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M �ossbauer spectroscop y of 5 7 Fe and X -ray di˜racti on measurements in
t he Zr 1 À x T ix Fe2 phase ha ve been made. Our X -ray di˜racti on spectra re-
vea led that the samples have the cubic C 15 crystal structure for low T i

concentration and the hexa gonal C 14 structure for high T i concentration. I n
the range of 0: 2 ç x ç 0: 5 a mixture of both structures occurs. The inves-
tigated comp ounds are paramagneti c at RT for x > 0: 80 and magnetic for
x ç 0: 8 . In the magnetic samples we found four di˜erent values of hyp erÙne

magnetic Ùelds. T he presence of two hyp erÙne magnetic Ùelds in the C 14
phase suggests magnetic moments on Fe atoms at 2a sites. T he obtained " Q

vs. the x dependence indicates the spin canted antif erromagnetic structure
in the hexagonal phase in the range of 0 :2 ç x ç 0: 8.

PAC S numb ers: 31.30.Gs, 77.80.Bh, 75.30.K z

1. I n t rod uct io n

Our X- ray di ˜ra cti on (X RD ) inv estigati ons show tha t in the quasibinary
system of ZrFe and Ti Fe wi th La ves structure the crysta l structure changes
from the cubi c 15 typ e (Mg Cu , space group ) to the hexagonal 14 typ e
(Mg Zn , space group ). In the cubi c phase Fe ato ms create regul ar tetra -
hedro ns ( positi ons of the point symm etry) connected vi a thei r corners. Six
Fe and six Zr atom s surro und each Fe ato m composing i ts nearest neighb our (see
Fi g. 1a). In the hexagonal phase Fe ato ms create the sublatti ce of regular tetra he-
dro ns l inked alterna tel y by apexes ( positi ons of the point sym metry) or by
thei r bases( positi ons of the point sym metry). In thi s structure the popul a-
ti on rati o of and sites is equal to 3:1. The numb er of the nearest neighb ours
of Fe atom s is identi cal to tha t in the structure. The di ˜erence am ong the
structures is only in local symm etry of the nearest neighbours (see Fi g. 1b and c).
The com pound ZrF e is a ferrom agnet ( 630 K, RT 76 emu/ g [1]) in
whi ch at the RT al l Fe ato m s have a magneti c m oment of about . The neu-
tro n di ˜ra cti on m easurement results [2] suggest an anti paral lel induced m agneti c
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m oment at Zr sites of about À 0 : 3 ñ B as a result of hybri di zati on of 3 d Fe and 4 d Zr
bands [3]. The Laves phase Ti Fe2 i s an anti f erromagnet (T N = 285 K [4]). From
the neutro n di ˜ra cti on investigatio ns [4] it is kno wn tha t the magneti c mom ents
of (a t 4 K) of the Fe ato ms in the layers perpendi cular to the axi s
are ferrom agneti cal ly al igned along thi s axi s whi le the coupl ing between adj acent
layers is anti ferromagneti c. Fe ato m s at the sites lyi ng m idway between the two
adj acent anti ferromagneti cal ly coupled planes do not carry any ordered m oment,
because the m olecular Ùelds from the sites are cancelled.

In the 15 structure all Fe atom s have local sym metry wi th a three-
fold axi s along one of [111] di recti ons. For the pure ZrF e interm etal li c an easy
m agneti zati on axi s has the sam e di recti on. In the presence of a m agneti c Ùeld the
pri ncipa l axi s of the electri c Ùeld gradi ent (EF G) makes two possible angles wi th
tha t axi s, of and . Thi s determ ines two disti nct typ es of magneti cal ly
nonequivalent Fe positi ons cal led I and I I, respect ively, wi th a popul ati on rati o
of 3:1.

In the 14 latti ce the pri nci pal axes of the local EFG s for sites are
perpendicul ar to the axi s being sim ulta neously an easy magneti zati on axi s. In
the case of sites relevant axes overl ap.

In the quasibinary (Zr Ti )F e La ves pha se com pounds the situa ti on is
m ore compl icated. It is kno wn [5] tha t in the 14 phase the therm al Ûuctuati ons
of the Fe mom ents give ri se to a dyna mical m olecul ar Ùeld upon sites at
a tem perature close to , whi ch causes stro ng spin Ûuctua ti ons and an ari sing
m agneti c mom ent at these sites. It is possibl e tha t the spati al di sorder in these
phases resul ti ng from Zr repl acement wi th Ti ato m s and phases intera cti on may
have a sim i lar e˜ect on the m agneti c structure. Al so easy magneti zati on axes
m ay change thei r di recti ons [6] whi ch gives a wi de range of possibl e angles
between these vecto rs and the pri ncipa l axes of EFG . Thi s fact is reÛected in
the relevant M �ossbauer spectra thro ugh di ˜erent observed values of quadrup ole
shi fts QS 3 cos 1 2. T o obta in a better understa ndi ng of the m agneti c
pro perty and the nature of ferromagneti sm anti ferrom agneti sm tra nsiti on in thi s
quasibinary system , we ha ve carri ed out studi es using the M�ossbauer e˜ect (ME)
over the whole concentra ti on.
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2. E x per i m en t a l

The quasibinary Zr 1 À x Ti x Fe2 com pounds in the polycrysta l l ine form were
pro duced by arc furna ce m elti ng of appro pri ate sto ichiom etri c amounts of zirco-
ni um , ti ta ni um , and i ron of 4N puri ty , in argon atm osphere. To avoid inhom o-
geneiti es the sam ples were rem elted a few ti m es. The crysta l structure of pro-
duced sam ples was exam ined by m eans of a di ˜ra ctometer wi th Cu K ˜ radi ati on
at È À 2 È geom etry . The 5 7 Fe M�ossbauer spectra of the powdered sam ples were
m easured at RT usi ng a consta nt accelerati on spectrom eter in a tra nsmission m ode
wi th the Co/ Rh source. From the data on crysta l structures and XR D resul ts
we coul d accept a tw o-site model for the sing le-phase range and a four-site m odel
for the m ixed phase range. Each Ùtted sextet has Ùxed the relati ve l ine intensi ti es

characteri sti c of polycrysta l m ateri als. For both phases the
sextet intensi ty rati o ( sites/ sites or I sites/ I I sites) was Ùxed as 3:1. Al l the
other param eters were set f ree in the Ùtti ng pro cesses.

3. R esul t s an d d iscu ssio n

The sam ples under discussion form ed the quasibi nary La ves phasesin whi ch
Ti ato m s replaced a part of Zr ato ms, theref ore the pro duced phasescould crysta l -
l ize form ing a cubi c or hexagonal crysta l latti ce. Such a replacement is stro ngly sug-
gested both by ato m ic sizes of the Ti and Zr ato ms (1.46 and 1.60 ¡A, respectively)
and thei r chemical simi lari t y (Pa ul ing electro negati vi ti es: 1.3 and 1.2, respec-
ti vel y). Ano ther possibi l i ty is the form ati on of a mixture of both above-mentio ned
structures in one sampl e. Powder X- ray di ˜ra cto grams were made for each sampl e,
conÙrming a sing le phase of the 15 structure in the sam ples wi th Ti content less
tha n 0.15 and a single phase of the 14 structure in the probes wi th Ti content
over 0.6 at. %. Powder patterns in a range of the Ti concentra ti on of
show the coexi stence of both phases. The analysis of intensi ti es of som e careful ly
chosen di ˜ra cti on l ines, representa ti ve for the respecti ve crysta l structure s, al low
us to estim ate relati ve contri buti on of the hexa gonal 14 phase for the sampl esin
inv estigati on. The corresp ondent dependence, given in Fi g. 2, exhi bi ts progressive
increasing of the 14 phase contri buti on wi th increasing Ti concentra ti on in the
region of the m ixed pha ses.Fi gure 3 presents the latti ce constants dependences on
Ti concentra ti ons for both observed crysta l structures. Ab out 2% decrease in the
cubi c cell di mension in the 15 phase occurrence range is rela ted to the parti al
substi tuti on of Zr ato ms by smaller Ti ato m s wi tho ut structure tra nsform ati on.
Simi larl y, the replacement of greater Zr ato m s by Ti ato m s in the hexagonal struc-
ture leads to about 3% decrease in the and param eters. Onl y m inor devi ati ons
from Vegard ' s law are observed for both structures indi vi dual ly . The and values
for pure Ti Fe are consistent wi th the results of [4]. The sampl es in inv estigati on
reveal di ˜erent behavi our in various ranges of concentra ti on. For Ti
ato m s are di ssolved in the Zr subl atti ce of the cubi c structure of ZrF e in the f orm
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Fig. 2. The lattice constant values vs. the T i concentration x in the Zr 1 À x T ix Fe2 phases

from X R D.

Fig. 3. The hexagonal C 14 phase contributions in the investigated Zr 1 À x T ix Fe2 com-

p ounds estimated from the X RD measurements and the M�ossbauer spectra.

of sol id soluti ons. For x Ñ 0 : 6 exchange of ro les occurs and the C 14 phase serves
as solvent for Zr ato m s. In the range of 0 : we have to do wi th a ki nd
of a m ixture.

The results of hyp erÙne intera cti ons param eters are given in Fi gs. 4{ 6. For
the Ti concentra ti on of there are two hyp erÙne m agneti c Ùelds on

Fe of the values about 200 and 185 kG s (see Fi g. 4). On the basis of thei r
pra cti cal independence of the sampl ecompositi on and analysis of the sextet inten-
siti es related to them we could ascribe these values to I and I I sites, respectively.
The observed di ˜erence of between these two typ es of sites in the cubi c phase
can be expl ained by the so-cal led pseudodipolar anisotro pic intera cti on [6]. The
term \ pseudodi polar" stands for the e˜ecti ve anisotro pic contri buti on to the Fe
hyp erÙne m agneti c Ùeld, whi ch exceeds signi Ùcantl y the amount of the classical
di po le{ dipole intera cti on. Thi s can be caused by overl appi ng -orbi ta ls and/ or
by an intera cti on involving not com pletely quenched orbi ta l m oments on the Fe
ato m s. For the Ti content of two addi ti onal interna l m agneti c Ùelds
app eared, the values of whi ch amount to about 50 and 15 kG s. They occur up to

and changehardl y wi th the increasing Ti concentra ti on. As earl ier, ta ki ng
into account the magnitudes of these Ùelds and the relevant sextet intensi ti es, we
assigned them to Fe ato ms at and positi ons in the hexagonal pha se. For

the lack of hyp erÙne m agneti c Ùeld results, of course, from param agneti c
character of the sam pl es.Preservati on of four wel l -determ ined hyp erÙne m agneti c
Ùeld values in the m ixed phase range al lows for the statem ent tha t in thi s range
we have to do wi th the m ixture of two well -separated 15 and 14 phases at
least in the m icro-scale. On the basis of the above-di scussed accepted m odel at-
tri buti ng the speciÙc Ùelds to the appro pri ate crysta l phaseswe estim ated relati ve
contri buti on of the 14 phase in the inv estigated sam ples as the functi on of Ti
concentra ti on. Thi s contri buti on corresp onds to the rati o of intensi ti es of sextets
related to two low and two high components in the M�ossbauer spectra, respec-
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Fig. 4. The hyp erÙne magnetic Ùeld values versus T i concentration x .

Fig. 5. T he quadrup ole splittin g QS or the quadrup ol e shif t " Q values versus the T i

concentration x .

ti vel y. The result of such estim ati on is given in Fi g. 2. It can be seen in thi s Ùgure
tha t both M�ossbauer spectro scopy (MS) and XR D metho ds give very sim i lar de-
pendences of the C 14 pha se contri buti on in the investigated sampl es. The QS or
" Q values (i n the magneti c range) as a functi on of the Ti concentra ti on are given
in Fi g. 5. In the paramagneti c state QS values are close to 0.40 m m/ s. In the l ight
of thi s result and the C 14 structure sym metry described above, we can dra w a
conclusi on tha t in spite of di ˜erent local sym m etri es of the 2 a and 6 h sites, QS at
these both positi ons have the same value wi thi n the l imits of m easurem ent errors.
Simi larl y for the ZrF e2 com pound we have measured QS in a tem perature above

and we have obta ined the value of about 0.42 m m / s [7]. A noti ceable di ˜erence
of values and opposite signs of at I and I I sites observed in the pure cubi c phase
range occurs due to di ˜erent angles for these positi ons (see Sec. 1). The same
signs and very cl osed v alues of for two typ es of sites in the mixed and pure
hexagonal phases range can be expl ained as fol lows. As a result of the 15 and

14 phases intera cti on, the latter becom es a spi n canted anti f erromagneti c wi th
Fe spins only slightly deÛected from the axi s. Thi s causes an appearance of

smal l m agneti c m om ents at sites lyi ng in the plane perpendicul ar to the axi s.
These m oments give the above-m enti oned hyp erÙne Ùeld kG s. Sim ulta ne-
ousl y, in such a situa ti on the respective angles are the sam e for both sites and
equal appro xi matel y to .

Fig. 6. Mean values of the isomer shif t I S and Fe{F e distance (the inset ) versus the T i

concentration x .
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For each x value the IS values of 5 7 Fe at both typ es of sites in the C 15
and at both typ es of Fe positi ons in the C 14 structure are the sam e wi thi n the
exp erimenta l error l im its. Thus only the mean IS values dependence vs. x i s shown
in Fi g. 6. IS value changes almost monoto nical ly f rom { 0.18 mm / s f or pure ZrF e2

to IS = À 0:29 mm / s f or pure Ti Fe2 . In the 5 7 Fe probe case the s electro n density
increases on the nucl eus. The possibl e expl anati ons of thi s dependence are as
fol lows. Fi rstl y, the density of the 4 s conducti on electro ns m ay increase di rectl y
due to the decrease in the nearest neighbour distances (see Fi g. 6). Secondl y, the
density of the inner electro ns m ay increase as a resul t of the weaker shi elding
of these electrons by the Fe electrons. It is kno wn [8] tha t when tra nsi ti on
ato m s are substi tuted by ato ms in the quasibinary La ves AF e com pound,
hybri di zati on between the Fe bands and the respecti ve bands of the A atom
becomes stro nger. Then the wi dth of the Fe band becom es larger and the degree
of the states local izati on decreases in such a band.

The ME and XR D m easurements indi cate the coexi stence of the ferrom ag-
neti c 15 phase and the canted anti ferromagneti c 14 phase for in
the Zr Ti Fe system. It seems tha t in the mixed phasesrange the coupl ing be-
tween the f erromagneti c and anti ferromagneti c com ponents is considerably weaker
tha n tho se wi thi n each of these com ponents. Thi s allows us to preserve the canted
anti ferromagneti c structure of the hexagonal phase. In order to expl ain the mean
IS dependence on i t is necessary to incl ude the e˜ects related to the mixing of

Fe bands and bands of A ato m. Furtherm ore, there is a stro ng correla ti on
between the IS values and the distances from Fe ato m probes to thei r nearest
neighbours in the latti ce.


