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Giant magnetoresistance in Croy_; Fe, bulk granular alloys
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We report on the observation of giant magnetoresistance in magnetically inhomogeneous bulk granu-
lar Cry—,Fe, alloys. The largest magnetoresistance among the investigated alloys of 10.7 <x <49.0
at. % amounts to 26% for x =18.9 at. % at 5 K and 4 T. This is substantially larger than in other bulk
random 3d alloys and is of the same order of magnitude as that in granular films. Concentration, tem-
perature, and field dependences of the magnetoresistance are also similar to those observed in granular
media. The origin of giant magnetoresistance in bulk Cr-Fe is attributed to the field-induced alignment
of Fe-rich ferromagnetic clusters in a Cr-rich matrix. Giant magnetoresistance in Fe-Cr collapses just
above x =20 at. %, at which long-range ferromagnetic order sets in.

The occurrence of giant magnetoresistance (GMR) in
magnetic/nonmagnetic thin-film multilayers is generally
attributed to spin-dependent scattering.’?> The moments
of initially antiferromagnetically coupled layers can be
made to couple ferromagnetically by the application of an
external magnetic field, leading to a reduction in the elec-
trical resistance. Berkowitz et al.’> showed that GMR is
not a property restricted to multilayers, but that it can
also be found in granular Cu-Co films. More recent stud-
ies on granular films and ribbons have extended the list to
the rapidly quenched alloys Ag-Co, Ag-Fe, Cu-Fe, Au-
Fe, and Cr-Fe; all which are immiscible either in the solid
state or even in the melt.*”7 On annealing they decom-
pose rapidly and almost totally except for Cr-Fe, for
which segregation kinetics are comparatively slow.® Cr-
Fe granular alloys are also unique in the sense that they
can also be prepared in bulk form by conventional
methods. This provides the possibility to extend the
search for GMR effects to bulk granular material, which
is undertaken in this work.

The phase diagram of Cry_,Fe, is shown in Fig. 1.
A complete range of bee (a) random solid solutions ex-
ists. A o phase and a mixed a+o phase are found,
which are bounded by the dashed lines. The system also
exhibits a miscibility gap for which the boundary is
shown with the dashed-dotted line. Within the miscibili-
ty gap the system decomposes into Cr-rich a; and Fe-rich
a, bee phases. Alloys quenched to room temperature
from the high-temperature random solid-solution region
retain the bcc phase. However, complete randomness is
not preserved, as evidenced by Mdssbauer,'©”!* diffuse
neutron scattering,'> ! and isochronal annealing!’ experi-
ments. The results of these measurements show the pres-
ence of Fe-rich and Cr-rich clustering on a length scale of
~2 nm for x =25 at. %, which is due to segregation dur-
ing quenching. This property gives the granular charac-
ter to bulk Cr-Fe alloys. The magnetic phase diagram for
quenched alloys is shown by the solid lines in Fig. 1.1%1°
On the Fe-rich ferromagnetic (FM) end the Curie temper-
ature T decreases with increasing Cr concentration up
to x =20 at. %. A cluster-glass-like frustrated state with
freezing temperature T, is observed for 10 <x <30 at. %.
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The boundaries of this state are uncertain near the onset
of ferromagnetism. Antiferromagnetic (AF) order sets in
below x ~18 at. % and the Néel temperature increases
with decreasing x. The critical region is expanded in the
inset.

Cr,g0—x Fe, alloys were prepared by arc melting under
argon atmosphere and cut to samples 6X2X0.2 mm?®.
After annealing at 1200 K the samples were quenched
into water at room temperature. Concentrations were
determined by microprobe analysis to be 10.7, 17.0, 18.6,
18.9, 29.2, and 49.0 at. %. Magnetoresistance measure-
ments in magnetic fields B up to 4 T were made by a stan-
dard four-point technique. Both longitudinal MR,

Ap/po=Ip)(H,T)—p(0,T)]/p(0,T)] ,
and transverse MR,
Ap, /po=[p (H,T)—p(0,T)]/p(0,T) ,

where p=p(0,T), were measured in increasing and de-
creasing external field.

Figure 2 shows Ap/p, vs B curves for x =18.9 at. % at
various temperatures. This sample shows the largest MR
among all others presently investigated amounting to
26% at 4 T and 5 K; a value which is the largest encoun-
tered in bulk granular alloys and, in fact, somewhat
larger than the 20% GMR effect of Fe-Cr granular films
at a similar temperature and magnetic field.” At all tem-
peratures Ap/p, is always negative and no saturation
occurs in fields up to 4 T. Hysteresis is also not found
and the anisotropy (Ap,—Ap,)/p, is less than 0.5%.

Ap/pg vs B at 5 K for all samples is plotted in Fig. 3.
The MR of samples with 10.7 <x <18.9 at. % has simi-
lar field dependence in that the slope always decreases
with increasing field. At 4 T the MR increases with in-
creasing concentration from 11% to 26% and at x =29
at. %, for which the field dependence is highly weakened,
the MR decreases rapidly. For x =49.0 at. % Ap,/p,
and Ap, /p, are both plotted. This sample shows a rela-
tively large anisotropy amounting to 4% and a weak field
dependence of less than 0.5% for 0.2<B <4 T. The
large anisotropy, which is correlated to the alignment of
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FIG. 1. The structural and magnetic phase diagram of
Cryg-xFe,. The mixed a+ o phase and the o phase are bound-
ed by the dashed lines. The borders of the miscibility gap,
within which the system segregates to a, and a,, are shown by
the dot-dashed line. The magnetic transformation temperatures
are shown by full lines. The critical region is shown in the inset.

the domains in low magnetic fields, as well as the weak
dependence in higher fields, is typical of ‘“normal” fer-
romagnets such as Fe or Ni.

Figure 4 shows |Ap/pyl vs T. The MR of alloys with
10.7<x <18.9 at. % increases with decreasing tempera-
ture. The increase becomes steeper as the temperature is
lowered and the temperature dependence is weakened
with decreasing concentration. The MR of x =29.2
at. % is almost temperature independent and that of
x =49 at. % (not shown) practically vanishes. Up to
x =18.9 at. % the curves are comparable in form and
magngtude to, e.g., those of as-prepared Cu-Co granular
films.
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FIG. 2. Ap/py vs B at various temperatures for x =18.9
at. %. The MR at 5 K is of the same magnitude as the GMR

effect in granular media. The anisotropy is negligible.

FIG. 3. Ap/po vs B at 5 K for Cro—,Fe,. Since the anisot-
ropy at small only longitudinal MR is shown except for x =49.0
at. %, for which both longitudinal (||) and transverse (1) MR
are shown.

Figure 5 shows the absolute value of the MR as a func-
tion of Fe concentration at 4 T and several fixed tempera-
tures. The data of Hedgcock, Strom-Olsen, and Wil-
ford,?® for x =3 and 5 at. % (open triangles) and Banerjee
and Raychandhuri?! for x =25 at. % (asterisk) are also
shown. The MR shows a steep increase with increasing
Fe concentration up to x =20 at. % after which it drops
rapidly. The rapid drop is sketched by the broken line
only for T =5 K for clarity. The behavior of the concen-
tration dependence of the MR is temperature sensitive
for x <20 at. %, while for x > 20 at. % it is insensitive to
temperature. A comparison of Fig. 5 with the magnetic
phase diagram indicates that the MR reaches its max-
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FIG. 4. Ap/po vs T for Cryp—,Fe,. The temperature depen-
dence is highly weakened as the Fe concentration approaches
the onset of long-range FM order. The arrows point to the
magnetic transformation temperatures. The lines are guides.
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FIG. 5. Longitudinal magnetoresistance as a function of Fe
content for Crp_,Fe, at 4 T. Data at 4.2 K of Refs. 20 and 21
are also included. The lines are guides. The sharp decrease for
T =5 K is shown by the dashed line.

imum in the cluster-glass region and therefore it may be
appealing to relate the observed effects to spin-glass prop-
erties. However, there are significant differences between
the behavior of the MR of Cr-Fe cluster glasses and other
spin-glass alloys. The negative MR of canonical spin
glasses (Au-Fe, Au-Mn, etc.) is governed by |Ap/p| < H"
(n ~2), which gives an increasing slope for |Ap/p| with
increasing field.?> Moreover, Ap/p in spin glasses is only
~1% at 1 T and there are hysteresis effects. In ternary
spin-glass alloys such as Fe, Nig,_,Cryy (16<x <21
at.2‘17a) the MR amounts to only 5X 1073 at 4 T and 4.2
K.

As opposed to the dissimilarities to spin glasses several
features of the observed phenomena are similar to the
GMR effect in granular films. The slope of |Ap/p| de-
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creases with increasing field and no saturation of the MR
occurs at 4 T. The anisotropy is negligible and the posi-
tion of the MR maximum at x =20 at. % is similar to
that found in a variety of granular films.>’ The 26%
GMR effect at 4 K at x =18.9% agrees especially well
with the results on Fe-Cr granular films.” In view of
these similarities the GMR effect in Fe-Cr bulk alloys
and granular films is expected to be of the same origin.

The cluster-glass concentration region of Fe-Cr is com-
posed of Fe-rich FM granules in a Cr-rich environment.
The Fe-rich granules are among themselves noninteract-
ing entities, and therefore the overall sample is initially in
a superparamagnetic state. An external field places the
system in a final state where the moments align, thereby
leading to a decrease in the resistance. This persists up to
a concentration near the onset of long range FM order,
above which there is little difference in the degree of
alignment between the initial and final states. Thus an
external field has hardly any influence on changing the
resistance. As a consequence the MR drops rapidly and
remains concentration and temperature insensitive, as
seen in Fig. 5.

The strong increase of |Ap/p,l with decreasing tem-
perature below ~20 at. % is due to the increased tenden-
cy of alignment of the moments of the granules in an
external field. This behavior should be closely related to
the temperature dependence of the magnetization. How-
ever, no assessment of this relation is made here since
magnetization measurements on exactly the same sam-
ples are required to understand this highly
concentration-sensitive phenomenon in Cr-Fe. Neverthe-
less, the present results demonstrate that the form and
size of GMR effects of Cr-Fe quenched-state bulk alloys
and granular films are very similar.

We are grateful to W. Pepperhoff for valuable sugges-
tions. This work was supported by the Deutsche
Forschungsgemeinschaft (SFB 166).

IM. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F.
Petroff, P. Eitenne, G. Creuzet, A. Friederich, and J. Chaze-
las, Phys. Rev. Lett. 61, 2472 (1988).

28. S. P. Parkin, Phys. Rev. Lett. 71, 1641 (1993).

3A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S.
Zhang, F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas,
Phys. Rev. Lett. 68, 3745 (1992).

47. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68,
3749 (1992).

5C. L. Chien, J. Q. Xiao, and J. S. Jiang, J. Appl. Phys. 73, 5309
(1992).

SL. H. Chen, S. Jin, J. H. Tiefel, S. H. Chang, M. Eibschutz, and
R. Ramesh, Phys. Rev. B 49, 9194 (1994).

7K. Takanashi, T. Sugawara, K. Hono, and H. Fujimori, J.
Appl. Phys. 76, 6790 (1994).

8T. Schneider, M. Acet, and E. F. Wasserman, J. Appl. Phys.
70, 6559 (1991).

90. Kubaschewski, Iron-Binary Phase Diagrams (Springer-
Verlag, Berlin, 1982).

19H. H. Ettwig and W. Pepperhoff, Arch. Eisenhiittenwes. 41,
471 (1970).

113, Hesse and A. Riibartsch, Physica B+ C 80B, 33 (1975).

12M. Shiga and Nakamura, J. Phys. Soc. Jpn. 49, 528 (1980).

13W. M. Xu, W. Steiner, M. Reissner, A. PSsinger, M. Acet,
and W. Pepperhoff, J. Magn. Magn. Mater. 104-107, 2023
(1992).

14w, M. Xu, A. Posinger, R. Wagoner, M. Reissner, W. Steiner,
G. Wiesinger, and M. Acet, Hyperfine Interact. 94, 1843
(1994).

I5A. T. Aldred, Phys. Rev. B 14, 219 (1976).

16A. T. Aldred, B. D. Rainford, J. S. Kouvel, and T. J. Hicks,
Phys. Rev. B 14, 228 (1976).

17F. Richter, W. Bendick, and W. Pepperhoff, Z. Metallkde 65,
42 (1974).

185 K. Burke and B. D. Rainford, J. Phys. F 13, 441 (1983).

193, K. Burke, R. Cywinski, J. R. Davis, and B. D. Rainford, J.
Phys. F 13, 451 (1983).

20F, T. Hedgcock, J. O. Strom-Olsen, and D. F. Wilford, J.
Phys. F 7, 855 (1977).

21S. Banerjee and A. K. Raychaudhuri, J. Phys. Condens.
Matter 5, L295 (1993).

22A. K. Nigam and A. K. Majumdar, Phys. Rev. B 27, 495
(1983).



