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Tensile stress dependence of the Curie temperature and hyperfine field
in Fe-Zr-B-(Cu) amorphous alloys
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FeZrB(Cu) metallic glasses present the same Inflike) properties as the pure FeZr ones, in particular a
large dependence of the Curie temperature on pressure. Magnetic ssgbader measurements show a
decrease of the Invar character as the boron concentration increases, with a linear relationship between the
change of Curie temperature per unit stress and the reciprocal of the Curie temperature itself. The influence of
boron is shown to greatly enhance the weak itinerant ferromagnetism of FeZr glasses leading to stronger
ferromagnetic behaviofS0163-182606)09229-9

INTRODUCTION show that the microscopic effects of the stresses are in agree-
ment with the macroscopic observations and to get insight

FeZr glasses have attracted large interest in the pas#tto the possible origin of the effect. FeZi®u) metallic
years as a very peculiar magnetic system displaying reenglasses, with the Curie temperature close to the room tem-
trant spin-glass behavior and Invar character. The theoreticglerature are specially suited for such study. A preliminary
explanation of such effects is still controversial and verystudy of the influence of the tensile stressTognby means of
abundant literature is still appearing on this subject, trying tanagnetic measurement under Joule heating has been re-
elucidate the opposite “clustefor “frustration”’ models.  ported in Ref. 11.

From an experimental point of view some facts are clearly

established: the Curie temperatufg increases as the Zr EXPERIMENTAL RESULTS

content(up to about 25 at. % Zr for whicfic~268 K), but . _

the spin-glasd ¢, temperature decreases, vanishing at about FeZrB(Cu) amorphous ribbons have been obtained by
11 at. % Zr. On the other hand, the Curie temperature show®eans of the melt spinning method under controlled atmo-
a |arge dependence on hydrosta’[ic pressure, which is a|Wa§;5§)here. The composition and some characteristic properties
negative(reaching about-60 K/GPa.*8 This dependence is are summarized in Table I. Typical dimensions of their cross
larger in low Zr containing glasses, showing the same trengection were 2 mm wide and 2m thick. They were shown

as the spin-glass behavior. to be amorphous by x-ray diffraction and Bkbauer spec-

A recent study on FeZrB glasSeshows that the effect of troscopy. The Curie temperature and other magnetic proper-
boron is to increase the Curie temperature of the alloydies were determined by means of a superconducting quan-
reaching easily room temperature. The iron magnetic motum interference device magnetometer and conventional
ment also increases with boron but the general evolution onduction measurements. The latter was also used in mag-
the magnetization with temperature remains almost unhetic measurements under stress, and a small furnace al-
changed. Mesbauer spectra are also very similar in glasseowed to change the temperature. Stress could be applied
with and without boron. This can indicate that the samealso to the samples during the Bkbauer spectra recording,
mechanisms should be present in FeZr and FeZrB glassedt room temperature, by means of a cantilever system loaded
Furthermore, a new group of nanocrystalline magnets proby a weight.
duced by crystallization of the amorphous state has increased Figure 1 shows the evolution of the magnetization of the
the interest in FeZrBCu) glasses, as the latter are precursorssample FgCuZreBg (measured in a field of about 2500
of such nanocrystalline materidf3. A/m) as a function of the applied stress for different tempera-

The main aim of the study undertaken and reported here is
to show the existence of a large influence of the simple ten- TABLE I. Curie temperatures, its change under stress and aver-
sile stress on the Curie temperature of the FeZrB amorphoge hyperfine fields at 291 K8 °C) for the three studied compo-
alloys, havingT. near room temperature. The ribbon geom-Sitions.
etry of the samples, and the outstanding elastic properties of
the metallic glasses makes them an ideal system for applying

Tc (K)  dTc/do (KIGPa  (Byp) (T)

large tensile stresses, giving rise to strains in the range Qfe, o.7r; 09osBa 283+2 19+1 a
1-2 %, with perfect elastic recovery. Under the influence OfF987ZfeClJlBe 300+2 14+1 4.3+0.2
such stresses they are expected to display a large shift in ﬂF%etoloBlo 355+2 3+1 12.2+0.4

Curie temperature, associated with the Invar behavior. The
study has been completed with Skbauer spectroscopy to ®Paramagnetic at RT.
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| FIG. 1. Thermal evolution of the magnetic
o~ ) 1 polarization,J, at 2.5 kA/m, as a function of the
.‘_.: 0.3 G .(GPa) . tensile stress applied to a metallic glass of com-
] _ position Fg,Cu;ZrgBg. The inset shows the lin-
t ear change in Curie temperature produced by the
=~ 0.2 7 tensile stress. All the changes are perfectly re-

—eo— 0 GPa
- —=— 0,2 GPa
—e— 0,4 GPa
0’1 l. —&— 0,6 GPa
—e— 0,8 GPa
L. —e— 1 GPa
—o— 1,2 GPa
N

0 L N B P, SRR B AR 1 ) ; TR
200 295 300 305 310 315 320 325
Temperature (K)

- versible as the stress never reaches the elastic
limit.

tures. A large shift of the Curie point is evident. The latterbeing linear with the stress and having a relationship close to
has been defined as the inflection point of the magnetizatioh5 T/ug, as expected in these compouridhis result rules
curve, and increases about 15 K/GPa in this sartg#e the out any possible artifact of the magnetic measurements re-
inset of Fig. J. lated to the induction of magnetoelastic anisotropies or other
Mossbauer spectra of this sample have been taken atdomain effects of the tensile stress. The width of the distri-
single temperature of 291 K18 °C) under different loads. bution also increases with the stress, developing long tails
Fitting of the spectra has been performed by means of &or high fields, thus increasing the asymmetry of the distri-
computer program, developed by Brand, Lauer, andution. On the other hand, the values of the isomer shift and
Herlach? which allows a distribution of hyperfine fields QS do not change even at the largest applied stress, within
(Bue) and a relationship of the hyperfine field with distribu- the experimental uncertainty.
tions of isomer shift and/or quadrupole splitti@@S). Owing The experiments described for this sample are difficult to
to the nearness of the Curie temperature, the quadrupolepeat for other compositions as they have their Curie tem-
splitting can not be considered as a first-order perturbation gberatures either lower than room temperature, or too high to
the magnetic splitting and second-order terms were takesee any appreciable change in the magnetization curves or
into account® Average hyperfine field increases as a func-Mossbauer spectra at room temperature. We succeed, how-
tion of the applied tensile stress, see Fig. 2, and follows thever, in preparing a samplérey 9221 099eBa, With T be-
increase of the magnetization at the same temperature, bokbw but very near room temperatul@T). The large effect of
the tensile stress can be directly observed on the magnetiza-
tion curve. Figure 3 shows the parallel appearance of the
hysteresis loop and the broadening of thedstmauer spectra
8 at 291 K (18 °C) when the applied stress reaches 0.6 GPa.
. Although the spectra at the onset of ferromagnetism does not
6 allow any accurate fit for determining the distribution of
Bye, One can observe that part of the Fe atoms remain al-
0.5 1 most in the paramagnetic state, as the doublet corresponding
/ W 6 (GPa) to the QS has not changed. By measuring the evolution of
- RS i - the magnetization as a function of stress, for temperatures
/ I/ \\\ between 28916 °C) and 295 K(22 °C), we could deduce a
,/ \ N —+—0=0GPa dependence of - with the stress of about 20 K/GPa, clearly
- / 7 A o 0=03GPa 7 larger than the one obtained for the former sample.
1y \ AN Sz o The third sample studie@Fe;Zr10B 1) does not show any
RO R N S S magnetization changes at room temperature and only very
0 5 10 15 20 25 subtle ones when approaching to the Curie temperature.
From magnetic measurements we determined a maximum
B, (Tesla) change inT. of about 3—4 K/GPa of applied tensile stress.
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FIG. 2. Changes in the hyperfine field distributioR¢B), of

the Fg,CuZrgBs sample for different applied stresses. Broadening DISCUSSION
of the distribution as a function of the tensile stress is evident. The _ _ _ _
inset shows the linear increase of the average {i|¢) as a func- The increase off o with the stress can be explained in

tion of the stress. terms of a corresponding decreaselgfwith the hydrostatic
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trapolation of the linear fit crosses thel't/axes far from the
FIG. 3. Effect of the stress on the sbauer spectra and mag- 99N (=0.0027 K*). These results. |.nd|cate that the addi
tion of boron greatly enhances the itinerant weak ferromag-

netization of the room-temperature paramagnetic alloy"'“"’ ° :
(Fey 0Z0.0996B4. The onset of ferromagnetism is clear for-0.6  Netism that describes the behavior of FeZr alloys. Therefore,

GPa, where the hysteresis loop and the magnetic spliting of theollective excitations cannot be excluded to explain the ori-
spectra appear. Under lower tensile stresses, no changes can @& of T¢ in FeZrB alloys, which are not more weak ferro-
observed in the spectra, showing the small influence on the alloyg1agnets. The large slope ofTc/dp vs 1/T reflects the
structure. transition from a weak ferromagnetic behavior in pure FeZr
to a strong ferromagnetic behavior in FeZrB. The value of
pressure, as reported a long time ago for the binary FeZd Tc/dp expected for strong itinerant ferromagnets or local-
amorphous alloys. As is well known, the application of aized ferromagnets is small and positiVe.
tensile stressr results in an increase of the volume of the  The suggested origin for the changes in the Curie tem-
sample given b¥ perature under pressure is the change of antiferromagnetic to
ferromagnetic interactions between the Fe atoms as the dis-
o tance between them changes slightly around a critical one of
VA E(l_ 2v), about 2.54 AL” Another alternative for explaining the Invar
behavior involves a change from low to high spin, or a mo-
which is one third of the decrease of volume produced by thénent instability, of the 8 metal as a function of the inter-

application of the same hydrostatic presspre atomic distancé® The change of magnetic moment of Fe is
unlikely to occur in our case, as the reduced magnetization
A_V_ _bp_ 3_P 1-2v) curves remain unchanged as a function of the stress, or in-
\% K E ( v teratomic distance, and the changesTig should directly

come from modifications of the exchange strength. This be-

HereE andK are the Young’'s modulus and bulk modu- havior reinforces our previous assumption which excludes
lus, respectively, and is the Poisson’s ratio. If the observed weak ferromagnetic behavior.
dependence of : with tensile stress is translated to a depen- In tensile stress experiments longitudinal bond length in-
dence with hydrostatic pressure we obtain values of aboutreases whereas transversal ones are shortened, so giving rise
—10, —45, and—60 K/GPa which are of the same order asto a large spread of the interactions experienced by each Fe
those found in binary FeZr glasses, which are properly deatom, a fact perhaps reflected in the broadening of the hy-
scribed by the itinerant weak ferromagnetism mddélhis  perfine field distribution shown in Fig. 3. However, the over-
dependence is lower for the alloys containing more zirco-all shift to higher fields ofP(Byg) with stress indicates that
nium and/or boron, but the dependence with composition cathe spread of exchange interactions is not likely to explain
be translated to a relationship with the value of the Curiethe P(B,) behavior, because one should expect a reduction
temperature of the alloy. As deduced from the very simpleof B, at the lowB, edge and an increase at the highe
Wohlfarth’s model® of itinerant weak ferromagnetism for edge. Under hydrostatic pressure, on the other hand, all bond
Invar alloys, we should expect a linear relationship oflengths are shortened, and a different behavids,gf should
ATc/Ap with the reciprocal ofT itself, crossing through be expected. However, Bouzabata, Ingalls, and Rao on
zero near the origin. Such dependence is depicted in Fig. BeNiCr alloys® show a very similar behavior as that found
showing a slope of-7x10* K#GPa which is almost an or- here,(B,r) decrease together with a narrowing of the distri-
der of magnitude larger than in FeNiZr amorphous alloysbution. This indicates that the effect of the changes in bond
(about —10* K¥GPa and even much larger than in FeNi length on each atom is averaged over the different neighbors
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and the changes on the width B{Bp) reflect the existence larger electronic transfer to theddand of Fe. Such transfer
of inhomogeneities or fluctuations in the alloys. We cannotincreases the itinerant exchange between Fe atoms and the
conclude from this study, however, whether the inhomogedensity of states at the Fermi level and then the magnetic
neity is of a local type or it involves the existence of clustersmoment, destroying the weak ferromagnetic behavior of
of different magnetic properties. Spatially sensitive experi-FeZr amorphous alloys. On the other hand, the effect of
ments, like small angle neutron scatterfiigre probably the stress has been shown to reinforce the effect of the exchange,
only way to elucidate this point. probably through an increase in the density of states at the
As a conclusion, we can summarize the observation of &ermi level, because the direct exchange is believed to be
large effect of the applied tensile stress on the Curie temperaiways positive and to decrease as the interatomic distance
ture of FeZrB glasses. An isothermal transition from paraincrease$!
magnetic to ferromagnetic states can be observed in some
compositions. The hyperfine-field distribution, revealed by
Mossbauer spectroscopy, follows the same trend on average,
but displays a broadening which can be related to inhomo- The authors acknowledge Spanish CICyT for financial
geneities of the alloys. support through Projects No. MAT93-0691 and TIC95-1042,
The effect of boron in Fe, on the other hand, is greateDr. O. V. Nielsen(Technical University of DenmajkDr. L.
than that of Zr for reinforcing the ferromagnetism in theseFernandez Barqin (University of Cantabria, Spainand N.
alloys, both in Curie temperatures and Fe magnetic morhentMurillo (University of Pais Vascofor help in sample prepa-
This effect cannot be related to a larger volume effect of theation. Two of the authorgP.G. and 1.0, want to thank the
boron atoms since they are smaller than the Zr ones, but toBasque Government for financial support under a FPI grant.
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