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Magnetic properties and hyperfine interactions of amorphous Fe-Hf aUoys8) 

s. H. Liou, G. Xiao, J. N. Taylor, and C. L. Chien 
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218 

Alloys of Fex HflOo _ x (20<;x..; 1 (0) were fabricated by a vapor-quench method. The amorphous 
state, as verified by x-ray diffraction, is realized over a wide composition range of 20..;x..;94. The 
magnetic phase diagram was determined. The variation with Fe content of the magnetic ordering 
temperature (Tel in Fe-Hfamorphous alloys shows a maximum at xp~87. In contrast, the 
effective magnetic hyperfine field and therefore the Fe moment increases monotonically with x. 
Amorphous pure Fe is likely to be magnetic (Te -200 K) with a large magnetic moment. At 
higher Fe concentrations (x> 95), the samples are crystalline alloys and strongly ferromagnetic. 
These sharp changes of the magnetic properties are consequences of structural differences, a fact 
which has been observed in every Fe-early transition metal aHoy system reported thus far. In 
general, the magnetic properties and hyperfine interactions of amorphous Fe-Hf alloys are very 
similar to those of amorphous Fe-Zr alloys. 

I. INTRODUCTION 

At high Fe concentrations, the magnetic properties of 
several Fe-based amorphous systems show anomalous be
havior. l

-
3 For example, in this region, the dependence of the 

magnetic ordering temperature on Fe concentration is oppo
site to those of the magnetic hyperfine field and the magnetic 
moment. The understanding of this phenomenon would ulti
mately lead to the elusive but important magnetic properties 
of pure amorphous Fe. Since it is difficult to fabricate pure 
amorphous Fe, one resorts to systems having a stable amor
phous phase up to very high iron concentration. In this re
spect, the studies of the magnetic properties and hyperfine 
interactions of amorphous Fe-Hf alloys systems over a wide 
composition range, particularly at high Fe concentrations 
are desirable. It is also of interest to compare the magnetic 
properties of Fe-Hf and Fe-Zr alloys since Hf and Zr are 
chemically very similar. 

II. EXPERIMENT 

SamplesofFexHflOo _ x (20..;x.;;; 1(0) were prepared by a 
magnetron sputtering device. The samples, 8-12 pm in 
thickness, were deposited onto liquid-nitrogen cooled sub
strates of various kinds. The structure of the samples was 
determined by energy dispersive x-ray diffraction. Samples 
with 20--94 at. % of iron are amorphous. 

It should be noted that Zr and Hf have very similar 
chemical properties such that one is a common impurity of 
the other. The commercially available high purity grade Hf 
(99.8% excluding Zr) used in this study contained a few per
cent ofZr, which was detected in the fiourescence x-ray anal
ysis. The hyperfine interactions were studied by a conven
tional MOssbuaer spectrometer with a 57Co in Rh source. 
The magnetic ordering temperatures were determined by the 
onset of the magnetic hyperfine interaction using as-pre
pared samples. 

01 Work supported by NSF Grant No. DMR82-05135. 

III. RESULTS AND OfiSCUSSIONS 

A. Magnetic properties 

The variation of the magnetic ordering temperature 
(Te) with Fe content of amorphous Fe-Hfalloys is shown in 
Fig. 1. The data determined in this work are denoted as open 
circles. The solid circles are data reported by Fukamichi.4 

The value of Te rises sharply with increasing Fe concentra
tion, showing a maximum at xp = 87 and then decreases. 
The qual.itative features of the magnetic phase diagram of 
Fe-Hf amorphous alloys are similar to those of the Fe-Zr 
system,3 in spite of the fact that both the atomic weight and 
density of Hf are about double that of Zr. Since the atomic 
radii of Hf and Zr are rather close, the similar magnetic 
properties suggest resemblance in structure characteristics. 
The Tc's of all amorphous Fe-Hf samples are below 300 K, a 
characteristic shared by aU amorphous transition metal (Fe
TM) (TM = Ti, Zr, Nb, Ta, ... etc.)3.5-7 systems studied thus 
far. 

Several Mossbauer spectra at 4.2 K of Fex HflOo _ x near 
the magnetic threshold Xc are shown in Fig. 2. The samples 
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FIG. I. Magnetic ordering temperatures of amorphous Fe-Hf alloys. The 
solid circles are data reported in Ref. 4. 
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FIG. 2. MOssbauer spectra of Fe·Hf alloys at 4.2 K of F~oHf5o, Fe-roHf60' 
Fe~f7O> and FewHf80' Only the sample of Feso1ifso is magnetic. 

withx<xc~45 are nonmagnetic and their MOssbauer spec
tra show only quadrupole splittings. The sample withx = 50 
exhibits a small and poorly resolved magnetic spectra at 4.2 
K. The magnetic threshold concentration (xc), considerably 
higher than the expectation from percolation consider
ations, is caused by the disappearance of the magnetic mo
ment, as will be discussed later. 

By extrapolating our data in the high iron concentra
tion region to x = 100, the value of Tc for amorphous pure 
iron is estimated to be about 200 K. This is consistent with 
previous extrapolation made from the studies of amorphous 
Fe-Zr, Fe-B, and Fe-Y systems. 1-3 Other amorphous Fe-TM 
alloy systems do not show a maximum in Tc ' because either 
the compositional range of the amorphous alloys cannot be 
extended to high enough Fe content (e.g., Fe-Tif or the val
ues of Tc remain to be below 200 K for all available composi
tions (e.g., Fe_Nb).6.7 All of these characteristics are consis
tent with a value of Tc ~200 K for amorphous pure Fe. 

The explanation for a maximum in Tc has been suggest
ed within the frameworks of both the localized moment and 
the itinerant pictures of magnetism. From a localized mo
ment standpoint, Tc provides a measure of the net magnetic 
exchange interaction [J (r)], which is decreasing at high Fe 
concentration. This could come about by a combination of 
the following: a decrease in Fe-Fe distance [if aJ (r)/ ar is posi
tive]' a decrease in the Fe-Fe coordination number and the 
emergence of significant antiferromagnetic exchange inter
action. A significant decrease in atomic distances or coordi
nation number have been found to be inconsistent with most 
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of the structure results. 8
•
9 In the itinerant picture, an exp]an

tion for the maximum in Tc has also been proposed. 10 Below 
the maximum, the saturation magnetization and Tc vary in 
the same sense, as expected for weak ferromagnetism. Above 
the maximum, where Tc decreases and magnetization in
creases, the so-called strong ferromagnetism emerges. How
ever, at still higher Fe concentrations, weak magnetism 
should return and the Fe moment decreases as it approaches 
the pure amorphous iron limit. From the measurements of 
the magnetic hyperfine field, this apparently does not occur 
in the case of Fe-Hf up to 94 at. % Fe nor in any other 
systems reported thus far. It should be noted that the mag
netic hyperfine field and magnetic moment are proportional, 
as has been demonstrated in many alloy systems. On the 
other hand, low field magnetization measurements of the Fe
rich samples may lead to lower and erroneous values for the 
magnetic moment if alignment of the moments is not 
achieved. In such cases, the moment data can be obtained 
only under very high magnetic fields as has been shown in 
amorphous Fe-Zr. 3.11 Of aU of these possibilities, the maxi
mum in Tc can most consistently be explained by the emer
gence of the antiferromagnetic exchange interaction as the 
iron concentration increases.3 

B. Magnetic hyperflne Interactions 

The magnetic hyperfine interaction of amorphous Fe
Hf and Fe-Zr are similar. The variation of magnetic hyper
fine field Heff of the Fe .. HflOo _ .. system as a function of x is 
shown in Fig. 3. The value of Heff decreases monotonically 
with decreasing Fe concentration, in contrast to the maxi
mum found in the values of Tc' The continuous diminution 
and the final disappearance of H eff , and therefore the Fe 
moment, suggest that samples below Xc become nonmagne
tic because of the loss of the Fe moment. Saturation magneti
zation measurements of several Fe-TM systems are consis
tent with this conclusion.l.3.5.6.12 At the Fe-rich end there is 
no indication that the hyperfine field would decrease. Just as 
in the extrapolations using amorphous Fe-B and Fe-Zr, 
amorphous pure Fe should have a large magnetic moment 
and magnetic hyperfine field close to those of crystalline Fe. 
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For higher iron concentrations (x > 95), the samples are 
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FIG. 3. Magnetic hyperfine field (Hdf) of amorphous Fe·Hf alloys at 4.2 K. 

Liou et al. 3537 



x=95 

x=94 
300 K 

-8 -6 -4 -2 0 2 4 6 8 

V~loCity (mm/s~c) 

FIG. 4. Mossbauer spectra at 300 K of the Fe-Hfalloys; crystalline F~Hf4' 
amorphous Fe.,.Hf60 and mixed phase Fe."Hf,. 

crystalline and strongly ferromagnetic with Tc several 
hundred degrees above those of the amorphous alloys. 
Room temperature Mossbauer spectra ofFex HflOo _ x alloys 
near the phase boundary are shown in Fig. 4. The top spec
trum of crystalline Fe96Hf4 shows two distinct phases (a-Fe 
and saturated Fe-Hf crystalline alloy) both with large mag
netic hyperfiue fields. The spectrum of the sample with 
x = 94 shows only an amorphous phase which is paramag
netic at room temperature. For the sample with x = 95, both 
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crystalline and amorphous states are present as can be clear
ly identified from the spectrum. X-ray diffraction provides 
the same conclusion. The sharply defined boundary separat
ing the amorphous and crystalline states in the Fe-Hf system 
has also been observed in other Fe-TM systems.5

•
7 The pro

nounced difference in magnetic properties is caused by the 
differences in the atomic arrangement and electronic struc
ture between crystalline and amorphous solids. 

IV. CONCLUSION 

Amorphous Fe-Hf alloy over a wide composition range 
of 20<x<94 has been made by a sputtering method. The 
unusual magnetic behavior at high iron concentration can be 
explained by an increase in the antiferromagnetic exchange 
interaction as the iron concentration increases. The similar
ity of the magnetic properties and the hyperfine interaction 
between the Fe-Hf and Fe-Zr systems indicates that those 
properties are largely determined by the outer electronic 
shell which is the same in Hf and Zr. By extrapolation, amor
phous pure Fe is likely to be magnetic with an ordering tem
perature of about 200 K and a high magnetic moment. 
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