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W e rep or t on 5 7 Fe-M �ossbauer stu dies of the magneti c prop erties in ScFe2

and Sc0: 4 T i 0: 6 Fe2 perf ormed as a function of pressure and temp erature . Both
systems crysta lli ze in the C 1 4 -typ e La ves phase structure w ith two di ˜erent
Fe sites 6h and 2a. T he ferromagnetic prop erties of ScFe2 ( T C = 540 K at
ambient pressure) change around 30 GPa to antif erromagnetic order of the

6h sites with non-magnetic 2a sites. T he ordering temp erature is lowered
to T N = 300 K at 51 GPa. T his pressure- dep endent b ehavio ur of ScFe2

resembles that observed w ithin the Sc1 À x T i x Fe2 series as a function of x .

I n ferromagnetic Sc0: 4 T i0 : 6 Fe2 w e observe , as a function of temp erature and
of pressure, an abrupt high- moment to low- moment transition of the Fe
band moments of the 6h sites, accompanie d by a rearrangement of the spin

directions. In both systems the decrease in the Fe moments is accompanied by
a strong increase in the volume coe£cient of the isomer shif t, originati ng from
a reduced s -electron shieldin g capabili ty of the d-electrons in the low-moment
state.

PACS numb ers: 75.50.Bb, 76.80.+ y

1. I n t rod uct io n

The hexa gonal 14-typ e Laves phase system Sc Ti Fe exhi bi ts, as a
functi on of , di ˜erent form s of band m agneti sm, e.g. ferromagneti sm (f m)
in ScFe 540 K)wi th relati vely large Fe band m oments and anti ferrom ag-
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Fig. 1. Lef t: C rystallograph ic structure of C 14 RF e2 La ves phases and right: magnetic

phase diagram of the C 14 La ves phase system Sc1 À x T i x Fe1 : 95 [2].

neti sm (afm ) in Ti Fe2 ( T N = 285 K ) wi th smal ler mom ents (6h sites) or vanishi ng
m oments (2a sites) [1, 2]. W i thi n the Sc1 Ti Fe series thi s di ˜erent behavi our
leads to a com plex magneti c phase di agram [2] (see Fi g. 1). Since the substi tuti on
of Sc by Ti is accompanied wi th a reducti on of the latti ce param eter, high pressure
should lead to a simi lar m agneti c behavi our as observed in the Sc Ti Fe series.
In the present Fe-M �ossbauer study of ScFe and Sc Ti Fe at high pressure
we observed indeed simi lar sequences of m agneti c pha ses as in the Sc Ti Fe
series as a functi on of .

The polycrysta ll ine ScFe and Sc Ti Fe sampl es were prepa red by arc
m elti ng of appro pri ate quanti ti es of consti tuents in argon atm osphere using iron
enri ched to 30% wi th Fe. X-ray di ˜ra cti on (X R D ) patterns pro ved the sin-
gle phase qual i ty of the sam ples. Hi gh pressure was appl ied to the sam ples in
a di amond-anvi l cell . The pressure was determ ined by ruby Ûuorescence. D etai ls
are described in R efs. [3, 4], where high-pressure studi es of R Fe La vesphaseswi th
nucl ear forwa rd scatteri ng (NFS) of synchro tro n radi ati on are presented. The pres-
sure dependence of the latti ce param eters of the sampl es were determ ined by en-
ergy-di spersive XR D at the beam l ine F3 at HAS YLA B (D ESY, Ham burg ) [5]. The

Fe-M�ossbauer spectra were ta ken wi th a CoRh point source. The M�ossbauer
absorbers enri ched wi th Fe had the e˜ecti ve thi ckness up to 10. T o ta ke into
account the thi ckness e˜ect, the Ùtti ng program based on tra nsmission integra l
wa s used. The simulta neous Ùt pro cedure, whi ch al lowed to constra int selected
parameters to the same values wi thi n a series of spectra (m easured, for insta nce,
as a functi on of tem perature), was appl ied. D etai ls of the Ùtti ng pro cedure are
described elsewhere [6, 7].
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3. R esul t s an d d iscu ssio n

3.1. Magnet i c proper ties of ScFe2 at high pressures

Two series of hi gh-pressure M�ossbauer m easurements were perform ed on
ScFe2 , one up to 51 GPa and the other one up to 72 GPa. M�ossbauer spectra
from the second series of measurements, perform ed at 300 K and 78 K and vari ous
pressures, are shown in Fi g. 2. The spectra at ambi ent pressure were Ùtted wi th
two subspectra and wi th Ùxed intensi ty rati o to 3:1 corresp ondi ng to the rati o of
6h and 2a sites in C 1 4 -typ e structure (see Fi g. 1). The Ùt revealed hyp erÙne Ùelds
B e˜ of 180 kG s and 177 kG s for the 6h and 2a sites, respectively, at 300 K and
equal hyp erÙne Ùelds of 197 kG s for both sites at 78 K. In these Ùts an identi cal
value of electri c quadrup ole intera cti on, Â E Q = À 0:40 mm / s, but di ˜erent angles

and between the di recti on of and the m ain axes of the
electri c Ùeld gradi ents for the 6h and 2a sites were assumed. Thi s arra ngement of
m agneti c m oments and electri c Ùeld gradi ents, the one for the 6h sites addi ti onal ly
wi th an asym m etry param eter of , fol lows from the kno wn structura l
and m agneti c pro perti es of ScFe and has been pro ven by other M�ossbauer studi es
of the Sc Ti Fe series [2] and Ti Fe [8].

The M�ossbauer spectra of ScFe at 40 GPa show a drasti c change by the ap-
pearance of a non-magneti c quadrup ole doubl et and magneti c sites wi th smal ler
hyp erÙne Ùelds. D ue to a bro ken diam ond anvi l , there was a larger pressure distri -
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buti on at the sam ple and the m agneti c sites were Ùtted by two sites wi th di ˜erent
hyp erÙne Ùelds. The spectra of ScFe2 at 40 GPa resembl e tho se of af m Ti Fe2 at
low tem perature, where the 6h sites are magneti cal ly ordered and the 2a sites are
non-magneti c [8]. The quadrup ole doubl et of the 2a sites exhi bi ts a quadrup ole
spl itti ng wi th broadening, pro babl y due to tra nsferred hyp erÙne Ùelds from neigh-
bouri ng 6h sites. It should be noted tha t the m agneti c sites could be onl y Ùtted
wi th the assumpti on of a magneti c texture wi th the axi s of m agneti zati on being
pref erenti al ly ori ented along the di recti on of the Û- rays, whi ch points to a preferred
ori enta ti on of the crysta l lographi c c-axes along the load axi s of the diam ond-anvil
cell . Addi ti onal M�ossbauer and NFS spectra of ScFe2 taken between 26 and 51 GPa
indi cate tha t the fm -afm tra nsiti on occurs around 30 GPa and tha t the NÇeel tem -
perature TN i s lowered to 300 K at 51 GPa [3]. The spectrum of ScFe2 measured
at 72 GPa and 300 K (Fi g. 2) cl earl y demonstra tes the lossof m agneti c order. The
resul ti ng quadrup ole doubl et wi th a spli tti ng of ( { )0.43 mm /s exhi bi ts again a
slight asym metry , ori ginati ng f rom the above-mentio ned pressure induced texture
of the hexagonal latti ce. It was Ùtted wi th tw o asymm etri c quadrup ole doubl ets
correspondi ng to the 6h and 2a sites wi th a Ùxed intensi ty rati o of 3:1.

Fig. 3. Lef t: 57 Fe isomer shif t S and hyp erÙne Ùelds B e˜ in ScFe2 as a function of

pressure (f ull dots: 6h sites; full diamonds : 2a sites). Right: 57 Fe isomer shif t in ScFe2

as a function of the normalized volume.

The pressure dependenci es of the isom er shift and magneti c hyp erÙne Ùelds
B f or the 6h and 2a sites at 300 K are shown in Fi g. 3. From the di sappearance
of the m agneti c hyp erÙne Ùeld for the 2a sites around 30 GPa and from compar-
ison wi th the m agneti c phase diagram of the Sc Ti Fe series (see Fi g. 1), we
conclude tha t a tra nsi ti on f rom f m to afm orderi ng ta kes place at tha t pressure.
As in the case of Ti Fe wi th structure , the Fe ato ms at the 2a sites lose thei r
m oments, whi le the Fe m oments of the 6h sites are f m coupl ed wi thi n the planes,
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but afm coupl ed between the planes. The large pressure-induced vari ati on of the
isom er shift by { 0.50 mm / s for 72 GPa wi l l be di scussed later to gether wi th tha t
observed in Sc0 :4Ti 0 : 6Fe2 . It is interesti ng to note tha t the quadrup ole intera cti on
for both sites rem ains alm ost constant at À 0 : 4 0 Ï 0 m m/ s f or the who le pres-
sure range. Thi s resembl es the behavi our observed in Ti Fe in a smal ler pressure
range [8]. In contra st to thi s one observes in the cubi c 15 system s YF e and
LuF e a stro ng increase in the quadrup ole spl i tti ng from about { 0.35 m m/s at
am bient pressure to { 0.80 mm / s at 80 GPa [9, 10].

3.2. Magnet ic propert ies of as a funct i on
of temperat ure and pressure

The com positi on of the Sc Ti Fe sam plewa schosen to assure a tra nsi ti on
between the two fm states (hi gh and low spi n state of i ron) as a functi on of
tem perature. In addi ti on, the sam ple is close to the bounda ry between fm and afm
order (see Fi g. 1).
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Fi gure 4 shows to the M�ossbauer spectra of Sc0 : 4Ti 0 : 6Fe2 at ambient pres-
sure and various tem peratures. Thei r spectra l features change considerably in the
tem perature region between 100 K and 150 K. The spectra were Ùtted below 100 K
and above 150 K wi th tw o subspectra, correspondi ng to the 6h and 2a sites. In
the tra nsi ti on region, the 6h sites were adj usted by two subspectra .

The Ùtted values for the isom er shift S , the m agneti c hyp erÙne Ùeld B e˜ and
for the angle Ù between B e˜ and the electri c Ùeld gradient (EFG ) are plotted in
Fi g. 5. The m agneti c hyp erÙne Ùeld of the 6h site exhi bi ts, wi th decreasing tem -
perature, a sudden increase f rom 120 kG s to 170 kG s; thi s change is accompanied
by a change in the isomer shifts and the angles Ù of both sites. A sim i lar change in
the hyp erÙne Ùelds was also observed in a previ ous study of Sc Ti Fe [2].
From an anomalous decrease in the latti ce param eters wi th increasing tem perature,
resembl ing a Ùrst-order character of thi s magneti c phase tra nsiti on, an Inv ar- l ik e
behavi our of the Sc Ti Fe system was postul ated for higher Ti concentra -
ti ons [2]. The change in the isomer shi ft o f the 6h site can be also expl ained by
a m odiÙed -electro n shielding by the m ore localized (l arger) band mom ents
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Fig. 6. 57 Fe-M�ossbauer spectra of Sc0: 4 T i0 : 6 Fe2 at 300 K and various pressures (lef t)

and at 78 K and various pressures (right). T he subsp ectra for the 6h- and 2a sites are

explain ed in the text.

of the 6h sites in com pari son to the 2a sites. It shoul d be m enti oned tha t the
quadrup ole spli tti ng rem ained uncha nged for both sites at { 0.35 mm /s, sim i lar to
values observed thro ughout the who le Sc1 À x Ti x Fe2 series [2].

Selected spectra of Sc0 : 4Ti Fe taken at 300 K and 78 K f or di ˜erent pres-
sures are shown in Fi g. 6. The high-pressure spectra exhi bi t, in comparison to
the spectra at am bient pressure, drastic changes in the m agneti c properti es. The
spectrum at 2.2 GPa and 300 K exhi bi ts a magneti cal ly ordered 6h site wi th

36 kG s (i n com pari son to 70 kG s at ambient condi ti ons) and a non-m agneti c
2a site wi th a wel l- resolved quadrup ole spli tti ng of ( m m/s. It resembles tha t
of afm Ti Fe at 275 K, near to 285 K [8]. The spectra at 5 GPa and 300 K
exhi bi t a pure quadrup ole spli tti ng of ({ )0 .37 m m/ s for both sites. Thi s indi cates
tha t in Sc Ti Fe at 300 K tra nsi ti ons from fm orderi ng to afm orderi ng l ike in
Ti Fe and further to a param agneti c state ta kes place at m oderate pressures.

The 78 K spectra of Sc Ti Fe (Fi g. 6) exhi bi t, as a functi on of pres-
sure, the high-m oment/ low- moment tra nsiti on for the 6h site observed at ambient
pressure as a functi on of tem perature. The corresp ondi ng hyp erÙne Ùeld of the 6h
sites changes from 176 kG s (0 GPa) abruptl y to 98 kG s (2.2 GPa) and 94 kG s
(5 GPa). For comparison, the hyp erÙne Ùeld at the 2a site vari es conti nuously
from 108 kG s (0 GPa) to 88 kG s (2.2 GPa) and 75 kG s (5 GPa). The change of
the magneti c hyp erÙne Ùeld (m agneti c m oment) of the 6h site is accompanied by
a sim i lar change of the angle as observed above.
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3.3. Pressur e/ volume dependence of the isomer shifts
in ScFe2 and Sc0 :4 T i 0 :6 F e 2

Here we want to di scuss the vari ati on of the isom er shifts observed f or ScFe2

and Sc0 : 4Ti Fe as a f uncti on of volum e and compare wi th tha t observed in
other RFe systems. The pressure dependence of the latti ce parameters of many
R Fe system s was measured by R ei [5]. Thi s inf orm ati on was used to deri ve,
as shown in Fi g. 3, the volum e dependence of the isomer shift in ScFe . There
is a characteri stic ki nk in the slope of versus ( ). From thi s one de-
ri ves the vo lume coe£ cients ( ln 1 8 3 m m/ s for pressures below
30 GPa and ln 3 1 3 mm / s for pressures above 30 GPa. These
values are com pared in T abl e wi th ( ln 2 6 8 m m/ s obta ined for
Sc Ti Fe in the present study as wel l as values for Ti Fe [8] and YF e [6, 9]
obta ined in previ ous studi es. Com pariso n wi th pure i ron as well as wi th Fe di luted
in -m etals [11] indi cate tha t vo lume coe£ cients up to ( ln m m/ s are
indi cati ve of a norm al com pression of - l ike conducti on electrons. The larger values
of ( ln up to 3.1 m m/ s point, as discussed above for the Sc Ti Fe
system , to a change of the conÙgurati on wi th a concom i tant change in the
screening potenti al . In both ScFe (above 30 GPa) and in Sc Ti Fe we observe
a stro ng reducti on of the (a veraged) Fe m oment wi th pressure, whi ch is seemingly
correl ated a delocal izati on of the band electrons, whi ch readi ly expl ains the
observed larger volum e coe£ ci ents of the isomer shift.

T ABLE

In concl usion, the present studi es of ScFe and Sc Ti Fe dem onstra te
tha t the vari atio ns of the m agneti c pro perti es wi thi n the Sc Ti Fe series can
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be repro duced by the appl icati on of pressure. A ful l di scussion of the pressure
e˜ects in com pari son to a substi tuti on of tri v alent Sc by tetra valent Ti , whi ch is
accom pani ed also by a change in the numb er of band electrons, wi l l be given in
a forthco m ing paper. There we wi l l also present very recent data on the pressure
induced changes in magneti c orderi ng tem peratures in ScFe2 and related RFe2

system s [12].
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