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Foreword

Amorphous metallic alloys possess attractive and unexpected metal-

lurgical, mechanical, and magnetic properties which have led to exciting

possibilities ranging from materials developments and substitutions for

scarce and strategic materials, to applications in electromagnetic

machinery and electronic devices. The key to fabricating these materi-

als lies in rapid solidification technology which offers better homo-

geneity and better structural refinement of materials. The possibility

4 of tailoring the structure and composition and hence the behavior of

amorphous alloys offers an enormous advantage over crystalline solids.

The details of tailoring depend crucially on a number of fundamental

concepts such as the nature of bonding and the degree of local atomic

order which in turn affect the electronic band structure and therefore

the physical properties.

Over the past three and one-half years, we have made substantial

progress towards obtaining a basic understanding of disorder induced

changes on the magnetic properties of amorphous alloys. The prototype

materials in our investigation were the binary iron-boron alloys chosen

for their relative simplicity and their importance in elucidating charge

transfer processes. Chemically and magnetically homogeneous samples

over a wide concentration range have been fabricated and examined for

their atomic and magnetic structures. The knowledge of homogeneity is

* important in obtaining controllable materials for device applications,

and the determination of atomic structure, distribution of magnetic

moments and isomer shift is essential to the knowledge of chemical
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short-range order and the direction and amount of charge transfer. The

details of these measurements along with their interpretation and formu-

lation of theoretical models are described in the next section.
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I. Measurements and Results

A. Specimen Preparation

Amorphous FexBo100 x alloys were prepared by sputtering in an

18 inch vacuum system capable of either rf or dc sputtering at power

levels of 1 kilowatt. Typical FexB 00o~ specimens were prepared by rf

sputtering of mixed powder targets (Fe2B, Fe2B + FeB, FeB or FeB + B) in

an inert gas such as argon at partial pressures of approximately 10 mm.

A special magnetic focusing ring was used to confine the sputtering ions

so as to enhance the sputtering rates. The resulting rates of approxi-

mately 50 A/min are customarily used to grow films of 5 to 10 um thick-

ness as measured by interferometric methods.

Films of a wide composition range have been prepared on substrates

including glass, fused quartz, beryllium, and Kapton according to the

experiments in progress. Through careful control of deposition param-

eters, target materials and source holders, conditions were finally

achieved that lead to chemically and magnetically homogeneous samples as

judged by secondary ion mass spectrometry and ferromagnetic resonance.

B. Secondary Ion Mass Spectrometer (SIMS)

The sputter-ion source secondary Ion mass spectrometer at APL is a

powerful and unique tool In thin film research and In the study of

solids in general. It consists of a high-voltage primary source of

Inert gas ions which generates secondary Ions from a test specimen by

Ion sputtering. The secondary Ions originating from the sample are

focused electostatically into a double-focusing mass spectrometer. A
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spectrum is obtained by changing the magnetic field at constant accel-

erating potential. The secondary ions are detected by an ion multiplier

with very low background current and recorded on an X-Y chart recorder.

The interaction of the ion beam with the target results in the pro-

duction of atomic and polyatomic fragments of which an ample fraction

are ionized. The rate at which a given material is sputtered can be

controlled by varying the beam intensity. When a defocused beam is used

with an exit aperture on the einzellens, flat craters in planar samples

are produced. This enables one to obtain concentration profiles with

depth without a crater shape correction. It is also useful in evaluat-

ing variations in composition of films prepared by evaporation or sput-

tering. An example of the composition variations of a representative

Fe-B film prepared by sputtering is shown in Fig. 1.

A study of the initial Secodary Ion Energy Distribution (SIED) for

a number of species has shown that, in general, atomic ions have broader

distribution curves. Thus, with the window at the lower ion energy por-

tion of the distribution curves, polyatomic as well as atomic species

are seen in the mass spectra. On the other hand, when the window is at

the higher energy end of the curves, essentially only atomic ions are

recorded in the spectra.

Further extended studies of SlED have shown, that for a given

element, the SIED depends on the bonding in a specific matrix and that

for dopants in glasses, the areas under the SlED curves exhibit a direct

relation to the first ionization potential.
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The major task in using SIMS for quantitative work is to convert

intensities into concentrations. This can only be accomplished by pro-

tracted studies of sputtering behavior, by having a thorough familiarity

with the spectrometer in use, and having access to suitable calibration

samples. All of these factors were used in the past contractual period

to arrive at an understanding of the conditions required to obtain

meaningful compositional analyses.

C. X-ray Diffraction Studies

Atomic structures of non-crystalline solids can be specified with

much less precision than those of their crystalline counterparts. For

crystals, knowledge of the Bravais lattice and positions of atoms within

the unit cell, which can usually be obtained by X-ray diffraction, is

sufficient to fix all the atomic positions, at least up to the nearest

defects. In non-crystalline solids there is no unit cell, and X-ray

diffraction is inherently less informative, providing only a probabil-

istic distribution function.

Atomic positions in an amorphous solid are far from completely

random in the sense that positions of atoms in a gas are random. The

K fact that a solid is composed of atoms in contact with one another

impose some regularity on the local environment of each of them. Atomic

positions are strongly correlated in the nearest neighbor shell, yet
L

uncorrelated beyond a few interatomic spacings. This is the meaning of

the common statement that amorphous solids possess short-range order butK

no long range order.

4
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X-ray diffraction patterns for amorphous materials consist of

several diffuse intensity peaks rather than the series of sh~arp diffrac-

tion peaks exhibited in the patterns for crystalline materials. It i s

possible to investigate an amorphous pattern by the methods of Fourier

analysis and determine the nature of the sample structure. The lack of

any overall structural regularity removes from the X-ray diffraction

patterns of such specimens differentiation of the scattering in a direc-

tional sense. This has the direct consequence that the available

intensity information permits the determination of the magnitudes of the

interatomic vectors, but not their directions. The results can be por-

trayed as a radial distribution function (RDF) of the radial *distance

from any reference atom in the system. The average number of atoims is

given by 4fr 2p(r)dr where r is the radial distance from the origin

and p(r) is the density fo the atoms. Thus the atomic coordination

number as a function of interatomic distance can be determined.

Energy dispersive X-ray diffraction (EDXD) analysis has proved to

be a very useful tool in determining the intensity versus energy dif-

fraction patterns for amorphous solids.1 The energy dispersive instru-

mentation, shown in Fig. 2, includes a solid state detector and multi-

channel analyzer. Data acquisition generally takes from five to ten

hours and data analysis is performed using a fast Fourier computer rou-

tine to transform the corrected diffraction information.

The energy dispersive diffraction system is not affected by fluc-

tuations in the intensity of the source since the counting of all pho-

tons is done simultaneously. No mechanically moving parts are involved
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so accuracy and reproducibility are higher than for an angular scan dif-

fractometer system. Also, the total intensity of the white radiation is

usually higher than the intensity of a characteristic radiation line,

resulting in much faster data collection.

During the first phase of the program, an EOXD system complete with

data analysis components has been assembled and the radiation distribu-

tion functions obtained for a number of amorphous iron-boron alloys

deposited on different substances as well as alloys obtained by rapid

4quenching. Spectra of rapid quenched samples were found to be easier to

interpret due to the absence of a substrate. However, specimen depos-

ited on Kapton (duPont polyimide filmn) in contrast to those on quartz or

beryllium, are also easily amenable to data analysis due to lack of

interference from substrate. Our recently obtained results on a-Fe71BZ9

are shown in Fig. 3 and are being presently analyzed in terms of a model

suggested by our Mssbauer data.

0. Mssbauer Studies

Mdssbauer spectroscopy has proved to be an extraordinarily useful

tool for investigating magnetic properties and structure of amorphous

alloys containing iron as one of the elemental constituents. Background

material on the Mdssbauer effect and its application to the study of

magnetic materials is well documented elsewhere,2 and will not be

repeated here.

Sputtered films of FexB 100 .x in the composition range, 40 < x < 71,

not accessible by melt-quenching techniques were studied. The range

I
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covers the composition corresponding to crystalline compounds FeB,3 and

FezB4 which facilitates the delineation of disorder induced effects.

MBssbauer spectra were obtained using a 57 Co in Rh source at the

same temperature as the absorber, except in the 10 K experiments where

the source was at room temperature. External magnetic field experiments

were performed in a superconducting solenoid with both source and absor-

ber at 4.2 K. The observed broadened magnetic spectra were analyzed

using a version of Window's procedure for fitting a continuous distribu-

tion of magnetic hyperfine fields to a truncated cosine series expansion

of P(H).5

Several samples, prepared by sputtering Fe2B polycrystalline powder

from the iron source holder, were determined by SIMS to be homogeneous

(to better than *0.5%) and to have a composition very close to Fe7IBag.

Samples with somewhat less iron content were prepared by sputtering from

a mechanical mixture of FezB and FeB. The room temperature spectrum of

a typical sample,6 compared with the spectrum of Fe2B powder, is shown

in Figure 4. Qualitatively, the spectra are similar except for two

prominent features which characterize nearly all the ferromagnetic

amorphous film spectra: (i) the six lines are broadened in the amor-

phous alloy, and (ii) the line intensity ratios are quite different in

the amorphous film compared with the crystalline powder. The broadened

lines of course reflect the non-uniqueness of the hyperfine field, and

the line intensity ratios indicate that the iron magnetic moments in the

amorphous alloy lie close to the plane of the substrate. In the (ran-

domly oriented) powder, the line intensities are close to the theoret-
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ical ratio (3:2:1). In the amorphous alloy the intensity ratios are not

immediately evident by inspection because of the distribution of hyper-

fine fields; however, analysis indicates that the ratio is close to

3:3.5:1 placing the average magnetization direction about 150 out of the

plane of the film. The magnetic hyperfine field distributions P(H) are

shown in Fig. 5 for various temperatures and are found to shift to

higher fields on lowering the temperature. Spectra were also obtained

in 50 K increments above room temperature up to 600 K. At 600 K the

spectrum is partially collapsed with Hpeak - 180 kOe, to be compared

with the value of about 250 kOe at 10 K. The result for the magnetic

ordering temperature is estimated to be larger. than 750 K.

The room temperature parameters of a-Fe71B29 are not greatly dis-

similar from its crystalline near-counterpart, Fe2B. The disordered

structure of the amorphous alloy causes variations in the magnetic

hyperfine fields seen by different Fe atoms. The hyperfine field dis-

tribution, depending on the configurations of neighboring magnetic

atoms, is centered at a value near the Fe2B hyperfine field and is

rather symmetrically distributed about that value. This is in contrast

to results on a-FeB, discussed below, and points towards the existence

of similar chemical short range order In amorphous samples with a com-

position in the vicinity of Fe67B33 and crystalline Fe2B. The results

r for sputtered Fe7IB29 are also similar to those for melt-quenched

Fe72B28, 7 and are shown in Table I along with parameters for Metglas

FeeoB20 and the metastable phase Fe3B.
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Sputtering pure FeB produced uniform films with a composition

Fes3B +7 as measured by SIMS. Figure 6 shows the room temperature spec-

trum of Fe53B47.8  Unlike FezB, the amorphous sample spectrum is

distinctly different from its crystalline counterpart. The P(H) fit

shows a low field component plus a distribution centered around 130 kOe.

As the temperature is reduced the spectra show a broadly distributed

high magnetic field (-130 kOe) component increasing in both intensity

and width. The central peak in the MBssbauer spectrum, indicative of a

low or zero field contribution, is present down to 10 K. The P(H) dis-

tributions show that the area under the main distribution becomes larger

with decreasing temperature and that the peak of this distribution moves

toward higher magnetic field. At all temperatures there is a signifi-

cant peak at low field, encompassing the region approximately 0 to

60 kOe. Mbssbauer spectra of amorphous samples with x - 50 and spectra

of Fes3B47 at temperatures above room temperature all show a distinct

(partially resolved) quadrupole doublet near zero velocity. The quadru-

pole doublet persists above T¢ in all samples, even down to 10 K (above

Tc, it is best fit by an equivalent P(H) distribution peaked near 40 kOe

with a FWHM of about 40 kOe). The intensity ratio indicate that the

average magnetization direction in these samples lies approximately 500

out of the plane of the film.

The Fe atoms in crystalline FeB experience a unique environment

with a saturation magnetic hyperfine field of 131 kOe. In order to

explain the observed distribution of magnetic hyperfine fields in the

amorphous FesoBSC alloys, one must conclude that a large number of Fe
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atom environments are very different from the ones in crystalline FeB.

The large difference in the values of electric quadrupole splitting

(Ref. 9, Table I) also points to the same conclusion, in contrast to the

interpretation of experiments on liquid-quenched amorphous Fe75Bas,

where the local chemical order is believed to be the same as that in

crystalline Fe3B.
7 ,"0 The results suggest a structural model for amor-

phous FesoB5o alloys in which somewhat more than half of the Fe atoms

reside in regions having a local chemical order similar to crystalline

ferromagnetic FeB, with deviations around the crystalline bond lengths

and angles. The remaining non-ferromagnetic Fe sites may lie on the

surfaces of, or at interstices between, these regions and thus have

local surroundings substantially different from the crystalline ones.

The number of these such sites increases with decreasing Fe content.

Since on reducing the iron concentration in samples with 50 ± 10%

Fe the "low field bump" in the P(H) distribution increases in amplitude

at the expense of the "high field bump" (130 kOe) associated with the

ferromagnetic component, it was hoped that there would be little inter-

ference in the M5ssbauer spectra from the high field component if one

studied a sample of sufficiently low iron content to exhibit only the

low field P(H) bump. Therefore, a-Fe4aB6o sample was investigated under

a high external magnetic field to reveal the nature of the non-

ferromagnetic component. Interpretation of the high field spectra was,

however, not as simple as anticipated. This is primarily because at

least two, qualitatively distinct, types of magnetic behavior were

observed. In order to simplify the spectra a method for subtracting an
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observed non-magnetic component fromn the experimental spectrum was

devised. As an example, the Happ ' 80 k~e experimental spectrum is

shown in Figure 7(a) together with a theoretical spectrum (solid line)

of just the diamagnetic component. The theoretical spectrum was

obtained using "best guesses" for the hyperfine parameters. The method

of generating the theoretical spectrum for a mixed electric quadrupole/

magnetic dipole interaction is described elsewhere.11 For the diamag-

netic atoms the quantization axis is the external magnetic field direc-

tion, and the electric field gradient tensor principal axis is averaged

over all directions in computing the theoretical spectrum. Figure 7(b)

shows the experimental data after subtracting the diamagnetic spectrum;

and Figure 7(c) and 7(d) show the fit (solid line) and P(H) for this

"stripped" spectrum. The P(H) peak for the stripped spectrum is nearly

independent of the applied field (see Table I of Ref. 8), representing a

component in the spectrum that appears to be almost shielded from the

external magnetic field. Both this method and the P(H) distribution

method were used to analyze the external field data. The results indi-

cate that FeI~oB6o possesses a complicated magnetic structure which is

not yet fully understood.8

E. Ferromagnetic Resonance

in the ferromagnetic resonance technique, one measures the absorp-

tion of microwave radiation as a function of an applied magnetic field

at different orientations of the field with respect to the film plane.

The measurements can be carried out at several frequencies and tempera-

tures and when carefully analyzed lead to the knowledge of saturation
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magnetization relaxation parameters, and also provide direct evidence

for the degree of magnetic inhomogeneity in the film. The later infor-

mation is not easily accessible from other techniques. The method has

recently been exploited to study amorphous magnetic alloys and measure-

ments on our samples have readily established the magnetic homogeneity

of these samples as evidenced from the narrow linewidths.

The most detailed FMR measurements have been carried out in samples

with x in the vicinity of 0.5.12 Parallel geometry (Hd.c.1 to sample

plane) was employed at frequencies of approximately 11 GHz and 35 GHz in

the temperature range 2-300 K. Using the equation (w/y) 2 = Hr(Hr+4wM),

where Hr corresponds to the field at the resonance center, the Hr data

were used to evaluate 4wM and the results are presented in Fig. 8.

Apart from slight deviations below -20 K, the conventional behavior, M =

MO(1-BT3/2), due to excitations of spin waves is a good representation

for x = 0.53 over the entire temperature range (i.e., up to T/Tc=

0.54). For alloys with x = 0.49 and 0.47, the T3/2 dependence is

observed only for T > 80 K. At lower temperatures, the variation in Hr

is quite complex and will be discussed later.

The temperature dependence of the linewidth (Fig. 9) at 11 GHz

clearly shows the anomalous behavior at low temperatures. Above approx-

Imately 125 K, the llnewidth is independent of temperature showing a

characteristic ferromagnetic behavior. But at lower temperature, par-

ticularly for x = 0.47, linewidth increases rapidly and shows a maximum4

at -15 K. This behavior has been interpreted as reentrant ferromag-

netism in that the ground state at 0 K is not ferromagnetic but is

4



- 12 -

instead a spin glass state. Thus, on reducing the temperature, a

ferromagnetic-spin glass transition is observed. It is postulated that

the spin glass state arises due to the existence of some of the Fe-Fe

interactions, either between spins or between clusters of spins that are

antiferromagnetic leading to competing exchange and therefore spin glass

behavior. Such a possibility had been foreseen in our original

proposal2 and is being fully explored at present.

The anomalies in magnetization mentioned above have been shown to

depend on the rate of cooling as illustrated in Fig. 10 for x = 0.47.

The solid line is obtained either by cooling slowly (-0.25 K/mn) or by

cooling in zero field directly to 4 K and observing Hr during a subse-

quent warming. When the sample is first cooled rapidly (-2 K/man) from

80 K to 50 K, the Hr values represented by solid circles are observed

during a subsequent warm-up. The warning could be carried out quite

slowly without affecting the Hr data. Yet in another run, the cooling

between 80 K and 50 K is accomplished in ten minutes, followed by a slow

cool to lower temperatures and the data shown as full squares results.

It is clear that, depending on the cooling rate, the system ends up

in different metastable equilibrium states which constitute the local

free energy minima. The observation lend credence to the suggestion

that the spin glass state is inherently non-ergodic.13 Many roughly

equivalent free energy minima with significant barriers between them

exist so that some of the minima are inaccessible during the approach to

equilibrium. The system can therefore get locked into a state of

"local" equilibrium in which the spin configurations and the consequent
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internal fields are quite different from those in the "true" equilibrium

state.

F. Theoretical Modeling

In marked contrast to the theoretical results on crystalline

solids, little work on amorphous solids is available to explain the

existing data or to serve as a useful guide to planning new and defini-

tive experiments. The absence of long range order in the atomic struc-

ture introduces immense complexities in the comprehensive theoretical

investigation of amorphous solids. It is therefore imperative to

analyze relatively simple models which bear enough relationship to

actual disordered solids to be able to delineate the disorder induced

effects on electr~onic and magnetic properties. In addition, the anal-

ysis of such models serves as a useful guide in interpreting experi-

mental data and fruitful planning of new experiments. We have therefore

formulated and analyzed a theoretical model for magnetism in disordered

solids which is briefly described below.

Our model concerns systems containing a large concentration of

ferromagnetic metallic impurities in a disordered diamagnetic host. It

was actually the theoretical modeling that motivated our experimental

work on amorphous iron-boron alloys (a-FexB1oox3* Such alloys, as

already mentioned above, exhibit many interesting properties that should

help us to understand phenomena as varied as hopping conduction,

insulator-metal transition and magnetic interactions in disordered

solids. A site-disordered alloy, AxBj..x, with concentration x of
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magnetic atoms, A, randomly distributed in a nonmagnetic lattice of B

atoms with concentration 1-x is considered. The lattice is assumed to

be structurally disordered which induces fluctuations in the ferromag-

netic exchange interactions between magnetic atoms. Thus, besides the

temperature and the coordination number of the lattice, the relevant

parameters for the discussion of thermodynamic quantities are the con-

centration of the magnetic atoms, x, and the measure of fluctuations,

A. The crystalline ferromagnet results in the limits x = 1 and A = 0

and serves as a useful check on the calculations performed.

In binary alloys, AxBl x , one would observe the onset of ferro-

magnetism for a critical concentration, xO, of magnetic atoms. Since

the conventional molecular field approximation does not predict a criti-

cal concentration, it would not be appropriate for discussion of the

properties of AxBi-x over the entire range of x. We have therefore

considered a cluster model and have investigated it within the Bethe-

Peierls-Weiss approximation.14 The resulting free energy is averaged

over all the configurations of the disordered system, and a self-

consistent condition on magnetization is used to yield expressions for

thermodynamic quantities of interest. The procedure allows a systematic

investigation of the effect of fluctuations on various thermodynamic

variables.

It is shown that the critical concentration, xo, is not influenced

by the presence of fluctuations.14 This is a reasonable result since it

is the presence of a magnetic bond that is important, not its strength.

The value of xo (- 1/3) is found to be in fair agreement with the exper-
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imental value (0.4) deduced from the Curie temperature versus concentra-

tion measurements on iron atoms randomly substituted in amorphous ger-

manium.15 For x > x0, the fluctuations depress the values of the Curie

temperature, the high temperature magnetic susceptibility, and the mag-

netization relative to the corresponding values for the average crystal.

For small values of A, explicit expressions for the amount of decrease

in these quantities are obtained. However, the critical indices for

magnetization as well as susceptibility are found to be unaffected by

fluctuations.
14

Although most amorphous solids containing a substantial proportion

of magnetic atoms are ordered ferromagnetically, more complex magnetic

structures can and do occur. The complexity of the magnetic structure

is determined by the crystalline field anisotropy and relative strengths

and signs of various magnetic interactions.16 One such complex magnetic

structure, termed "spin glass", possesses no long-range magnetic order

but does exhibit anomalies in its thermodynamic behavior. 17  It is

expected that a study of spin glasses will answer questions concerning

the fundamental nature of exchange interactions.

The above formulation has been modified to discuss the static prop-

erties of the Edwards-Anderson Model of a spin glass 18 where exchange

Interactions are assumed to obey a Gaussian distribution centered at

zero. Thus competing exchange interactions occurs with equal probabil-

Ity. In our treatment,'9 the presence of a finite number of nearest

neighbors increases the value of the spin glass transition temperature

compared to the molecular field result of Edwards and Anderson. Fur-

I
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thermore, in contrast to the molecular field approximation, the magnetic

susceptibility approaches the transition temperature from below with a

finite positive slope, in agreement with the experimental results.

The model has been further extended to random ternary alloys of the

type (AxBix)cD,.c where A and B are magnetic species while D represents

the non-magnetic atoms.20 Such a model allows for competition amongst

the three exchange interactions JAA' JAB, and JBB" We have analyzed the

model where JAA is taken to be ferromagnetic while JBB is assumed to be

antiferromagnetic and the sign of JAB is allowed to vary. The details

of the model are being written up for publication and here we only sum-

marize the important results. Depending on the relative concentration

of various interactions, various phases are obtained. The equation that

determines the complete phase diagram is

x [(z-1)C2 L2 ; zcL + 1] + (1-x)[(z-1)c 2 L2  T zcL + 1] = 0
192 192 293 2,3

(1)

where z is the coordination number of the lattice. The upper sign is

for the ferromagnetic state while the lower sign is for the antiferro-

magnetic state and,

L =xL (y + (1-x)L (y)
1,2 1 1 2 2

and (2)

L = xL 2(y2 + (1-x)L (y 3).2,3 223 3

The Li's are the Langevin functions and their arguments yi's are given

by yi = 2 JiS(S+1)/kT with J1 = JAA' J2 = JAB " JBA a Jj and J3 = JBB =

BJi. Thus for a given set of values for (z, c, , 8) one can obtain
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-1.

YICN= kTc,N/2JlS(S+1) as a function of x; TcN being the Curie or the

NOel temperatures. The overall results for a number of parameters are

shown in Figs. 11 to 13. For x = 1, the alloy is ferromagnetic and its

Curie temeprature Tc is decreased as increasing number of anti ferromag-

netic bonds are introduced (Fig. 11). The rate of decrease depends on

the values of a and a as does the critical concentration at which the

ferromagnetic phase disappears (Figs. 12 and 13). The paramagnetic

phase prevails until the number of ferromagnetic bonds is large enough

to lead to the existence of anti ferromagnetic phase above a critical

concentration. The Neel temperature then increases with decreasing x as

shown in Figs. 11 to 13.

At low temperatures, due to competing exchange interactions, one

might expect to obtain the spin glass phase. We have investigated such

a behavior for the above model in the limit of large z.21 The equations

determining the phase boundaries are given by,

2(t2> + 2zq<C> + 3 = 0
(3)

(ferromagneti c-paramagnetI c)

and

<2> = 1/2 (2z2q2 - 3)

(4)
(paramagnetic-spin glass),

where q = (3/2z)1/2, t = J/2kTq = aJ, and z is the number of nearest

neighbors. The configurationally averaged quantities <t> and <&2> are

given by

<(t> ay2j2 [x2 + 0(1-x) 2 + 2x(1-x)] (5)
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and

<2>= a2y 2 [x2 + 82(1.x)2 + 2Q2 x(lx)]. (6)
1

The complete phase diagram of the random alloy is determined by Eqs. (3)

through (6). The results are depicted in Fig. 14 for y = 1 and z = 8.

The important point is that the slope dTsg/dX of the paramagnetic/spin

glass phase boundary in the vicinity of xt, the point where the three

phases meet, is positive, zero, or negative depending on whether

' ls L + CL2 (1-2xt) /

(l_xt) (7)

These trends have been noticed in a number of amorphous metallic alloys.

Lastly, we mention a recently developed model to understand the

dynamics of spin glasses, in particular the temperature dependence of

the resonance linewidth. The observed increase In linewidth at low tem-

peratures is seen to be caused by inhomogeneous line broadening due to

the existence of random molecular fielis. At high temperatures the

effect of these fields is negligible due to thermal spin fluctuations.

But as temperature decreases the spins with exchange energy greater than

the thermal energy start to correlate and produce local fields. As tem-

perature is lowered further, increasing number of spins participate in

producing local fields thus increasing the moment of the line shape; the

second moment being a direct measure of line broadening. For a spin

glass, the second moment is shown to depend on width of the field dis-

tribution and not the mean. Calculations are in progress for model

field distributions.
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Fig. 1. Variations with depth in iron stoichiometry in a typical
sputtered Fe-B film (#22 on glass); average atomic fraction
of iron: 0.514±0.004.
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Fig. 8. Temperature dependence of the magnetization deduced from FMR
data on amorphous FexB X alloys. As described in the text,
below 80 K, Fe47 andF4 do not show simple behavior, hence
the dashed lines.
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Fig. 10. Temperature dependence of the resonance field for FMR in amor-
phous Fe47. Below 80 K, the data are dependent upon the
thermal history. The solid line is obtained on slow
(-0.25 K/min) cooling while the other data represent other
thermal cycles.
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Fig. 11. Magnetic phase diagram for the alloy (AxBl-x)cD..x; TC and TN
are normalized Curie and Nfiel temperatures. For definition of
other parameters, see text.
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Table 1. Isomer shi fts (6), magnetic ordering temperature (Tc) and
value of H for which P(H) is maximum (Hgelk) for several
amorphous alloys, polycrystalline Fe2B n the metastable
phase Fe3B. Isomer shi fts are relative to ci-Fe with source
and absorber at 300 K.

Sample 6 (mm/ sec) Tc(K) Hpk(kOe)

a-Fe71B29 +0.12 >750 222
(sputtered)

a-Fe72B28  +0.09 760 245
(melt-quenched)

a-Fe8oBZO +0.07 685 255
(Metglas alloy)

Fe2 B
(polycrystal - +0.12 1015 236
line powder)

Fe3 +0.5 -820 242
(metastable) to to

+0.14 305
(at least 3

distinct mag-
netic sites)
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II. Summary of Important Results

In our studies on a-FexB1o0_X alloys, we have produced sputtered

films of the alloys that are chemically and magnetically homogeneous.

This has required a proper choice of source materials and holders and a

careful control over deposition parameters. The excellent results could

not have been achieved without the examination of the samples by SIMS

and ferromagnetic resonance and incorporating the findings in refinement

of the sputtering equipment. It should be emphasized that chemical and

magnetic homogeneity is essential to controllable tailored materials and

applications in magnetic devices.

Mdssbauer studies, besides yielding relevant magnetic parameters

for the alloys, have thrown light on the structure of the alloys.

Though the chemical short range order in metallic glasses has been dem-

onstrated to be similar to that in corresponding crystalline alloys, our

results indicate this to be true only for iron concentration, x, larger

than -0.7. For alloys with x in the vicinity of 0.5, the chemical short

range order is significantly different from that in crystalline FeB for

about 30 per cent of the Fe sites. Such alloys also possess a magnetic

ground state (spin glass) that is different from the ferromagnetic state

of the crystalline FeB. The understanding of the modification of chemi-

cal and magnetic short range order would be extremely valuable for tail-

oring various properties of materials.

The experimental program has benefited from the guidance and inter-

pretation provided by accompanying theoretical modeling. A model, pre-
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viously designed for the study of evolution and behavior of ferromagne-

tism in disordered binary alloys, has been generalized to include

ternary alloys and to consider the possibility of competing exchange

interactions and the resulting spin glass phase. The trends predicted

for the stability of various magnetic phases in disordered alloys have

been experimentally observed In a number of amorphous magnetic alloys.
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APPENDIX 1

SPIN GLASS - PARAMAGNETIC PHASE 3OUNDARY IN AMORPHOUS MAGNETIC ALLOYS

K..oojani , S.K. Ghaa , K. V. 1ao , 3. Kramer and H.S. Chen

.oPUJ dopkn8 niverairy, ,4ppliad 7kisio a bora=ory ;arZ, ,&:r-Z_-nd 209ZO, -,.SA

'?Aaiioa :ap=.wnc, :'nd~ :Zntiru of 7eomvology, ;Aaralpur, W.. 3eingc :ndia.

"amrof ?4iosi~, %vrst of 1:inoi, bn a- z *8oi 1:80:, U..A

Abstract.- A compoicionaLly disordered magnetic alloy (AxBl_.)cDl.c where A and 3 ace magnecic
species while D represents the nonmagnetic atoms is considered. The competition among the exchange
interactions JAA, JAB and JBS in these alloys can lead to the disappearance of the f erromagnetisz
(for ferromagnetic JAA) below a critical concentration x,. For x < x., we show that while the
appearance of the spin &lass stare at low temperatures is dependent 6n the relative signs of :he
exchange interaction, the details of the phase boundaries are controlled by the relative screng:h
of the exchange inceractions. These conclusions are borne out by our experimentaL resuLts on the
amorphous metal-macalloid alloys (Fe. .i,.-1).- G, (Fe"x ) . ,-, :g and (Cozn..-x ), sG 5 where
Gas-=P 1 s,5A13 . The magnetic phase diagriams or the three alloy systems were outained from the ac
susceptibility neasurements and while the slope of the spinglass paramagnetic phase boundary in the
vicinity of the tricticical point is negative for the Fe-.i alloy, it is almost zero for the Fe .h
alloy and is positive for the Co based alloy.

Introduction. Spin glass behavior has been observed distribution, it was shown [2] that below a criti-

in a large number of systs including dilute 0l- cal concentration x4. the spin glass state results

lays. where magnetic impurities are distributed at with a transition temperature, To.. proportional to

random on a crystalline lattice; or concentrated (xJf + (1-x)it3. Thus the spin glass-paromagnetic

alloys, which are compositionally and/or topologi- phase boundary, defined by dieg/dx. exhibits an

cally disordered [1]. oth metallic and insulating initial slope which is positive, zero or negative

solids have been shown to exhibit the spin glass depending on whether the magnitude of J, Is greater

state and it is well established that competing ex- than, equal to or less than the magnitude of J.

change interactions, when present in adequate pro- The zero slope case results from the fact that for

portion, are the essential element for the exist- it - 3Jf. To$ Is independent of x. The situation

ence of such a state. Is equivalent to the case of symetric continuous

Zn a previous paper [2]. we have obtained the distribution of J (e.g. Gaussian distribution)

magnetic phase diagram for a bond disordered alloy which also leads to a phase boundary with zero

in which ferromagnetic and antiferromagnetic bonds slope C33.

are randomly distributed on a lattice with a prob- In the present Investigation we analyze the

ability distribution P(J) - xd(J-Jt) + (l-x)4(J-Jt, random site disordered model and show the validity

where JI ' 0. J, 4 0 and x is the concentration of of the general conclusions regarding the phase

J1 bonds while (1-x) that of J2 bonds. For such a boundary briefly iescribed above for the bond case.

Certain modifications that result for the site case

Supported in part by U.S. Army Research Office and the relevance of the conclusions to our exoseri-
and by Uaval Sea Systems Comad, Contract
00026-78-C-9384. mental data on amorphous metal-metalloid alloys is

Supported by .SF-.U. Grant 4o. 7723999. described elow.
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4odel. A compositlonally disordered random magnet- ;lasses witn Gaussian d.ls:ributio, zf excnange

S IC alloy (Axa8-x)cG1-c is considered wnere A 4an interactions [51 am* tzno :isorcered raroom magnet

are magnetic species while G represents non-magneti c 721, and will not e rtoeated hare. It is suffi-

atoms. The exchange Interaction JA is taken to be cient to state that in P% Approxilation. one con-

positive so that tfe oure A system (x-l, c-1) is si.ers a c 'user G. a :er.:rai s:f- So and Its t

'erromagnetic below a certain critical temperature fearest neighbors S. s em:eoeo . an effec:tve

Tc. The system remains ferromagnetic with reduced medium defined by an interral field CHi-lt which

values of Te, for values of c In the range co j c acts on the atoms on the surface of the cluster; He

< 1 where c, is the critical concentration for the being the externally applied ffaid. -he Kazinltcnian

onset of ferromagnetism In the alloy AcG-c. For is then written as

c >. c., we investigate the disappearance of farro-

magnetism In the alloy (A8B1 _.)cG.€ as interactions A

JAB and JSS are Introduced where at least one of where Jea u J is a variable which for our random

them Is antfferromagnetic. It Is shown that for alloy takes on values according -- the probability

x < x,, depending on the temperature, ferromagnet- distribution

Ism disappears Into a paramagnetic or a spin glass P(J) " xacZ4(3'.AM * (l-x,:ca C3- U]

state. Of particular interest In the present study

is the phase boundary between these two states

which Is found to be determined by the relative The partition function Z for tha above Hamiltonian

strength of lAJ and JS3 with respect to JAA. In is most easily calculated in the limit of large z,

particular Tog Is found to increase. decrease or where it can be obtained In a fcrp t that facilitates

stay constant "with decreasing x depending on the [2, 43 taking the configurational average of the

relative strengths of the exchange constants. The free energy (i.e. In Z). Taking the Edwards-

. confirmation of these tiends Is found In our exper- Anderson order parameter for the spin glass state

fmental results on amorphous metal-Metalloid alloys [6]. we find that the phase bouraries are defined

* with e a 0.75 and A - Fe or Co while B e Ni or '. by the equations [2],

*, and G.z1 - P.jeS.g#Al..a. The magnetic phase dia-

grams for these alloys are obtained from ac sus- 2 (31) 2Q(j) + 3 - 0 Fero-Para (3)

ceptibility measurements and It is found that in and

vicinity of the tricritical point, T, Increases (Zzz'Q-3) Para-Spin glass (4)

with decreasing x for (Coznt..x).,sG.z. While it where,

decreases in (FeoNii-z).,s6.g. and t essentially =-1SuaiandQ . xsi). (S)

constant 4r (Fe na-z).,gG.,g. The angular brackets in Eqs. (3) and (4) represent

Analysis. The random alloy (A iB&)cGa Is repre- asm configurational average over the probability

sented by a Wetsenber Hamiltonian which is Ana- distribution [Eq. (2).] which 4s readily 3erformed

lyzed within the Sethe-Peierls*-eiss approximation, to obtain

The details of the methodology have been previously

described for amorphous binary alloys [43, spin (3) a acJLXx * (l-z)'= * Zx(l-x)s] (6)
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and outer surface :f a -otating ¢:ce-::r::e -. '.

.aX 2 ) -ray tecnniques were used to ascertain the -Or-

where a~ JJ#A and a JU M. These equations phous nature of the alloys. Low field ac-suscep-

are used to obtain complete ohase diagrams and de- tibility techniques were used to determ1ne ?e

ragnetic ordering tem.peratures in .orh t.he *afrr-
tails of the :alculation, without the large z re-

,agnetic and spin glass regimes of :he alloys.3strictian. will be publ Isned el sewhere £72. 4ere

our main concern is the spin glass-paramagnetic About 3 m lengths were cut frm ribbons of

phase boundary and this is obtained by substituting amorphous allys of approximately 1.55 rc(25-4O)

Eq. (7) In Eq. (4) to obtain (Sol) um cross-section and packed to form a cylinder

k .imbedded In candle wax. This was then packed in

+. a i ctx1 + 2x(l-x) + 0 ( ) Ma) the coil of an ac-susceptibflity bridge [9) with
the longer dimension along the coll axis. The ac-

Therefore the sign of dTog/dx is detemined by the

expression Ex + (l-2x)o
2 - (1-4811. Thus. in the susceptibility was measured in a field of ' 3 Oe

(ms) at 300 Hz. A check at several frequenciesv¢icnity of the tricritical point xt. dTssldxlxt isvcy t' S5X ~ beteen 100 Hz and 1 )Jiz showed no significant

positive, zero or negative depending 
on whether

i:(l2x)s t differences in the data obtained. Data taken both

S -(9) on wming and cooling the sample were completely
reproducible. The absolute tempertur of the

Schematic phase diagram based on above considers-

tions is shown in Figure 1. saple, in good thermal contact through an He ex-

change gas with the cooling/warming chamber, wasExperiment. All the alloys in the three systems.

detemined using a calibrated platinum thermome-
Co-Mn, Fe-Mn and Fe-Ni, were preared in the form tr. In the ferromagnetic regime, the ec-susceoti-

of ribbons by the melt spinning echique on biliy as a function Of temperature exhibited a

I sharp rise near Tc. and achived a constant value,

determined by the appropriate demagnetization fec-

tr, below it. The temperature corresponding to the

'kink-point' was then taken as the Curie tmera-

tim Te. The values Of TC thus obtained agree to

F~wrowithin tZK with those detirained by other standard

techniques like. for example. VSM measurements. At

concentrations corresponding to the spin glass re-

gime, a sharp characteristic ac-susceptibility cusp

I was observed for all the alloys and the spin glass
ISolnomA I tmpereture, T... was thus determined to better than

1.0 0.5X 1K.

Figre 1. Results. In the Fe-MOn alloys. Fe and Mn possess

phase diagram (schmatically) for the model dIs- comparable moments and while nearest neighbor Fe-re
CusMd In the text. The three care-spin glass

phase boundaries correspond to greater than (..). pairs are ferromagnetically coupled, the nearest
equal to ( ...... ) and less than ( m-I-)signs in
Eq. (9).
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neighbor Mn-Mn and Fe-Mn pairs are antiferromagnet-
C),Co M.n, _l.S O2

'Cally couoled. Figure Z depicts the observed 00.75120 2

120 6 * 600 aa

410
Par Para

601- Feo

46-200 - Parr

0 0.8 0.8 0.4 02 a 1.0 0.8 0.6 0.4

Figure 2 Figure 3.

Phase diagram for the amorphous alloy series
Phase diagram for the amorphous alloy series (C ni-n1 - S .sPI.s e.1 Al. 5 .

transition temperatures as a function of the alloy of the transition toPeratureS (T, To.) for the

composition for the amorphous (F~mxft..).,36.25 alloy series (Coz~nzx).?3G.s. Again, while this

series. Ferromagnetim prevails for x v 0.6 and alloy Is a ferromgnet for x * 0.75, a spin glass

ncreasing concentration of Mn introduces enough type behavior Is observed for x < 0.6. However,

In contrast to the behavior observed in the case ofcompetition among exchange Interactions (frustra-

tion) to lead to the spin gass phase. It has been Fe-Mn alloys, To$ Increases with higher concentra-

shown that the mognetic ssceptibility along the tions of Mn for this system; a behavior predicted

spin 9lss-pema gnetic phase boundary as well as by the upper sign in Eq. (9). In addItion, it Is

the ferroMgnetic-parmgnetic boundary of this found that the maxiuA value of the susceptibility

serie of alloys satisfies a scaling hpothesis of Ts$ decreases rather rapidly with further addi-

appopriate to a multicritical point COON to beth tion of Mn in this alloy system; so much so that it

boundaries (10]. The value of T g Amid t INI- was not possible to obtain reliable Tog values for

tude of the susceptibility at Togo both decreae x < 0.4 by this method. It is useful to point out

with decreasing value of x from 0.6 to 0.4. The that such an unusual behavior of the concentration

intial drop in T ee r the silticritical point is dependence of To$ has also beean reported recently

however very slow and the slope of the paramgnetic- for crystalline Co-Mn alloys (11J. A further evi-

* spin glass phase boundary is almst zero correspond- dence for the observed slope of the spin glass-

ing to the equealty sign In Eq. (2). paramagnetic boundary is obtained from the ac-

Ftgure 3 shows the concentration deplendence susceptibility data for alloy compositions c ose to

the multicritical point. For example, it is found

that for x - 0.7 alloy the ac-susceptibility ex-

hibits a sharp characteristic kink-point corespod-
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APPENDIX 2

Hyperflne field distributions in ferromagnetic amorphous
9,Fe1B.1, thin films( )

N. A. Blum, K. Moorjani, T. 0. Poehler, and F. G. Satkiewicz

The Johns Hopkins Unimsl Apli* Physics Labommoy, LauveL Majlwd 20810

Sputtd films of amoPhous Fe,.B., (0.40:10.) wer studied by Mamubsu specroscopy. he films
were characterized for composition and homogeneity by swondary-io mass spe-trmuy (SIMS) and for
lack of crystalnity by X-ray diracton. Delow the magnetic odering temperature T. the hypeme spectra
condt of a lE* amplitude quadrupole double supempoed on a broad magnetic hyperfine field
distribution. The spectra of me aloys am remarkably d ent from that of polycystallne FeB and from
those of lquid-quenched alloys which are festtd to compodts near the eutectic at x=0.8. Compari n
with the polycrystalline FeB spectrum cearly shows that for a silificant fraction of the Fe atoms in the
amorphous alloys, the local environment is substantially different from the Fe environment in FeB.

PACS numbes: 76.80. + y. 75.50.Kj. 75.30.1b. 75.70.Dp

INTOVUCTh(ON 2 Pe to produce film with somewhat higher Fe coo-

centrationa than the composition of the starting mix.
Llquid-quenched Fex BI-, (.72 . a . .86) alloys This is because of the unavoidable sputtering from

can be prepared In an amorphous form which is stable at the Iron source holder as well as because there is atemperatures below about 400'C. These allays are for- higher sputtering yield for Fe than for S. The film8
romaSnotle with mantic ordering temspertures Tc on glass were used for X-ray and SIMS analysis, while
Increasing from 279%C to 487*C with decresing Fe con- those an beryllium were generlly used as Mllasbauer
ca€ntratlon (1). At tempeares well below T, the absorber. Low ange X-ray diffraction failed to
Mossbeuer spectra are all similar to that of Fe 803 20 ohom ay structure in the filam.

and exhibit a vel defined, though broadened, ax-lie Secndary-ion Ass spectrometry (SIMS) using a
magnetic hyperfine structure which can be understood as sputter Ion source was used to analyse and determine
arising from a distribution of hyperf in fields ?(U) the composition of the films. The Instrument employed
due to the multitude of inequivalent Fe sites (2-4). was a OCA INS 1015 (6). A defocused primary beam of
Assuming a continuous distribution for P(), It hs IOkeV Az+ was used to sputter the samples. Both poly-
been shown that for all of the above mentioned alloys atcmic and atomic spectra were taken as sputter con-
P(H) may be described as a nearly syAmetric.smooth peak tinued. From these spectra and those of bulk Fs corm-
of half-width about 100~k, centered between about 270 pounds of known composition, information on film compo-
and 310 kWe for a between .72 and .86 (1). In all cases itilon, homogeneity. and bonding state was obtained.
there is no evidence that, below 

T c, any appreciable It was found that the relative Lon yield of boron and
fraction of the Fe atom experiences a magnetic hyper- Iron depends on the oxygen content of the films. When
fine field of zero. Similar results were obtained for sputtering was done In a partial pressure of oxygen
amorphous Pe. 8 0 1.20 by assuming a discrete distribution (10-5 Tort), these differences were found to be
P('I). where five values of 14 were used, corresponding removed; accordingly, compositions were determined In
to the five moat probable Fe near-neighbor configura-
tions derived from the Bernal model of dense random oxygen. The results of S fU analyse wre used to
packing (3).poit the ay to ref ments in flm preprton hih

We have carried out Hosbauer measurements on resulted In suitable film for MSsabauer studies. The

sputtered films of amorphous Pea 3 In the concen- film5 were found to be compositionally hamogeneous to

tration range 0.40 < a 4 0.50, qulfe different from within 1 to 22 and total Impurity levels (except for

the range usually available in liquid-quenched alloys, oxygen) were below 0.5%. Analysis of some of the Be

Our low ttptt/on shows that even below Tc, a substan- substrate samples which were used for the Mbssbauer
tlr ation studies indicates that there is a small variation intial fraction of the Pe atoms experiences a very

small, or zero magnetic hyperflue field. Furthermore, composition (± 1 to 22) between various samples

the values of electric quadrupole splitting for these sputtered at the sm time. Neither of the comn

alloys are found to be significantlly different from iron oxides (16203 or Fe3 04 ) was observed in any of

that of the interumetallic crystalline compound Fe. the 
5 Fesbe K spectre.

These results Indicate that the local surroundings of 
5 7 Co in Rh source at the se tepera ture a the

some of the re sites In these Amorphous alloys are

different from the surroundins of Fe site in the absorber, except in the 10K experiments where the
corresponding crystallne compound; conclusion is in source was at room tesperature. In most experiments
contrast to the reported behavior for - 0.5 (5 2 or 3 beryllium disc absorbers were stacked to give a

total film thickness of 5 to 10 m. The slight dif-

SAWZ PREPARATION AND EXPERIETAL PROC MBS ferences In composition between the discs contributed
a negligible amount of line broadening. The velocity

Films approximately 2 to 4 ma thick ware spectrometer consists of a constant acceleration elec-

sputtered In an argon atmosphere onto both beryllium troechailcha transducer of convaentioa design
foil and r.4n glass discs attached to a water-cooled together witha miltichannel analyzer operated in the
hat sink maintained near room temperature. The normalixed mode for collecting and storing the data.

source consisted of a mechanical mi xture of Fe and Where the spectra are well resolved, they were analyzed
by a least-squares fitting program to a sum of

boron powders contained in a shlow dish taret Lorentstan shaped lines - generally for absorbers above
holder fabricated entirely from soft iron. The compo- T€ or where only non-agnetic spectra were observed.

sition of the source mix was varied from 32 to 40 at.

10 J. APPI. Phys. 52 (3), MarCh 1981 0021-8979/81/031808.03S1.10 S 1981 Ameican Institute of Physics 1806



The broadened magnetic spectra were analyed using a romagnetic domain (9). Below Tc, therefore, the oag-
version of Window's procedure for fitting a continuous natic hyperflne lines are broadened, but not shifted
distribution of magnetic hyperftin fields to a trun- or made assymetric by the quadrupole interaction. It
cated cosine series expansion of P(R) (7). The instru- appears that the correlation between 6 and q which
mental (observed) line width (for the inner lines of a exists above Tc is different below Te. This is readily
thin iron foil absorber) was less than 0.3 am/sec. understandable in principle, since A£q and S for a

given Fe atom are both functions of the near-neighbor
RESULTS AND DISCUSSION configuration surrounding that atom, and the near-

neighbor configuration is also responsible for its
Mgssbauer spectra of samples A, B, and C at 300K, magnetic state.

77K, and 10K are shopm in Figure 1 (also C at 200K is All the spectra vere analyzed in terms of an
shown). A qualitative evaluation of the spectra shovs effective distribution of hyperfine fields P(), as
that ctroom temperature the low Fe content samples (A described earlier (7). The important features for the
and B) have a negligibly small (or zero) magnetic present discussion are that the quadrupole doublet is
hyperfine structure. The asymetrical, broadened, alvays fitted by an equivalent P(U) distribution sharply
quadrupole split doublet is typical of disordered non- peaked around 40 kOe with a FWH of about 40 kOe. At
magnetic systems In which the asymmtry is generally higher hyperf in fields a P(R) representing magnetic

thought to be due to a correlation between the Isomer atoms is observed which Is peaked at values that are

shift and the quadrupole splitting (8). The line widths concentration and temperature dependent. There are a

(FM) of the quadrupole doublet components in Fi.l(e) number of different ways of generating P(R) diatribe-

and (d) are 0.503 + .002 s/se; this Is nearly double tions from Mosbauer spectra, and the distributions
the line width that would be expected from a single described above are not meant to Indicate more taMn the
site absorption line and indicates a distribution of coarse features listed to Table 11 (10). The ratio of
quadrupole interactions and isomer shifts which is non-magntic (H 4 40 0e) to magnetic (I > 40 We)
nevertheless narrow in comparison with the average atom is given by the area under the first peak (low K)
quadrupole splitting. Some of the quadrupole spit- in the 1(U) distribution divided by the total positive
ting m"y be caused by strain in the film due to dif- area under P(U).
forences In expansion between the film sad substrate. The ?e atorn in crystalline 7e have a unique

The room temperature values of isomer shift 6 and environment with a saturation magnetic hyperfine field

quadrupole splitting AZq along with those for crystal- of 131 We; it io difficult to explain the observed
line FOB are shown In Table 1. For sgaple C, the value distribution of magnetic byperfins fields in the mor-

of AZq is derived from the splitting of the inner pair phous Fe 50 
3 .50 alloy without assuing that a large

of lines without regard for the underlying magnetic number of Fe atom enviroments are very different from
hyperfine structure (hfs). the ones In crystalline FeB. The large difference In

Relative to the toom temperacure isomer shift for the values of electric quadrupole splitting (Table 1)

ni-Fe, the values for quenched alloys (.72 4 x 4 .86) also points to the same conclusion, vhlch is In con-

are positive and increase almost linearly with incre- treat to the interpretation of results on liquid-

sing boron content (1). This Implies an increasing quenched anrphous Fe. 75 1.25, where the local chum-
transfer of electrons from boron to the d-bamd of the ieal order is believed to be the sa as that In
alloy with increasing boron contest (11)6 Though the crystalline F 3 I (). Those results suggest a struc-
values of 6 for our samples (0.40 4 z 4 0.50) are tural model for the morphous Fe0 . 5 3. alloy In
experimentally Indistinguishable from one aother, the which about 702 of the Fe atom reside an regions
average value, 8 - 0.22 €n/sac, for the three alloys having a local chemical order similar to crystalline
follows the above trend and thus Indicates that the Fog, with deviations around the crystalline bond
charge transfer per boron aton in the sputtered alloys lgths and angles. The remaining Fo sites my lie
occurs at about the sam rate a in the quenched on the surfaces of these regions and thus, have local
alloys. surroundings substantially different from crystalline.

Figure 1 shows that ac77K the smple A (z - .40) Such sites are either permSagnetic. non-magnetic,or
spectrum is unchanged from that at 300K, ewept for a possibly a coination of the two; their number In-

small increase in S q; the Ine widths are the some cress as F content of the sales dereases
a t both teeratures, and there is no evidence of (Table 11).
magnetic ordering. At 10K there is same broadening ACOUNLEDCHM
of the quadrupole components, but there is no Indicea-
tion of a hyporfime field geater then 60 We. The The authors are pleased to acknowledge the
ares under the split pair of quadrupole abettlm capable asistance of J. W. Laisht in prparing the
Li-es, hawver, is loes at 10K tha 77K. this caaera" f li.
could be due to a weak, very broad magnetic sorp-f
ties spectrum which is buried i the counding sta-
tistics, or it ay be an artifact of the low temper-
acure experimental arrangement. The spectra of
sales I (a - .45) and C (x a .50) show that an Table 1. Isomer shifts (5) and quadrupole splitting
increasingly large fraction of the Fe site becomes (alq) for samples A, B, C and crystalline FeB at room
magntically ordered as the teerature is lowered. teerature (except fe W4. "as te t). Isomer shifts
At a fixed temperature belm Tc, the fraction of are relative to a-Fe at ]K.
mgnetically ordered atom Increases as the Fe
content is increased.

ALl the spectra have a distinct double: mat 51le 6 M ) A ( c
zero elocty, similar to the well resolved quadru- .c I (= n/ec)

pole doublet t Figure l(a) vhere there is no evi- A - o a 0.222 + .011 0.600 .01
deme of a magnetic hUs. Curiously, the asymtry .40 .
of the doublet. in which the higher esrtY conPet 5 - Fe . 0.207 .01 0.573 ± .01
(positive velocity) is more lteame for the spectra C * Fe.5 . 0  0.207 .01 0.39 + .01

without mnetic hs, reverses In the presence of a T.50 .50 -0.225 .01 0.639 + .04

large magnetic his. The prencwe of a large magnetic Crystalline FeB * .. 960 0.217 + .008

hfs, In which the quadrupole Interaction can beI (at 600K)

treated a a perturbation, has the effect of averag-
ing the angle 0 beceen the VC principal odis end
the internal magnetic field direction, ste the
former direction is rndom In a disordered alloy.
vhile the latter is correlated an= atom In a fer-
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Table 11. Fraction of Fe atoms having hyperfine
fields H 4 40 kOe, f(O); and Upeak of the first (a)
prominent peak above the peak associated with the - x0 3W K
H a 0 quadrupole distribution. Values are obtained
from the P(H) distributions for samples A, B and C
at the indicated temperatures.

H (k0e) (
Sample T(K) f(O) peak • 0.40,T

300 1.0 -

A- Te 0 s.60 77 0.9 -
10 0.8

300 1.0 - ,. ..

B - Fe 4 5 B5 77 0.63 106. (c)
10 0.60 129. x -0.40, T 10 K

300 0.45 116.
200 0.45 127.

C 50 .50 77 0.30 131.10 0.30 134. ,,v,.,,-w ,,,, .,.,,,.,',v,

Crystalline FeB 300 0.0 118. (dl x - 0.45. T 300 K
0 0.0 131. •
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APPENDIX 3

MOssbauer Investigation of sputtered ferromagnetic
amorphous FeB 1  , films )

N. A. Blum, K. Moorani, T. 0. Poehler, and F. G. Satkiewicz
The Johns Hopkins University. Applied Physics Laboratory, Laurel, Maryland 20707

Iron boride amorphous fihms were prepared by rf sputtering of polycrystalline FeB and Fe2 B powders. The
films were analyzed for purity, uniformity, and composition by secondary ion masa spectrometry and were
analyzed for lack of long range order by x-ray diffraction. As in the melt quenched alloys, Mdubauer spectra
revealed a broad and nearly symmetric distribution of hyperfine fields m samples with a compoition near a-
FeB. The hyperfine field distribution in samples with a composition near a-FeB, however, is asymmetric, and
more significantly, reveals a large number of Fe sitem with zero magnetic hyperfine field at temperatures down
to 10 K. Analysis of the data throws light on the chemical short range order in the alloys.

PACS numbers: 75.50.Kj, 76.80. + y, 75.S0.Bb

INTRODUCTION by inspection because of the distribution of hyperfine
fields; however, analysis indicates that the ratio is

Earlier findings that amorphous alloys may retain close to 3:3.5:1; this places the average magnetization
the chemical short range order of corresponding crys- direction at room temperature about 15* out of the plane
tals (1), have been abundantly confirmed by a variety of of the film. The asymetry in the spectrum reflects the
techniques (2). In this paper we investigate chemical anisotropy of the hyperfine fields and perhaps a corre-
short range order In a-FexBI1.0 X around concentration lation between the isomer shift and/or the quadrupole
ranges of the stoichiometric compounds FeB, Fe2B, and splitting and the magnetic hyperfine field components.
FesB. Earlier studies (3,4) in the concentration range
72 < x < 86 of the melt quenched alloys have shown that
the chemical short range order for x - 75 is similar to F%9 4POWOEN
that in crystalline TeaB (4), and that the ferromagne- T-.0
tic Curie temperature Tc of the alloys increases from 0 -- .. \ 1. .-
approximately 550 K to 760 K a the iron concentration .
is decreased from 86 to 72 percent (3). Since the values o
of Tc for the compounds Tel and ea2B are approximately
600 K and 1000 K, respectively (5,6), it is expected
that the above trend would be reversed for som concen-
tration in the range 50 < x < 72.

RESULTS

Thin film samples were prepared by rf sputtering of -
FeB end TeaB powders in an argon atmosphere onto thin 0

(250 iw) beryllium foil discs. Z ray diffraction was •
used to ascertain the amorphous nature of the samples, I
and secondary Ion mss spectrometry (SD) was used to ,
determine the composition and homogesneity of the film. | T- Zs

146ssbauer spectra were obtained using a "Co in Rh 1.00 (W ___

source at the same temperature as the absorber, except " .
In the 10K experiments whore the source was at room L "fterture. Tabulated Isomer shif at.€,,, w.--e calculated
with respect to iron at 300 K. The broadened magnetic " .:
spectra were analyzed using a version of Window's pro- 0.941 %"
cedure (7) for fitting a continuous distribution of I=-
netic hyperf ins fields to a truncated cosinet series ox- 0. a 4
pansion of P(R). 7 4 .

The room teperature spectrum of a-Fey lzj is coa- WLOCITY Iffe Ot
pared with the spectrum of FeaB powder in Fi. 1. The
spectra are similar except for three prominent features Fig. 1. (a) Spectrum of FeaB polycrystalline powder
which characterize nearly all the frrmagnnetic amt- compared with (b) spectrum of a-FetB29 *put-
phous film spectra: (a) the six spectral limes are tared film, both at room temperature.
greatly broadened in the amrphou ally; (b) the Am -
0 line Intensities (line 2 and 5) are quite different
In the amorphous fa compared with the crystalline The spectra at 77 K and 10 K are similar to the
powder; and (c) the amorphous film spectrum to notice- room temperature spectrIm, as are the P(l) distributles
ably asym etric. The broadened lime reflect the dis- which are centered at a value near the Fte5 hyperfine
t tributlon of hyperfine fields, and the line Intensity field, and are rather symmetrically distributed about
ratios indicate that the iron magnetic momenta in the that value. This differs from results on a-Tel, and
amorphous alloy lie close to the plane of the substrate. points towards the existence of a similar chemical short
In the randomly oriented powder the lime Intensities are range order In both the crystalline saple end in at-
close to the theoretical ratio. 3:2:1. In the amorphous phone sample@ with a composition in the vicinity of
alloy the intensity ratios are not ilmediately evident 7eal.

20W4 J. APOi. PhYs. 55(3), MuNCh 1992 0021 4979/92/03207440532.40 15329 AMUICUI Inftt of Phyule 2074



T- 2M51 pole doublet (above Tc) can be fit by an equivalent
P(R) distribution peaked about40kawta 1Ko

% about 40 h~e. This is an artifact of the fitting pro-
*.**r In whic the quadrupole doublet is Interpreted

0.00 as a distribution of six overlapping, magnetically
K *split lines. The ratio of-mnmagnecic (I 60 h~e) to

ose[ * magnetic (U > 60 k~e) atom may be obtained from the
PM1 distributions. The fraction of nommagnatic &tn

K~a 0 a OK is approximately 30Z and Increases with tan-
ITable I we list the Isomer shifts, quadrupole

-.0T26 splittng (meaured above Tc), and the magnetic order-. -

SIns temeratures (Tc) for the a-FeB series of samles,
together with relevant parameter values of a-Veal
samles and their crystalline counterparts. There Is

do a significant Isomer shift between a-FeS and a-Veal
(M6 - 0.10 mlsec). showing that electrons are trana-

/f erred to the d-band of the alloy with Increasing
0.55 * boron concentration (9). The smell differences in

monng the several a-PeB (40 < z < 51) and a-Veal
*(71 <z <80) sompes are within 7the experimental or-z rore of the meaurments (. .02 a/ee). one might

expect soe structural differences between walt-
z quenched and sputtered alloys, however, the accuracy

0 T - 7Kof the present data is Inadequate to support or reject
this view.

* 5 -Table 1. Isomer shifts (6) and quadrupole eplittings
0.50 NO (MiQ) at room temperature (aeept as noted). a nd values

of magnetic transition temperature (Tc) for several
0."0 J~It sputtered amorphous film,. malt queinched Cu.q.) ribbons

~ /and stoichiometric crystalline comounds. The sputtered
* amorphous film values are from this paper; the others are

* O,
5  from the references.

se .samla 6 (rn/eec) AZQ (sneesc) Tc MI
T- -101

1.00 + -ee. 0.22 0.6 < 10
*041h,%A (sputtered)

0.554 A-7ei482s5 40.21 0.56 I 100
~ft% ',a,.(sputtered)

a-V~ggg40.23 0.64 350

4 . 2 0 2 4 5 (sputtered) (at 1501)

VIOV1WQcayst. Pez 40.26 0.22 600
rip. 2. Spectra of a-Verna., sputered file at various Cef .5) Cat 6001)

temperatures compared with Vo5 polycrystalline a-Fe1alag 40.12 - I 750
powder at roes temperature.(sutrd

Amorphouis film samlas in a rang around a a 50 a-Vesslrn, +0.09 -665

were prepared by sputtering To$ and mechanical msixtures ft.q. ,lef. 3)
of FeB plus a. Uniform film were produced with Co- o-tas 00 6
sirione between Febol., and Vesrnal., as mosured bya-eas4.0-76
SINS. Figure 2 ahove spectra of VeTast at various tan- Cnqf3

* peratures compared with the spectrum of crystalline
powder Tal at room temerature. Unlike Fell, the omor- tryst. Veal 40.1L2 Lois1

*phous samle spectrum is distinctly different from Itse o .6
crystalline counterpart. The P (2) fit shmws a strongI
low field component plus a low amlitude distribution tryst. Pass 40.05 - 20
centered arousid I00 We. As the temerature is reduced (3sf. -) to
(1ig. 2) the spectra show a broadly distributed magnetic 40.141
field component (- 100 h~e) Increasing In both Intensity
and width. The lower pak in the spectrum, Indicative At temperatures above room temeraure the quad-
of a low, or zero field contribution, Is present dow. to rupole doublet (unresolved in Fig. 2) becomes partial-

* 10 K. The F(3) distributions show that the area under ly resolved. Aseuming that the entire spectrum is
*the higher field distribution becomes larger with da-m composed of two lines (a quadrupole doublet). a plot

creasing temperature ad that the peak of this distri- of the average line width of the two lnes a func-
bution moves towards a higher magnetic field. At all tion of temerature indicates the temerature at which
temeratures there Is a significant low field pea. es- the broadening due to the magnetic background disp-
compoaing the region approximately 0 to 60 hO.. All pears; this gives a value Tc a 375 K for a-Vesial.
samples with lees that about 50 percent iron have a As expected, the trend towards higher Tc with decrees-

* distinct (partially resolved) quadrupole doublet near ing To content (3) reverses somewhere between 51 and
zero velocity (6).* The quadrupole doublet persists b- 71 percent To.

207 J. APPi. Phys. Val 63. No. 3. Much IM6 Magnetism a Magnetc Maeril-i 961 2075



CONCLUSIOKS RgFERECzS

In order to ezplain the observed distribution of a) Work partially supported by the U. S. Army Research
magnetic hyperfine fields in the amorphous FeB alloys, Office.
one mst conclude that a large nunber of Fe atom envi- 1) J. F. Sadoc and 1. Ditmier, Mat. Sci. Eng. 23, 187,
ronments are very different from the ones In crystal- 1976.
line 1eB. Our results suggest a structural model for 2) J. Durand, Proc. 4th Int'l. Conf. Liquid and Amor-
amorphous Fag alloys in which up to 70 percent of the phous Metals, J. Physique 41, 609, Colloque CS, 1980.
Fe atoms reside on sites having local chemical order 3) C. L. Chien, D. Musser, E. M. Gyorgy, R. C. Sherwood,
similar to the crystalline state, with deviations H. S. Chen, F. E. Luborsky, and J. L. Welter, Phys.
around the crystalline bond lengths and angles. The Rev. 3 20, 283, 1979.
remaining 30 percent (nonmagnetic) Fe sites may lie in 4) 1. Vlncze, T. Kemeny and S. Arajs, Phys. Rev. 3 21,
local surroundings substantially different from the 937, 1980.
crystalline ones. Such sites are either peramagnetic, S) J. E. Jeffries and N. Hershkowitz, Phys. Lett. 30A,
nonmagnetic, or possibly a combination of the two; their 187, 1969.
number Increases as the Fe content decreases. In con- 6) K. A. Murphy and X. ershkowitz, Phys. Rev. B 7, 23,
trast to the results for a-FeD, a-Fe2B appears to have 1973.
chemical ordering similar to the crystalline state. 7) B. Window, J. Phys. 1 4, 401, 1971.

ACI~W.EDGlNT 8) N. A. Slum, K. Moorjani, T. 0. Poehler, and F. G.
Satkiawicz, J. Appl. Phys. 52, 1808, 1981.

The authors acinowledge the capable assistance of 9) L. R. Walker, G. K. Werthein and V. Jaccarino, Phys.
J. W. Leight in preparing the sputtered films. Rev. Lett. 6, 98, 1961.

2

I

K! 2076 J1. Ap. PhyL Vol 53, No. 3, March 1052 Magnetdm & Magnet=c Material-ig8t 2076I



APPENDIX 4

Solid State Communications, Vol.43,No.4, pp.239-2
42, 1982. 0038-1098/82/280239-04$03.00/0

Printed in Great Britain. Pergamon Press Ltd.

SPIN GLASS BEHAVIOR AND NON-ERCODICITY IN AMORPHOUS
IRON-BORON ALLOYS*

D. J. Webgand S. K. Bhagat

Dept. of Physics and Astronomy, Univ. of Maryland, College Park, MD 20742 U.S.A.

and

K. HoorJani, T.O. Poehler, and F. G. Satkiewicz
The Johns Hopkins University

Applied Physics Laboratory
John Hopkins Road

Laurel, Maryland 20707, U. S. A.

Received 20 March 1982 by E.F. BERTAUT

We report FMR measurements on amorphous Fe B A& thin filma with
x-0.47,0.49 and 0.53. At low T we observe'a oalies characteristic
of the FM-SG transition. In addition, In the 0.47 and 0.49 alloys
the resonance field, below 80K, depends upon the rate of cooling. We
suggest that this behavior is symptomatic of non-ergodicity in the
spin glass state.

Introduction alloys in the ferromagnetic range (i.e., higher

values of x) indeed show the T3'2 behavior at
Crystalline end amorphous alloys of the low temperature; c) these anomalies arise at

type Nx~1- where N denotes one or more that are well above Tf and bear notemperatures T
magnetic moment carrying transition metal simple relation to It.
atoms, and G represents glass formers or noble In this paper, we report FPM measurements
metals, have been intensively investigated on amorphous binary alloys Fe B with x In the
recently. 1 Several 2 - 6  independent studies x l-x
reently.t vicinity of 0.5, i.e., about 0.1 higher thanhave established the re-entrant magnetic

behavior of these alloys at values of x that required for onset of ferromagnetiem. In

slightly larger than that required for the addition to exhibiting the aforementioned

onset of ferromagnetism. That is, when the anomalies showing the persistence of the spin

temperature is lowered, the alloys first glass behavior in amorphous alloys with only one

exhibit the usual parmagetic-ferromagnetic magnetic component, the existence of several

transition at a Curie temperature Tc. However, metastable states due to the non-ergodic nature
c of spin glassesO Is demonstrated. These meta-

on further lowering of the temperature a transi- stable states are characterized by differing
tion to the spin glass state, in which the spins values of Hr which depend on the rate of cooling
freeze in random directions with no net long below 80 K.
range magnetic order, is observed at a wall

. defined temperature Tf. Ezprimental

Systematic ferromaneetic resonance (PMl) The samples were prepared by rf sputtering
measurements on amorphous re-entrant alloys of FeB and mixtures of Fea and B onto quartz
reveal several characteristic features: 7 a) At substrates. A special magnetic focussing ring
low temperatures the linewidthe (r) increase was used to confine the sputtering ions so as to
rapidly with decreasing temperature and in so0e enhance the sputtering rates. That the films
cases exhibit maxima. This is in contrast to are indeed chemically homogeneous va confirmed
ordinary ferromagnetic alloys where, at low by the sputter-ion mss spectrometer which also
temperatures, r is independent of temperature; gave their chemical composition. The concentra-
b) The magnetization, N. derived from the tion range (0.47 x 0.53) studied in the
resonance center, Hr, shows an anomalous
.ehavior at low temperatures in that marked present work is slightly above the critical con-
bcentration for the onset of ferromagnetism in
deviations from the usual T3 / 2 behavior are these alloys9 and brackets the concentration for
observed for the re-entrant alloys. The same which the crystalline alloy, FeB, ts a strong

*Repearch at Johns Hopkins partially supported by the U. S. Army Research

OfficeL a**From a disertation to be submitted to the Graduate School, University of

Maryland, by D.J.W. in partial fulfillment of the requirements of ther Ph.D. degree in Physics.
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forroasnot1 0 with Te 598 K. Similar amar- The present results follow the trend reported in
phous alloys have been previously Investigated Ref. 12, i.e., Fe moment reduces monoonically
by ;Issbauer spectroscopy. 11  with reducing x.

Host of the present INM measurements were The tomperature dependence of the observed
conducted In the parallel geometry (Hd.c. 11 to linevidths at 11 G~t, presented In Fig. 2,
sample plans) at approximately 11 GHz and 35 0Hz clearly ahows the anomalous behavior at low
In the temerat~re range 2-300 K. Using the temperatures and in particular the llnewidtb for
equation, WW a)' Rr(N, + 4vH), the data the 7047 alloy exhibits a minimum such as prewl-
were used to evaluate 4vH as well sot he g-value ously reported for low z alloys In other re-
whicbtaloug with other parameters of the alloys. entrant systems. 7' 1 4
are listed in Table I . At a few temperatures for the present discussion, the results of
ar was measured as a function of the angle greatest interest come f rom noting the peculiar
between the sample plane and the applied field. low temperature dependence of H. in the F*49 and
This provided further checks on the values of g Fe47 Alloys at 11 0Hz. For instance, the tom-
anid H.

Table I Magnetic Parameters of re xgl- Alloys
Sample Conc. T a (K) 4"o9 1-5 W-3/2

c (hWe) ggl K

Fe 53  Fe0 .5 3 B0.47  560 6.5 2.07 7.4 0.6

Fe 49 Fe0 4 9 30 .5 1  452 3.5t 2.05* 6.8 0.71

Fe47  FSe0 4 7 0 .5 3  384 4.95t 2.09* 7.6 0.71

stal Fes 59 8 b - - 1.1

a. deducod from empirical relation T a 4 x 10 3(x 0.38) following Ref. 9

* for 8<T <..0 K(Fig. 1)
t extrapolated (see Fig. 1)
b. Ref. 10
c. Ref. 13

d. assumed density 6 - 7 gm-ian3

Results and Discussion .

The temperature dependence of the magneti-
zation, derived from the Hr data, is presented .
In Fig. 1. Apart from slight deviations below t
%.20 K, the conventional behaior,M
H0(l - ST3/2), due to the excitation of spin
waves, Is a good representation of the data for
Fe53 Over the entire temprature range, that Is,
U3nto T/Tc 0.54. For the other two alloys, the 2 54

T 2dependence Is obeerved only for T a 80 K. q
Over these temperature ranges the g values, given
In Table 1. are independent of T. At lower T
(see below) the variation in Hr becomes mere 40
complex and one cannot assign meaningful values
to g and H without Introducing additional param-
eters.

The obserwed values of 3, also listed In 30
Table I, are somewhat larger tha these reported
for other .merpous alloys of comparable Fe
conte 7o18 which indicates somewhat weaker 0 00 3 00O 4000
=xchange Interaction In the present alloys. It WKO
should also be noted that for the Fos~ alloy,
where 4% has a straightfor'ward meaing, the
re moment is 0.87 usa~tom which Is to be com- Fig. 1. Temperature dependence of the magnti.
pared with the value3 1.1 lag/atom for crys- xation deduced from INK data on
talline FeB. for the other two alloys, the amorphous F&.Bl~x alloys. As deect..
seo Kelvin Intercept is harder to Interpret in the text, below 80 1, Fei? and To49
but if we treat the We values as above, the do not show simple behavior. Hence,
values 0.76 uB/atom and 0.71 ag/atom are ob-thdaedlns
teineid for F61,9 and F647 alleys, respectively,.h ahdlns
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20 - -5

0 50 00 O50
T (K)

I00IIII
0 50 0oo ISO oo 250 Fig. 3. Temperature dependence of the resonance

T (K) field for FMR in amorphous Fe 4 7 . As

described In the text, below 80 K, the
?IS. 2. Temperature dependence of the 7 data are dependent upon the thermal

linFg2dth at 11 Gz for aorphus history: the solid line is obtained on
Idth atoysa slow (%0.25 K/man) cooling while the

7 ex~l-x alloys, other data represent other thermal

cycles (see text).

perature dependence of Hr at 11 GHz for Fe4 7 at
three different cooling races below %80 K is
shown in Fig. 3 and can be described as follows: anisotropy fields develop when there Is a train-

a) The solid line represents what we choose sition from the paramagnetic to the spin glass
to designate the equilibrium state obtained phase9lE5 , , and recently similar anisotropy
either by cooling slowly (%0.25 K/a) or fields have been shown to accolpany the ferro-
by cooling in zero field directly to 4 i magnet-spin glass transition.

I T For the
and observing t r during a subsequent warn- equilibrium curve, the sharp decrease in Rr
ing. From several such runs we deduce chat around 20 K is ascribed to this effect. If in
the Hr values are good to about 10 Os. b) the freezing process the spin system has access
When the sample was first cooled rapidly to other states of metastable equilibrium (i.e.,
(2 K/mn) from 80 K to 50 K, the Hr local free energy minia) It is not surprising
values represented by the solid circles that, on occasion, it finds Itself trapped in
were observed during a subsequent warm-up. one of these configurations and consequently
The warning could be carried out quite the anisotropy fields, or H., differ from the
slowly without affecting the H data. c) equilibrium value. The results clearly lend
In an6ther run, the cooling between 80 K support to the recent suggestions that the spin
and 50 K was carried out in ten minutes, glass state is inherently non-ergodic In charac-
followed by a slow cool to lower tempera- ter. That is, there exist many equivalent free
tures. The Er values shown as full squares energy minima with significant barriers between
were observed. the so that some of the minima are Inaccessi-
For other cooling cycles Hr values between ble during the approach to equilibrium. Thus

these extremes have been seen. In these inter- it may happen that the system Sets metastably
mediate states, however, slight changes in locked into a state of "local" equilibrium in
temperature cause the system to return to the which the spin configurations and the consequent
equilibrium curve. It should be noted that the internal fields are significantly different from
linewidths are roughly the same for all cooling those in the "true" equilibrium state. Further
cycles. Although we are implying that the par- work is being done to study the type of thermal
ticular values of Hr., other than the equilibrium effects shown in Fig. 3 at other microwave
values, are symptomatic of metastable states in frequencies and different x values.
the spin freezing process, at this time we do
not know precisely how the cooling rate con- Acknolwedgments -- The capable assistance of
trols the specific state in which the system J. W. Leight In preparing the samples is thank-
finds itself. fully acknowledged. We are also thankful to

It has been known for some time that M. Nanheimer for several fruitful coements.
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APPENDIX 5 J. Appl. Phys.

1roesbauer study of magnetism In an amorphous To40360 sputtered file) (to be publ ishe

U. A. Bum

The Johns Hopkins University, Applied Physics Laboratory,

Laurel, Maryland 20707

ABSTRACT

N eebauer studies of amorphous iron/boron alloys have proved useful
for understanding magnetic phenomena in structurally disordered systems.
In iron-rich alloys the 5"Fe I6Gssbauer spectre at T<<Tc of both melt-
quenched and sputtered materials consist of broadened magnetic hyperfiue
lines, indicative of structural distortions in the compounds Fe2B and
F613. The spectra of sputtered films with approzimately 50Z Pe my be
characterized by two qualitatively distinct Fe sites: (1) sites yield-
Ing a broadened magnetic hyperfin. spectrum similar to the sharp spec-
trum of the compound FeB, and (2) sites having a zero (or very small)
magnetic hperfine field, evidenced by a slightly asymetric, partially
resolved, quadruple doublet. In order to further examine the nature of
these low field sites, a 40% Fe sputtered amorphous film was examined at
4.2 K in external magnetic fields up to 8.0 T. interpretation is diffi-
cult, partly because the magnetic and quadrupole interactions are of
comparable magnitude and partly because of the distributed nature of the
hyperfine parameters. A pure spin-glass phase was ruled out by a narrow-
In of the spectrum in a 2.0 T external magnetic field. Two components
ware identified in the external magnetic field spectra: (1) non-magnetic
( 501). and (2) magnetic, with unusual behavior that may be due to a
low-moment, muxed ferromagnetic/spin-glass phase.

PACS numbers: 75.$0.Kj, 7 6.80.+y, 75.25+z

INT ODUCTION two types of Fe sites in these samples: (a) sites with
a mean magnetic hyperfine field close to the value n

Previous sebauer studies of sputtered, amorphous, crystalline FeB, and (b) low, or zero field sites sub-
FexBlOD..x films with approximately 40 to 50 at.Z Fe stantially different from the crystalline ones. This
Indicate that at temperatures well below the magnetic paper reports on the nature of these low field sites by
ordering temperature Tc the spectra may be fit by a examining the interaction with en external magnetic
magnetic hyperfine field distribution P(H). This dis- field. For this purpose, a sample with a composition
tribution is qualitatively characterized by a broad, close to the threshold for magnetic ordering (- 602 Fe)
structureless peak with a maximum near 120 kOe at x - (11 was used In order to minimize Interference in the
50, shifting towards lower H values with decreasing Fe ssbauar spectra from the iner lines of the strongly
concentration (1]. Another peak has been observed in magnetic comonents.
the P(O) distribution that has a maximum near 30 Oe;
this peak increases in intensity with decreasing Fe con- MRRIRO1AL
cantration, but the maximum of the peak remains near 30
kOe [2,31. This low field peak is not observed In Amorphous iron/boron thin films were deposited in
sputtered films with x a 60, nor in any of the mlt- an rf diode snuttering system having a base pressure In
quenched, iron/boron, amorphous alloys. It appears to the mid - 10- Torr range. Argon was used as the sput-
be essentially the same as the peak seen In the P(H) tering gas, throttled during deposition to a pressure
derived from spectra obtained above Tc, where it is of about S us. The sputtering target was a machanical
clearly just an artifact of the computational procedure mixture of comerially obtained 992 pure FeB and 99.72
[4,51 in which the broadened quadrupole doublet Is fit pure boron powders packed Into an iron target holder
by an equivalent magnetic field distribution. A repre- dish. The atomic composition of the target powder mix
sentative example is shown in Fig. 1, for FessB47, was nominally Feaslot; secondary ion mss spectrometry
where the optimized P(H) distribution shows two clearly (SIMS) analysis of the sputtered films gave a composi-
defined maxima at about 30 and 120 hOe. The implica- tion of Fe7ele with good homogeneity. Three samples
tion, as pointed out elsewhere [2], Is that there are prepared at the same timne, each alloy layer 3 to 5 Um

thick on a Kapton polyimLde film substrate, were mount-
ed together to form the HMsebauer absorber used In the
experiments reported here. Lack of long range order
was ascertained by x-ray diffraction on similarly pre-
pared samples deposited on gloa.

£ The Mosauer spectra were obtained with both the
S"Co In Rh source and the amorphous FeteBs0 absorber at
the same temperature (4.2 K in the magnetic field ex-
periments). The spectrometer is a conventional con-
stant acceleration electromechanical velocity modulator

0" used In conjunction with a multichannel analyzer/cm.-
purr for collecting and analysing the data. The meg-

PsWefielkdNO*) netic field experiments were performed at the NIT
,__ . . . ._, Francis Bitter National Magnet Laboratory using a super-

-5 -4 -2 0 2 '4 conducting solenoid. A reverse winding on the solenoid
V ecit(mmadfi kept the magnetic field at the source near zero.

fig. 1. Webeaw spees A- low& mete O d a e bl The magnetic hyperfine field distributions PO)

fiss field distributise 91) Fti" "Uttered smvpeire IOSUI file at were obtained using a version of Window's procedure for
5r zt9 K. fitting a continuous distribution of magnettc fields to



a truncated cosine series expansion In IH 14,51. Asym- The appearance of the spectra at all external
metries in the spectra are due to correlations between fields indicates the presence of a net magnetic field
Isomer shift, quadrupole interaction, and magnetic in- component close In magnitude to the applied field. At
teraction. The P(H) program symtrizes the spectra the same time, the region of the spectrum corresponding
and does not explicitly consider isomer shift and quad- to zero (or small) net magnetic field remains intensi-
rupole splitting distributions. In the present Imple- fled beyond what it would be if the applied field
mentation of this procedure the relative intensities of (broadened by the internal field distribution and quad-
the A - 0 lines were allowed to vary between 0 and 3.5 rupole distribution) were the only net field. Table I
to obtain the best least squares fit. The intensity gives the peak positions and widths for all of the P(H)
ratios of the outer to inner lines were fixed at 2.6 distributions shown In Fig. 2 and 3. The fourth colmn
because thin (2-5 um), sputtered, pure iron foils least of the Table will be explained later.
squares fit with Lorentalan lines of width 0.28 to
0.30 rn/sec showed outer-to-Inner Intensity ratios (also
area ratios) of 2.6:1. For well defined spectra (higher Ic *

Fe concentration), using an outer/inner ratio of 2.6
gave better fits than using the theoretical ratio of
3.0.

rESULTS 0

The spectra of FoekaBj In zero external magnetic
field together with plots of the derived internal mag-
netic field distributions at 77 K and 4.2 K are shown .
In Fig. 2. The quadrupole splitting at 77 K Is h} -e
0.62 mr/sc. At 295 K and 10 K (not shown) the spectra |

are nearly identical to those at 77 K and 4.2 K, re- A I
spectively, Indicating that the magnetic ordering tea-
perature Tc Is between 10 X and 77 K. The peak at o
24 kOe in the 77 K P(H) distribution Is a computational I
artifact in which the quadrupole doublet is interpreted & f
as an equivalent magnetically split spectrum. At 4.2 K ,
the P(H) peak broadens and moves to higher field. This
t a manifestation of the appearance of an internal
magnetic hyperflne field Hint below Tc. Since the mag-
netic P(H) and the component due to the quadrupole o
splitting overlap, It Is not possible to extract simply 1
the magnetic P(H) from the mixed electric quadrupole/
magnetic dipole interactions. Indication of a signifi-
cant distribution of quadrupole splitting Is evident
from the line width& in Fig. 2a (0.50 rn/sec), and also
from an inability to fit the spectrum with Lorentzian

* shaped lines. The spectrum &syrnetry further indicatesVA
that the quadrupole splitting is correlated with Isamer
shift. The average isomer shift at 4.2 K Is 6 - +0.11
n/sac, and Is independent of external magnetic field. -4 - o 4

WIS. 3. Ueabawor spectra and P01) dtstributions fer smpttee
so-rpho u.regoD, fla at se2 K a.er: valpw of . The

applied msaetc field.
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A4. 0 A qualitative description of the effects on the
lie it 3Mo 40 spectra of the external magnetic field follows (refer

.7 MaWiude field (kOel to Fig.3): The spectrum narrows upon the application
i.I0- of 20 kOe, and is characterized by a P(H) at 40 k0e

s Imilar to the P(11) at 0 kOe. At 60 kWe the peak
shifts upwards and broadens. At Kapp - 80 kOe two

AS peaks can be resolved in the 7(H): one at 35 kOe and
rT6 the other at 72 kae, both of about the same width. If

one assumes two equal width, gaussian shaped peaks, the
.0. peak positions (unfolded) lie near 34 and 74 kO.. The

M pmt fied IkOel lower applied field P(H) distributions could similarly
be split, less convincingly to be sure, into over-

-6 -4 -2 0 2 4 9 lapping distributions corresponding to H - 0 (appears

Veleefy (mm/eel to be a peak at 32 kOe due to the quadrupole doublet)

.tf r ed' and a peak near H - Hpo. In the Happ 80 kOe spec-Flo. 2. njsebaeo spectra and F(1) distributions for itrdaor-

phow reoese film at (0) 77 K ad (b) 4.2 Kg Napp - 0. trum, the partially resolved peaks land a degree of
credibility to the interpretation that there are basi-
cally two components observed in the spectra: one

The spectra In external mngnetic fields Hap. co- characterized by the magnitude of the applied field

linear with the Y-ray direction, and plots of derived and the other by a lower field distribution that

least squares P(H)'s are shown in Fig. 3. The solid crosses through Hn a 0 kOe near Happ - 20 kOe., and In-
lines in the spectra correspond to the least-quares creases to about Hn = 34 kOe at Happ - 80 kOe.
fit. The arrows beneath the spectra indicate the po-
sitions of the centers of the outer spectral lines cor- DISCUSSION
responding to HI . In an external field, P(1) in un-
derstood to be r( j), where the vector sum * Hint + The P(H) distributions, especially the one at "app
Rapp is the net (observed) magnetic field. -80 kOe showing resolved peaks at an - 34 and 74 kOe*,



Imply that there are at least two magnetic sites: one perimental data. The resulting "stripped" spectra were
essentially non-magnetic, giving n U a pp£ and the fit by P() distributions, the peak values of which are
other magnetic in the sense that there Is an internal listed in the last colmn of Table I. The stripped
contribution to the hyperf ine field. The considerable spectra appear to be nearly shielded from the external
width of the 74 kOe peak may be due to two causes: (1) field; this behavior is inconsistent with simple ferro-
the combined quadrupole/magnetic interaction, and (2) magnetism. The distribution peaks near 30 kOe are not
the filte resolution of the computational method. readily interpreted in detail because of the unknown
That the peak at N - 74 kOe occurs at a value lse contributions of the quadrupole and Isomer shift dis-
than the applied field is attributed to a small deag- tributon. About the only conclusion that may be
natilzing field and to lack of knowledge concerning the drawn in each case is that the Internal magnetic fisld
separate shapes of the two distributions: the low (for this component of the spectrm) is less than 30
field distribution may have a tail, shifting lower the koe, and say be close to zero.
apparent position of the higher peak. One might anticipate the possibility that at 4.2 K

the Iron moments are in a spin-glass phase. There is
Table I. Position of peeks and widths of P(H) distributions for evidence of this In the recent PHR experiments of Webb
Ve4036 0 at various external wagnetic fields. T * 4.2 K. excpt at al., where sputtered, _50Z To samples show line
for the first entry. The fourth column lists the peshe of the width anomalies at low temperature that are character-
P(R) distributims for the stripped spectra (see text). istic of spin-glass behavior [8). In an external meg-

Expertmetal S:ripped uetic field the position of the peak of the 1(1) of a
SR idth ppeik spin-glass would increase, and the width would also In-Opp peak w h pcrease. Quite the opposite is observed when h, =(koe) (hOe) (hOe) (_Oe) 20 kOe (Fig.3). Unless the spin-glass state isr~dp

0 (77 K) 24 21 - stroyed by the 20 kOe applied field, amorphous Fa~es0
0 33 35 (33) at 4.2 K Is not simply a spin-glass. The observed be-

20 25 22 31 havior of the low field components may be due to the
coexistence of low-usent ferromagnetic and spin-assw40 32 35 31 phases [91. The (small) Internal field associated with

G0 40 60 31 the ferromagntic phase subtracts from the applied
0 34/74 40/40 38 field, while the spin-glass phase contributes a slam

broadening and Increase in the peak position of P(R).
In sumary, external agnetc field experiments on

Analysis is exacerbated by the distributed nature amorphous, sputtered FeBesg identify two types of Iron
of all the fundamental interactions: isomer shift, sites: (1) non-magnetic (magnetic momnt close to
qusdrupol splittin8, and magntic splittiN. lot only zero), and (2) magnetic (having a distribution of nag-
are these interactions distributed, but the shapes of netic momets) - possibly a low-moment, mixed ferro-
the distributins are a prim*1 unknown. Since the spec- manetic/spin-glass phase.
trum initially narrows on application of an external
magnotic field (20 kOo), it is clear that there are iron
moments aligned with the external field (the internal S

field direction is opposite to the magnetic moment di- The magnetic field experime were performed
rection), i.e. there Is a manetic component. The at the MIT Francise litter National Magnet Laboratory
avertie quadrupole splitting (- 0.6 /soc) Is equal to with the collaboration of 1. 1. Frankel and
the Fo, I a 3/2, excited state magnetic splitting at a. C. Papaefthymiou, to when the author is eapeclay
90 kOe. The spectra thus are in the regime of mixed
electric quadrupole/magntic dipole interactions of grateful. The author also thank C. L .. Chi jn,
comparable magnitude, precluding the usual perturbation C.GG.lSatkele for helpful advice, discsian ad
approach. assistance.

An alternative to analyzing the spectra by studying
the P(R)'a is to generate a theoretical spectrum, using
the exact Hamiltonian for the mixed interaction (6,71.
and averaging over all angles between the fixed exter- a) Work supported by the U. S. Army Research Office
nel magnetic field direction (colinear with the y-ray and the U. S. Naval Sea Systems Camend under
direction) and the direction of the EFG principal axis. Contract No. N00024-81-C-3301.
In doing this, it is appropriate to use as generating (11 C. L. Chien and K. N. Unruh, Phys. Rev. 1 25, 3790
paranters the experimental quadrupole doublet line (1982).
width (above Tc) to account for the distribution of 1.
quadrupole interactions and isomer shifts, the observed 121 N. A. Dom, K. Mooriani, T. 0. Po8hler and

7. 0. Satkiewicz, J. Appl. Phys. 52, 1808 (1961).quadrupole splitting, and the applied magnetic field. [3) N. A. ilum, K. Moorienl, T. 0. Poehlar, and
The computer xenerated spectrum is then normlized and 7. 0. Sathiewics, J. Appl. Phys. 53 2074 (1982).
subtracted from the observed spcctrum by matching the [4) 1. Window, J. Phys. E A, 401 (1971).
theoretical and experimental spectra in the outermost (5] C. L. Chien, D. Nusser, t. E. Luborsky, and
extremities (wings). As In the P(H) analysis, the J.L. Walter, J. Phys. F 10, 2407 (2978).
method is much more convincing in the Happ - 80 kOe [6) R. L. Collins and JPh. Travis, 19sb7uer Effect
case than In the lower field experiments. The result Methodology, Vol..3, 1. J. Gruverman, editor
(for the 80 k0e case) is that somewhat sere than half Plenum Press (1967), pp 123-161.
the area under the spectrum corresponds to just the (7] J. R. Gabriel and S. L. Ruby, Nucl. Instr. Moth.
applied magnetic field, broadened and distorted by the 36 23 (1965).
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