 
the expansion, proportional to odd powers of J," then it can 
be shown that the departure of the Hh,(T) curve from (J) 
must depend appreciably on the orbital momentum of the 
REM ion. This statement is also to some extent valid for Gd 
since the Gd ion is not in a pure S state. 
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