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I. Phys: Condens. Matter 4 (1992) 199%-2008. Printed in the UK 

Spontaneous resistive anisotropy in FeZr metallic glasses 

H Ma, Z Wang, H P Kunkel and Gwyn W~l l iam 
Department of Pl ly ia ,  UniveniQ of Winitoba, Winnipeg, Manitoba. R3T W2, Canada 

h i v e d  24 April 1991. in final form 6 August I991 

AbsllscL W present msnremenls of the anisotropy between the longitudinal and 
mansverse magnetoresistance m a number of F~I-,ZE, (0.0s 6 1: 6 0.11) metallic 
glasses in fields @OH&) up IO 1 T at a number of h e d  temperatures between 1.5 
and MO K, and in a sngle, low field (-I 5 mT) a~ a function of temperature. m e  
influence of hydrogen loading was also studied. A low-field (remanent-field) resistive 
anisotropy (RFRA) firs1 appears at a temperature my dose LO L e  Curie temperature 
(Tc) (found !iom p i o u s  AC susceptibility measuremenls OD the Same qecimens), 
mnfirming Uie emergence of a sllstantial, non-local exchange field at this temperalure. 
A linear increase of the E R A  t i l 1 1  decreasing temperature immediately below TC &e. 
ac. A(Tc -T)/Tc)  ir reported for Ihe fin1 time, and a semiquantitative explanation for 
such an increase pmposed. Structure in the RFRA has also k e n  0 1 , ~ e ~ e d  al lemperatures 
well below Tc. altllougb no definite mmlal ion between it and the proposed re-entrant 
Wansition h Uiis sylem muld be established. 

1. Introduction 

?he prediction by infinite-range models [1-4] of sequential paramagnetic to ferro- 
magnetic to (transverse) spin-glass transitions in magnetic systems with predominantly 
ferromagnetic exchange coupling, but which, nevertheless, display significant amounts 
of exchange bond disorder, has motivated a large number of experimental studies. 
However, while numerous systems (such as AuFe [5-81, Eu,Sr,-,S [9, lo], NiMn [11, 
121 and (PdFe)Mn [13-201) exhibit experimental features that resemble superficially 
the behaviour expected to accompany such sequences, detailed quantitative com- 
parisons between experiment and specific model predictions [21] still remain to be 
carried out. Consequently, it is undecided at present whether experimental character- 
istics used to designate the lower-temperature ferromagnetic to (transverse) spin-glass 
phase boundary identify it as a hue thermodynamic mansition line rather than indi- 
cating that it results from the gradual onset of some anisotropy-induced freezing or 
domain-wall pinning. 

In many crystalline systems, the tule played by compositional inhomogeneities 
resulting from metallurgical constraints provides additional complications to under- 
standing the origin of such low-temperature anomalies. In this context the merits 
of studying amorphous systems-particularly when the alloying element is of low 
concentration-have recently been emphasized [22]. Among amorphous magnetic 
systems, FeZr (with > 85 at.% Fe) display many features frequently identified with 
re-entrant behaviour. It exhibits an obvious transition below room temperature from 
the paramagnetic state-although the precise character of the transition was initially 
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debated. High-field magnetization studies [23, 241 and small-angle neutron scattering 
indicated some non-collinearity in the spin structure, whereas recent measurements 
of the asymptotic critical exponents [25-27] are quite definite in their support of 
a ferromagnetic transition (these exponent values being clwe to those predicted by 
the isotropic three-dimensional Heisenberg model [28]). At still laver temperatures, 
recent in-field Mosshauer studies [U] have provided strong experimental evidence 
supporting a subsequent mansition into a state with transverse spin-glass ordering 
(at a temperature designated T:y). Again, however, these Mossbauer data do  mu)^ 

indicate that this transverse freeung can be classified as critical (rather than gradual), 
although very recent AC susceptibility measurements [27'J revealed that the coetficient 
(a,(")) of the leading non-linear contribution to the susceptibility exhibited a dis- 
het, though dearly not divergent, anomaly near 'Try. While this latter result supports 
the classification of the behaviour near Tzu as critical, it suffers the drawback com- 
mon to all finite-frequency measurements inherent in such systems: the equilibrium 
response near thc re-entrant boundary is obscured when approached from both above 
(by the usual hysteretic behaviour associated with a ferromagnetic phase) and below 
(the low-temperature region is expected to display the constrained critical dynamics 
found at a direct paramagnetic to spin-glass boundary [29]). 

In an attempt to avoid some of these difficulties, and also to complement con- 
ventional magnetic response measurements, we have carried out a detailed investi- 
gation of the anisotropy of the magnetoresistance in several FeZr metallic glasses in 
the supposedly re-entrant composition range as a function of field and temperature; 
the influence of hydrogen loading was also studied. While several studies of the 
magnetoresistance of the FeZr system have been reported previously (for example, 
1301). few measurements of the magnetoresistive anisotropy appear currently avail- 
able, particularly in the composition range investigated here. The hackground to such 
measurements along with the results we have obtained are given below. 

2. Experimental details 

Magnetoresistance measurements were carried out on amorphous ribbons of 
Fern,-= (z = 0.89, 0.90, 0.91 and 0.92) produced by melt spinning in a helium 
atmosphere; complete details of the preparation technique, tests for amorphicity, etc 
have been given previously [22, 23, 27, -31. These specimens, of approximate di- 
mensions 32 x 1 x 0.02 nun3, were mounted in series on a high-thermal-conductivity 
copper block attached to an insert which wuld be immersed in a liquid-helium De- 
war located between the pole faces of an electromagnet. ntis electromagnet could 
be rotated about a vertical ais, enabling measurements to be performed with a 
field applied parallel (11) or perpendicular (I) to the direction of the sample cur- 
rent (the latter k i n g  along the largest specimen dimension); applied fields Ha) 
of up to 1 T could be produced with the polepiece separation necessary to ac- 
wmmodate the present experimental arrangement. mur current-voltage contacts 
were made to each sample using pressure pads, and the differential resistance ratio 
[R( Ha, T)-R(0 ,  T ) ] / R ( O ,  T) measured by a low-frequency AC technique 1311 using 
an exciting current of around 10 mA to avoid any self-heating effects; this technique 
allows the differcntial resistance ratio to be measured with a resolution of a few parts 
in IO5. Measurements were carried out on all samples as a function of applied field 
N, at five tixcd temperatures (1.6, 4.2, CO, 77 and 295 K; where the temperature 
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stability is < 5 mK), while the anisotropy (RI, - R,)/R, was also measured in a 
single fixed field (the remanent field of the electromagnet, - 5 mT) as the samples 
warmed slowly (- 1 K min-I) between various refrigerant fixed points (from 60 K 
to mom temperature for all but the 10 at.% Zr specimen, which was subjected to 
the most detailed measurements, namely between 1.5 and 300 K). Considerable care 
was taken m ensure that current-voltage contacts were collinear so that no spurious 
Hall voltage component contributed to the magnetoresistive anisotropy. 'Rmpera- 
tures below 4.2 K were achieved by pumping on the He bath, and were found from 
the bath vapour pressure; above 4.2 K, a CU coil resistance thermometer or a 100 .Q 
Allen-Bradly carbon thermometer were used to estimate the specimen temperature. 

Hydrogen was introduced into the samples by cathode polarization from a 
Na,CO, electrolyte and a Pt anode at a constant current density near lo3  A m-2 
for a variety of exposure times. 

3. Ihe spontaneous resistive anisotropy 

The magnetoresistive anisotropy-specifically the spontaneous resistive anisotropy 
@RA)-measures the difference in the resistivity of a single-domain ferromagnetic 
metal in zero induction (E) when the magnetization is aligned parallel or perpendic- 
ular to the current direction, via the ratio 

A P I P o  = [ P I I ( B )  -PL(B)IB-OIPO~ (1) 

While the observation of such an anisotropy was fust made over a century ago [32], 
the s a  remains a relatively little-studied transport coefficient. The interpretation 
of such data that do exist, whether carried out in terms of an itinerant [33-351 or 
localized [3&39] model approach, relies on two essential factors: (i) a polarizing 
field, and (ii) an orbital moment (with spin-orbit coupling) at the scattering site. 
The polarizing field aligns the spin dipole moment, w,hich then (through spin-orbit 
coupling) provides a preferred orientation for the orbital contribution with respect to 
the field (and hence the current). Conduction electrons thus Satter from a slightly 
different charge aoss section depending on the relative orientation of the current 
and field. 

3.1. Localized nlodcl 

The localized model description of the sm-which is simpler to understand in 
principle-is thought to apply, for example, to the case of paramagnetic Ag or Au 
alloys containing small amounts of rare-earth impurities, which possess well defined 
total angular momentum J [36-391. In general, these alloys are not magnetically 
ordered, so that polarization is induced by applying large external fields. Here, in ad- 
dition to the usual potential (1') and exchange (rex) scattering terms, an interaction 
between the conduction electrons (with spin index U) and the electric quadrupole 
moment (D) of the 4f electrons can also exist. ?he scattering potential thus assumes 
the form 1.77') 
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(in the usual notation); while the first WO terms are isotropic in polyclystals (exchange 
scattering can be anisotropic in single crystals [40]), the quadrupole interaction is not, 
leading to an anisotropy of the form 137-391 

[PII(B) - Pl(B)l/PO = (O/V)[(J ,2)-  4 J ( J  + 111 (3) 

(for V > D). l%is anisotropy mnishes in the prumapefic limit as (J:) -+ J ( J  + 
1)/3 when E + 0. 

3.2. Oinerant model 

Itinerant models have been used predominantly to interpret data acquired on ferro- 
magnetic ransition-metal host alloys [41] in which polarization is produced by a large 
exchange field. In these models [33, 341 the magnetic properties of the system are 
accounted for explicitly by separate consideration of conduction in spin-up (t) and 
spin-down (1) sub-bands. The exchange splitting between these sub-bands results in 
the properties of electrons near the Fermi energy depending on their spin direction; 
in particular, the scattering processes themselves can be characterized by a differ- 
ent cross Section in each sub-band, with differing associated resistivities, pi and p,, 
acting in parallel. The transfer of electrons between sub-bands induced by spin-flip 
scattering processes (with an associated resistivity p i ,  [42]) also contributes to the 
total resistivity, p, which can be expressed as [43]: 

P = [ P ~ P ~ + P , ~ ( P ~  + P ~ ) I / ( P , + P ~  + 4 ~ , 1 ) .  (4) 

The microscopic origin of anisotropy in this model relies on the presence of spin-orbit 
coupling nao (441 

nso = AL.  s. (5) 

Basically, the off-diagonal terms [ A / % (  L+S-  + L-S+)] in this coupling result in 
an admixture between the WO (2 + I)-fold orbitally degenerate subgroups, which 
have been split predominantly by the effect of the exchange field H e ,  on the spin 
(with some additional effects arising from the diagonal cnmponent of Rso). Since this 
admixture is asymmetric and the orhitally degenerate states display different angular 
dependences, the scattering of conduction electrons Gom these states also exhibits 
an asymmetry relative ta the exchange .field direction (the magnetization direction). 
While the uhderlying physics is thus well understood, calculation of the associated 
resistive anisotropy is complicated by those Same factors that hinder a first-principles 
calculation of the resistivity, namely a detailed knowledge of the 12 dependence of 
the matrix elements of the scattering potential, the introduction of realistic band- 
structure effects, etc. However, with suitable simplifying assumptions applied to the 
latter [45], the following expression can be derived for amorphous systems provided 
7 (= 3 A Z / 4 H 2 x )  is small: 

.= [Y(Psd] - psdl ) ( P I  - pI)I/P,pI (6) 
(where pi  = pSl + psdl, etc, the sumXes being thc usual band labels)? 

t n t e  wll-known result of Campbell a d 1341 

& P I P =  d e -  1)  a =  P l l P l  

diich has k e n  applied principally lo Ni-based alloys, cm k recovered if suilable assumptions are made 
regarding llie dominant wnrrihulions 10 p1 and p , .  
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Unlike the results derived from a localized model (of crystalline or amorphous 
systems)-equation @)-the approach to the paramagnetic limit is not so easily as- 
sessed from itinerant model expressions. While it might be argued that, since the 
numerator vanishes at a ferromagnetic-paramagnetic transition, so that equation (6) 
yields Ap -+ 0 ,  as is indeed expected, this overlook the behaviour of y; the lat- 
ter, when related simply to exchange-field-induced splittings (y cx H&’), exhibits a 
weak ferromagnetic catastrophe (y diverges at T,) 1351. However, the inclusion of an 
anisotropy/crystal-field-induced splitting IC [34] leads to a more general expression for 
y (= 3X2 /4 (  H& f I<?),  at least in cubic symmetry), which avoids this catastrophe. 

Despite such model difficulties, it has been demonstrated in recent experiments 
[46, 47 that precision measurements of the longitudinal and transverse magnetore- 
sistance in low applied fields can be used as a sensitive probe of an emerging quasi- 
static exchange field produced by ferromagnetic ordering (low applied fields produce 
no significant changes in either the incipient spin polarization or the aajectories of 
the current carriers). This technique was then applied to provide the first demonstra- 
tion of critical behaviour in the SRA through the power-law dependence of the latter 
on reduced composition (c /co - 1) near the ferromagnetic percolation threshold (at 
c,, = 2.25 at.%) in PdNi. 

Here, we attempt to examine the behaviour of the SRA near both transitions in 
FeZr. 

4. Results and discussion 

4.1. General fiatures 

Figure 1 reproduces the normalized longitudinal and transverse magnetoresistance 
of the FeslZrs sample at various k e d  temperatures as a function of the applied 
field ( / L , , H ~ )  the behaviour shown in this figure typifies that shown by the 10 and 
11 at.% Zr specimens as well, although the 8 a t %  alloy behaves rather differently 
and consequently b discussed separately. At 295 K the magnetoresistance for both 
orientations is weakly positive, with Rl l /R,  increasing approximately twice as fast as 
R,/R,. Move 0.2-0.3 T this increase is approximately linear, with 8111 RII/8H, 
decreasing with increasing Fi: concentration from - 8 x TI in Fe8sZr,l to - 1.5 x T‘ in Fe,?Zr,. The overall size of the magnetoresistance is roughly 
comparable with the Kohler-like contribution observed in Fe-based crystalline alloys 
[41] scaled for the increase in po [48]. There is no evidence for a non-zero SRA either 
directly in the low-field data or by extrapolation from higher fields. This is expected 
since the system is paramagnetic (T, 200 K [22, 23, 271) and the fields applied 
are too small to induce any appreciable spin polarization (with an associated negative 
magnetoresistance, at least in a localized model approach) at this temperature. By 
contrast, at 77, 58, 4.2 and 1.6 K the presence of a positive SRA is clear, not only 
by extrapolation from higher-field data, but directly via the anisotropy evident near 
H a  = 0 (actually the remanent field of the magnet, some 5-7 mT). Obviously this 
latter field is of insufficient magnitude to induce any polarization directly at these 
temperatures; there nzust be a considerable exchange field present (in addition, of 
course, to spin-orbit coupling). The effect of the small remanent field is simply to 
modify the domain arrangement so that the magnetization/mean exchange field does 
not average to zero over distances comparable to the conduction-electron mean free 
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path (in the bee-electron approximation the latter is typically about 5 8, in these 
metallic glasses). 

Before discussing further the temperature and composition dependence of the 
SRA, it is necessary m comment on the procedures used to establish a quantitatively 
reliable estimate for it. There has been previous discussion [41] on whether the 
extrapolation from the magnetically saturated regime necessary to determine the SRA 
from equation (1) should be based on the applied field (&,Ha),, the internal field 
(pa Hi; Hi = H a  - N M / 4 r r ) ,  etc or simply ignored owing to its inherent errors 
[49]. We have adopted the latter procedure for a number of reasons, the principal 
one being that, for the RZr samples studied here, extrapolation from magnetic or 
technical saturation is not possible since the latter is achieved only in applied fields 
above 20 T [23], far in excess of those available in the present experiment. The 
estimates auoted for the SRA and summarized in table 1 are thus based on the simple 
linear extrapolations using the applied field, as shown in figure 1. 

,.,...,,,, ::::::::: 

*./-- /.-.----- 
-10 

T -,.e--- 

Glprurc t n r e  dimensionless ratio [R(H) -Ro] /Ro  (measured for tolh the longiludinal 
(11) and vnnsverse (I) mnfigurations) plotted against Ule applied Reld p o H .  (In tesla) a1 
~ r i o u s  temperatures for !he k g 1  Zrp sample. The veriical m o w s  indicate Ule anisotropy 
at H$, the field at which the transverse magnetoresistance k a minimum. 

As mentioned above, the variations of RI I /Ro  and RI/Ro with H, exhibited 
by the 9, 10 and 11 at.% Zr samples at all temperatures at and below 77 K are 
similar, and several features warrant comment. RI,/R, increases monotonically with 
N,; following a rapid low-field variation, this increase is nearly Linear between Q2- 
0.4 T and the maximum available field (1 'I). RI/Ro, by contrast, decreases initially, 
passcs through a minimum (at H,""") and then also displays a near-linear increase 
at higher field. The result that both dlii Rll/dH, and 8111 R,/dH,  are positive 
beyond 0.5 T in these samples is contrary to expectation, as their magnetizations 
continue to increase substantially with increasing field in this temperature region 
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(between 5% and 17% from 0.5 to 20 T at 4.2 K), an effect that frequently produces 
a negative contribution to the magnetoresistance, at least in a localized spin picture 
[50]. A possible explanation of this result might be that the non-collinearity in the spin 
structure (to which the large high-field slope in the magnetization curves has been 
attributed) occurs on a length scale much larger than the mean free path, 50 that the 
magnetization averaged over the latter exhibits a very much weaker field dependence 
than that displayed by the sample as a whole. In addition, not only are these slopes 
positive, but their magnitudes are also large (at 77 K, a l n  R l l / a H a  - (13-15) x 

T I  Y 2 a l n  R,/dH,); some increase in these slopes Over those measured 
in the paramagnetic phase is expected (the applied field, though small, should still 
induce some decrease in localized spin disorder scattering in the paramagnetic state), 
but the increase observed here is quite marked. At this point it should be recalled that 
the real quantity of interest-the field-induced magnetoresistivity at constant volume 
and temperature 8 1 n  p /ah l , , - i s  related to the quantity actually measured-the 
logarithmic derivative of the resistance with respect to field (at constant pressure and 
temperature) alii R/BHIp,T, in the isotropic approximation, by [51]: 

Recent measurements of the forced volume magnetostriction 8111 V/aHI,,, in FeZr 
[52] indicate it to be !age compared with other metallic glasses [53], with mlues in 
the range (2-3.5) x TI below room temperature. Despite this, however, with 
values for 3111 p/i)ln V in the range f l ,  typical of metallic glasses, the measured 
slopes do not Seem to originate from magnetovolume effects. Confirmation for this 
conclusion comes from data on the A,,Zr,, sample in which the measured forced 
volume magnetostriction values are comparable at 77 and 293 K [52] whereas the 
measured slopes a111 R/dH are not. Thc slopes evident in figure 1 at and below 
77 K are companblct with those observed in a number of Fe8, , -zCr~~o metal- 
tic glasses [51] (where, at 4.2 K, 8111 R,/aH, - 3 x T I ) ,  as b the SRA. 
By contrast, data on Fe,?Zr,, [30]-one of the few fcrromagnetic FeZr glasses on 
which magnetorcsistivc misolropy measurements have been reported-indicate that 
8111 R I I / d H ,  Y din R, /dH,  E 0.6 x T-I at 77 K, far below the values 
observed here, with a correspondingly smaller SRA (- 0.G x 

Returning to the evaluation of the SRA and the one mnsistent feature of 
RA( Ha)-the appearance of a minimum at H,"""-table 1 also lists mlues for 

A R ( N r ' " ) / R ,  = [Rll (Hr'")-  R L ( H ~ i " ) ] / R o .  (8) 

A recent suggestion that this ratio provides an estimate for the SRA consistent with 
that found by extrapolation methods [a71 is confirmed by the data acquired here (in 
those cases where comparison is possible). 

Data obtained from the R,,Zr, specimen are shown in figure 2 While R I , / R o  
again increases monotonically with field, exhihiting a slope 3111 R l l / d H ,  beyond 

t Nevertiieless, Uiey arc *ill mer an d e r  of mignitude smaller than hose wponed for PdNi in the 
vicinity of Uie critical mmpmition necessity to establish a ferromagnetic p u n d  sale 146, 471. Since Uie 
slopes 8111 RiljRM increase w'lii increasing Fe mncentmtion above 89 al.%, Uiey m y  yet provide mme 
indications as lo Ute nature of Uie mnjsturd ground sate for amorphous Fe p3]. 
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Figure 2 The dimensionless mlio [ R ( H )  - Rol/Ro for Ihe Fe,zZr& sample (measured 
for b l l l  L e  longitudinal 01) md Vansvery (I) mnfigurations) plotted against lhe 
applied field p o H L  (in tesla) a1 w i o u s  lempera!ures. Notice L a 1  a minimum m the 
VansverSe magnetoresistance RA( Hi'"") cccun at 58 K alone for U i i s  specimen. 

0.3 T which is even larger than that found in other specimens at 77 K and below, 
dln R , / d H ,  does not become positive (with the exception of the data around 58 K). 
Furthermore, d l n  R , / d H ,  does not exhibit an extended linear region at the carious 
fixed temperatures from which an extrapolation to Ha = 0 can be made with any 
mnfidence; the corresponding SRA estimate based on this extrapolation thus has 
a larger associated error (table 1). For this sample, estimates for the SRA based 
on Hi rather than H ,  would be larger, a result consistent with the one available 
estimate for the SRA based on the use of equation (8) and the appearance of a 
minimum in the transverse magnetoresistance at 58 E( alone. 7hat this transverse 
component is dominated by a negative contribution at other fixed temperaturest 
below Tc may result from the magnetization in the 8 at.% Zr sample in fields of 1 T 
being substantially further removed from saturation than that in other samples 1231, 
and its higher coercive field [22]. 

The dilation exhibited by ferromagnetic metallic glasses is usually isotropic; how- 
ever, recent measurements on FeZr (with > 88 at.% Fe) have revealed an anisotropy 
in the longitudinal (All ,  = 6 L / L  parallel to H a )  and transverse magnetostriction 
(A, = 6 L / L  perpendicular to H a )  below T ,  [52]. In particular, in the case of 
R92zS, for which detailed measuremenk? have been reported at 4.2 K, the pos- 
sible contribution from such an anisotropy to the SRA can be examined. The 
relevant terms, from an appropriate generalization of equation (7). come from 
the integrated effects of competing contributions horn ( d i n  p / B V ) ( a A , , / d H )  and 

t l h e  origin of il psilive Alii RL/BH near 58 K alone is currenlly unclear; it may k linkd with Ule 
proposed onset of fmnsvene spin freezing just klow 77 K reponed recently for h i s  sample pZ]. 
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( B l n  p / B V ) ( B X , / B H ) .  Not only do the signs of these contributions to the SRA ap- 
pear to be the same, but so are their magnitudes (- 1). 
This result, combined with that deduced previously from equation (7), suggests that 
magnetovolume effects lead to uncertainties in the SRA "parable with the errors 
listed in table 1. Consequently, such effects will be neglected in subsequent discussion 
and the SRA treated as though it were estimated from the magnetoresistivity rather 
than the normalized magnetoresistance. 

The general features of the SRA listed in table 1 are f i t  their magnitude (typically 
(3-4) x secondly their composition dependence (they increase with decreasing 
Fe concentration) and thirdly their temperature dependence (they tend to increase 
with decreasing temperature). These will be discussed below along with the detailed 
temperature dependence of the remanent-field anisotropy. 

T' for Bin p / B l n  V 

5 

- - $ - - ... * Q  - 2 

- - 0 

I 

- - 
Fea& 

I ;lo;\ .i ...-..(..- ..I 
y 5 -  - 

FessZr. 
. 

1. 

_,__, ..,_ t ..,- . ,: ,-,.-, o - , i l . d , I m l . o m  I . 
100 2w MO 

4.2. Tcntpcrature depcndencc of h e  rcnianwt-field anisorropy 

Figure 3 reproduces thc detailed temperature dependence of the resistive anisotropy 

A ~ ( ' f r ) / ~ o  = l P ~ ~ ( f J r ) - P ~ ( ' f r ) l / ~ o  (9) 

measurcd in the approximately 5 mT remanent field (po H,) of the electromagnet, 
as a function of temperature from 60 K to mom temperature, on 9 and 11 at.% Zr 
samples. In particular, considerable emphasis was placed on attempting to determine 
the temperature at which this anisotropy fust vanished, since, in these low applied 
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fields (pOHr), this would indicate the collapse of the exchange field po He, associated 
with ferromagnetic orderingt. As can be Seen from this figure, there h very good 
agreement between this latter temperature and the Curie temperature T, determined 
boom AC susceptibility measuremenw on the same samples [27]; this provides strong 
support for the Occurrence of predominantly ferromagnetic correlations over length 
scales comparable to the mean free pth, if not for bng-ranged ferromagnetic order- 
ing, in these samples. It can also be seen from figure 3 (in fact, in all the specimens 
studied) that this remanent-field resistive anisotropy (RFRA) increases approximately 
linearly with decreasing temperature below T,, namely 

A P ( H ~ ) / P O  = A(% - T)/Tc T 4 7" (10) 

over a wide interval (T 2 GO I< 3 T,/4), with the coefficient A displaying a marked 
reduction in the 8 at.% Zr sample [table 1). Such behaviour is consistent with the 
predictions of a localized model when treated in mean field, provided certain addi- 
tional constraints are satisfied. According to this model, the temperature dependence 
of the wR.4-from equation (3)-would vary as 

A p ( H r , T )  = (MI) = ( M a ) *  = [(T, - T) /T ,P  

( M Z )  = ( M y +  ,yT 

(11) 

povided the temperature dependence of 

(from the fluctuation-dissipation theorem) is dominated by the first term [i.e. that 
the field-dependent susceptibility below T, E not strongly temperature-dependent 
[271) and H ,  E not too large; equation (11) reproduces the observed temperature 
dependence when /3 = i. It is certainly well established experimentally 1541 and 
theoretically 1501 that the low-field magnetoresistance varies as (AW,)~; however, no 
previous report of the low-field resistive misotrow behaving in the above manner has 
been made. Of course, it is not expected that this temperature dependence holds in 
the immediate vicinity of T, where critical fluctuations play a dominant role. 

Figure 4 presents similar results 6om the W,,Zr,, specimen, the only sample 
in which the remanent-field anisotropy was measured below 60 K A linear increase 
of the remanent-field anisotiopy with decreasing temperature below a well defined 
temperature very close to T, is again evident; however, on cooling below 60 K, 
structure: appears in this anisotropy and the latter exhibits a maximum between 55 
and 65 K, and a broad (local) minimum between 6 and 20 K 

While it might be appealing to identify elements in this structure with the onset 
of the conjectured re-entrant wansition, such an identification can currently, at best, 
be described as tentative. Certainly earlier phase diagrams for this system gave Tzy 
for Fe,,Zr,, in the nnge 50-56 K 1271, close to the temperature of the maximum 
in figure 4. However, recent estimates for TSy in W&re and R,,Zr, (based on 
detailed in-field Mosshauer measurements [22] and the behaviour of the leading non- 
linear term in the AC susceptibility [27]) indicate it to be much reduced compared 
with these earlier values. Since no such detailed measurements currently exist for 

t &lually, an indication of the temperature at which (Hex)+lie exchange field avenged oyer distances 
ci the order of the conduction electron mean bee path l--vanlsher 
$ Such stmclure ?my also k  present^ in Uie Other samples below ho K 
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Figure 5. (U) ne spontaneous resistive anislropy ratio (found boom mmplete field 
sweeps at four k e d  temperatur-s described in the lexl) plotted against temperature 
(in Kelvin) lor Uie FesoZno sample. (b) Details d the magnetoresistance measured 
m bw applied fields ( , roH,  6 0.1 ?) for the b o Z r t o  specimen at a number of 
temperatures. 

strong aystalline ferromagnets (and previously applied to this system [56]). Even 
assuming p,,, = prrl in these samples does not remove this ambiguity, as now 
A p  a (prd, - pdl)*; with y taken as lo-? the low-temperature data in table 1 yield 

( P , d l  - ~ , d [ ) ’ / p j p ~  - 0.2-0.4 (12) 

the magnitude of which suggests weak ferromagnetism. This is mnfirmed by recent 
band-structure calculations 1571, which, for Feg3Zr,, predict that the density of states 
at the Fermi energy EF for either spin orientation is substantial, with that for up 
spins N,(E,)  exceeding N,(E,) by only - l O % t .  

Several possible explanations for the increase in the SRA with decreasing Fe mn- 
centration muld k forwarded (based on the increase in Tc, with associated changes 
in the spin-up and spin-down sub-band occupations induced by a varying exchange 

t %king the resistivity LO he proportional to =me matrix element squared multiplied bj the density of 
%des would suggest ~ $ 4 ,  > pndl if the matrix dement 6 spin-independent. R i s  mnclusion mnflicu 
with that drawn earlier [56] using Uie mrrespondingly aude appmwimalion in wllidl U~ese srmples are 
treated as strong ferromagnets with a lesistivity dominated ty sd scattering. 
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splitting), but, considering the lack of explicit band-structure calculations for these 
particular compositions, such discussion would be inconclusive. On the other hand, 
the observation of a decreasing SRA with increasing temperature can be understood 
on general grounds. As the temperature is increased, thermal fluctuations compete 
with the exchange splitting, leading to an equalization in the sub-band occupations; 
the difference between the two terms in the numerator of equation (12) decreases, as 
does the SRA. This process evolves continuously (provided no pathological structure 
exists in the density of states) until the Curie temperature is reached, at which point 
the static exchange splitting collapses, pS1 = p,,,,p,d, = pSd, and the SRA van- 
ishes (provided, of course, some anisotropy/crystal-field-induced splitting exists [35]). 
The localized model, however, appears to make a quantitative explanation of this 
temperature dependence possible. 

Having discussed the general features of the SRA and the temperature dependence 
of the remanent-field anisotropy, we finally turn to a brief discussion of the effects of 
hydrogen charging. 

4.3. Eflmts of hydrogenation 

The data reported below were acquired on samples that had been hydrogenated for 
some 2 min at -103 A m-?. (No direct means of establishing the hydrogen con- 
amnation is currently available to us, so we simply indicate the charging conditions; 
comparisons with existing data [%I, however, suggest a H/Zr ratio near 1. Wlth only 
a qualitative measure of the degree of hydrogen loading, a brief summary alone of 
its effects will be presentcd.) The introduction of hydrogen into amorphous FeZr is 
known to increase T ,  and, when saturated, raises the Fe moment to around 2 p g  
and eliminates the high-field slope in the magnetization curves, so that the samples 
become soft ferromagnets achieving saturation in fields of approximately a 1  T [U]. 
Furthermore, since the presence of hydrogen eliminates the spin-glass transition [58], 
these measurements concentrated on the temperature region above 58 K (as a result 
of the htter, slight modifications to the apparatus were made that enabled complete 
field sweeps to be carried out near 145 K also). 

The changes induced by the present hydrogen loading process were that it basically 
eliminates the previously described differences between the 8 at.% Zr sample and the 
other specimens, while complicating the properties of the 11 a t %  sample. Specifically, 
data on the hydrogenated Rg22r8, FeylZr, and ~ y o Z r l o  samples indicated that 
they remain paramagnetic at mom temperature, although their magnetoresistance 
increases by typically a factor of 2 at that temperature compared with the hydrogen- 
free condition (sec table 2). 

In the hydrogenated R,,Zr,, specimen, the elevation of Tc with hydrogen load- 
ing is clearly evident as a positive SRA (estimated by extrapolation and through equa- 
tion (8)) is apparent at mom temperature. On cooling, however, considerable modifi- 
cations occur in both the longitudinal and transverse magnetoresistance, which makes 
quantitative analysis difficult. 

Increasing the hydrogen loading further results in similar complicating features 
appearing progressively in the other specimens; such data will not be presented at 
this time. 

Returning to table 2, the general features of the SRA summarized there are that 
these anisotropies behave similarly with temperature and composition to the unhydro- 
genatcd samples, although the magnitudes for the SRA are enhanced overall. Having 
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discussed this temperature and composition dependence in section 4.2, it simply re- 
mains to comment on the increased magnitude of the SRA following hydrogenation. 
The influence of the latter on the mean Fe moment has been investigated through 
band-structure studies [59], which mnclude that this moment is increased as a result 
of a aansfer of electrons from the spin-down to the spin-up sub-band (induced by 
the underlying vulume expansion accompanying hydrogen loading). As this trans- 
fer occurs, the Fermi level is relocated, and in the case of Fe,,Zr,H,, this results 
in N I (  EF) becoming considerably larger than N , ( E F ) .  The admittedly crude ap- 
proximation of replacing psd, and pd,  in equation (12) by N , ( E F )  and NI(EF) 
nevertheless yields a large increase in the SRA, in general agreement with the experi- 
mental observations. 

The temperature dependence of the wRA in the hydrogenated Fe,,Zr,, sample 
has also been measured above 60 K It exhibits a similar behaviour to that seen in 
the hydrogen-free samples, although the coelficient A k enhanced and the anisotropy 
now vanishes near 260 K, confirming the elevation of Tc in this sample. 

5. Conclusions and summary 

Measurements of the resistive anisotropy in a series of amorphous Fe-=Zr= 
(0.08 < z < 0.11) metallic glasses as a function of temperature, field and hydrogen 
loading have been carried out. A spontaneous resistive anisotropy first appears at 
a temperature w’y close to the ferromagnetic ordering temperature, deduced from 
previous magnetic studies, in all samples examined; this confirms the emergence of 
an exchange field at that temperature. A linear increase in the low-field resistive 
anisotropy with decreasing temperature below Tc has been observed for the first 
time, and a semiquantitative explanation for this effect has been suggested. Structure 
in the temperature dependence of the low-field resistive anisotropy in the 10 a t %  2r 
specimen well below T,: has also been observed, but no definite connection between 
such structure and the onset of the conjectured re-entrant mnsition in this system 
muld be established. 
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