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Amorphous Alloys lli: Rare Earths

J. J. Rhyne, Chairperson

Giant coercivities and chemical short-range order in

Pr-Ga-Fe metallic glasses*

S. G. Cornelison, D. J. Selimyer, J. G. Zhao," and Z. D. Chen'
Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588-0111

Results of magnetic, Mossbauer, and structural studies are presented for (PryGa,g),q0_,Fe, metallic glasses,
where 0 < x < 30. For x> 20 two magnetic transitions are observed and the structural studies indicate the
presence of a phase separation into at least two glassy phases, one being Fe-rich and the other Fe-deficient.
Coercivities above 60 kOe are observed and the results are discussed in terms of a model involving the

magnetic properties of the two phases.

PACS numbers: 75.50.Kj, 75.60.Ej, 75.30.Gw

INTRODUCTION

Recently there has been considerable interest in
the magnetic properties of rare-earth-rich metallic
glasses. (1-4) Unlike transition-metal-based metallic
glasses such as the Metglas alloys which are often very
soft ferromagnets, anisotropic rare-earth-rich metallic
glasses often exhibit large curvature in the high-field
magnetization as well as very large coercive forces.
The local-random-anisotropy theory of Harris et al. (5)
was developed to explain these effects by assuming the
presence at each magnetic site of a randomly-directed
uniaxial anisotropy which could compete with exchange
forces to determine the direction of the local magnetic
moment.

We recently have reported some unusual magnetic
properties of rare-earth-based metallic gtasses of com-

position (R80Ga20)100_xTX (6) where R is a rare-earth

and T is a transition metal. In the heavy rare-earth
glasses, (Tb80Ga20)100-xFex’ we found a scattered spin

structure in the Tb subnetwork but with antiparaliel
coupling to the Fe atoms. Also there was large low
temperature coercivity which monotonically decreased as
the temperature increased. The Pr-based glasses dis-
played a more complex behavior in which a relatively
small magnetization was observed at high fields, and
the coercive force in the 30% Fe glass increased from
less than 1 kOe at 4.2 K to over 60 kOe at 90 K. Appar-
ently two or more amorphous magnetic phases are present
in these alloys which give rise to the observed ef-
fects. 1In this paper we report results of further mag-
netic and structural studies of the Pr-Ga-Fe glasses.

EXPERIMENTAL

Samples were prepared from pure materials by ra-
pidly cooling from the melt using a splat-cooling tech-
nique. Each sample was examined by MoKa x-ray diffrac-
tion utilizing a high resolution Si:Li detector in con-
junction with a pulse height analyzer and discrimina-
tors. Smooth, well-defined 1iquid-Tike diffraction
patterns were observed for all the alloys. Suscepti-
bility data were taken from 4.2 K to room temp in a
field of 700 Oe with a Faraday balance system. Fe57
Mossbauer data were taken with a sinusoidal Mdssbauer
spectrometer between 4.2 K and 300 K. High-field mag-
netization data were taken from 2 K to 300 K in fields
up to 80 kDe in a vibrating sample magnetometer [VSM].
Faraday, VSM, and Missbauer data were taken utilizing
microprocessor-based data-acquisition systems.

RESULTS

Figure 1 shows a typical x-ray diffractogram for
(PrgoGasg)agFesg and a reduced radial-distribution
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function. There is no obvious division of the large
first peak into two components in the diffractogram
which might indicate the gross precipitation intq a
second amorphous phase, nor is there any indication of
crystalline precipitates. Evidence for a phase separa-
tion in (PrggGasg)goFesg has been obtained from se-
Tected-area-electron diffraction and fluorescence mea-
surements (7). The results indicate that there are at
Teast two amorphous phases present, one of which is
rich in Fe and the other deficient in Fe. TEe spat1§1
resolution of the measurements is about 400 A, so this
represents a lower Timit on the dimensions of the
amorphous phases.
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Fig. 1. (a) X-ray diffractogram of {PrggGazo)soFezc.

(b) Reduced RDF of data in (a).

Figure 2 shows the magnetic susceptibility for
(PrggGasg)goFesg from 4.2 K to 500 K. (8) The higher-
temperature peak occurs at about 375 K and the Tow-tem-
perature peak is at about 8 K which is very close to
the peak observed in amorphous PrggGajo. Measurements
on similar light-rare-earth based glasses showed two
transitions while heavy-rare-earth based g]asses have
only one transition. Figure 3b shows FeS” Mossbauer
data on enriched (PrggGasg)goFesp at 300 K where the
solid line is the fit to the data (below). Figure 3a
shows Fourier deconvolution (9) of the 300 K M3ssbauer
spectrum into an internal field distribution function,
P(H). The first peak in the deconvolution spectrum
represents 'non-magnetic' or paramagnetic iron contri-
butions to the spectrum since it is a fit to the cen-
tral two peaks of the six-Tine spectrum. Its position
on the H axis is an artifact of the fitting procedure
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Fig. 2. Magnetic susceptibility from 4.2 K to 500 K

for (Prsosazo)eoFEZO.

but its intensity should be representative of the num-
ber of Fe atoms experiencing little or no hyperfine-
field splitting. The large peak at 250 kOe represents
the magnetic iron contribution to the spectrum and is
67% of the total intensity. Assuming 330 kOe corre-
sponds to 2.2 uB/Fe we obtain 1.66 uB/Fe in this glass

at 300 K. Thus the total Fe moment is about 10 emu/g
at 300K in this alloy assuming complete ferromagnetic
coupling. As the temperature is lowered to 4.2 K the
peak position moves to 295 kOe but the relative inten-
sities of the peaks stay about the same. Work on re-
lated Fe-rich Nd and Pr amorphous alloys by Buschow et
al. (10) and Croat et al. (11) indicated a loss of the
Fe moment as the Fe concentration went below 30%.

Thus it is Tikely that the Fe atoms represented by the
lower peak in our P(H) distribution actually are those
whose environments are rich enough in Pr that their
moments are destabilized.

Magnetization data from 4.2 K to 300 K were ob-
tained on all the samples in fields up to 80 kOe. Fig-
ure 4 shows magnetization loops for (PrggGasg);oFesg
taken at different temperatures after the sample had
been cooled in an 80 kOe field from 215 K to 4.2 K.
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(a) P(H) curve for (PrggGasg)gofesp at 300 K.
Spurious data above H = 330 kOe are excluded.
(b) Fe57 Mossbauer data (points) and fit
(solid curve) for P(H) curve in (a).

Fig. 3.
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Fig. 4. Field-cooled magnetization data (80 kOe) for

(Pr806a20)70Fe30 at 4.2 K and 150 K.

The loop is clearly shifted upward along the magnetiza-
tion axis but the reversible magnetization is symmetric
about H=0. Figure 5 shows the typical temperature de-
pendence of the 'spontaneous' magnetization yg as ex-
trapolated from high field to H=0, and the thermorema-
nent magnetization Hehift: Above about 100 K the spon-

taneous moment is very close to what is expected from
the MEssbauer measurements for aligned Fe spins in this
alloy. In each anisotropic-light-rare-earth alloy with
20% or more Fe similar shifts can be observed and the
shift disappears at about 90 K in each case. Figure 6
shows the intrinsic coercive force Hc as a function of
temperature for the 10 and 20 percent Pr alloys. For
the 30% alloy the maximum value of He is 62 kOe at

75 K.
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Fig. 5. (a) Spontaneous magnetization for

(PrgoGasg)goFesg. (b) Shift along the magnet-
ization axis for a (PrgoBasg)goFe,y specimen
cooled from 215 K in an 80 kQe field.
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Fig. 6. Coercive force vs. temperature for Pr-based
alloys.
DISCUSSION

The results presented above are clear evidence for
the presence of at least two magnetic phases occurring
because of a phase separation. Several theories have
been proposed for high anisotropy materials in which a
large value of Hc is predicted when the ratio of an-
jsotropy to exchange exceeds a critical value (12,13).
Friedberg and Paul (14) have proposed a domain-wall-
pinning theory which considers ferromagnetics with
planar defects and which can be applied to amorphous
materials. It predicts

T S Ll B 2

¢ v MH T K
where K;, J; and §; are the anisotropy, exchange and
domain-wall-width parameters in the major portion of the
sample and K,, J, and W are analogous parameters for
the defect region. 1In a relatively homogeneous single-
phase amorphous material we might expect compositional
fluctuations throughout the material to give rise to
variations in the exchange and anisotropy coefficients
between the two regions. Since 8, is small in high
anisotropy materials, the large Hc observed at Tow tem-
peratures would be expected. In a two-phase material
such as ours, in which the Fe-deficient region is de-
fined as region 2, it is 1ikely that J, and K, are par-
ticularly small. In the 1imit of large fluctuations
between the magnetic properties of the two regions,
Eq. (1) becomes invalid. Paul (15) has recently ex-
tended the theory to treat this case, and in the Timit
in which the defect region becomes nonmagnetic, the co-
ercivity approaches the coherent rotation Timit

(1)

Ho = 2K, /My (2)
1

If (He)* for the 20% alloy is plotted against T a

straight line is obtained above about 100K. Extrapo-

tating these data to T=0 gives Hc = 90 kOe. A value of

about 100 kOe is estimated from Eq. (2) if reasonable

values of K,(107 erg/cm3) and M;{200 emu/cm3) are as-
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sumed. Thus this theory accounts in a natural way for
the enhanced coercivity of this two-phase material.

The peak in the coercivity and the shift of the
loops below the peak temperature may be explained as
follows. At high temperatures it is the magnetic Fe
atoms which participate in the reversible magnetization
process (along with some paramagnetic contributions).
MOssbauer data are consistent with this. The Pr atoms
in the Fe-rich region may order speromagnetically and
contribute no moment. As the temperature is lowered
thermal activation processes weaken and Hc increases as
expected. At a critical temperature (v 90 K) some Fe
atoms become pinned so strongly in some orientation that
the available applied field (80 kOe) cannot reorient
them along the field direction. Thus as the temperature
is Towered, more and more Fe moments become 'frozen' and
do not participate in the reversible magnetization pro-
cess. Since this material has a paramagnetic contribu-
tion to the magnetization the observed Toops show the
sum of a 1inear magnetization curve and a ferromagnetic
Toop with He > 80 kOe. Thus as the temperature drops
below 90 K the observed loops are open but relatively
narrow; as more Fe moments freeze Hc drops and the
Toops become even narrower. The shift occurs if the
field is applied during the spin-freezing process
since the Fe moments tend to align themselves with the
field at high temperatures and freeze, thus maintain-
ing a preferred orientation.

In summary these materials appear to represent a
class of multiphase amorphous alloys in which fluctua-
tions of exchange and anisotropy are enhanced and thus
Hec may be much larger at a given temperature than in a
homogeneous, single-phase material. It is possible
that inhomogeneties that may be present in multiphase
metallic glasses offer a new path for the control of
magnetic properties.
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