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A systematic study was made of the magnetic properties of the amorphous alloys:
Gdy,(Fe,Coy_, )gg. Gdg,(CoyNij_, )y g, and Gdy,(Fe,Ni;_,)yg. Results indicate that GdCo.
GdNi. and GdCoNi alloys are collinear ferrimagnets involving electron transfer from Gd to the
3d elements. However, GdFe, GdFeNi, and GdFeCo alloys containing less than 30% Co are
sperimagnetic due to antiferromagnetic interactions in the Fe subnetwork. Mean-field exchange
energies are calculated and used to explain the results. A Slater-Pauling-type curve is construct-
ed, and the dependence of properties on the average number of transition-metal 3d electrons is

discussed.

I. INTRODUCTION

We have recently reported on some of the magnet-
ic properties of Gd, (Fe,Coy_,) -, (Ref. 1),
Gd, (CoxNij_x) -, (Refs. 2,3), and Gd, (Fe,Ni,_,),
(Ref. 4) amorphous thin films. The present study
concentrates on ternary alloys with 20 at.% Gd and
expands the data to a larger range of transition-metal
concentrations. The purpose is to examine the effect
of the number of transition-metal 3 electrons on
magnetic properties and the temperature dependence
of magnetization. Because of the technological im-
portance of rare-earth transition-metal alloys, the
ability to be able to predict such properties is highly
desirable. There are important device implications in
being able to match the temperature dependence of
magnetization of two materials and at the same time
be able to vary properties such as anisotropy and
coercivity independently. On a more fundamental
level, by using a constant concentration of a well un-
derstood rare earth, such as Gd (which is an S-state
collinear ferromagnet), we hoped to be able to care-
fully study such mechanisms as charge transfer and
to construct a Slater-Pauling-type curve for the e,
Co, Ni series. This has been done frequently for the
amorphous ferromagnetic transition-metal metalloid
alloys® and occasionally for polycrystalline alloys such
as YFeCo,® but not for amorphous ferrimagnetic ma-
terials. Our results have shown that many properties
can be correlated with the d -electron concentration
but that interpretation of a Slater-Pauling curve is dif-
ficult in materials with high Fe concentrations be-
cause of the appearance of sperimagnetism, that is,
the random orientation of the moments in one or
both subnetworks of an amorphous magnet with two
magnetic subnetworks.

II. EXPERIMENTAL

Films of the ternary alloys were prepared by
coevaporation of the elements from three electron
beam sources. The films were deposited on glass
substrates to a nominal thickness of 5000 A. Thick-
ness was determined by Talysurf, composition by
electron microprobe analysis to a relative accuracy of
+ 5%, and the amorphous nature of the films was es-
tablished by a glancing angle x-ray technique. The
concentration of Gd in the alloys was between 17 and
22 at.%. Ranges for the transition metals were:
Gd()'z(FeXCOF.X )()‘g, 0.94 > x > 0.38:
Gd,(CoxNij_)gg, 0.83 > x > 0.29;
Gd,(FexNij_y)os, 0.80 > x > 0.19. The temperature
dependence of magnetization for the films was mea-
sured from 4.2—295 K using a force balance magne-
tometer with fields up to 18 kOe. Reported satura-
tion magnetizations were obtained by extrapolating to
zero field. MH loops were obtained at 4.2 K and at
room temperature by means of a vibrating sample mag-
netometer. Saturation and anisotropy fields could be
obtained from these loops. In all calculations of
transition-metal atomic moments, it was assumed
that Gd was a collinear magnetic subnetwork with an
atomic moment of 7uy.

III. RESULTS

The temperature dependence of magnetization for
three alloys in which the concentrations of the two
transition metals are approximately equal is shown in
Fig. 1. Compensation points, the temperature at
which the magnetization in a ferrimagnet changes
sign, exist at 140 K for Gd, 3(FeysoNigs9)0s, and at
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275 K for Gd()_]g(COOASINio_I;g)()_gz. On the low-
temperature side of the compensation point, the alloy
magnetization is dominated by the magnetization of
the Gd magnetic subnetwork, and on the high-
temperature side by the transition-metal subnetwork.
The magnetization of Gdg 3(Feq49C0q51) 035, is dom-
inated by the magnetization of the transition-metal
subnetwork down to 4.2 K. The solid lines in Fig. 1
are mean-field-theory fits to the data following a
model described earlier.> Fitted variables were the
exchange energies Jys.ur, Jar-gq and, to a limited ex-
tent, the transition-metal spin Sy;. (M refers to one
of the 3d transition metals, Fe, Co, or Ni.) Both
magnitude of 47 M, and the shape of the 4wM; vs T
curves were optimized. The calculated exchange en-
ergies, along with those for the corresponding binary
alloys, are given in Table 1.7-° For the most part, ex-
perimental Curie temperatures cannot be obtained
due to the low crystallization temperatures of the al-
loys, about 500 K. The lack of experimental T
makes the calculated exchange energies subject to
about a 20% error,’ although spin values are much
more accurate. Several compositions within each ter-
nary series were analyzed and the exchange energies
were found to fall within the 20% error, so that only
an average, composition-independent value is given.
In all cases, the following values were assumed for
Gd spin, Gd exchange energy, and g factors:
Sca=3.5, JGa.ga=2X 1073 J, gr.=2.15, gco=2.22,
ENi= 220, and 8Gd= 2.00.

The data for 4w M; versus composition at 4.2 K
and at room temperature for all of the ternary alloys
studied and three binary alloys are plotted in Fig. 2.
Composition is given as the average number of
transition-metal 3d electrons present in the alloy.
The scatter appears to be due to the variation in Gd
concentration of +2 at.%. With the exception of
GdFeNi alloys, all experimental points with more
than 20 at.% Gd lie above the 4.2-K line (more dom-
inated by the Gd subnetwork magnetization) and all
those with less than 20 at.% Gd lie below the line
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FIG. 1. Saturation magnetization as a function of tem-
perature for Gdy 15(Feg 49C0q 51)0.82. Gdo.13(Feq sNig5)g 52,
and Gd 13(Coy 5;Nig 49)9.82. The solid lines are mean-field-
theory fits to the data.

(more dominated by the transition-metal subnetwork
magnetization). For the most part this is also true of
the room-temperature line, although there is much
less scatter in the room-temperature data. The value
of 4w M, changes monotonically at 4.2° from a
transition-metal-dominated value of 2000 G at 6 3d
electrons (GdFe) to a rare-earth-dominated value of
9000 G at 8 3d electrons (GdNi) regardless of the
transition metal involved. The room-temperature
magnetization increases from a transition-metal dom-
inated 2500 G at 6 3d electrons to 3500 G at about
6.4 3d electrons (Feg¢9Co0g.49 Or FeggoNig ) and then
decreases to zero at 7.6 3d electrons (Feg yNig g or
Cog4Nige). The value of 47 M, then goes to a
rare-earth dominant value of about 500 G at 7.7 3d
electrons and then decreases to zero as the Curie
temperature drops below room temperature. The
range of composition for which a compensation point
exists between 4.2 K and room temperature is from
6.7 to 7.6 3d electrons. Experimental compensation
temperatures are plotted as a function of composition
in Fig. 3.

TABLE 1. Exchange energies (in joules) for Gdg,Mqg and Gdg,(M)g4(M;)g4 alloys.

JFe-Fe Jco-co INi-Ni JEe-co Jco-Ni INi-Fe JFe-Gd Jeo-Gd INi-Gd
Alloy (10721) (10724 (10721 (10720 (10721 (10721 (10722) (10722) (10722) .
Gd-Fe? 0.55 ce —-2.6 s
Gd-Ni 0.8 -0.5
Gd-Fe-Co 0.5 2.2 I 1.6 s te =2.1 -2.3 s
Gd-Co-Ni s 2.9 . cee 1.1 s cee —-1.8 -1.3
Gd-Ni-Fe 0.5 o L1 o 10 14 L 12

4From Ref. 7.
YFrom Refs. 8 and 9.
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FIG. 2. Saturation magnetization vs composition (ex-
pressed as the average number of transition-metal 3d elec-
trons in the alloy) at 4.2 K and room temperature for
GdFeCo, GdCoNi, and GdFeN:i alloys.

It can be seen that the difference in 47 M, for a
given composition between 4.2° and room-
temperature values increases as the 3d-electron con-
centration increases. This is shown in Fig. 4 where
AM is plotted against composition. The line in Fig. 4
is the difference between the two lines in Fig. 2.
Again, with the exception of GdFeNi and GdCo al-
loys, films with more than 20 at. % Gd lie above the
line and those with less than 20 at.% lie below the
line. Apparently, parallel curves could be drawn for
films with 15 at. % Gd, 25 at. % Gd, etc.

A clear illustration of the effect of 3d-electron con-
centration on the temperature dependence of magnet-
ization is given in Fig. 5 where 4w M, is plotted
against temperature for four alloys. The alloys
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FIG. 3. Compensation temperature vs composition for
GdFeCo, GdCoNi, and GdFeNi alloys.
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FIG. 4. Difference between 47 M, values at 4.2 K and at
room temperature as a function of composition.

Gdg 50(Coq 33Nig62)0.80 and Gdyg 7(Feg 15Nig s2)053 both
have the same average number of 3d electrons per
transition-metal atom, 7.63, and have virtually identi-
cal dependences of 47 M; on temperature. Similarly,
the alloys Gd()‘ls(FeoA,wCO()_ﬂ )()‘32 and

Gdg13(Feg s0Nip20)052 have average 3d-electron con-
centrations of 6.51 and 6.39, respectively. Although
the moments are slightly different, the temperature
dependence of the moments is again about the same.
Thus, while absolute moments might be different
due to the atomic moments of the constituents, espe-
cially at 4.2°, it seems that AM /AT is a function of
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FIG. 5. Saturation magnetization vs temperature for the
alloys Gdg (Cop 33Nig 62)0.8. Gdo.17(Feg 13Nig g3)0.83-
Gdyg 13(Feg.49C0q 51 )9.82. and Gdyg j3(Feg ggNig 20)0.82-
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the transition-metal 3d-electron concentration. Fig-
ure 5 shows that the FeNi alloys seem to be more Gd
dominated at 4.2° than the other alloys. We have
seen in MH loops taken at 4.2° that alloys high in Fe
are difficult to saturate. High-field-susceptibility mea-
surements at 4.2 K show that the volume susceptibili-
ty of GdgyFeggo is 5.0 X 1073 and those of
Gdo.ls(Feo.wC,Oo.sx )o.s2 and Gdo 15 (Feg soNig.s0)0.52 are
3.9x 1073 and 2.3 x 1073, respectively. The volume
susceptibility of GdCo alloys is about 0.9 X 10~ while
those of Gdo'zoNio_g() and Gdo,zl(C00,54Nig_46)o_79 are
zero. All alloys saturate readily at room temperature.

Anisotropy constants have been determined at 4.2
K and at room temperature for all alloys. They all
appear to have positive anisotropy (magnetically easy
perpendicular axis) at 4.2 K, but only those with
more than 50 at.% Fe ( of M content) have positive
anisotropy at room temperature. Thus, the anisotro-
py constant of Gdg 3(Fe49C0gs1)0.3, changes from
3.1 x 10° ergs/cm? at 4.2° to —1.0 x 10° at room tem-
perature. This is due to the differences in rate of
change of magnetization with temperature of the
various magnetic subnetworks, based on a pair-
ordering model.! Room-temperature perpendicular
anisotropies are given as a function of composition in
Fig. 6. '

The transition-metal atomic moments for all of the
alloys were calculated from 4.2-K magnetization data
by assuming a Gd moment of 7up and using the
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FIG. 6. Room-temperature perpendicular anisotropy con-
stant vs composition for GdFeCo, GdCoNi, and GdFeNi al-
loys.

equation'?
XGd(7l~‘-B) +XM([LM) = (Ms/5585)( W/E) ’

where Xgq and X, are atomic fractions, W is the
average molecular weight, p is the average density of
the alloy, and u,, is the moment in Bohr magnetons
of the transition-metal subnetwork. The resultant
w as a function of 3d-electron concentration is plot-
ted as a Slater-Pauling-type curve in Fig. 7. The lines
represent calculated values for zero-, one-, two-, and
three-electron transfer from Gd to the transition-
metal subnetwork for FeCo and NiCo alloys. ‘The
zero transfer curves are those normally found for
crystalline transition-metal alloys. FeNi-alloy lines
may be drawn by connecting the end points. In cal-
culating the Fe moment it was assumed that electrons
transferred equally to the majority and minority d
bands until the majority band was filled (0.4 electrons
per Fe atom). Therefore, no increase is shown above
the metallic Fe moment of 2.22u3. The calculated
moments for the transition metals in the binaries are:
Fe 2.09up, Co 1.45up, Ni 0.31uz. The data show
that as Co is added to GdFe, u, remains fairly con-
stant to about Fej70Coq 3 and then falls along the one-
electron transfer line to GdCo. This indicates an in-
creasing Fe moment with Co addition to a peak value
of about 2.3up after which both Fe and Co moments
remain constant with further Co addition. As Ni is
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FIG. 7. Magnetic moment of the 3d-transition-metal sub-
network at 4.2 K as a function of composition for GdFeCo,
GdCoNi, and GdFeNi alloys. The lines are calculated as-
suming electron transfer to the transition metals from Gd.
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added to GdCo, the transition-metal subnetwork mo-
ment falls linearly along the one-electron-transfer line
to pure GdNi. Both the Co and Ni values therefore .
remain constant at their binary values of 1.45 and
0.31up. In the case of the GdFeNi alloys, the addi-
tion of Ni to GdFe does not increase the moment of
Fe as did Co. Continued addition of Ni causes uy, to
fall along the calculated two-electron-transfer line.
Allowing for some scatter in the data, mean-field fit-
ting shows that the Fe moment remains fairly con-
stant while the Ni moment shows a slight decrease as
its concentration increases.

A comparison between the behavior of the Gd al-
loys and that of transition-metal—metalloid alloys is
shown in Fig. 8. The data of Durand'' for
(NiFe)4P3Bs and of Mizoguchi et al.'? for
(FeCO)s()P]()Blo and (FeNi)goploBm have been used
since their results most closely approximate our own.
Our results for GdFeNi alloys correspond almost ex-
actly with those of Durand, who explains his data by
assuming that wp. remains constant at 2.02up and
that wy; increases from virtually zero at 100 at. % Ni
to 0.4up at 70 at. % Ni and then remains fairly con-
stant as Ni content decreases. The Ni atoms are as-
sumed to be progressively polarized as Fe content in-
creases in the same way that Pd is polarized in the
crystalline PdFe system. Mizoguchi attributes his
results to a rigid-band model with the spin-up band
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FIG. 8. A comparison of the change in transition-metal
magnetic moment as a function of composition in
Gd—transition-metal alloys and in transition-
metal—metalloid alloys.

full and an increasing number of transferred elec-
trons entering the spin-down band. Thus, there is no
maximum in the FeCo data. The Fe maximum
which we find is commonly seen with Co addition in
a transition-metal—metalloid system, but not with Ni
addition.>"

IV. DISCUSSION

The combination .of our results on Gd alloys and
previous results on transition metals in combination
with metalloids or nonmagnetic rare earths lead to
the following conclusions:

(1) GdCo, GdNi, and GdCoNi are collinear ferri-
magnets in which each Gd atom transfers about |
electron to the 3d states of the transition metal.

(2) As indicated by its low-moment and high-field
susceptibility at 4.2°, Fe in GdFe is partially antifer-
romagnetic or asperomagnetic (random ferromagne-
tism in the Fe subnetwork with the spins in random
orientation around a preferential direction).

Several papers have appeared on amorphous alloys
with one transition metal in combination with metal-
loids or elements such as Y which find that Co and
Ni are ferromagnetic subnetworks but that the Fe
subnetwork is partially antiferromagnetic, especially
at high concentrations. Coey'* has found that YCo
and YNi are ferromagnets but that YFe has a ran-
dom, noncollinear structure with a net moment (as-
peromagnetic). The Fe-Fe exchange in rare-
earth—transition-metal alloys in not invariably fer-
romagnetic but is a sensitive function of atom separa-
tion. The exchange interaction distribution fluctuates
about J =0 and is more likely to have either sign
than is Co or Ni. Thus, even though the exchange
interaction is much greater than local anisotropy, Fe
remains asperomagnetic and complete alignment of
the subnetwork cannot be attained even at very high
fields.

Heiman and Kazama'>'® have obtained similar
results with alloys of Co and Fe with Y, La, Zr, and
Lu. In YCo alloys there is a simple charge transfer
with Y giving up 1.4 electrons to Co d states, and the
Co moment is independent of rare-earth size. How-
ever, the Fe moment (and Fe-Fe exchange) ‘is depen-
dent on rare-earth size because of large exchange
fluctuations and a small Jg..p. as compared to a large
Jco-co Which is insensitive to structure fluctuations.
Heiman claims that in the magnetic phase diagram
the Fe exchange fluctuations span the region from
ferromagnetism to spin-glass.

Additional evidence for Fe noncollinearity comes
from Buschow er al.'” and Durand.'® Buschow found
that alloys of Fe with Y, Th, or Zr had magnetiza-
tions which were strongly field dependent at 18 kOe
and concluded that the alloys were random antifer-
romagnets. Charge transfer was also involved.
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Durand in studies of amorphous FeBP claimed that
Fe entered in both ferromagnetic and antiferromag-
netic states. As Fe concentration decreased more of
the Fe was polarized into the ferromagnetic state, as

. found in bcc crystalline Fe. This claim is reasonable
in view of the facts that: (a) bcc crystalline Fe with
eight nearest neighbors is ferromagnetic but fcc Fe
with 12 nearest neighbors is antiferromagnetic, and
(b) the number of nearest neighbors in these amor-
phous alloys is between 11 and 13 (Ref. 19); so that
at large Fe concentrations the atomic structure begins
to resemble that of a relaxed fcc Fe lattice. The
unusually small magnitude of the self-exchange ener-
gy of Fe also seems to indicate the presence of signi-
ficant amounts of the antiferromagnetic phase. The
amount of antiferromagnetism is known to increase
in amorphous alloys if one goes to transition metals
with lower atomic number than Fe, such as in Mn or
Cr metalloid films."?

With regard to ternary alloys containing Fe, our
results lead to the additional conclusions:

(3) As Co is added to GdFe to form GdFeCo al-
loys, the antiferromagnetic Fe states are polarized to
ferromagnetic states with all antiferromagnetic in-
teractions disappearing by the time 30 at.% Co is ad-
ded. The polarization is possible due to the high Fe-
Co exchange interaction (see Table I) in conjunction
with a high Co spin value and high Co-Co exchange
interaction since the total magnetic interaction
between two atoms, V;, is equal to —2J;S, - S;.2°
Beyond 30 at. % Co, the GdFeCo alloys behave simi-
larly to GdCoN:i alloys, so that it is unlikely that addi-
tional charge transfer occurs. In addition the reduced
numbers of Fe nearest neighbors of an Fe atom due
to Co addition may also be expected to promote the
ferromagnetic Fe phase. A similar situation occurs,
for example, in polycrystalline CuMn films?! and in
amorphous GdMn films?2 where the Mn moment in-
creases with decreasing Mn concentration.

(4) The addition of Ni to GdFe to form GdFeNi
alloys apparently does not polarize the antiferromag-
netic Fe states because of a low Fe-Ni exchange in-
teraction along with a low Ni spin value and low
Jni-ni- Therefore, the moments of this alloy series
remain lower than those containing Co over the en-
tire composition range, the moment resulting from a
combination of electron transfer and an asperomag-
netic Fe subnetwork.

Calculations made by Jo?} show the possibility of
the existence of two magnetic states of Fe in NiFe
crystalline alloys, with antiferromagnetic Fe states ap-
pearing when Fe exceeds 50 at.% in concentration.
The deviation in the Slater-Pauling curve was ex-
plained by the presence of the two states.

Despite the asperomagnetic nature of Fe, the mag-
netization and temperature dependence of magnetiza-
tion of the GdM alloys are predictable based on the
average number of M 3d electrons in the alloy. This
is possibly due to the ferromagnetic alignment of the
Fe with increasing temperature. This can be seen in
Fig. 2 where less scatter exists in the room-
temperature curve, in Fig. S where the 4.2 K differ-
ence in magnetization becomes smaller with increas-
ing temperature, and in the fact that high-Fe samples
saturate readily at room temperature although not at
4.2 K. The use of Mossbauer spectroscopy would
help to clarify this point. Therefore, it is possible to

-match different materials with regard to their tem-

perature dependence of magnetization while main-
taining differences in properties such as anisotropy
and coercivity.
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