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Long ferromagnetic correlation length in amorphous TbFe
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Small-angle neutron scatterif@ANS) and magnetic-force microscogiFM) have been used to charac-
terize the temperature dependence of the ferromagnetic correlation length and the domain structure in amor-
phous ThFegbelow its magnetic ordering temperature. Amorphous Flis-elassified as a random anisotropy
magnet, in the exchange-dominated limit, and previous SANS observations had shown a correlation length
limited to 50 A at low temperatures. In the present study, samples were prepared by both sputtering and
electron beam coevaporation and were either grown or preannealed at 200 °C in order to permit measurements
aboveT, without structural relaxation. Samples grown by vapor deposition processes possess a large macro-
scopic perpendicular anisotropy const#qt, which can be reduced or eliminated by annealing. A strong
SANS signal is seen in all samples, with a magnitude strongly correlated with the temperature-dependent
sample magnetization and with the inverse length scale of the domain structure seen in MFM. For all samples,
the magnetic correlation length determined from SANS is 300-500 A in the thermally demagnetized state, and
increases beyond measurement range after magnetizing. This long correlation length is consistent with theo-
retical predictions of a ferromagnetic ground state in exchange-dominated random anisotropy magnets in the
presence of coherent anisotropy. The SANS signal is dominated by a Lorentzian squared term, which is best
understood as resulting from ferromagnetic domains with meandering domain walls, similar to the Debye-
Bueche model developed for materials consisting of two strongly segregated, interpenetrating phases.
[S0163-182699)01317-X

I. BACKGROUND sperimagnet due to the random anisotropy of the*ficom-
parisons ta- Y-Fe (Refs. 9 and 2Psuggest that there is still
The structural and magnetic properties of amorphous raresignificant exchange frustration from some antiferromagnetic
earth—transition-metal acR-TM) alloys and particularly Fe-Fe interactions, but these are somewhat offset by the
amorphous TbFﬂ’]a\/e been studied extensively over the lastR-Fe interactions which are not frustrated, making this a
20 years. For most thin films, the growth-deposition proces§easonably good system for studying random anisotropy ef-
induces a perpendicular uniaxial magnetic anisotrlépyl‘s fect_s. Harrls_, Pllgchke, and Zuckerméﬁmt_roduced th_e fol-
K, together with a suitabl&, , coercivity, Kerr rotation, and lowing Haml_ltoman for RMA materials with predominantly
optical reflectivity, have made quaternary alloys related td€romagnetic exchange:
a-TbFe, the materials of choice for magneto-optic
recording®’ The strength an¢approximately random orien- 1 1
tation of the local magnetic anisotropy of the Th ion, tendsto H=-— > Jexz S-§- > DE (A-S)2—H- 2 S. (1
pull the local magnetic moment away from a collinear ar- 1 ! !
rangement. Consequently, studies of amorphous Jieee
prominent in the development of random magnetic anisotThe first term is a Heisenberg exchange with average
ropy (RMA) theory, a branch of the field of random strengthd,,, the second is the random anisotropy term, and
magnetisnf—2° the third is the interaction with an external fightl The an-
The exchange interaction between Fe ions is primarilyisotropy term approximates the low symmetry of the amor-
ferromagnetic(due to a relatively large Fe-Fe separajfion phous structure with a uniaxial anisotropy ¢@verage
while the interaction betweelR and Fe ions is antiferromag- strengthD and directionfi; which varies from site to site.
netic, giving rise to a ferrimagndmore properly termed a There have been a number of theoretical and experimental
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reviews of this problem*3-> For D/J,>1, theory and terms of Eq.(2) is the inverse of the spin-correlation length
simulation show an exponentially damped spin-spin spatia(«=R; ) whereR; describes the range of essentially uni-
correlation function, with a finite ferromagnetic correlation form order. The correlation length found in the work on rap-
length R; which is short but considerably larger than the idly sputtereda- ThyFesg increased from-10 A at 450 K to
lattice constanta, and zero net magnetization in zero ~135 A belowT,=409K, and then decreased 650 A at
field.'®?%?*This state has been termed speromagnetic or coow temperaturé. The coefficientB of the Lorentzian-
related spin glass and has zero macroscopic moment. Receftfuared term can be related to the magnetization within a
theoretical work has suggested that this state is strictl¢luster or domainBa|M|?«, in either modelrandomly in-
speaking paramagnetic evenTat 0, with all time-averaged terpenetrating domains or speromagnéhis proportionality
local moments(S;)= 0. However, this paramagnetic state was confirmed in Ref. 8. In the Debye-Bueche modg|,
is glassy, and it seems likely that for all experimentally re-=87x(Ap)2d(1—®), whereAp is the change in scattering
alizable times, highD/J,, material will appear speromag- length density between the two phasésis the fraction of
netic, with nonzero loca(S;). phase 1, and (+ ®) is the fraction of phase 2. The magnetic
The weak anisotropy limiD/J,<1 is theoretically more scattering length for a single magnetic moment equals 0.27
complex. As an approximation to a lol@/J., material,R. X 10" %2y (in cm) where u is the number of Bohr magne-
Fisch recently performed a computer simulation for a two-tons. Therefore, the magnetic scattering length dengity
component RMA material, one with/Je,=% and concen- =0.27x10 '?M/ug whereM is the magnetization density
tration x and the other component wilh/Je,=0 and con-  (emu/cg and ug is the Bohr magneton. For magnetic do-
centration t-x. This simulation shows a crossover from the mains in a material with uniaxial anisotropyp=2p and
above-described glassy paramagnet behavior at kigha  therefore is proportional to M, and ® and 1— & would
quasi-long-range orderd@LRO) state forx<0.6, suggest- normally both be equal to 0.5 in the demagnetized sis.
ing that lowD/Je, materials might exhibit this QLRO staf®.  therefore expected to be given by 78&(0.27
The QLRO state has no true long-range magnetic order, buk 10~ 12M/ )2
has power-law spin-spin correlatiori;stead of exponen- A different form for analyzing SANS data has been sug-

tially damped as in the speromagnetic stated a suscepti- gested for the QLRO state. Specifically, for the QLRO state,
bility and magnetic correlation length which diverge at the

phase transition from the paramagnetic state. Fisch also A B
found a QLRO state for spins confined to a planember of Q)= =S+ == 3
spin componentsn=2), in three dimensionsd=3) even Q% (Q9)
5.1 26 ; r ;
for D/Je,>1," and in the related random-field problem in o, . _ 4 5 form=3, d=32 andx=1.2 form=2, d=326

Q27

d_l??écause of the strength of the exchange coupling, it iThe correlation length is in theory infinite, leading to the
) o ; . ' ' orm shown above, but in practice will be limited by instru-

nearly certain .thata—T'bF'ez IS 1N Lo 52:18n|sotropy, ment resolution or sample imperfections, introducingto

exchange-dominated limit WittD/Je,~0.3-0.7." Recent the expression above. The data of Rhymal. in Ref. 8 was

specific-heat measurements afTbFe, found a sharp ther- reanalyzedin the m=2, d=3 limit) and was shown to fit

modynamic peak at the same temperatligeas that mea- the expected form for t,his QLRO st

sured magnetically, with an apparent critical exponent con-

sistent with the calculations of Fiséh?® Small-angle

neutron scattering studféen a- Thy,Fesg (extremely rapidly

When considering RMA materials, it is necessary to con-
sider the possibility of correlations in the set of local anisot-
ropy axis directiondy;. There can be correlations in the di-

_rections of neighboringj;, introducing what is called an

%rientational correlation lengtR, .?° It has been suggested
that in the amorphous state, the orientational correlation

length could/should be much longer than the positional cor-
relation length, which tends to be only of the order of an
interatomic distance.® R, has never been determined by

correlation length below the transition temperatlige Spe-
cifically, analysis of the SANS data on this and other amor
phous rare-earth allojSwere consistent with a scattering
cross section of the form:

A B direct structural methods but magnetization studies of
1(Q)= + , (2) a-RFeB suggeste®,~100A, far greater than the-10 A
Q*+k?  (Q*+k?)? atomic/structural correlation lengti. R, causes the ex-

change energy,, to be replaced by an effective exchange
energy which is reduced bya(R,)?. Therefore R, impacts
the effective ratio of anisotropy to exchange energy and

where the first(Lorentziar) term predominantly represents
fluctuations in the spin systerfe.g., spin wavesand the

secondLorentzian-squarederm arises from scattering from - . :
d quare 9 hence the ferromagnetic correlation lerf§t#>* Following

static regions of spin ordering. This form of scattering WasChudnovsk ’s work, the ferromagnetic correlation length is
proposed as that for the RMA-induced speromagnetic state;, y ' 9 9

but would also be observed whenever there is a static wan- A2 1
dering of magnetization with an exponential decay of the R=|_—| = 4)
correlation function{a(ry)o(ry))cexp(—«lr;—r,|), such f K. R

as would be found for magnetic domains separated by me-

andering domain walls. This latter effect is analogous towhereK, is the macroscopic variable characterizing the ran-
strongly segregated, randomly interpenetrating phases in tt#om anisotropy and is proportional 2?8 R; decreases with
Debye-Bueche modét. The quantityx that appears in both increasingR,, but can never be less tha) .
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The second type of correlation fi is a preference for a shroud providing a high vacuum environment. Overlayers of
given spatial direction, e.g., along the growth direction of a300 A Nb or Cu were used to prevent oxidation. The pres-
thin film, leading to macroscopic magnetic anisotropy withsure before evaporation is<3x10 °Torr and <1
magnitudeK, . It has been theoretically demonstrated thatx 10~8 Torr during growth; pressures during sputtering in-
the ferromagneti¢FM) state can be recovered as the groundside thel. N, shroud are similarly low. Samples were grown
state in the presence of sufficiently large but finkitg. ****** o substrates held at different temperatufesin order to
In this FM state, the random anisotropy still produces a wangptain different values for the perpendicular anisotrégy.
dering of the magnetization and hence leads to SANS signalgy sica| deposition rates were 0.5-5 A/s. There has been
of the form seen in Eq(2). It is clear from a variety of gyengjve x-ray scattering, TEM, neutron scattering, and ex-
magnetic measurements, including the ability to use this M3ended x-ray absorption fine structure studies on sputtered

terial for magneto-optic recorc!mg, that h'% a-TbFQZ IS RT alloys in the past showing the amorphous nature of the
capable of sustaining perpendicular domains, even in a zerg- | d the ab f 258,38
field-cooled state so that magnetic history is not simply trap-samp es and the absence o Nanocrystaifites: ”X—ray, .

TEM, Rutherford backscattering, and Auger profiling studies

ping the system in a nonequilibrium state. To consider th%ave been performed on both oebeam evaporated and

magnitude oK, necessary to induce a crossover, we follow 39 "
Chudnovsky’s work and introduce the ratidi,/H sputtered sample$:*® X-ray measurements were specifically
u S

— K AYKARE=K RZ/A where H=2(K/ASM)RE is a made on thg thick1-1.5 um) samples prepared for this
characteristic crossover field for the material awy,  StUdy- TEM images foB-Thyge;, grown at room tempera-
=2K,/M is the coherent anisotropy fietd.When H,/H ture shovy diffuse SAD rings. Fo_r these thin TEM samples
<1, the properties of the RMA magnet are not significantly (300 ,A thicknes the bright-field image shows evidence of
altered byK ,; for example, in the speromagnetic stdgg,is density fluctuations with a length _scale of 100-300 A, pre-
still given by Eq.(4) above. However, wheh,/H > 1, the sumably (elated to a.columnar microstructure. Such_mlcro—
system is converted to what is called a “ferromagnet withStructure is common in evaporated amorphous materials and
wandering axis.” Here, the magnetization lies more or lesdS not evident in the sputtered films, nor in the evaporated
along one of the two coherent anisotropy easy-axis direcfilms grown at 523 K For e-beam evaporated- ThygFe;,
tions, as in a conventional uniaxial ferromagnet, but within agrown at 523 K, the bright-field image is featureless and the
domain, the magnetization wanders in direction with a charselected area diffractiofSAD) rings are diffuse. Films
acteristic tilt anglgaway from the coherent anisotropy direc- grown at room temperature and annealed at 523 K appear
tion) ~(H,/Ho)Y a (a/R,)%? and a perpendicular corre- identical in TEM to the as-deposited films, including the
lation length which can be written &R =(A/K,)Y? (like  density fluctuations; in particular no crystallization was de-
R¢, Rt can never be less than an in-plane orientational cortected, consistent with earlier work on anneate@b-Fe?®
relation lengthR;). Auger depth profiling showed no @o the resolution of the
Previous work ora-TbFe thin films has shown that the measurement-1%) in a-Tb,gFe;, and uniform Tb/Fe com-
coherent anisotropK, increases with increasing substrate Position for both sputtered and evaporated samples.
temperature T during deposition, from less than 1  Small-angle neutron scatteringSANS) measurements
X 10° erg/cn? to greater than X 107 erg/cn?.%%® Annealing ~ Were performed using the lo@-diffractometer(LQD) at the
at temperatures near 620 K can reduce or eliminate this a-0S Alamos Neutron Science Cerfte(LANSCE) and the
isotropy, without inducing observable crystallizatii:®®  SANS-J machine at the JRR-3M reactor at the Japan Atomic
The magnitude oK, can thus be varied over two orders of Energy Research InstitutéAERI). Both instruments employ
magnitude by choice of deposition conditions and/or anneallarge two-dimensional multiwire position-sensitive area de-
ing. Estimates of the necessary valuegfneeded to restore tectors to measure scattering intenditys a function of po-
LRO are~4x 10 ergs/cri at low temperature and several Sition on the detector. Data from SANS-J is mapped directly
times lower at room temperatuféThe properties of an ini- iNto intensity (after averaging over the appropriate range of
tially high K, sample should, therefore, depend strongly on@Zimuthal anglgsas a function of momentum transfe@
annealing which reduces and then eliminatgs(in which ~ =47/A sin6, where\ is the incident neutron wavelength
state the sample should be describable asran3, d=3 and @ is the scattering angle. LQD uses time-of-flight tech-
RMA materia). With further annealing, tensile strains plus Nques; the data from this instrument are reduced using stan-
magnetostriction together with dipoldshape anisotropy dard techniquéé“to give the intensity in absolute units of
makeK, significantly negative K,<0 means a planar an- differential cross section per unit aré&/d( (cn/cnt) as a
isotropy, which should be describable as mr=2, d=3  function of magnitude and direction of scattering vedgr
RMA state. The present study was undertaken to investigatéviding the intensity by the sample thickness in cm gives
the form of the small-angle scattering and the ferromagnetiéh® differential cross section per unit volume, usually noted

correlation length in the presence and absence of perpendic@s d/d<2 (cm™). We achieved consistent results on LQD
lar anisotropyK, . and SANS-J, even though the former is a broadband time-

of-flight SANS machine at a spallation source, while the lat-
ter is a constant-wavelength machine at a reactor. At JAERI,
Il. SAMPLE PREPARATION AND CHARACTERIZATION the Wavelength used was '6.1 A for one set of data and 10 A
for another, with a resolutioAN/A of 13%. At LQD, wave-
Samples were grown from separate Th and Fe sourcdengths between 4.118 and 15.151 A with a resolutiam\
using two methods(1l) e-beam coevaporation in a UHV of 10% were used for the analysis. Shorter wavelengths were
chamber and2) magnetron cosputtering with ariN,-cooled  not used in the analysis due to interference from multiple
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Bragg reflections from the Si substrate. (@)

Our samples were mounted with the film surface perpen-
dicular to the incident neutron beam. This geometry ensures
thatQ is always approximately in the plane of the film. The
magnetic scattering is sensitive only to spin components per-
pendicular toQ. The SANS signal (Q) is proportional to
the Fourier transform of the magnetization dendityr) in
the sample. In the range @ accessible to experiment the
scattering arises from correlated magnetic regions that are of
finite size. In particular, the uniform magnetization of a
single-domain ferromagnet is not measured, since this scat-
tering would occur only aQ=0, a value not measurable in : R O et
SANS. Measurements were made either in a turbo-pumped 0.02 -0.01 000 0.01
vacuum furnace or in a He cryocooler to permit sample tem- Q, (A1)
peratures from 20 to 473 K. Background, transmission, and
calibration standards were measured to permit absolute mea- : :
surements of scatterirfg. Absorption by the sample was 200
measured and found to be negligible. Intensity

Magnetic-force microscopéMFM) images were made
using several types of commercial magnetic tips. Low coer-
civity, and low and high moment tips gave similar results,
although due to the larghl,t product, the best results were
obtained using low moment tips. HeM, is the remanent
moment and is the magnetic film thickness. The scan height
was ~40 nm (plus the thickness of the Nb overlaygefea-
tures observed were much larger laterally than this height.
The MFM is primarily sensitive to magnetic charges, thus to
domain walls, but especially for perpendicularly magnetized
samples, domain structure can also be inferred. Atomic-force
microscopy(AFM) using the MFM tip in a tapping mode
was used to measure surface height features; root-mean-
square roughness in all cases was 10 A or less.

In both SANS and MFM studies the samples were 1 to 1.5
microns thick on(100 Si substrate$Si native oxide was not

removed. To obtain adequate SANS intensity several "”””%W M
I | ! |

samples were stacked together. 0.0 3.0 6.0 o6 12.0
Intensity

Q, (A1)

0.02

-0.02 -0.01 0.00 0.01 002
Qy (AT

Ill. SANS AND MFM RESULTS

FIG. 1. SANS intensity (Q) shown as a gray scale for evapo-
rated perpendiculak, a-TbFe (grown at 473 K measured at 300

Figure 1 shows the intensity of scatterihgdP/dQ) at K. Neutrons are incident along theaxis (perpendicular to film
300 K as a function of scattering vectQrin the x-y detector plane and the scattering vector is in-plane. Total sample thickness
plane for an evaporated sample with large perpendicular ars 10.5um (seven samples each 16n). (&) Samples in the ther-
isotropy K,,. This sample was grown at 473 R of this maIIy_demagnet!zed stateb)_ Sa_lmples in the rgmanent sta_te after
sample determined from the kink method of magnetizatiorfifpg’(')r(‘)g zat”'\rﬂat'”g :pagr?etltc f'et‘iolkoe apﬁ"ed Fl)erpe”d'cubar
versus temperature is 448 K. Figuré)lshows data taken & - Magnetic hysteresis loops. Show fow remanence
with the sample in the thermally demagnetized staither ~ (<20%Ms). K,=1.0x10" ergs/cc andvl ;=340 emulcc at 300 K.
an as-prepared sample or one which has been cycled to
aboveT, and then brought back to 300 K in zero field; thesepletely in zero fiel Magnetization measurements show
two states were shown experimentally to be the same for thigery little asymmetry in thex andy direction properties of
sample which was grown at high temperajur€here is a the sample; torque curves measured with the magnetic field
strong in-plane asymmetry; the magnitude of scattering irapplied in thex-z plane are identical to those measured with
the x andy directions differ by an order of magnitude at any field applied in they-z plane, while hysteresis curves mea-
given Q. Figure Xb) shows data on the identical sample aftersured for thex direction differ slightly from those for thg
magnetizing(in a perpendicular field of 10 kQeat room direction (the easy axis is strongly along. The in-plane
temperature and then removing the applied field. The scaSANS asymmetry seen in the demagnetized state is com-
tering in this remanent state is nearly isotropic in plane and ipletely correlated with the direction of incident atomic
well over an order of magnitude smaller than seen in Figbeams during growth of the films; we have prepared films
1(a). Magnetic hysteresis loops show the magnetization to bevith the sample plate rotated azimuthally by 30 degrees with
close to zero in both caséthis thick sample with largdl;  respect to the incident beam directions and have found that
has low coercivity and hence demagnetizes nearly comthe SANS-observed asymmetry rotates as well.

A. Evaporated perpendicular anisotropy sample
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0.001 :
0.001 0.011 0.1
@ Q (A7) FIG. 3. MFM data for a piece of the same perpendicidgr
FIG. 2. (a) 1(Q) for evaporated perpendiculir, a- ThFe, mea- sample whose SANS results were shown in Figs. 1 ar(d)2her-
sured at 300 K and at 453 K for data averaged over 30 degreBally demagnetized statéh) remanent state after applying 10 kOe
segments along or y. (b) and(c) Temperature dependence of the field perpendicular to sample and then turning off field, és)chfter
magnetic contribution té(Q) x andy directions.(d) Magnetic con- ~ @n ac demagnetizatidsample was rotated while applying a slowly
tribution tol (Q) at 300 K for the same sample in the remanent statedecaying magnetic fiejd(d) thinner (2000 A thicknessbut other-
(10 kOe applied perpendicular to film then remoeblata are in ~ Wise identical perpendiculat, sample in thermally demagnetized
absolute units of differential scattering cross section per unit aregtate.
dP/dQ (cnéfen?) (1 barn=10 '?cn¥?). Sample total thickness
10.5 um (seven samples each L&) for (8)—(c); (d) six samples  g1ong either thex or y in-plane directions. Figure(8) shows
for a total of 9um. The 458 K &T,) 1(Q) has been subtracted | 3y"4t room temperature and at 453 (K80 °Q for both
from (b), (c), and (d). Fits shown in(b) and (c) are Lorentzian directi Bv 453 K. above the maanetic orderina tempera-
squaredLorentzian term was negligiblevith a correlation length Irections. By ! 9 9 P
of 500 A for they direction and 600—700 A for thedirection at all ture O_f the samplel,(Q) has decreased by_ over an order of
temperatures. In the remanent statéd)f the best fit was @ with m,agn'tUde and the in-plane asymmetry is grgatly .reduced.
=47 Figures 2b) and Zc) show!(Q) for the x andy directions,
respectively, as a function of temperature. Figui@ 8hows
Measurements made at higher temperatures on the sarh@) for the same sample in the magnetic remanent state at
sample show steady decrease in SANS scattering intensi00 K. The 458 K &T.) intensity that is largely nonmag-
I(Q) with increasing temperature. Data are shown in Figsnetic, structural scattering has been subtracted from Figs.
2(a)—2(c) for the thermally demagnetized state as a functior2(b)—2(d).
of temperature. Data were averaged over 30 degree segmentsFigure 3 shows magnetic-force microscopy measurements
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taken at 300 K on a piece of the same sample used for SANS 100
measurements, in the thermally demagneti@dnd rema- 10t
nent(b) states. For MFM images of the thermally demagne-

tized state, the samples were first annealed at 453 K in ~ 1l
vacuum P<5x10-7 Torr) for half an hour before imaging g

at room temperature. For the remanence images, the samples = 0.1
were saturated along a magnetic easy-axis dire¢pernpen- 0.01}
dicular for this samplein fields of 15 kOe and were taken

out of the magnet after the applied field was turned off. Al- 0'081001
though magnetic hysteresis loops showed the net magnetiza- (a)

tion to be nearly identical for both statesl{<0.2M), the
domain structure is very different. In the thermally demag-
netized state, the domains are narr®®00 A along the
in-plane direction parallel to the incident atomic beams and
extremely elongated parallel to the other in-plane direction.
In the remanent state, the domains are approximately an or-
der of magnitude wider. These differences are presumably
related to details of domain-wall nucleation and motion. Fig-
ure 3c) shows the same sample after an ac demagnetization;
specifically, the sample was rotated in a decaying applied (b)

magnetic field. Here the domains show no sign of asymme-

try, suggesting that the asymmetric domain-wall pinning or FIG. 4. (8 SANSI(Q) at various temperatures aid) MFM
nucleation is a relatively weak effect. FigurédBshows an image measured at 300 K for thermally demagnetized state of in-
MFM image for a thinner samplé2000 A thickness pre- planeK, a-TbhFe (grqwn at 300 K and annealed at 573—-623 K for
pared identically to the samples shown in Fig&33(c); K, 2.h). Sample total thlckngss 9,6m (seven samples stacked, each
and M, are the same. In this thinner sample, the domaing'e" 1 or 1.5 um thick. Ms=150emu/cc andK,~~—1

show no asymmetry in the demagnetized state. We sugge§t106 ergs/cc at room temperature, with a strong in-plane @ss

S s ; :
that the asymmetry observed in the thicker sample is a resuImaltecl at 210" ergs/cc with respect to rotation 4 in plane.

. . its shown in(a) are Lorentzian-squarddorentzian term was neg-
of a large scale structure which develops as the film gl‘iﬂWg. ligible), with a correlation length of 300 A, independent of tempera-

This large scale structure does not manifest itself in any sigg, .
nificant difference in magnetic properties other than the do-
main size asymmetry seen in FiggaBand 3b), nor in any
observable structure in AFM images of the sample. We not
however that the AFM images were taken with a 200 A Nb

overlayer covering tha-TbFe..

in zero field, at room temperatyréeflhe MFM image shows
imilar structure to that seen in the thermally demagnetized
state of Fig. 4b) but with less contrast, and the SANS inten-
sity dropped to a level insignificantly above background.
These observations suggest that MFM contrast in the rema-

) _nent state is due to small variations in magnetization direc-
Figure 4a) shows SANSI(Q) data on a sample with tjon.

in-plane magnetic anisotropy. Data taken at 473akove
T.) were subtracted from the lower temperature data in order
to eliminate the structural contribution to the SANS signal.
This sample was grown at room temperature and then an- Figure 5a) showsl (Q) for a sputtered sample in a ther-
nealed at 573-623 K f® h toeliminateK , and to make the mally demagnetized state and Figbbthe corresponding
sample resistant to further relaxation on measuring to 473 KMFM image. This sample is m thick, grown at 493 K
Before annealing, this sample had moderately large perperi220 °C and has perpendicul&t,=1x 10’ ergs/cc, compa-
dicular K, . After annealing, the anisotropy is strongly in- rable to the evaporated sample. Three samples were stacked
plane (negativeK ) due to large tensile strains plus shapetogether for the SANS measurements. Unlike the evaporated
anisotropy.M(H) loops taken at room temperature showsample, the SANS data are isotropic in plane. However,
that the sample has a strong in-plane easy axis, along theMFM images reveal an asymmetry in domain structure simi-
direction (approximately parallel to the incident atomic lar to although somewhat weaker than that shown in Fig. 3
beams during growih Despite the asymmetry in tHd (H) for the evaporated sample. It is possible that the asymmetry
loops, the SANS data are isotropic in plane, so a full angulain domain size seen in MFM is not seen in SANS because
average is used for determinim¢Q). As the magnetization the alignment of elongated domains is less precise than in the
is in-plane, the contrast seen in the MFM imagieig. 4b)]  evaporated samplésputtering typically preserves incident
is less than that seen in the perpendicldar sample, but angles less than evaporation due to the randomizing influ-
they show an in-plane asymmetry in the domain structureence of scattering off the sputtering gas atprihe direc-
This asymmetry in domain structure is not seen in thinnetion of asymmetry in domain structure seen in MFM images
comparably prepared samples, similar to the results for this again completely correlated with the incident atomic beam
perpendiculakK , sample. directions during growtlii.e., the domains are narrow along
We magnetized the sample in the plane of the film andhe direction parallel to the in-plane component of the inci-
repeated the MFM and SANS analyses on this remanent stagent atomic beams

B. Evaporated in-plane anisotropy sample

C. Sputtered perpendicular anisotropy sample
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FIG. 6. CoefficienB of the Lorentzian-squared term fo(Q) in
Figs. 2b)-2(d), 4(a), and Ha), divided by «, normalized to the
value ofB/ « at 300 K plotted against temperature. The small circles
areM2(T) for the in-planeK, sample shown in Fig. 4 normalized
to its value at 300 K. Note the collapse of data for all samples onto
a common line.

netic structure, or it may be due to residual magnetic scatter-
ing still dominating the SANS signal at 473 K. We also note
that the remanent state for all samples produces a signifi-
cantly lower SANS signal than the thermally demagnetized
FIG. 5. (@) SANS I(Q) at various temperatures arib) MFM state andwhere measurablea significantly different func-
image measured at 300 K for thermally demagnetized state of sputional form, despite little difference in magnetization.
tered perpendiculaK, a-TbhFe, (grown at 493 K. The angle of For all samples in all states, E() provided a far better
incident atomic beams during sputter deposition is rotated approxifit to the data than Eq(3), suggesting thahone of the
mately 90° azimuthally from that in evaporated samples; domaingamples are in the QLRO state at the measured temperatures.
are elongated approximately parallel to this growth axis. Samplerhis is not unexpected for the samples with high perpendicu-
total thickness 3um (three samples stacked, eachuin thick.  |ar anisotropy; as discussed in the Introduction, the large
K,=1x 10 ergs/cc andvl s~ 210 emu/cc at room temperature. Fits ynjaxial anisotropy should cause the ground state to be FM.
shown in(a) are Lorentzian squared with a correlation length of 500 ¢ the in-plane anisotropy sample, it was more unexpected,
, independent of tt_erpperatur_e(Q_) for re_manent state is barely since this sample was expected to be in the2, d=3
above background; it is best fit withQF with x=4.7. QLRO state. However, the discovery of a significant
laneeasy axis suggests that this sample also is in a FM state
perpendicular to the sam.ple and remeasured it wit'h MFM  Fitting the data to Eq(2), we have found that for all
and SANS. As was seen in the evaporated perpendi€ylar temperatures measurddll T<T,), for all samples in all
sample, the MFM-imaged domains become larger and CONstates, the Lorentzian-squared term dominatesRn(R;)
tinue to show an asymmetry in size betweeandy direc-  _300A (500-700 A for the perpendicular anisotropy
tions..The SANS intensity drops tp barely above backgrounq’amme}; and is independent of temperatufeithin 10—
and displays a Q* depe?dence witk~4.7 overanarmov® 0o These fits are shown in Figs. 2, 4, and 5. Attempts to
range(0.0(_)35—0.008 A%) before vanishing into the back- fit any of the data withR;=50—100A, the length scale
ground noise. found from previous resuftson rapidly sputtered material,
results in significant deviations towards a lower slope below
IV. ANALYSIS OF SANS DATA Q=0.01-0.02, which is not supported by the data. Particu-
larly in the remanent state data of Figd® where the mag-
We have fitl (Q) in Figs. 2, 4, and 5 to various functional nitude of magnetic scattering at fini@ is quite small, the
forms, specifically the Lorentzian plus Lorentzian squarechossibility of significant RMA-induced wandering of magne-
form of Eq. (2) with x=R;"! (Rf 1), the QLRO form of tization on a 50-100 A length scale is remote.
Eg. (3), and a simple 1p* power law. In order to remove In Fig. 6 we plot the coefficienB of the Lorentzian-
both the instrument background signal and the nonmagnetisquared term of Eq(2) used to fit the data in Figs. 2-5,
nuclear(structural scattering, we subtracted the data takendivided by x, normalized to its value at 300 K, versus tem-
aboveT, from all lower temperature data. This backgroundperature. We also shoM?(T) for the in-plane anisotropy
is a negligible contribution to the total measured signal asample normalized to its value at 300 Kt(T) was mea-
temperatures significantly beloW, [see, for example, data sured by first applying a large field in plane at room tempera-
in Fig. 2@]. We note that (Q) for all samples at all tem- ture to magnetically saturate the sample, then measuring in
peratures in the thermally demagnetized state has approx200 Oe on heating or cooling. The collapse of all the data to
mately the same functional form, including the data taken at single form is strong confirmation that the SANS signal is
the highest temperature, aboVg. This may be because the reflecting the overall bulk magnetizatioisquared of the
nuclear scattering has the same form as the magnetic, due samples Ba|M|?«). We note thatk is approximately con-
an influence of the atomic structure on the formation of magstant with temperature, changing by less than 20% over the
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entire temperature range shown, hence the temperature dess than in the demagnetized stéteandy directions, re-
pendence seen in Fig. 6 is dominated entirely by the temspectively, suggesting a correlation length of 5000 Az,
perature dependence BfandM?2. outside our measure@ range, consistent with theQf de-

As discussed in the Introduction, the interpretation of apendence seen in Fig(d). This increased correlation length
Lorentzian-squared term can be either as randomly interperis also consistent with the large domains seen in MFM im-
etrating magnetic domairf®ebye-Bueché¢DB) model, or ~ ages. Similarly, the large drop in scattering amplitude for the
as a wandering of magnetization due to the random anisosputtered perpendicular anisotropy sample and the evapo-
ropy within a ferromagnetic domain induced by a coherentated in-plane anisotropy sample in the remanent state com-
anisotropy axis(whether perpendicular or in-plane axis pared to the thermally demagnetized state implies a large
(RMA mode). Either interpretation results Ba|M|?« con-  increase in correlation length.
sistent with Fig. 6. The domain walls themselves will also We note that in the larg® Porod limit, calculations and
contribute a SANS signal. Since the spins in domain walls d@bservations on several types of samples have shown that a
not rotate as an exponential correlation function, this contrifinite width of domain walls causes a negative curvature in
bution should not lead to a Lorentzian-squared term. To th&ANS (or small-angle x-ray scattering versusQ, i.e., fits of
best of our knowledge, such a contribution has not been cal{Q) to 1/Q* give x>>4.* Domain-wall widths in amorphous
culated but may be indistinguishable from a LorentzianTbFe are of order 100 A, an appreciable fraction of the
squared and would also be expected to be proportional teorrelation length, hence this negative curvature is to be ex-
M2k if k! is identified as the wall widtlinarrower walls pected. Indeed, values ®larger than 44.7—-4.8 are seen in
would lead to a larger signal at a given value @f. To  the remanent state data for both samples where the signal is
distinguish between these models, we consider both the magignificantly above background, and negative curvature de-
nitude of the coherence length and the absolute magnitude gfations from pure Lorentzian-squared behavior is seen in
scattering, specifically the magnitude of the Lorentzian-data on both perpendicular anisotropy samples at I&@ge
squared coefficien. (1/Q* with x~4.6—4.8 fits data foQ>0.01 A~1). For the

In the DB model, the exponential decay of the spin cor-in-plane anisotropy sample at lar@¢>0.01A~!), we see a
relatione™ *" is due to interpenetrating domains with mean-pure 1Q* dependence of intensity. It is possible that the
dering domain walls. The DB model crosses over to a Porogmaller value ofc~* for this sample means that we are not
1/Q* dependence fap large compared ta (1/Q small com-  yet far enough into the Porod limit to sge-4. Alternatively,
pared to domain sizeUpon examination of this expression, the likely difference in spin directiorwithin the domain
it is clear that the lengtik ! must be of order the domain walls in the two types of samplggerpendicular versus in-
size. In the thermally demagnetized state, the SANS datglane anisotropywould affect the scattering and hence the
give k 1~300-500A, of order 10 times/A/K,. This  magnitude of negative curvature.
length is therefore qualitatively consistent with the fastest If we instead interpret the SANS signal as arising directly
possible wandering of magnetization in these high uniaxiafrom the finite range ordered spins in the domain walls them-
anisotropy materials. The MFM images of the variousselves, then the correlation of the magnitude of the SANS
samples show domains whose size qualitatively scales withignal with domain-wall areal density is again straightfor-
x 1, although of order 5 times larger. In the remanent statévard to explain. The deviation of spins from alignment is not
for the two samples with a measurable SANS signal, SANSN exponential function, and therefore will not lead to a
data indicate an approximate@y dependence, suggesting Lorentzian-squared term in SANS; however, the difference
that the coherence length is beyond the meas@ednge could be small. The correlation length would then be related
(k~*>1100A, assuming that a 5% deviation fromQf/ O the thickness of the wall itself, rather than its degree of
would be observable at the lowest measu@edalues. The meander as in the DB model. The length observed in the

MFM images are consistent with a much larger domain sizéhermally demagnetized states is of the order of magnitude of
in this state. observed domain-wall width@ factor of 3—5 times longgr

The coefficientB can be identified with the density of However, this model is inconsistent with the remanent state
domain walls in the DB modeB=(Ap)2S a M2S, where Observations. In the remanent state, the measured correlation
Sis the density of domain wallcm?/c®) and is equal to  length is increased outside the range observghiee 1Q*
27k. In our data, the magnitude of the coeffici@at 300 K dependende while the structure and width of the domain
is strongly correlated with the inverse of the domain widthswalls is unlikely to have changed at all.
seen in the MFM images and hence with the density of do- The alternative interpretation of the Lorentzian-squared
main walls. Specifically, the narrower the domains, theterm is the RMA model; i.e., a wandering of the magnetiza-
greater the magnitude of SANS signal and hence of the cdion within each domain, with a length scale of 300-500 A
efficientB. The difference in domain-wall areal density seen=R; or Ry . However, in this case it is difficult to under-
in MFM then explains the difference in SANS intensity in stand the correlation of the coefficieBtwith inverse MFM-
thex andy directions and in the two different magnetic statesobserved domain size, and particularly the near vanishing of
seen for the perpendicul&, samples. In the thermally de- the SANS signal in the remanent state. It is also difficult to
magnetized states, where the value of the correlation lengtexplainR; (orRy)=300A at low temperature in a material
is measurable at 300-500 A, the absolute magnitude of scafier which D/Jq,~0.3—0.7, unless the orientational correla-
tering is consistent with the value of the correlation lengthtion length R,=300. [More precisely, as seen in E®)
and the magnetizatioiB=8m«(0.27X10 ®M/ug)? to  and the discussion following, there are two possible values
within a factor of 3. In the remanent state for the evaporatedfor R, for each value oR;, the second one is, however, less
perpendiculaiK,, sample, the coefficierB is 10—100 times than 1.5 A, the interatomic distan¢&Vhile R,=300A is in
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principal possible, it seems implausibly long in an amor-pendicular to the anisotropy axis, but is@t=0 and hence
phous material. Viewing this alternatively as a ferromagneticunobservable.

with a wandering axis, as appropriate for high uniaxial an- In summary, small-angle neutron scattering and magnetic-
isotropy samples, the expected correlation Iengﬂ# forqe microsqopy have been used to pharacterize the mag-
= (A/K,)¥2~50A.% Again the only way to increase this Netic correlation length and the domain structure of amor-

theoretical length to the observed value is to increase thBhous TbFg prepared under a variety of different
orientational correlation lengtR, to what would appear to conditions and in different magnetic states. Significant small-
be an unphysical value of 5006:& in plane angle scattering was seen, with a temperature-dependent

Instead of the Lorentzian plus Lorentzian-squared form, ”magnitude which correlated strongly with both the magnetic

one fits the data to a power-law@f dependence, the present moment of the sample and with the size and shape of the
data hasc~3.3—3.7 for the thermally demagnetized state ofdomalns seen in the magnetic-force microscope. SANS data

; ) are dominated by a Lorentzian-squared term for all samples
all samples fit over the entir@ range measured, amd i, 5| magnetic states. The ferromagnetic correlation length
~4.7 for the remanent state of both perpendicular anisotropyy,nd from fitting the SANSI(Q) to a functional form is
samples at room temperature. The data of Ref. 8 have |ong (300-500 A in the thermally demagnetized state; 10—
~2.4. 100 times longer in the remanent stat€his long length is
One interesting and unexpected result of this study is thagonsistent with theoretical predictions of a ferromagnetic
thick (>1 um) amorphous ThFResamples show a significant ground state in exchange-dominated random anisotropy
(factor of 10 in-plane asymmetry in magnetic domain size, magnets such as amorphous Tpkethe presence of coher-
correlated with the direction of the incident atomic beamsent anisotropy. Both the correlation length and the absolute
and presumably related to growth-induced kinetic roughenmagnitude of SANS are strongly correlated with observed
ing effects. This effect was seen in both sputtered andlomain sizes from MFM images. We suggest that the
e-beam coevaporated films. For thidk-1 wm) samples Lorentzian-squared term may be best understood as resulting
which have been annealed to eliminate the strong perperitom ferromagnetic domains with meandering domain walls,
dicular magnetic anisotropy, in addition to an in-plane asymsimilar to the Debye-Bueche model developed for particles.
metry in domain size we found a strong in-plane magnetic
anisotropy axis approximately along the original incident
atomic beam directions. The magnitude of this in-plane an- We would like to thank Mike Fitzsimmons and Susan
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