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Magnetic properties of W-Fe alloys
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A recently discovered spin-glass interaction in %-Mn alloys suggested the investigation of W-Fe
alloys. Indeed, similarly to the Mn alloys, the crystalline Fe alloys display a spin-glass transition
with a spin-freezing temperature which increases essentially linearly with Fe content up to 31 at. lo

Fe, where the alloys become amorphous and antiferromagnetic. Above 52 at. '% the amorphous al-

loys become ferromagnetic and above 68 at. %%uiphase sof th callo yseparat ewit h th eappearanc eof
crystalline %Feq and Fe in an amorphous matrix.

It was recently reported that although Mn has a local
moment in amorphous (a) Mn-Zr (Ref. 1) and crystalline
Mn-Ti (Ref. 2), these alloys do not exhibit a spin-glass in-
teraction. A study of ternary a-(Cu-Zr-Mn) alloys estab-
lished that the absence of spin-glass interaction is caused
by the mixing of Mn d states with the partially filled Zr
or Ti d bands. This implies that while in Cu-Mn, Ag-Mn,
etc., there exists a distribution of exchange wide enough
and strong enough to lead to spin freezing into a random
configuration, the distribution may be wide enough in
Mn-Zr and Mn-Ti alloys but the overall exchange is too
weak as a result of the d-band mixing to induce ordering.
This model led to the discovery of a new spin-glass sys-
tem; W-Mn, where the spin-glass transition can exist
despite the partially filled tungsten d band because the
density of d states at the Fermi level is minimal. This re-
sult prompted the present investigation of W-Fe alloys.

All the W-Fe films were sputtered from a cathode made
by wrapping various numbers (from 4 to 54) of Fe wires
0.025 cm in diameter around a tungsten rod. The films
were deposited on sapphire at 260 K with a sputtering
power of 15 W (1500 V, 10 mA). The structure of the
films was established by x-ray diffraction and their com-
position was determined by x-ray fluorescence analysis
calibrated by atomic absorption analysis. The deposited
films were then scraped with a sapphire slide to avoid
magnetic contamination. The susceptibility of the result-
ing flakes was measured in a high dc magnetic field (12.8
kOe) using the Faraday method, in a low dc field (3 Oe)
susceptometer using a superconducting quantum interfer-
ence device (SQUID), and in low ac field (4 Oe) at 10
kHz.

Since the magnetic properties of W-Mn alloys were
similar to those of Cu-Mn alloys (Ref. 2) and since both
Cu-Mn (Ref. 3) and Cu-Fe (Ref. 4) alloys are archetypical
spin-glasses, it is not surprising that, as shown in Fig. 1,
W-Fe alloys display a spin-glass transition. Because of
the similarity between %'-Fe and %'-Mn alloys, this study
will deal briefly with the spin-glass properties of W-Fe al-
loys and stress only the different magnetic properties of
the two systems.

The W-Fe alloys with Fe content up to 31 at. % are,
similarly to the %'-Mn alloys, a crystalline solid solution
of Fe in W with a (110) preferred orientation with respect
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FIG. 1. Temperature dependence of the ac susceptibility as a
function of applied dc magnetic field.

to the substrate. Using the single diffraction peak of the
films the susceptibility of which is described in Fig. 1, as
an interpolation between the W and Fe(110) peaks yields
an Fe concentration of 13.3 at. %, which is good agree-
ment with the 14.2 at. % obtained by atomic absorption
analysis. As shown in Fig. 1, the susceptibility (X) peaks
as a function of magnetic field for W—14.2 at. % Fe are
quite similar to those shown in Fig. 3 of Ref. 2 for
W—12.8 at. % Mn. Consequently, one can conclude from
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Fe content
(at. %)

TABLE I. Magnetic properties of two representative %-Fe alloys.

pdf (pg) —8 (K.) 70 (10 emu/mole) 73oo ~ (10 emu/mole) hT' (K)

14.2 4.47
4.75
5.34

—55

—30

34
—101
—434

1481 150—300
100—300
70—300

36.4' 380 1680 30—300

'Temperature range of Curie-%'eiss fit.
Crystalline alloy with spin-glass tr'ansition is shown in Fig. 1.

'Amorphous alloy with no spin-glass transition.

these data that such %-Fe alloys undergo a spin-glass
transition. Furthermore, measurements in a SQUID sus-
ceptometer show the same irreversibility when cooled in a
field of 3 Oe and time dependence of the magnetization
below the freezing temperature (Tso) which was ob-
served in the W-Mn alloys. The high-field (12.8 kOe)
properties of the alloy discussed in Fig. 1 are listed in
Table I. It is clear that these results are essentially similar
to those for W-Mn alloys: the best fit (b, T=150—300 K)
which yields a positive value for the temperature-
independent contribution Po results in a value of p,ff ap-
preciably larger than the critical value required for a
spin-glass interaction (=3.9@a) and in a small value for
Xo. The large positive value of the Curie-Weiss tempera-
ture (8) is however in better agreement with Cu-Mn alloys
than with W-Mn alloys which are characterized by 8=0.
The concentration dependence of Tso is shown in Fig. 2

and although the Tso values for Fe are approximately
twice as high as for Mn, 1'rsoldCF, is again =1. The
scatter of the rso values of Fig. 2 and the smearing of
the peak in Fig. 1 are undoubtedly due to the fact that the
films are sputtered from fairly inhomogeneous cathodes,
which results in a composition spread of about +10%
from the average composition quoted for each film.

Despite the fact that W-Fe spin-glasses are character-
ized by an average ferromagnetic interaction (large posi-
tive 8), similarly to W-Mn alloys, they become essentially
antiferromagnetic when the iron concentration exceeds 31
at. %. Simultaneously, the W-Fe films become amor-
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FIG. 2. Dependence of the spin-glass freezing temperature
( Ts~) and of the susceptibility per gram of Fe at 4.2 K on Fe
concentration.

FIG. 3. Dependence of the Curie temperature ( T, ) of amor-
phous %'-Fe alloys on Fe concentration. The solid line is
described in the text.
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phous but as previously discussed for ternary Cu-Zr-Mn
(Ref. 2) and Au-Si-Mn (Ref. 5) alloys the disappearance of
the spin-glass transition is most probably not linked with
the disappearance of crystallinity. The transition from
the spin-glass state to antiferromagnetism is evidenced in
both 8 and X. Indeed, as shown in Table I, the 36.4 at. %
Fe alloy is characterized by a value of p, tr smaller than
the critical value required for a spin-glass interaction
(=3.9@a), 8 has become negative and Xe has a large posi-
tive value similar to that measured on Cu-Zr-Mn (Ref. 2)
and Mn-Zr alloys (Ref. 1), which do not exhibit a spin-
glass transition. Furthermore, one also observes a sharp
decrease of the normalized susceptibility (Fig. 2) in the vi-

cinity of the critical Fe concentration (=30 at. %). As in-
dicated in Fig. 2, some of the alloys in the 31—52 at. %
Fe-concentration range exhibit a small susceptibility peak
which is indicative of a weak spin-glass interaction super-
imposed on mostly antiferromagnetic interactions.

Finally, above 52 at. % Fe the amorphous W-Fe alloys
become ferromagnetic. The Curie temperatures (T, ) for
these alloys are plotted in Fig. 3 as a function of Fe con-
centration. The solid line in Fig. 3 was drawn through
the point (52 at. % Fe; T, =0) since as shown in Fig. 2
this was the highest Fe concentration for antiferromagnet-
ic alloys and with a slope such that it would intercept the
ordinate axis for 100% Fe at the T, of crystalline Fe
(1043 K). Despite the scatter, this line represents a

reasonable average of the data if one realizes that the
worst deviations are still within the previously mentioned
+10% spread in composition. Furthermore, this compo-
sitional spread produces a spread in T„which in turn
causes appreciable errors in the determination of the
representative average T, for a given film. At any rate,
the T, values shown in Fig. 3 are representative of amor-
phous W-Fe alloys up to 68 at. % Fe. Above this concen-
tration, the alloys phase separate into a mixture of crystal-
line WFe2 and Fe inside an amorphous %-Fe matrix.
These crystalline phases are in agreement with those ex-
pected from the equilibrium phase diagram for the crys-
talline %'-Fe system.

In conclusion, W-Fe alloys with C„,& 31 at. %%uodispla y
very similar spin-glass properties to those of W-Mn al-
loys. Surprisingly, despite the average ferromagnetic in-
teraction present in these alloys they become antifer-
romagnetic for CF, & 31 at. % just like the W-Mn alloys.
Above 52 at. % Fe they become amorphous ferromagnets
with T, increasing up to 68 at. % Fe which is the upper
limit for fully amorphous alloys.
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