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Hyperfine Interactions in ZrFe2 Compounds

INTRODUCTION

Intermetallic compounds have been extensively investigated, mainly because of 
their specific magnetic behaviour. Apart from the bulk systems also superlattices, 
interfaces and surface phenomena have been studied. Information about a local 
environment of nuclear probes may be obtained from measurements of hyperfine 
interactions.

Quasibinary compounds of ZrFe2-type belong to the large group of Laves’ phase 
compounds.

The general formulae of Laves’ phase is AB2 . By the combination between 
the elements of the A and B atoms, these compounds form three typical crystal



structures: cubic MgCuo — type (C15) and two kinds of hexagonal structure MgZn2 

— type (C14) and MgNi2 (C36). All the Fe compounds AFej are ferromagnetic and 
such compounds are the subject of our investigation. Some of them (e.g. HfFe2) 
crystallize in the hexagonal (C14) structure. The others (e.g. ZrFeo) have the cubic 
(C15) structure.

Magnetic properties of ZrFe2 compounds are determined by the Fe sublattice. In 
hexagonal elementary cell the Fe atoms are placed on parallel surfaces (Fig. la). In 
the cubic structure the Fe sublattice may be seen to be constructed from tetrahedra 
linked by a vertex (Fig. lb). The line passing through the center of base triangle is 
taken as the ; — direction, the principal axis of the electric held gradient (Fig. 2). 
The easy magnetization axis lies along < 111 > direction. In this way two possible 
sites can be distinguished in which the Fe atoms are placed. The population ratio 
of these sites is equal to 3:1 (MI). Except for this aspect of non-coincidence of the 
local z axis and the magnetization direction, the whole geometry is the same for 
both sites.

Fig. 2. Schematic representation <»l ih- l c snblattice in A B 2 , C l5  structure com pounds

The 5'Fe Mossbauer spectroscopy allows to measure the hyperfine interaction 
parameters for these crystallographic sites where the Fe atoms are placed. Ap
plication of Time Differential Perturbed Angular Correlations method gives the 
possibility to measure the hyperfine magnetic fields acting on the Ta nuclei placed 
at the Zr sites. TDPAC measurements have been performed for (133-482) keV cas



cade in 181Ta (after the fl~ decay of 181 Ilf). A standard spectrometer has been 
used, with BaFo and NE111 scintillators working with XP 2020Q photomultiplier. 
The time resolution was equal to 2tq = 0.9— 1.9 ns. Measurements were performed 
on polycryst.alline samples, without the external magnetic field.

The Mossbauer spectra were recorded at RT with a conventional constant 
acceleration spectrometer with a 5'Co source in a Cr matrix.

IN TER N A L M AGNETIC FIELDS IN (Z i^H fj_.r )Fe2 C O M P O U N D S

The magnetism of metals and compounds is correlated with the crystallographic 
and electric structure of them. However, it is not exactly known which of these two 
factors plays a dominant role. The effective tool in the studies of magnetic properties 
and stability of crystallographic structure are measurements of hyperfine fields 
in the substitutional, quasibinary compounds as a function of the concentration 
of admixtured atoms. Our measurements confirmed the supposition that the 
substitution of magnetic atoms (Fe) and nonmagnetic (Zr) ones led to the different 
results.
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Fig. 3. Hyperfine magnolie field on Ta nuclei in (Zi\L-Hfi_.T)Fo2 as a function ot the Zr concen
trations

In the beginning, the changes of hyperfine interaction parameters caused by the 
substitution of the Zr atoms by the Hf atoms were measured. In Fig. 3 the changes 
of hyperfine magnetic field B|,r acting on Ta nuclei in (Zr:rHfi_r )Fe2 compounds 
are presented.



In spile of the fact that zirconium and hafnium belong to the different periods in 
the periodic table of elements, their chemical properties are very similar. It- is visible 
in Fig. 3 that the substitution of the Zr atoms by the Hf atoms does not change 
the hyperfine magnetic field on Ta nuclei (Bjf) in the wide range of concentration 
0.4 < j: < 1.0. Not before x < 0.3 , the component Bj“r characteristic of IlfFeo 
appears. For lower concentration x we have observed the additional component B^t- 
attributed by us to the crystallographic unstability of IlfFeo.

The substitution of zirconium by the Hf atoms for the whole range of concentra
tion x does not influence the hyperfine magnetic field on 5<Fe nuclei (at B sites) [1].

Bhf (Ta) x=0.9 

Bhf (Fe) x=0.9 

Bhf (Ta) x=0.A 

Bhf (Ta)x=0.0

Fig. 4. Reduced values of hyperfine magnetic fields on 181 Ta and *7Fc nuclei as t he functions of  
the reduced temperature. So I if 1 lines stand the Brillouin functions for J =  1 /2  and J  =  7 /2

For considerable amount of zirconium (x > 0.4), the anomalous behaviour of 
hyperfine magnetic fields on 181Ta as well as on 5'Fe nuclei was observed. Fig. 4. 
Such a behaviour was attributed [2] to the contribution from the core polarization 
of the Ta atoms, caused by the localized magnetic moment of the iron.

INFLUENCE OF THE NEAREST SURROUNDING OF "7Fc IN Zr(F<?]_XAU)2 
AND Zr(Fei_i Si, ) 2  COMPOUNDS

A partial replacement of the Fe atoms by nonmagnetic AI and Si was an attempt 
to determine the influence of such a substitution on the hyperfine interaction 
parameters.

In order to attain this information we have used Mossbauer spectroscopy. 
Mossbauer spectra were recorded with a conventional constant acceleration spec
trometer with a 5'Co source in a Cr matrix.



Fig. 5. Mean weighted val
ues of B, QS and IS 
for Zr(Fei_.r AI.v-)2 and for 
Zr(Fe] _ .,rSij )2 as a fun d  ion 
of A1 and Si concentration,  
respectively

The substitution of the Fe atoms by A1 and Si causes a great variety of 5/ Fe local 
environments, under the assumption that the admixtured atoms are distributed 
randomly. In Fig. 5 the mean weighted values of hyperfme magnetic field (B), 
isomer shift (IS) and quadrupole splitting (QS) are shown as the functions of A1 
and Si concentration. It reveals, that aluminium and silicon being neigbours in the 
periodic table of elements cause the similar changes of the hyperfme interaction 
parameters. It is visible particularly in the case of hyperfine magnetic field. The 
range of interest (0.00 < x < 0.20) may be divided into two parts showing different 
slopes of curves. For x = 0.06, the inflection occurs for Zr(Fei_j:AlJ )2 as well as for
Zr(Fei_,:SiJ-)2.

As it was mentioned above (see also Fig. 2), in pure ZrFeo the Fe atoms may 
occupy two, magnetically inequivalent sites. It stands to reason that our Mossbauer 
spectra registered for x = 0 consist of two sextuplets. The total intensity ratio is 
closed to the expected one 3:1. All the spectra for x > 0 have been fitted by more 
than two sextuplets. The total intensity and QS ratio differ significantly from 3 : 1 
and —1 : 3, respectively. It means, in our opinion, that the direction of the easy 
magnetization axis has changed from [111] to [100], at least locally.

More than two sextuplets in our spectra for higher concentration of Al or Si 
result from a great variety of the Fe local environments. In pure ZrFeo the iron atom
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Fig. 6. Components of hyperfine magnet ic fields in Zr(Fej _ x Al:r )o (upper figure) and  
Z r (F e i_ x Six )2 (lower figure) as the function of AI and Si concentration, respectively



is surrounded by 6 Fe atoms as its nearest neighbours (nn) and 12 Fe atoms as the 
next-nearest neighbours (nun). With growing concentration of admixtured atoms 
(Al, Si) more and more of them become nearest and next-nearest neighbours of 
the Fe atom. Fig. 6 presents the behaviour of all components of hyperfine magnetic 
fields with growing concentration of nonmagnetic atoms (Al, Si).

It is visible that the character of changes is very similar for both our compounds. 
Such a dependence allows us to attribute a given number of nonmagnetic atoms to 
every individual component assuming that each of them reflects a probable local 
environment of the Fe atom. The proposed configurations of Fe and Al and Si 
atoms are presented in Table 1. Under the supposition of such a configuration 
as given in the Table 1, the divergence between experimental and theoretical 
amplitude values remains within the bounds of 10 ~  30% for x < 0.10 and 
30 -r- 50% for x > 0.13. The configurations presented for e) and f) curves are 
very rough estimations. The bifurcation of curves a) for x < 0.06 results from 
the existence of two possible, magnetically inequivalent Fe sites in ZrFeo. With 
increasing Al(Si) concentration, this splitting disappears. Under the assumption of 
a random distribution of admixtured atoms, the probability of finding a definite 
surrounding of the Fe atom may be calculated from the binomial distribution.

Table 1. The proposed configurations of Fe and Al(Si) atoms in the nearest (nn) and n ex t 
-nearest (nnn) shells of 5 , Fe atoms, corresponding to curves (a - f )  of Fig. 6. The underlined  

configurations provide the largest contribution to the amplitude of hyperfine m agnetic  field

Curve
in

Fig. 3

Configuration of
nn shell nnn shell

A' <  0.10 x >  0.13
a 6Fe 12Fe 12Fe, l l F e + l S i
b 6 Fe l l F e - f l S i l l F e + l S i ,  10Fe+2Si
c 5 F e + l$ i

6Fe
12Fe

10Fe+2Si
l l F e + l S i ,  10Fe+2Si  

10Fc-f2Si.  9Fe+3S i
(\ 5 F e + lS i l lFe- |- lS i ,  10Fe+2Si L lF e+ lS i ,  10Fe+2Si

GFe 9Fe+3Si 9F e+3S i ,  9Fe-f 3Si
e 4F e+  2Si 12Fe, l l F e + l S i 12Fe, l l F e + l S i  

10Fe+2Si
f 4Fe+2Si 10Fe+2Si, 9Fe+3Si lOFe-f2Si, 9Fe-f3Si  

8Fe+4Si

A confrontation of experimental amplitudes of sextuplets (a-f) obtained from 
numerical analysis and binominal distribution data shows a divergence between 
them within the bounds of 30%. It is the satisfactory agreement considering that 
only the arrangements of frequent occurrence are detected. Furthermore, one should 
remember that between the atoms of admixture (Al, Si) introduced into metallic 
compound the repulsion or the attraction may occur. Such the interaction have 
been studied in metals [3].

Our results indicate that the decreasing of hyperfine magnetic fields at the Fe 
sites (and thereby the decrease of the Fe magnetic moment) is caused by increasing 
number of nonmagnetic atoms (Al, Si) in the nearest surrounding of the Fe atom. 
It becomes evident, from our studies, that the concentration dependence of the



hyperfine magnetic field cannot be explained by assuming a discontinues formation 
of the Fe magnetic moment on the basis of the model of J a c c a r i n o  and W a l k e r  
[4]. According to this model the magnetic moment of the Fe atom should be equal 
to zero or should have its maximum value depending on the number of magnetic 
neigbours. It reveals from our experiment, that the decrease of the Fe magnetic 
moment is rather stepwise. We have estimated from our spectra that the lack of 
one Fe atom as the nearest neigbour causes the decrease of the field by about 
34 kGs. The substitution of one Fe atom as the next-nearest neighbour causes the 
decrease by about. 8 kGs.

LOCALIZATION OF M AG NE TIC M O M E NT

There are two theoretical approaches which may be applied to the description of 
properties of magnetic materials. H e i s e n b e r g  set fourth a theory which assumed 
that the carriers of magnetic moments were localized and their energetic spect rum 
was described by Boltzman statistics [5].

The second approach assumes that, the magnetic elect rons are itinerant and they 
are described, in S t o n e r ’s opinion [6], by Fermi — Dirac statistics. The energetic 
structure of the magnetic material should be the determination in the acceptation 
of the adequate theoretical approach. If the width of the electronic levels in a cryst al 
is considerably smaller than the energy difference between them this crystal should 
be described by the Heisenberg’s model of localized moments. Whereas the energy 
difference between electronic levels is comparable with their width, the magnetic 
properties may be described by the band model (itinerant electrons). In this aspect, 
one should remember that in our compounds we have two crystallographic sites 
where the Fe atoms and Zr(Hf) atoms are located.

It results from our Mossbauer measurements that the localized magnetic mo
ments in the Fe sites decreases with growing amount, of nonmagnetic atoms in its 
nearest, surrounding. Regarding the Zr(Hf) sites, the information was given by TD- 
PAC data. From the lack of anomaly in the temperature dependence of hyperfine 
magnetic field on 181Ta nuclei (Fig. 4) results that, in the Hf sites the localized mag
netic. moment rather does not exist. The measured value Bi,f(Ta)= —146(3) kGs 
originates mainly from the polarization of the conduction electrons. This polariza
tion is proportional to the magnetization of the iron sublattice and exhibits the 
same temperature dependence. The temperature anomaly appears for j: > 0.4. We 
may admit that then the localized magnetic moment at. Zr, Ilf(Ta) sites appears in 
(Zro.4 Hfo,6)Feo and it. is approximately constant up to the total substitution of the 
Hf by the Zr atoms.

In ZrFe2 the macroscopic magnetic moment, per one Fe atom is equal to 1.60 j/b 
[7] and it is by about. 20% greater than in the case of HfFeo (1.30 //b [8]). It means 
that the contribution from the polarization of conduction electrons increases to 
about. —170 kGs. Thus, the contribution from the core polarization can be estimated 
as equal to about. -1-100 kGs (at. room temperature). It means that at Zr sites the 
magnetic moment, with opposite sign appears. It is induced by the Fe sublattice.



Table 2. Hyperfine magnetic fields and their pressure derivatives in the com pounds of ZrFe2 type

sample nuclear
probe

B i„(*G a) 
at p = 0

cdn B|,f /c)p 
( 1 0 ~ 12 P a " 1)

T Ref.

(Zro oHfo 1 )Ec2 181 Ta - 6 5 ( 1 0 ) 22.3(3) RT 9
ZrFe2 89 Zr -1 2 6 (1 0 ) 11.1(3) L He 10
ZrFe2 5 7 Fe — 222(10) -7.3(1) L He 10

The confirmation of this fact was given by measurements of pressure derivatives 
of hyperfine magnetic field in (Zro.oIIfo.i b  [8]. Table 2 presents the results of our 
measurements and the data from other works.

It is visible that the pressure derivatives of B r̂ at the Zr sites (occupied also by 
Hf(Ta)) have the sign opposite to that one at the Fe sites. These results confirmed 
the theoretical predictions set forth by two independent groups: //Zr = — 0.53/ie, 
/iFe = 1.87//B, [11] and //Zr = — 0.56//B. RFe = 1.90/*b [12].

R E FERE NCES

[1] A m a r a l  L., Li v i F. P, G o m e s  A. A., J. Phys.  F. Met .  Phy s ., 12 (1982),  2091.
[2] B u d z y ń s k i  M., Oddziaływania,  nadsubtclnt  w Fe, Co, Mi, (Zrx HJ\^x )Fe 2 oraz w trójflu- 

orkach, lekkich lantanowców,  Wyd. UMCS, Lublin 198-4. '
[3] S t c r n i k M., K r ó l  a s  K., Phys.  Rev.,  40 (1989), 4171.
[-4] J a c c a r i n o  V. ,  W a l k e r  L. R., PAys. Rev. Lett. ,  15 (1965),  258.
[5] H e i s e n b e r g  W., Zs. Phys. ,  38 (1926), -411; 39 (1926), 499; 11 (1927),  239.
[6] S t o n e r  E. C., Proc. Roy.  Soc., A 15-4 (1936), 656.
[7] N a k a m  i c h i T., K a i  K., Y a m a m o t o  M., J. Phys.  Soc. Jap. ,  29 (1970),  794.
[8] L i v i  F.  P.,  R o g e r s  J. D. ,  V i c c a r i n o  P. J., Phys.  Stat.  Sol., (a) 53 (1970),  379.
[9] B u d z y ń s k i  M ., S u  b o t o w  i c z  M ., N i e z g o d a  H., S p u s t e k H., T a ń s k a - K r u p a  W ., 

W a s  i e w i c z R. ,  Phys.  Stat.  Sol . , (b) 147 (1988), 685.
[10] D u m i e l o v  T. ,  R i e d i  P. C.,  M o h n  P., S c h w a r z  K. ,  Y a m a d a  Y., J. Mag.  Mag.  Mat . ,  

5 4 /5 7  (1986),  1081.
[11] M o h n  P., S c h w a r z  K.,  Physica,  130b (1985), 26.




