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Abstract

We present very significant effects of a partial substitution of Ni, Cr and Si for Fe on magnetic and magnetoelastic properties of the mother
Lu,Fe 7 intermetallics. The ferromagnetic state is stabilized by the substitution in all geeleX (X = Ni, Cr, Si) intermetallics. Their Curie
temperaturd¢ is by about 100 K higher than the&dl temperatur&y of Lu,Fej;. The magnetoelastic phenomena of theRaysX single
crystals were studied under high hydrostatic pressure using a non-magnetic pressure CuBe cell in a SQUID magnetometer. The effect of
pressure offc of the LuFe X intermetallics coincides with changeskf that are induced by hydrogenation injJbg ;H, . Pressure induced
changes of saturated magnetizatdg of Lu,Fe X depend on a kind of X-element and generally, they are several times smaller than those
in LuyFe7. Magnetocrystalline anisotropy of kEey is strongly reduced by the substitution of Cr for Fe only.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sample preparatiof8]. However, the ferromagnetic ground
state of LyFe;7 was confirmed by neutron diffraction exper-
The LwFe7 intermetallic compound is an extraordinary iments at ambient pressuié]. Recently, the ferromagnetic
member of the family of RFe7 intermetallics (R, rare  state of LyFe ;7 was totally suppressed and the antiferro-
earth). The non-magnetic Lu-element and small volume of magnetic helical structure was stabilized down to the lowest
crystal cell cause that Lire;7 stays on a verge of stability = temperatures under external hydrostatic pressure. The critical
of ferromagnetism. A presence of both the positive and pressuréc is relatively low,Pc =0.35 GP44—6]. The meta-
the negative exchange interactions ipEgy 7 intermetallic magnetic transition from the helical back to the ferromagnetic
compound gives rise to complex arrangement of magnetic structure can be induced in kkie;7 by an external magnetic
Fe-moments. The magnetic structure below tfeeNem- field applied in the basal crystal plane. The critical figld
perature, Ty =278 K, was described by helical propagation of this transition increases with increasing pressure. This
of ferromagneticaly ordered basal planes alengxis of clearly indicates an increase of the antiferromagnetic inter-
hexagonal crystal lattice (space groupf@mc)[1,2]. The action between the ferromagneticaly ordered basal planes of
magnetic cell is incommensurate with the crystal lattice. LusFej7 under pressurib]. A presence of the helical and the
LuyFe 7 exhibits metamagnetic behaviour beldy down ferromagnetic structure in lpire;7 was detected by neutron
to a transition temperaturé&c ~ 200 K, where spontaneous diffraction and magnetization measurements under pressure
magnetization occurs. The ferromagnetic arrangement and[4,5]. The observed extreme sensitivity of magnetization,
value of the transition temperatug: are very sensitivetoa  metamagnetic transitions and magnetic arrangement to ex-
ternal conditions drew an attention to the general problems
— of a volume instability and a non-collinear arrangement of
* Corrgspondmg author. Tel.: +420 220 318 521; fax: +420 233 343 184. the Fe-moments in all the Fe-rich materials. To bring new in-
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Praha 6, Czech Republic. tions in LwFep7 by a partial substitution in the Fe sublattice.
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Table 1
Magnetic and magnetoelastic properties of theRaygX intermetallics

LusFe 7 LusFergNi Lu,FeCr LuoFesSi
Composition 1.81:17.2 1.64:16.6:0.80 1.61:16.4:0.96 1.69:16.2:1.06
Tc (K) 2782 377 377 395
Ms|sk (ua/f.u.) 34.2 33.9 27.7 30.8
woHa sk (T) 3.85 3.34 2.7 3.3
Kilsk (MIm—3) —2.48 —2.43 —-1.28 —1.96
Ka|sk (MIm~3) 0.44 0.23 0.11 -
dTc/dP (K GPat) —35 —40 -33 -
dinMs/dP (GPaY) —0.17% —-0.077 —0.048 —0.038
dinK1/dP (GPal) —0.54 —0.26 —0.30 -

a Ty in LuxFey.
P The values were determined under pressire®c where LyFe 7 is ferromagnetic at 5 K.

In this article, pronounced effects of a partial substitution Pc [6], seeTable 1 Moreover, this pressure effect is also
of Ni, Cr and Si for Fe on the magnetic and magnetoelastic well comparable with an effect of hydrogenation. Taking
properties of the mother e 7 intermetalliccompound are  into account a pronounced anisotropy in changes of lattice
collected. parameters induced by pressurgc{dP| > |da/dP|) in
LuzFe7 [6] and by hydrogenation ¢ddx > dc/dx) in
LuyFe7H, [9], we have received the unique value of the

2. Experimental Gruneissen parameterl’=dInTc/dinV=12.5+0.5 on
the assumption that dwW=3 x dina. The magnetoelastic
The single crystals of the lafrergX (X = Fe, Ni, Cr, Si) in- phenomena in a vicinity of the ordering temperatufesnd

termetallics were prepared by Czochralski method in a tetra- 7n Of LuzFeieX intermetallics reflect mainly changes of the
arc furnace under an argon atmosphere. A single crystal state€xchange interactions in the basal planes that are induced by
was checked and the crystals were oriented by the X-ray Laue@ variation of the lattice-parameter. On the other hand, the
method. The final Composition was determined by micro- substituted Ni-, Cr-, Si-atoms exhibit a Strong influence on
probe analysis on a JEOL electron microscope. Results ofboth the intra- and the inter-plane exchange interactions. No
the analyses are presentedTable 1 Magnetic properties  indices of a presence of the non-collinear magnetic struc-
of LuyFer7 at ambient pressure were presented elsewheretures were registered on the magnetization isotherms of the
[3,7]. The magnetoelastic phenomena were studied in tem-LuzFeieX (X=Ni, Cr, Si) intermetallics that were measured
perature range from 5 to 390K under hydrostatic pressureat temperature range from 5 up to 300K under pressures
up to 1.2 GPa using the miniature high pressure CuBe cell inup to 1GPa. This can be seen, e.g.,Fig. 1 where the

a SQUID magnetometer. Measured magnetization isothermsmetamagnetic transition is clearly seen on the 5K isotherm
were corrected to the internal field = He — NM, whereN of LugFer7 under pressure only. Almost identical values

is the demagnetizing factor andis magnetization. Magne- ~ 0f Fe-momentnge=1.99; 2.01 and 1.98g/at.Fe, can be
tocrystalline anisotropy coefficients;, Ko and anisotropy
field Ha of the oriented single crystals were determined by
the Sucksmith—Thompson relati{8].

3. Results and discussion ,_H,_,gb,w

The antiferromagnetic state that was observed in
LusFer7 is suppressed and the ferromagnetic arrange-
ment in LpFeeX is stabilized by the substitution of Ni,

. . —®—0GPa Lu,Fe .,
Cr and Si for Fe. The Curie temperaturés of all the

—8—0.8GPa 4
LupFe X intermetallics (in Table 1) are about 100K —#—0GPa Lu, Fe,Cr
higher than the Bel temperature of LaFe;7, without a —¥—0.8GPa -
respect to the volume changes induced by substitution
(e.g., AVIV=—0.3% by the Si-substitutiof7]). Thus, this s 4 s
significant increase of the ordering temperature cannot ugH: (T)

be explained by a magnetovolume effect. A substantial

fjecrease ofc under p_ressure in Ldre;eNi and LupFeeCr Fig. 1. Magnetization isotherms of kbe7 (circles) and LyFeeCr (tri-

is of the same magnitude as the pressure decrease of th@ngles) intermetallics at 5K under ambient and high pressure 0.8 GPa (full
Néel temperaturdy of LuoFer7 in pressure range below  symbols).
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deduced from the saturated magnetizafifii(5 K, 0) of the simultaneously the difference in the pressure decreak;of
LuaFer7. LusFegNi and LwpFesCr intermetallics, respec-  in the mentioned intermetallics. Values of difs/dp for alll
tively, on the assumption that , =0, mnj =0.6g/at.Ni is the LwpFeeX (X=Ni, Cr, Si) intermetallics are collected in
parallel andmc,=5.0pp/at.Cr is antiparallel with respect Table 1
to Fe-moments. A smaller Fe-momemie=1.90pg/at.Fe, The magnetocrystalline anisotropy of dke7 is only
was observed in the case of the)Ee 6Si intermetallics. The  slightly affected by the substitution that does not change
Si-atoms preferentially occupy the &nd 1z inequivalent the crystal symmetry and the crystal electric field (CEF)
Fe-positions (in the basal planes without Lu atoms) in the interactions. The anisotropy fiel5 is almost identical
substituted compoungi7]. This points to a hybridization in the LwFe7, LuFeeNi and LwpFeeSi intermetallics
of Fe- and Si-electron states that can cause the observedquoHa =3.6£0.25T). A negligible effect of hydrogenation
decrease affs of the LwpFe gSi intermetallics. on magnetocrystalline anisotropy of theJdE® 7H, hydrides

The saturated magnetizatiofs (5K, P) of LusFe 7 has was presented in RgB]. A significantly lower value oHa
been measured in pressure range bekayvwhere the fer- has been observed in the case of theRaigCr intermetallics
romagnetic structure of Lare; was verified by neutron  only. However, the lower value dfa of this intermetallic
diffraction. The observed huge decreasaff(seeTable J compound remains proportional to the value of its saturated
can be classified as the Invar anomaly that is regularly ac- magnetizationMs as it can be seen ifiable 1for all the
companied by a large positive spontaneous magnetostrictionstudied intermetallics. A temperature dependencH Qbf
The Invar anomalies are ascribed to a subtle balance in oc-LusFe;gCr exhibits a rather different character in compari-
cupation of non-bonding and anti-bonding states in vicinity son with one of LuFe;gNi, seeFig. 3. On the other handia
of the Fermi level that results in a volume instability of Fe- decreases substantially with pressure in all the studied inter-
momen{10]. Recent calculations of the electron structure of metallics. The very high values of dia/dP|sk (in Table 1)
the YoFe 7 intermetallics revealed that its basic features are reflect a dependence of the magnetocrystalline anisotropy on
identical with ones of the electron structure of the fcc-FeNi both the CEF interactions and the magnetization. The lattice
Invar alloys[11]. So, we are competent to characterize the c-parameter decreases with pressure more significantly than
observed great values of difis/dP in the case of the LiFe; 7 thea, b-parameters in basal plane. A decrease otthea-
intermetallics as the Invar anomaly using this model. From rameter under pressure induces a variation of the CEF interac-
this point of view, the substitution of Ni, Cr and Si for Fe in tions that cause together with the decrease of magnetization
LuoFe 7 can be considered as a breaking of the subtle balanceunder pressure a high sensitivity of the magnetocrystalline
mentioned above that leads to a more stable Fe-moment, taanisotropy of all the LpFe; X (X = Ni, Cr, Si) intermetallics
the increase ofc and to a weakening of the magnetoelas- to the external pressure.
tic phenomena illustrated by reduced values offdiidP of No antiferromagnetic arrangement of Fe-moments has
the LwFegX intermetallics. A comparison of the pressure been indicated in the LiregX (X=Ni, Cr, Si) inter-
dependence affs (5K) of LuaFe 7 and LwFegCr is pre- metallics. The ferromagnetic state is stabilized and the huge
sented inFig. L Temperature dependence of magnetization, magnetoelastic phenomena observed in thgFew, inter-
Ms (T, P), is identical (in relative values) in both the tfee; 7 metallics are reduced in the ke X intermetallics by the
and the LyFejgNiintermetallics, se€ig. 2 Fig. 2illustrates substitution of Ni, Cr and Si for Fe. The study of the substi-
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Fig. 2. Temperature dependencies of saturated magnetization,B&izu Fig. 3. Temperature dependencies of anisotropy field gFewsNi (circles)

(circles) and LyFegNi (triangles) intermetallics under ambient and high  and LwpFesCr (triangles) intermetallics under ambient and high pressure
pressure 0.8 GPa (full symbols). 0.8 GPa (full symbols).
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tuted intermetallics has pointed to the important role of the
anisotropy of magnetoelastic effects in the magnetic behavior
of the R—Fe intermetallics.
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