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Microcalorimeters have been used to measure the temperature dependence of the spe@fi¢Theat
amorphousR,Fe o, (R=Gd, Tb thin films prepared by both sputtering armbeam coevaporation.
a-ThyFe oo films possess large randomly oriented local magnetic anisotropy and large exchange coupling;
they are considered random-anisotropy magnets. By varying growth temperature and by annealing, films of the
same composition but with very differemacroscopi@nisotropy constari, were prepared and studiedK,
reflects the degree of nonrandomness in the local anisotropy axis directenSd,Fe o films possess
negligible local and macroscopic anisotropy. All samples show a relatively sharp p&€KTi at the Curie
temperaturd ;. determined by magnetization measurements, indicative of a phase transition, independent of the
magnitude ofK,. Effective critical exponents ofkr=a’'=—0.6 to —0.7 and a critical amplitude ratio of
1.5-2.5 are measured for reduced temperatures down to 0.02. Nearly all possible magnetic entropy is devel-
oped belowT, unlike what is seen in spin glasses. Increased grawt#mnealing temperature causes a small
but systematic increase Ty, in the inverse high-field susceptibilify and in the homogeneity of the sample;

K, by contrast increases with growth temperature, but decreases with annga0t§3-182608)09733-1

I. INTRODUCTION room temperature to above the magnetic ordering tempera-
ture is needed for what is called Curie point writing. There
The structural and magnetic properties of amorphous raréhave been no specific heat studiesaeTb-Fe alloys, largely
earth—transition-metal atR-TM) alloys and amorphous due to the technical difficulties inherent in measuring the
TbFe in particular have been extensively studied over thespecific heat of thin films at temperatures at and above room
last 20 years. The combination of a transition metal such agmperature. Studies on RMA materials to date have focused
Fe or Co, which gives a highi; (well above room tempera- on those with low magnetic freezing temperatife> We
ture in many casgsand a rare earth such as Tb, which giveshave made recent advances in microcalorimetry which make
a large local magnetic anisotropy, causes the material to bigigh-temperature measurements possible. this paper, we
of technological importance. For most thin films, the growth-presem measurements of the specific @g(T) and high-
depositiolnsprocess inducgs a pgrpendicular u'ni_axial anisofg|q magnetic susceptibility(T) for a-RFe, (R=Tb, Gd
ropy K, .”” K, together with a suitabl&., coercivity, Kem  renared under different conditions in order to clarify the

roitatiodn, andt;)pticarll reflectiv_it)l/, ?ai madfe quaternary a”(_)y%ffects of preparation conditions and the interplay of random
related to?;T F&, the material of choice for magneto-optic anisotropy, exchange, and coherent uniaxial anisotropy on
recording?’ Because of the strength ar(dpproximately the magnetic state of these alloys

random orientation of the local magnetic anisotropy field of . . . . L
the Tb ion, which tends to pull the local magnetic moment The exchange interaction between Fe ions is primarily

avay fom  colinear arangeent studies of amoanoulFEIOYNeLeOLe 3 e e Fere separeion
TbFe, were prominent in the development of random- Y

. . . netic[but not frustrated, since the two subnetworks of(@b
magnetic-anisotropyRMA) theory, a branch of the field of R : ;
random magnetisir2° Gd) and Fe are distingt giving rise to a ferrimagnefmore

Specific heat studies of magnetic materials are useful "ﬁ)roperly termed a sperimagnet farTbFe, due to the ran-

several ways: characterization of the nature of the magneti om anisotropy of Th (?OmPa”_SOT‘_S ta-Y-Fe (Refs. 9 and :
transition, determination of the magnetic entropy evolve 7) suggest that there is still significant exchange frustration

and hence the number of magnetic states populated betwegf?m some antiferromagnetic Fe-Fe interactions, but these

T=0 and the transition and/or above the transition, and cha?" - somewhat offset by tfé-Fe interactions which are not
frustrated, making this a reasonably good system for study-

izati f the low- i itati f the ) ) .
acterization of the low-energy magnetic excitations of the random anisotropy effects. Harris, Plischke, and Zucker-

system. Specific heat measurements allow a characterizatidd . . o
of the magnetic transition and low-temperature properties i ann(HPZ) introduced the following Hamiltonian for RMA

zero magnetic field, a useful property when magnetic mear_naterlals with predominantly ferromagnetic exchange:

surements may be complicated by magnetic history deper ~ 2Jexi;Si- §;— 3D=i(Ri-S)?~H-%;§.%%  The first
dence such as in spin glasses. It is also helpful to know thErm is & Heisenberg exchange with average strefigththe
temperature dependence of the specific heat of a materigfcond is the random anisotropy term, and the third is the
used for magneto-optic recording where heating it frominteraction with an external fieltH. The anisotropy term
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approximates the low symmetry of the amorphous structureoercivity and high-field susceptibility, with a crossover be-
with a uniaxial anisotropy ofaverage strengthD and direc-  tween different types of behavigexchange dominated ver-
tion n;, which varies from site to site. There have been asus anisotropy dominatgd suggested to be at
number of reviews of this problem, both theoretical andD/J.,=0.313233|f there is a critical value ofD/Jy, it
experimentat>*3~®1t is generally believed that amorphous would necessarily depend on the concentration of the rare
magnets with isotropically distributed RMA show no mag- earth in the alloy, as well as on the crystal structure which
netic long-range orde.RO) for dimensiond<4 for three  affects the number of neighbors.
spin componentsni=3), even forJ.>0. This result has As an approximation to a low/J,, material, Fisch re-
been rigorously proved in the lardgeor largem limit; argu-  cently performed a computer simulation for a two-
ments have been made that it also holds for infinitesilal component RMA material, one witb/J.,=c and concen-
but the lowD/Jg, limit is much less cleat®~1828 tration x and the other component wit®/J.,=0. This
Because of the strength of the Th-Fe exchange and th&mulation shows a crossover from spin-glass behavior at
strength of the local anisotropy constabtfor Tb, D/J.,  high x to a quasi-long-range-orderdLRO) state forx
~0.3-0.7 for a-TbFe.?® Small-angle neutron-scattering <0.6, suggesting that lo\®/J., materials might exhibit this
studie§ on a- Thy,Fesg (extremely rapidly sputtered, with no QLRO state’® Fisch also found a QLRO state for spins con-
macroscopic anisotrop,,) showed a noncollinear magnetic fined to a plane fi=2), in three dimensionsd=3) even
structure and a finite ferromagnetic correlation length belowfor D/J.>1.3* and in the related random-field problem in
the transition temperatur€;; this result was pivotal in the d=3%* The QLRO state has no true long-range magnetic
early development of RMA theory. The correlation lengthorder, but has power-law spin-spin correlatiditsstead of
increased from~10 A at 450 K to only~135 A belowT,  exponentially dampedand a susceptibility and correlation
=409 K, and then decreased 60 A at low temperature. length which diverge at the phase transition from the para-
Further evidence of the random-anisotropy stata-fibFe, =~ magnetic state. The critical behavior of specific heat in
was a large high-field susceptibility above technical satu- this d=3, m=3 RMA model is still not completely clear;
ration and a reduced value of the Th saturation morfiént. it appears that extremely small reduced temperatures
For D/J.>1, theory and simulation show an exponen-(t=|T—T¢|/T.) may be necessary to observe true critical
tially damped spin-spin spatial correlation function, with abehavior and that the applicable range of reduced tempera-
finite ferromagnetic correlation lengtR;, which is short, ture shrinks with reducing. The manifestation of this be-
but considerably larger than the lattice constanand zero havior is that the apparent critical behavior depends on the
net magnetization in zero field:?®%° This state has been value ofx. For example, ak=0.125, Fisch found that the
termed speromagnetic and has zero macroscopic momersipecific heat exhibited a cusp with critical exponent
The transition from the high-temperature paramagnetic to the- 0.45 and amplitude rati®/A’ =2.5 to as small a reduced
low-temperature spin-frozen state has been shown theoretiemperature as was compatible with the size of the simula-
cally to be related to that of an exchange-frustrated spirtion, while at x=0.25, a reasonable approximation to
glass, where at most high-order derivatives of the free energg- TbFe sinceD/J.y is of order 0.7 for Th, the specific heat
show discontinuities. Monte Carlo simulations by appeared to exhibit a cusp with~—0.6 and A/A’>1,
Jayaprakash and Kirkpatrick showed a broad parabolic peattown to reduced temperatures of 0.05, below which devia-
in C,(T) at a temperature far above any magnetic freezingtions occurred. Fox=0.5 (more appropriate foa-Th,Fe),
consistent with the development of short-range magnetic orthe peak is roundeda(< —1). This variation withx is an
der as is commonly seen in exchange-frustrated spiindication that the observations actually reflect crossover be-

glasses? havior (from pure Heisenberg to the real RMAThe true
The weak anisotropy limiD/J<1 is theoretically less critical behavior at the transition to the QLRO state for
clear. Between th® =0 ferromagnetic state and ti#/J.,  =3,d=3 is(probably a broad peak witlx between—1 and

>1 nonferromagnetic state, there must be a phase transition2, but will only be observable extremely close Tg for

at some value oD/J.,. This could occur at exactlip=0, mostx. Them=2, d=3 RMA problem shows a cusp in the
the spin correlations remaining exponentially damped with a&pecific heat(hence a discontinuous derivatjyelike a
correlation lengthR; which increases a®/J., becomes Kosterlitz-Thouless phase, with critical exponents o’ =
smaller and becomes infinite & approaches zer@to be  —0.76 andA/A’ =13

more precise, limited only by long-range dipolar effects as in Experimental low-temperature specific heat studies on
a conventional ferromagnetThere has been a suggestion a-DyCu, and a-Dys,Cu,g sShow broad transitions character-
that for smallD/Jey, the behavior af . might resemble that istic of spin glassezl.‘mln these materials, however, signifi-
of a simple ferromagnetic system, with the RMA propertiescant exchange frustration almost certainly exists and may
not being relevant untii magnetic order is well play a crucial role. By contrast, specific heat data by von
developed>?° Alternatively, there could be a crossover at Molnar etal. and Hattori etal. on a-Dy;,Nigg and

a finite D/Jgy value. A likely scenario, based on results a-Er;3Nig; alloys (both with T, below 20 K and large but not

of Fisch described belo#, is that there are two cross- infinite D/Je and no significant exchange frustratisshow
overs: one aD=0 from true long-range ferromagnetic or- a relatively narrow maximum at a temperatdigsimilar to

der to a quasi-long-range-ordered state with power-law spithat measured magneticafiy?* We have fit their data to
correlations for finite but smald/J,, and a second crossover critical exponents and find reasonable scaling witA< o

at largerD/Jey to the exponentially damped spin correlation = o’ < —1, consistent with the theoretical work by Fisch.
state described above. It is experimentally clear that the ratio Magnetic measurements near and at the magnetic freezing
of D/Je, has a strong impact on magnetic properties such atemperature by Sellmyer and Nafis, Dieny and Barbara, Lee
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and O’Shea, and others showed that the ac magnetic suscdp4is then not clear what critical exponents are expected; a
tibility grows large over a narrow temperature range and thgossibility is those for the random-exchange Ising system,
nonlinear susceptibility appears to diverge at the freezingvhich hasae=—0.1 ford=3.

temperature fom= 3, d=3 materials even for largéut not Experimental studies wher®/J., was held at least ap-
infinite) D/J.,, also consistent with Fisch’s recent proximately constant and the coherent anisotroky
work 211:14:3256~40rhese data have been interpreted as showehanged in a controlled way are quite limited. del Moral
ing a true phase transition, with critical exponents somewhagt al. studied this transition in a disordered crystalline alloy
different than those found for the classical spin-glasgpy,Y, ,Al,; the anisotropyD is due to random strain
matezzizziés'fg"‘o consistent with the observations of specific fig|dg) as a function of increasing, which increases
heat-™< There is also evidence of a crossover from spin- 48 @ o ; et
glass-like to ferromagnetic tﬁr)‘?vior as a function of increasf[:)g;’((')n ssitzoezttiﬁ)li.li(ta; ?r:n ;lr:?ﬂe-dDaié;ig:;'Tg; ir;r;thsgz ot
Ing applled magngﬂc fleIEff' ' Therg are, howe_v_er, stil ing two films with differentK,; the source of the difference
guestions concerning the interpretation of the critical expo-

nents obtained from the fits to magnetization measurements o> not explaineff Qualitatively, it is known that the mag-

They depend nearly linearly oB/J,,,%® which is not con- nitude of K, in a-ThFe, strongly affects the shape of the

sistent with a critical point, since, in general, there cannot bévl(H) hysteresis loops, but there have been no quantitative

continuously varying classes of exponents for similar mate_e_xperlmental studies of how the nature of the phase transi-

rials. Reported critical exponents obtained by magnetizatioﬁIon depends orK,. Previous attempts to analyze the mag-

measurements together with scaling relationships give valudetic Ehase transition d'be'I:_le\]N ith perp_e?dlcular ar:jlsot— b
of the specific heat critical exponentranging from—5to  'OPY Ku were unsuccessful; the material appeared to be

; 43
>(36:394043These results are suggestive of Fisch's interpre—mumphase: H . .
tation of crossover behavior giving different apparent values 1° consider the magnitude &, necessary to induce a
of critical exponents! crossover, we follow Chudnovsky’s work and introduce the

An additional consideration in RMA materials is that the "al0 4Hu/HS:6KuA3/K?Rg: K.uR_fZ/A where Hs= HTHG
set of local anisotropy axis directions is not necessarily = 2K{/A®MR; is a characteristic crossover field for the ma-
random from site to site. There are two distinct types ofterial, Ry=(A/K)? 1/R3, andH,=2K /My is the coherent
correlations infi;, with different effects on the magnetic anisotropy field® When H,/Hs<1, the properties of the
properties. First, there can be correlations in the directions JRMA magnet are not significantly altered B, ; for ex-
neighboringn; , introducing what Chudnovsky referred to as ample, R; is still given by the equation above. However,
an orientational correlation lengtR,.?° It has been sug- WwhenH,/Hs>1, the system is converted to what is called a
gested that in the amorphous state, the orientational correlérromagnet with wandering axis. Here, the magnetization
tion length could and/or should be much longer than theapproximately lies along one of the two coherent anisotropy
positional correlation length, which tends to be only an in-€asy-axis directions, as in a conventional uniaxial ferromag-
teratomic distanca.** Following Chudnovsky’s notatioR, ~ Nnet, but within a domain, the magnetization wanders in di-
causes the exchange enedgyto be replaced by an effective rection with a characteristic tilt angl@way from the coher-
exchange energy which is reduced B/R,)2. R, there- ent anisotropy direction ~(H,/Hs)**x(a/R,)¥* and a
fore greatly impacts the crucial ratio of anisotropy to ex-perpendicular  correlation length Ry ~R,(Hex/H, )2
change energy, the ferromagnetic correlation length, ane: (A/K )2
M(H,T),?>*5%®put in principle has no effect on the nature  Previous work ora-TbFg thin films has shown that the
of the phase transitioninlessthe ratio of D/J,, actually  coherent anisotropK, increases with increasing substrate
causes a change in universality clags. has never been temperature Tg during deposition, from less than 1
determined by direct structural methods but magnetizationk 10° erg/cn? to greater than X 10° ergs/cm.>*° Anneal-
studies ofa-RFeB suggested aR,~100 A, far greater than ing at temperatures near 620 K can reduce or eliminate this
the ~10 A atomic-structural correlation length. anisotropy, without inducing crystallizatior®°! The mag-

The second type of correlation i is a preference for a nitude ofK,, can thus be varied over two orders of magnitude
given spatial direction, e.g., along the growth direction of aby choice of deposition conditions and/or annealing. Esti-
thin film, leading to a macroscopic anisotroldy;. This type  mates of the necessary value Kf needed to restore LRO
of correlation could have a much more profound effect; itare ~4X 10° ergs/cnd at low temperature and several times
has been theoretically demonstrated that even in the largéswer at room temperaturé. The properties of an initially
D/J,, limit, the ferromagnetic state can be recovered as théigh K, sample should therefore depend strongly on anneal-
ground state in the presence of sufficiently large but finiteng, which reduces and then eliminate€g (in which state the
K,.1%% |t is clear that in the limit thagll n; are aligned sample should be describable asras 3, d=3 RMA mate-
along the growth direction, the material is a ferromagnetrial). With further annealing, tensile strains plus magneto-
There must therefore be a crossover at some fractiom of striction together with dipolatshapé anisotropy make<,,
alignment. The nature of the magnetic freezing transition irsignificantly negative K,<0 means a planar anisotropy,
the presence of large uniaxial anisotropy is not clear. If thevhich should be describable as ar=2, d=3 RMA state.
ground state of the system is a ferromagnet with uniaxialThese alloys should therefore be appropriate for examining
anisotropy, it should have the critical parameters of the pur¢he effect of coherent anisotropy on the RMA state and on
Ising system, for which the specific heat diverges>0). the transition from paramagnetic to spin frozen state, similar
The Harris criterion, however, says that-0 is not possible to crystalline materials with magnetocrystalline anisotropy
for a system with disorder, such as an amorphous maférial. where the phase transition from paramagnet to ferromagnet
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is strongly affected by the magnetocrystalline anisotrpy. 20 - T T T T 1

Note that, bothK,, andK,; must have the same temperature <

dependence since they have the same underlying source in >5L b

the local electrostatic fields; therefore either neither or both St

are important to the nature of the phase transition. 2> ]
2 4 ‘;

Il. SAMPLE PREPARATION AND CHARACTERIZATION 3 [ / |
+~ b addenda contribution -

Samples were grown from separate Th, Gd, and Fe § ]

sources by eithee-beam coevaporation in a UHV chamber N T

or by magnetron cosputtering with a Meissner gkédoled 0 100 200 300 400 500 600

shroud providing a high-vacuum environment. Nb or Cu Temperature (K)

were used as overlayers to prevent oxidation. The pressure ) ) _ _
FIG. 1. Total heat capacity for microcalorimeter with

ion is<3x 10 ° <1x10°8
before evaporation is<3x 10 " Torr and <110 = Torr a-ThgFesg grown at 523 K(circles and the contribution of ad-

during growth; pr?S?‘“reS during sputtering inside the |\/lelssaenda(Si-N substrate, thermometer, heater, and Au conducting
ner shroud are similarly low. Samples were grown on sub-

. SR I to this total(solid line).
strates held at different temperaturégto obtain different ayep to this total(solid fine

values for the perpendicular anisotrody,. Typical deposi-  Ref. 26. The Ag layer is compressive because of the sputter-
tion rates were 0.5-5 A/s. There has been extensive x-rayg conditions; this prestressing of the device membrane was
scattering, transmission electron microscdpigM), neutron  found to be necessary for the membrane to suretbeam
scattering, and extended x-ray absorption fine strudttire depositions ofa-R,Fe,_,, which are quite tensile foffg

AFS) studies on sputtere®TM alloys in the past showing <520 K 5% For T,~520 K, the tensile strain is smaller and
the amorphous nature of the samples and the absence @k were able to use thermally evaporatéehsile Au. The
nanocrystallites™*** X-ray, TEM, Rutherford back- heat capacity of the AgAu) and device was first measured
scattering, and Auger profiling studies have been performeg, give an accuraté<2%) determination of the addenda.

on both oure-beam-evaporated and sputtered samphes. The samples were then grown on the Agr Au) and, to

For e-beam-evaporate@-Th,gFe;, grown at 523 K, the prevent oxidation, capped with 30-50 nm of Car Nb)
bright field TEM image is featureless and the selected aregyaporatedn situ. As discussed in Ref. 26, we use the re-
diffraction (SAD) rings are diffuse. TEM images for |axation method in measuring the heat capacity. The mea-
a-ThygFe;, grown at room temperature show diffuse SAD syrements were carried out from 80 to 530 K in a high-
rings. For these samples, the bright field image shows eviemperature, high-vacuum cryostat. Sample masses were
dence of density fluctuations with a length scale of 100—30Qetermined from the thicknesses, areas, and densities. Thick-
A, presumably related to a columnar microstructure. Sucthesses were estimated from the deposition rates and com-
microstructure is common in evaporated amorphous materpared with profilometry measurements made on films grown
als and is not evident in the sputtered films, nor in the evapopn 3-Si-N-covered-Si substrates positioned next to the de-
rated films grown at 523 R? Films grown at room tempera- yices during sample deposition. Planar dimensions were
ture and annealed at 523 K appear identical in TEM to theneasured using an optical microscope. We used previously
as-deposited films, including the density fluctuations; in Paryeported values for the density af ThysFe;, of 8.3 g/cn?
ticular, no sign of crystallization was detected, consisten(Ref_ 8 and a density of 8.3 g/chfor a-GdFe. The film

with earlier work on annealed-Th-Fe*° Auger depth pro-  thickness(mass for the heat capacity samples was typically
filing showed no O(to the resolution of the measurement, 3090 A (16 ug) to 4000 A (21xg) with an uncertainty of
~1%) in a-ThygFe;,, and uniform Tb/Fe composition for +goy.

both sputtered and evaporated samples.

Room-temperature magnetization and high-temperaure . RESULTS
vs T measurements were made on a vibrating sample mag-
netometer. High-field susceptibility was measured in a su- Figure 1 shows the heat capacity of evaporated

perconducting quantum interference deviSQUID) magne- a-ThsFe;s grown at 523 K and the addendthe nitride

tometer.K,, was determined using a torque magnetometemembrane substrate, thermometer, heater, and Au conduct-

employing a 45° methodf. Compositions were established ing laye). The total heat capacity at 500 K is17 uJ/K and

by an electron microprob®, with an uncertainty of+1  the addenda contribution is 8.5 uJ/K. Therefore, even at

at. %. elevated temperatures when phonon contributions to the sub-
Heat capacity measurements mfcrogramthin films up  strate heat capacity are most significant, the signal fra2i

to 540 K are made possible by the use of microcalorim@ter, ug of a- Thy,Fes is large. Subtracting the addenda contribu-

which have an extremely small adden@substrate, ther- tion from the total signal gives the sample heat capdgéity.

mometer, and heatecontribution to the total heat capacity. 2). For this highK, (1.2x 10 ergs/cml) sample, the transi-

The addenda is reduced by using a 180-nm-thick amorphouson is quite shargFig. 2, lower inset Annealing at 623 K

silicon nitride @-Si-N) membrane as substrate, and usingfor 4 h reducedK, to ~3x 10 ergs/cni. Measurement of

thin film heaters and thermometers. 2500 #7 ug) of Ag  the specific heat after annealing showed no significant

was first sputtered onto this membrane. This layer of Agchange in the sharpness of the transition and a small increase

serves as a thermally conducting layer and makes the sample T, (~5 K) (Fig. 2, upper inset

isothermal during measurement as discussed extensively in Figure 3 shows the specific heat of evaporatetibsFesg
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0.6 0.46 —T T T
[ a) As—deposited (e—beam evap.)
x 0.44 =
o I 0Ty = 348 K
~ 0.5 . ~ [ AT, = 48 K
X [ 2042
<L N
204t ] E 0.40
B 0 0.38
©03F @ S - IIC ] =
T 03 L Y T e i 8 0.36
L 1 Q
.9 : [ O as deposited : v 0.34 0
.‘*:0.2— 0.40 | & annealed =1 '....|....l....|....
> i i 0.46
8 1
o1l _ é0.44
ozfp £ & |1 50.42
0 100 200 300 400 600 600 | L
O‘O PRI S0 R T U S0 [N S T R T A U ST T S [ SN T S M A SR A :5 0.40 L
100 200 300 400 500 600 o VT
Temperature (K) T oossh
P 0 0.38
=
FIG. 2. Specific heaC, for as-depositede-beam-evaporated $0.36
a-ThyFesg grown at 523 K, after subtracting measured addenda & i
and dividing by sample mass. Dash-dotted line: estimated lattice 0'34_| %
(®p=260 K), electronic =7 mJ/mol K), and dilationsee Ref. 300 250 400 450 500
62) contributions. Solid line: Debye harmonic contribution for Temperature (K)

®p=230 K. Long-dashed line: maximum lattice, electronic and

dilation contributions, as discussed in the text. Top inset shows FIG. 4. Comparison of specific heat farbeam-evaporated

expanded x-axis scale @(T) as depositedO) (K,=1.2¥ 10 a-ThsoFesg grown at various temperatures(a) as deposited(b)

ergs/cml) and annealed at 623 K350 °Q for 4.5 h (A) (K,=3 annealed at 523 K for 4.5 h. Data are normalized to valu€ pat

x 1P ergs/cm). Bottom inset shows same data with expanded350 K for sample grown at 523 KCp(measured)x 1.036 for T

y-axis scale. =348 K as deposited;,(measuredX 1.021 forT,=423 K as de-
posited, C,(measuredx1.04 for T,=348K annealed,

grown at 348 K. M=300emu/cd and K,~1x10’ Cp(measuredy 0.9895 forT,=423 K annealel
ergs/cm. The transition appears less sharp and is shifted t
slightly lower temperature than for the sample grown at 52‘45:’.I

K (shown in Figs. 1 and)2 Annealing at 523 K for-3 h 4 5 4y ergs/cm as deposited anil,~3x 1P ergs/cni
made the macroscopic magnetic anisotropy in platie<0 annealed at 523 K for-3 h) indicate very similar result&a

. . . 2 .
due to dipolar anisotropyshape induced, 2M" for a thin sharpening of the transition and slight increaserT jnwith

film) and a tensile strain-induced magnetostrictive Contr'buénnealing.Sl

tion]. C,,(T) for this same sample after annealing shows a Figure 4 shows a comparison of the specific heat of these

sharper peak and an increaseTip of ~17 K (Fig. 3 and e-beam-evaporated samples as depodifeg. 4] and an-
nealed[Fig. 4(b)]. Both annealing and higher deposition

set expanded scaleSpecific heat measurements for evapo-
ated a-Thy,Fesg grown at 423 K M =350 emu/cry, K,

0.5 T ] temperatures increadg, and slightly sharpen the transition,
—~ [ 0 as deposited, T, = 348 K ] despite the fact that they have opposite effectkgn The
5 0.4 [ A annedled ] specific heat data become increasingly similar with anneal-
~ i ] ing, suggesting that these samples relax toward the same
NG i ] homogeneous metastable amorphous state independent of
+ 0.3 . preparation history.
4] i oer 1 Figure 5 shows the heat capacity of evaporaieGdFe
T 0oL 0281 ] grown at 348 K38 The specific heat shows a peak which is
QO T} 036 ] comparable in breadth to that af ThyFe;s. Between 120
S osel 1 and 400 K, the specific heats of the two samples are nearly
L01F N identical.
2 ] ] Figure 6 shows the specific heat sffuttered aTbsFesq

B ) 100 200 300 400 600 600 .
0.0 b L grown atT;=523 K. Data are shown for the film as depos-

PRI TR PR U S S W AT S W T N O T Y
0 100 200 300 400 500 600 ited and after annealingb20 K for approximately 2 h The
Temperature (K) T, is slightly lower(by 20 K) than that found for the evapo-
rated samples, partially due to the increased Tb concentra-
FIG. 3. Specific healC, for e-beam-evaporated-Ths,Fess tion, but the peak width is comparable. Annealing increases
grown atT,=348 K as depositedD) (K,~1x 10" ergs/ci, per- T slightly (by ~10 K) and causes the peak to sharpen, to
pendicular to the film planéyl =300 emu/cr?) and(A) annealed at  even a greater degree than for the evaporated sarfques
523 K for 4.5 h K, in plane,M unchangejl pare, for example, the two samples grown at 523 K, Figs. 6
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FIG. 5. Specific heaf, for e-beam-evaporatea-GdFe grown FIG. 7. Comparison of specific heat for sputtel@dbs Fesq

at T,=348 K as depositedNote that sample has effectively been 9r0Wn atT,=523K (B and ¢) and 273 K(® and A). Solid
annealed at 523 K by the measuring prodestipper solid line symbols are as depos_lted; open symbols are annealed. Dotted line
showsC, for a-ThyFess (from Fig. 2. Dashed line: estimated shows comparison wite-beam-evaporated- Thy,Fess grown at
lattice (@p=260K), electronic =7 mJ/mol K), and dilation °23 K and annealed at 623 K for 4.5 h.
(see Ref. 62 contributions. Lower solid line: Debye harmonic
contribution for® =260 K. tion contributionC,—C, (also approximately 2% o€, at
500 K) is estimated by using the semiempirical Nernst-

and 2 insets We have also measured a sputtered film growrLindemann equation Cp—CvaCET, with A=3.3
at 273 K as deposited and annealed and results are very10~’ mol/J®? This construction yields the short-dashed
similar>* the lower T, results in a slightly loweT, and a lines shown in Figs. 2 and &,,(T) is the difference be-
broader peak, which both sharpens and shifts to higher tween the data and these lines. A minimum valueGg(T)
(by ~10 K) upon annealing. Figure 7 shows a comparison ofis found fora-Ths,Fe;g by choosing the lowest possible De-
the specific heat of the sputtered films and one of the evapdye temperature(230 K) consistent with our lower-
rated films. temperature measuremeiitéhis maximizes the lattice con-

For each of the data, the magnetic contribution to theribution) and a maximum dilation and electronic
specific heaC,,(T) is determined by subtracting the lattice, contribution such that the total nonmagnetic contribution
electronic, and dilation contributions. The lattice contribu-matches the lowest measured value of the specific heat at 525
tion is constrained by the lower-temperature data in Figsk. The long-dashed line in Fig. 2 shows this calculation. An
1-7 to have a Debye temperat®g > 230 K fora-Thg,Fess  (unrealistio upper limit for C,,(T) for a-ThsFesg is based
and >260 K for a-GdyFess®® An upper limit of ®,  on a minimum lattice contributiof® =300 K (Ref. 60]
=300 K is set by thermodynamic measurements of crystaland electronicyT only, with no dilation contribution. This
line TbFe and GdFe®! ®,>260 K gave an unphysical line is not shown in the figure, but allows us to set an upper
temperature dependence @,(T) for a-ThgFes; (it in- limit on magnetic entropydiscussed beloyw
creased with decreasing temperature below 100 IKis Figure 8 shows normalizeld (T) nearT, for the samples
likely that a-TbFe, anda-GdFe have similar lattice contri- whose heat capacity data are shown in this padéil) was
butions; we therefore used a Debye temperatig measured on heating in a 200 Oe field after first magnetizing
=260 K for both. For the electronic contribution, we ugé  the samples in a high field0 kO&. The “kink” method for
with y=7 mJ/mol K, the value determined from low-
temperature specific heat measurementsafofNi,; 2 this 1.0 g

T T T T T T
contribution is approximately 2% o, at 500 K. The dila- ! 0T, = 523 K, e—beam -
0.8 [ ATy = 448 K, e—beam ]
—~ 71 ¢ Tg = 350 K, e—beam |
0.5 1 T T ™ < : AT, = 273 K sput.
[ ] M I T, = 523 K sput.
Q [ O as deposited, Ty = 523 K ] ~ 0.6 [
o 0.4 |- 2 annealed ] A [
~ [ ] = L
N [ s e 1 > 0.4 N 1
2 03 - . =
T | ] =o02f ]
o 0.2 N ] 1 P '
= [ ] ool 1 NRCOSRS RS0
3 o1k 1 380 400 420 44 460
& ] Temperature (K)
Ia) 0 100 200 300 400 600 600 :
0.0 =55 500 306 400 506600 FIG. 8. M(T) nearT,, for e-beam-evaporatea- Ths,Fesg grown
Temperoture (K) at TS:348, 423, and 523 K and Sputtered‘rb:.m':%e grown atTS

=273 and 523 K. All data normalized to value measured at 373 K.

FIG. 6. Specific heat for sputterea Thy,Fess grown at Tg Data were taken on heating in a 200 Oe applied field normal to the
=523 K [as depositedO) and annealed between 450 and 540 K sample plane after magnetically saturating the sample at room tem-
for approximately 2 h(A)]. M=440 emu/cri, K,=2.8x10° perature with 10 kOe applied normal to the plane. Samples shown
ergs/cnd as depositeds= 1.9 ergs/cri annealed. are from the same deposition runs as samples shown in Figs. 1-7.
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FIG. 9. T, determined by kink method from plots such as those 4 —————

shown in Fig. 8 vs substrate temperatiitefor e-beam-evaporated [ Deposition temperature T,

a-ThgFesg and sputtere@- Thg,Fese. Samples grown at tempera- 3 _?128 ﬁ; annealed 620 K Rhyne's
turesT,<400 K show signs of annealingelaxatior) upon measur- L 4300 K

. . i - [ 4 300 K: annealed 620 K

ing up to 480 K(necessary for measuring.); specifically, T, L %520 K .

increases by 10-15 K with a second measurenmgntfor these [ %520 K: annealed 620 K

samples thus may be slightly shifted upwards from their intrinsic
as-grown value.

x(10%emu/cm>—0e)
- N

N TN ]
- = 20 25 30 35
ment correlates with the peak of the specific heat measure- ) at.% Tb(Gd)

ments, but is systematically10—15 K higher; this may re- o

flect the breadth of the transition due to inhomogeneity in FIG. 10. () Magnetization of sputtered-Th,gFe;, grown at

either density or atomic coordination or could be a thermomJs= 300 K vs applied field at various measuring temperatures. Field

e
o

defining T, from these data was used,. from this measure-

etry calibration error in the magnetometer which relies on PPlied normal to plane of film. All data taken on cooling in the
thermocouple. Figure 9 shows this magnetically measTiged applied field from room temperature. Coercive fieldis 700 Oe at

h f b | room temperature, and the sample is Tb rich of the room-
versus growth temperatufig for a-Ths,Fé;g sSamples grown temperature compensation composition; so all data are taken in the

by e-beam coevaporation and by sputtering. There is a SySgchnically saturated state. Diamagnetic contribution of substrate
tematic trend to highef . with increasingTs, as seen in the and sample holder has been subtracted. Lines show fit to linear
specific heat measurements. A similar trend is found withdifferential susceptibility 1+ xH). (b) High-field susceptibility
annealing. There is no sign of crystallinity in these samplesy=dM/4H at 300 K in fields to 5.5 T for sputtereat ThFe;qo_«
the shifts inT,, are likely due to small changes in density andanda-Gd,Fe;o,, VS compositionx for variousTg and anneals as
atomic coordination. We note thaf, for the crystalline shown(all anneals for 4 h Data from Rhyneet al. (Ref. 9 for
Tb-Fe compounds with comparable composition are a”?xtremely rapldly_s_putterea-TbFQ a_lso_ shown.T varies very
much higher: 711 K for ThFg 650 K for TbFe, and 574 K little over composition range shown in figure.
for TheFeys. >’

Figure 1@a) showsM vs H at various temperature$ _ _ _
from 297 K down to 5 K for sputtered- ThygFe,,. For this while X varies by I_ess than_ 20%. T_hls lack of dependence of
sampleH.= 700 Oe at 297 K, and increases with decreasingt " T IS consistent w;th earlier data of Rhyne for
T. TheM(H) loops are square, and the remanent moment ii®-HOssF&7 anda-ThgsFes7.” o o
zero field equals the intercept from the high-field slope for Figure 1@b) shows the differential linear susceptibiligy
all temperatures shown; i.e., the sample does not spontan¥ersus compositionx for sputtered a-Th,Fejq0-x and
ously demagnetize in zero field. The data in Figigl@re for ~ a-GdFejpo-x grown at different temperaturél. x in this
field cooling, which puts the sample into the technically satufigure was measured at room temperature in fields to 5.5 T.
rated staténo magnetic domainsSubstrate and background There is a significant decrease ynwith increasing growth
(sample holdersusceptibility have been subtracted. The dataemperature; samples grown at the highest tempergh2@
show a significant positivparamagnetichigh-field suscep- K) have y nearly identical to the-Gd,Fe;q,_, sample. All
tibility y=0M/dH above technical saturation. This differen- values are lowe(factor of 2 than that measured in the rap-
tial susceptibility y depends only weakly oi up to 5.5. idly sputtered samples of Rhyret al, also shown in the
Fitting with RMA-theory functional approaches to saturationfigure® y for a-Th,Fe;oo_ Slightly increases with increasing
[i.e., Mo—M)/Mo=xH+AH %Sor yH+AH 2] (Ref. 20  x at the higher values of, but is nearly constant through the
did not appreciably improve the quality of the figsdoesnot  ferrimagnetic compensation poifiM (297 K)=0 for ~21
depend strongly o, althoughMg, K, andH. all have at. % Th. y is thus independent of the net magnetization and
strong dependences oh For the sample shown in Fig. must therefore reflect a susceptibility of the sublattice mo-
10(a), M varies by over a factor of 2 between 300 and 20 K,ments, as originally suggested by Rhyeeal® Annealing
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did not result in any noticeable change in the magnitudg of L LA B AL B R
despite significant changes iq, andH.. 107}

IV. DISCUSSION

The peak in the specific he@t,(T) is relatively sharp and
occurs at a temperatur€;, which is (if anything slightly —
lower than that measured from the magnetization onset. o)
These results are unlike conventional spin glasses where the = :
specific heat maximum is at a temperature considerably R
higher thanT. determined from magnetization measure- e
ments and is quite broad, reflecting the development of
short-range order only. Even f&state Gd where we expect
negligible RMA effects D/J.,<1), we observe &, (T)
peak comparably sharp to the Th-based alloy. Annealing or 1072 T I
raising the growth temperatufg; increasesl; by 5-25 K 10 i1l
depending on the origindl; and sharpens thé,(T) peak. It
thus appears that the, of fully relaxeda-TbFe is closer to FIG. 11. Critical fluctuations plot foe-beam-evaporated sample
450 K than the 400 K usually quoted. The shiftTip due to grown atT,=523 K, shown in Fig. 2, annealed at 623 K for 4.5 h.
annealing or higherTg for both sputtered and-beam- Axes are logy(ACy,)=10g;d C(Te)—C(T)] and logg(t)
evaporated samples is likely due to a small increase in der1091d (Tc—T)/T,] for T<T. (O) and =log;d (T—T)/T] for
sity or changes in coordination, causing an increased exI>Tc (+). Slope=—a. Interceptlog;o( ~Ala). a=a’=-0.7;
change interactiora-Th,Fe, _, samples prepared ybeam A/A’=2.7. (Primed values _mdlcaté'<Tc, unprimed vaIugsT
evaporation show a slightly highdt, (20 K approximately ~ = 'c-) V‘”j"“es before annealing wese= o’ =—0.6, and amplitude
than those prepared by sputtering at a compar@bleThe ratio A/A"=2.7.
reducedT, of sputtered samples suggests that they are lothat similar effects might be true for RMA magnéfswe
cally less denséthereby lowering the exchange interacion however see no significant deviation in behavior foon
than thee-beam-evaporated samples. The sputtered samplesither side of this value. We suggest that samples, particu-
also have a slightly loweK, for each growth temperature larly those grown at lower growth temperatures, show a
T, evidence of less surface mobility during grovittf,and  “smearing” of the C, peak due to inhomogeneity such as
the C,(T) peak sharpens more rapidly on annealing, evi-density fluctuations. Annealingvithout allowing crystalliza-
dence that in the bulk of the sample diffusion and relaxatiorfion) increases the homogeneity of the samples, causing them
occurs more readily, all consistent with a somewhat loweftO show critical fluctuation behavior to smaller values of re-
local density in the sputtered samples. duced temperature. o

To further characterize the shape of @g(T) peak, and The apparent cusp i€,(T) and the near coincidence of
hence the nature of the phase transition, we turn to criticaih® magnetically and thermodynamically determiffedval-
exponent analysis and wri,,= (A/a)t"*+B, a form ap-  U€S suggest that we are observing a phase transition, for all
propriate for a negative value af®® Figures 11 and 12 show S&mples, independent of the magnitudekof. The long-
log-log plots of[C,(T.)— C(T)] versus reduced tempera- "ange order t_heO(etlchIy induced pyu should_ cause the
ture t=(T—T,)/T. aboveT, andt=(T.—T)/T, below T, spins to be Ising like, instead of Heisenberg like, thus caus-
for a-Thg,Fe;e. The fits made are not sensitive to the sub- L B S S B L e
tractions made to g&,, from C,. T, andC,(T,) are fitting 1071k -
parameters; here they were chosen by eye from the raw 3 y
data® Data on samples prepared at other temperatures or for _
other annealing conditions are qualitatively similar. For all I
samplesw@ was found to be equal te’ and is approximately
—0.6 to —0.7 and the critical amplitude ratid/A’ is ap- _
proximately 2(ranging from 1.5 to 2.7 (primed valuesT DE
<T.; unprimed:T>T,). For a-GdFe, we were unable to |
measure substantially aboVg, but belowT, we again find
a'=—0.6 with no sign of deviation from a straight line on L
this plot, although data become noisy for reduced tempera-
tures less than 0.03. For tleeThgFess we find no signifi- L
cant change in eitheA/A’ or @ upon annealingwhich we
note eliminate¥,), but the data on annealed samples follow 1073 =
the critical behavior to smaller reduced temperatijree., 10
closer toT., giving the appearance discussed earlier of a
SharperCS(T) peak. Deviations from scaling occur faor FIG. 12. Critical fluctuations plot for sputtered sample grown at
<2x10"%, which is within approximatgl 8 K of T..% T,=523 K, shown in Fig. 6, as deposited. Axes and symbols same
Measurements of amorphous, soft magnetic materials foungk in Fig. 11. a=a’=—0.6. Amplitude raticA/A’ =1.5. Values
thatt>0.1 did not reflect critical behavior; it was suggestedafter annealing weree=«’=—0.65; A/A’=1.5.

e—beam evap., T, = 523 K |
annealed (623 K, 4.5 hours) ]

sput. Tg = 623 K
as deposited

il i) 2 laras

ERT PR
1071 100

PR | Lo
1072
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ing a _phase tr_ansition to occur. However, we see similathe upper limit onC,, discussed aboveS,g (Upper limif
behavior even in samples which have been annealed so that3o 3/mol K. The magnetic entropy includes contributions

Ky~0, or even further, so that the intrinsic anisotrdfy;  from both Tb(or Gd) and Fe. Due to the low symmetry of
=0 and resultant net anisotrojy, <0 due to shape anisot- the electrostatic field in an amorphous system, all orbital
ropy plus tensile strain-induced anisotropy which shouldyeqeneracy is lifted with energy differences in the tBan-
give x-y (m=2) behavior. Our measured values of- jtion series on the order of 4&. The moment of the Fe is

— — I’\_, i . . - - -
0.6 to—0.7 andA/A’~2 are _found in all sample_s. These nonintegral in these metallic systems=1.6ug. Since this
observed exponents are significantly more negative than ej5 nearly entirely a spin moment, with @ factor of 2, an

ther H¢|sgnberg or Ising phasg transition exponents', but araepproximation that is commonly used is to represent the
also significantly less negative than that seen in spin

glasses? It is of course possible that inhomogeneity broad-2vailable states as31=2.6. Therefore, the contribution to

ening obscures the real critical behavior at smallesuch "€ €Nntropy by Fgis Syag=2R In 2.6=15.9 J/mol K. For

that the observed exponents are only effective critical expoll® 4 Series, spin-orbit coupling is of the order of*1k and

nents, representative of crossover behavior. von Molnai€ electrostatic field interaction is of the order of 1 L
et al. and Hattoriet al. also found a relatively sharg,(T) ~ andScombine to giveJ, which is approximately still a good
peak at a temperature similar to that measured magneticaljuantum number, and the crystal fiefelectrostati split-
for a-Dy-Ni alloys and a-Er-Ni alloys, largeD/J,, tings will be given byD[(J2)—J(J+1)/3] with the z axis
materials>?*The value ofx there appears to be betwee2z  defined along the local; axis. For Tb (=6), the entropy if
and —1, significantly more negative than our present resultgll levels in theJ multiplet were accessible would (8,4
on low-D/J,, materials. These results together suggest that R In 13=21.3 J/mol K. Even forD=10K, almost cer-
for RMA magnets with no significant exchange frustration, tainly larger than the real valifé by 300 K the entropy8g
there is some form of phase transition at finite temperaturdor the Tb ion would beR In 11.8 if the energy levels were
which is a qualitatively different behavior than that of a spinsplit by crystal fields only. By 525 KSy,=R In12.6.
glass, consistent with observations based onThese numbers imply that f@-TbFe, virtually all Tb crys-
magnetizatiori>~#? By contrast, RMA magnets with ran- tal field levels should be occupied by 525 K and are signifi-
domness in the exchange as well as in the local anisotropgantly populated even by 300 K, quite unlike the early work
such asa-Dy-Au anda-Dy-Cu alloys, show a broaG,(T) done ona-DyCu where an observed entropy of orityln 2
peak similar to the conventional spin glasses where exchandbroughT. led to the conclusion that only the lowest crystal
frustration dominates, and, if it exists at all, is less than field levels are populated. The random orientations of the
—223-25 crystal fields and the HPZ approximation of local uniaxial
As discussed in the Introduction, Fisch recently did asymmetry should not qualitatively change the argument that,
computer simulation on a two-component RMA system toby 525 K, crystal field splittings o&- TbFe are not relevant
approximate a low/J,, material such asa-TbFe, and and hence we expect to see the full magnetic entropy of the
found a specific heat peak with an apparent cusp with ~ J multiplet. Ina-TbFe, the exchange splitting of a single Tb
—0.6 andA/A’=2.5, which is roundede more negative ion atT=0 is larger than the crystal field splittignother
for reduced temperatures below 0.@bvalue which depends way of discussing®/Je,<1); hence the development of en-
strongly onD/J,), results strikingly similar to what we see tropy is dominated by the usual excitations of a ferromag-
experimentally’* The interpretation of these simulations is netic system, e.g., spin waves. 525 K is far enough above
still somewhat unclear; changingeads to changes imand  T.=420 K that nearly all magnetic entropy should be devel-
A/A’ *linconsistent with universality theory. Fisch has sug-oped. Thus the total expected entropy frdm0 to 525 K
gested that the observed behavior is a cross@&ia func- should be only slightly less than RIn 2.6+R In 13)
tion of concentratiorx) from pure Heisenberg model specific =37 J/mol K. The measured value between 80 and 525 K is
heat to random anisotropy behavior and that true critical be28 J/mol K; we therefore estimate that nearly 9 J/mol K is
havior may only be visible for extremely small reduced tem-found below 80 K. Fora-GdFe, the total theoretical mag-
peratures. Further exploration of the dependence of the speetic entropy is R In 2.6+ R In 8=33 J/mol K; the mea-
cific heat on concentration seems warranted. sured value is 334 J/mol K between 80 and 525 K. Very
The magnetic entropys,,,4 developed between 80 and little entropy must lie below 80 K therefore. We suggest that
525 K is determined from the specific heat by integratingthe low-temperature excitations for both of these materials,
Cm/T. We find Sy,5=28+5 J/mol K for a-ThsFesg and  with D/J, ratios <1, will be dominated by spin-wave-like
33t5J/mol K for a-GdyFess these numbers represent contributions. The smaller low-temperatufe€80 K) mag-
nearly all possible magnetic entropy for these materials. Fonetic contribution fora-GdFe is consistent with the factor
spin glasses, typically less than 30% of the available magef 2 increase inle, (Gd-F& compared toTh-Fe).+67:68
netic entropy is developed betweé K and magnetic freez- Finally, Figs. 10a) and 1@b) show that the high-field
ing, and so this is further evidence that RMA materials domagnetic susceptibilityy shows a strong correlation with
not behave like spin glasses. The uncertainty comes from thgrowth temperature and a weak dependence on measurement
estimated uncertainties in electronic, lattice, and dilationtemperature. We suggest that the dependengeoof growth
contributions combined, plus a 5% uncertainty in sampleemperature is because the orientational correlation leRgth
mass. Fora-ThgFesg a firm lower limit on Sy,4 can be s longer in samples grown at higher temperature. This cor-
found by integrating the minimur@,(T) as discussed above relation can be extended to the early data of Rhginal,, for
and shown in Fig. 2S,,4 (lower limit) developed between which y=2.2x 10 3emu/cni Oe® We suggest that the ex-
80 and 525 K-21 J/mol K. A firm upper limit is based on tremely rapid sputtering rates-100 A/ used to prepare
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these earlier mm-thick-TbFe, samples led to a less ordered temperature range measured. Virtually all available magnetic
amorphous sample, with slightly reducdd (383 K), no  entropy is evolved beloW . for both materials, quite unlike
perpendicular anisotropl,, and a shorteR,. The sample what is seen in spin glasses and unlike what was found for
shown in Fig. 10a) has perpendicular anisotropy, and has the highD/J,, materials where the lowW, led to the popu-
been magnetized with net out-of-plane remanent magnetizdation of only the lowest crystal field levels. Fits to critical
tion at zero field; it must therefore be in the ferromagnet withfluctuation theory suggest that the specific heat critical expo-
wandering axi§SFWA) state at all fields shown. In this state, nent « is approximately—0.6, significantly less negative
the angular deviation of the net magnetic moment from perthan that found for highd/J., materials, which are in turn
pendicular varies inversely with the orientational correlationsignificantly less negative than the upper limit set for spin
length R, and y varies in proportion with this angle. The glasses. From recent work by Fisch, it appears tat
observation that the high-field susceptibility does not —0.6 may represent crossover behavior rather than a true
change appreciably upon annealing, despite large changesdntical exponent, with critical behavior only visible ex-
uniaxial anisotropy constark,, implies that structural re- tremely close tol . for low-D/Je, materials. Sputtered and
laxation of the amorphous state does not significantly affece-beam-evaporateda-RFe, samples appear qualitatively
R, (and therefordR;). There is an alternate interpretation for similar; there are small shifts ifi, which suggest that the
this high-field susceptibility: a ferrimagnetic-like canting of evaporated films are locally denser, despite TEM evidence of
both Tband Fe moments towards the field direction, due tolarger scale density variations in the evaporated samples. In-
weaker Th-Fe exchange coupling. Given a ldrg, it is  creasing the growth temperature of either sputtered or
possible that both Tb and Fe moment directions wander. Fole-beam-evaporated samples causes a slight increake ia
lowing the geometry of Ref. 69 and assuming a wanderingharpening of the specific heat peak, and a decrease in high-
axis angle of as little as 10° from perpendicular, due to eithefield susceptibilityy. We suggest that this correlation can be
macroscopic growth-induced effects or the randomunderstood by assuming that increasing the growth tempera-
anisotropy-induced wandering, and using the mean-field valture increases the local density and the orientational correla-
ues of the exchange constants, we obtained1x10 2  tion lengthR, and improves the sample homogeneity which
ergs/cni Oe forH =100 kOe, a value consistent with obser- causes critical behavior to persist closeflta Annealing of
vation. Finally, we have not subtracted a conduction electromny sample also increas&s and causes the specific heat
susceptibility fromy, but it is very unlikely that this signifi- peak to sharpen, due again to a more homogeneous, denser
cantly depends on the preparation temperature. It is possibEample;y, however, is unaffected, suggesting tRatis not

that the low values foa-GdFe anda-ThsFe;q prepared at — significantly changed.

the highest temperatures reflect this contribution, and this

should then be subtracted from the other data to give the true
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