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Direct evidence for interface-induced perpendicular spin orientation and spin reorientation
in terbium-coated thin iron films
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Conversion-electron Mossbauer spectroscopy in ultrahigh vacuum has been employed to study in situ
the average Fe-spin orientation and hyperfine fields in zero external field in uncoated and Tb-coated "Fe
films deposited either onto a clean Th{0001)single-crystal surface or onto (bulklike) polycrystalline Tb or

0

Ag films. At 30 K, the spectra of 15-A-thick uncoated Fe films on Tb(0001) indicate structurally disor-
0

dered (amorphous) Fe layers, whereas spectra of 30- or 35-A-thick uncoated and coated Fe films are typi-
0

cal for bcc Fe. We show that the orientation of Fe spins in 30-35-A-thick uncoated Fe films is preferen-
tially in the film plane for temperatures ranging from 30-300 K for all substrates used. In striking con-

0
trast to uncoated films Tb-coated 30-35-A-thick Fe films exhibit a preferential Fe-spin orientation per-
pendicular to the film plane at -30 K irrespective of the substrates used. This demonstrates (i) that the
perpendicular spin orientation in these films originates from an interface magnetic anisotropy and (ii)
that the dominant effect in inducing perpendicular spin direction originates from the interface formed by
the Tb-coating layer and the Fe film and to a smaller exent to the Fe/Tb-substrate interface. A
temperature-dependent reversible Fe-spin reorientation was observed near 150-200 K which is qualita-
tively compatible with recent models including spin fluctuations.

I. INTRODUCTION

The existence of a uniaxial perpendicular magnetic an-
isotropy (PM A) in certain homogeneous amorphous
rare-earth-transition-metal (R-M) thin-film alloys for
which the preferred direction of magnetization in zero
external field is oriented perpendicular to the film plane
was discovered by Chaudhari, Cuomo, and Gambino in
1973.' Since then, detailed studies of the magnetic prop-
erties of R-M alloy films have led to technological appli-
cation of these materials as magneto-optical recording
media. In recent years, R-M multilayers have attracted
considerable attention for reasons of basic interest and
because of their potential for magneto-optical record-
ing. The fundamental questions concern the origin of
PMA and the magnetic coupling between neighboring
8-M layers in multilayers. Sato reported that composi-
tionally inodulated Tb/Fe multilayers have large PMA
for small individual layer thicknesses, and suggested that
PMA is caused by an anisotropic spatial distribution of
Tb-Fe pairs aligned preferentially perpendicular to the
film plane. Since then, the magnetic properties of Tb/Fe
multilayers have been investigated extensively. Anti-
ferromagnetic (AF) coupling of Tb and Fe magnetic mo-
ments at the interface has also been established, ' simi-
lar to AF interactions in amorphous alloys. Shan and
co-workers" ' developed a model for the magnetic
properties of R -M compositionally modulated films
(CMF's) or multilayers (R = Dy, Tb; M = Co, Fe) in
terms of the single-ion anisotropy of R ions with orbital
momentum and an anisotropic distribution of 8-M pairs
oriented predominantly along the film-normal direction.
This model focused on sputtered amorphous CMF struc-
tures with small individual layer thicknesses (t~ =4.5 A;

0

tF, & 8.75A}, where severe intermixing of R and M atoms
and amorphous alloy formation occurs across the inter-
face and essentially through the entire multilayer. "
This model has been extended in order to describe
PMA and other magnetic properties of Tb/Fe multilay-
ers with larger individual layer thicknesses (t~ 526 A;
t„,540 A) where a substantial fraction of pure crystal-
line bcc Fe exists in the interior of individual Fe layers, in
addition to a thin (-7 A} amorphous interface re-
gion 26 29

The role of the interface is essential to understand
PMA in these R-M multilayers. Mossbauer spectroscopy
is a suitable method to separate the amorphous Fe state
from the "bulklike" bcc Fe in Tb/Fe multilay-
ers'7' ' and other R-M multilayers. It has been
demonstrated by Mossbauer spectroscopy and electrical
resistivity measurements' ' that there is a correlation
between the Tb-Fe alloy at the interface and PMA in
such multilayers: a broader alloyed interface was claimed
to orient the Fe-magnetic moments on the average more
perpendicular to the film plane. ' ' In striking contrast,
Mossbauer spectroscopy on Nd/Fe rnultilayers revealed
an increase in the average perpendicular Fe-spin orienta-
tion by decreasing the amorphous interface fraction. '

Moreover, Fe-Mossbauer spectroscopy may provide
direct (microscopic} information about the average Fe-
spin orientation (spin texture) in zero external field in a
sample by comparing relative line intensities of a magnet-
ically split sextet. The polar angle e between the in-
cident y-ray direction (being equal to the film-normal
direction} and the direction of the magnetic hyperfine
field 8&f or Fe-spin direction, is obtained from the line-
intensity ratios 3:x:1:1:x:3of the six Mossbauer lines,
where x is related to e by cos e=(4—x)/(4+x). The

0163-1829/94/50(4)/2537(11)/$06. 00 50 2537 1994 The American Physical Society



2538 B. SCHOLZ, R. A. BRAND, AND %. KEUNE 50

measured values of cos 8 are spatial averages of (cos 6)
over the sample. Usually, an average "cone angle" (or
tilt angle} (6) is defined by arccos((cos 6))', Fig. 1.
Complete perpendicular spin orientation is indicated by
ratios 3:0:1:1:0:3or (6)=0' whereas complete in-plane
orientation is present for ratios 3 4 1:14 3 or (8 ) =90 .
A random Fe-spin texture is equivalent to the ratio
3:2:1:1:2:3or (8 ) =54.7'. Several Mossbauer-efFect
studies have demonstrated strong but incomplete perpen-
dicular spin texture in certain Tb/Fe multilayers, with
the smallest (6) values reported ranging from 11' (Ref.
15) to 20 —32 18,25, 27, 2s

Up to now, the vast majority of studies of the Tb/Fe
system have used multilayers which by their nature con-
tain a large number (of the order of several tens or hun-
dreds} of stacked Tb/Fe bilayers, or equivalently, a large
number of Tb/Fe interfaces. However, the elementa-
ry building block of a multilayer, namely the R/Fe bi-
layer, has scarcely been investigated. Rau and Xing
studied uncoated and Tb-coated Fe(001) films on an
Ag(001) substrate by electron-capture spectroscopy.
They report large temperature-dependent out-of-plane
magnetic texture at surfaces of Tb-coated Fe(001) films
1 —10 monolayers (ML) thick on Ag(001), in striking con-
trast to uncoated Fe(001)/Ag(001) films which exhibit in-

plane magnetic texture. Furthermore, monolayer cover-
ages of R metals (Gd, Tb, Dy, and Nd) on the Fe(001)
single-crystal surface have been investigated with spin-
resolved photoelectron spectroscopy by Carbone et al. ,

'
providing direct evidence of antiferromagnetic coupling
between the heavy R and (in-plane) Fe-spin moments,
and of ferromagnetic coupling between Nd and (in-plane)
Fe magnetic moments, at the R/Fe interface. In another
study of R-Fe interaction, layer-dependent spin-resolved
photoemission results by Vescovo et al. revealed that
Sm overlayers at the Fe(001) surface are magnetically or-
dered with a ferromagnetic spin component in the inter-
face plane, and with antiferromagnetic coupling of the
in-plane Sm and Fe moments.

y-radiation

in direction

sample

FIG. 1. Geometrical relationship between y-ray direction,
sample plane, Fe-spin direction, and average cone angle (e ).

In this paper we present experimental results describ-
ing the inffuence of the Tb/Fe interface on the preferen-
tial Fe-spin orientation and its temperature dependence
in a single layer of Fe. The main aim of this work was to
provide a microscopic characterization of the magnetic
structure in zero external field in an Fe film interfaced by
Tb. Fe conversion-electron Mossbauer spectroscopy
(CEMS) is well suited to study thin-film phenomena in
situ under ultrahigh-vacuum conditions. We will
show that a single Fe/Tb interface is not sufficient to in-
duce strong perpendicular spin texture in a bcc-Fe film,
and that the dominant efFect originates from the Tb-
coating layer producing a Tb/Fe interface.

II. SAMPLES AND EXPERIMENTS

All experiments were performed in situ in an
ultrahigh-vacuum (UHV) system with a base pressure

p &2X10 ' mbar. Fe layers were grown by thermal
evaporation onto three different types of substrates: (i} an
oriented Tb(0001) single-crystal surface, (ii) a polycrystal-
line (150 A) Tb thin-film surface, and (for comparison}
(iii) a polycrystalline (300 A }Ag thin-film surface.

(i) The Tb(0001) substrate was obtained from an
(0001)-oriented Tb single crystal ( —10 mm in diameter,
-2 mm thick) which first was mechanically polished us-

ing alumina suspensions down to a grain size of 0.05 pm.
Subsequently, the Tb single-crystal surface was cleaned in
UHV by repeated cycles of Ar-ion sputtering (4—5 keV)
and annealing at temperatures ~ 673 K. The first (weak)
diffraction spots in RHEED (reflection high-energy elec-
tron diffraction) appeared on the average after a total of
44 h of sputtering and annealing at an ion energy of 4,4
keV and annealing at 600 K. After further sputtering
and annealing at 4 keV and 673 K for 20 h, clear LEED
(low-energy electron difFraction} and RHEED patterns
could be observed. No surface contaminants except a
small amount of oxygen could be detected by Auger elec-
tron spectroscopy (AES}. The smoothness and cleanli-
ness of this Tb surface was further improved by deposi-
tion of a 200-A-thick horn oepitaxial Tb(0001) layer
grown at 673 K at a rate of 0.1 A/s. This treatment re-
sulted in little oxygen contamination of the Tb(0001) sur-
face as revealed by AES [Fig. 2(a)], and in clear LEED
and RHEED patterns (with RHEED spots lying on cir-
cles) indicating a well-ordered structure and a nearly
atomically fiat surface (Fig. 3}.

Fe films of 3, 15, and 30 A in thickness were deposit-
ed onto such clean Tb(0001) surfaces at 295 K at a rate of
0.01 A/s for the 3-A film and 0.05 A/s for the 15- and
30-A films. By AES, these films were found to be free
from contamination [Fig. 2(b)]. Since no LEED or
RHEED spots could be observed on these Fe films, they
were polycrystalline or structurally disordered. Special
attention was paid to the Fe(30 A)/Tb(0001) film: after
CEMS measurements on this uncoated sample, it was
covered with a polycrystalline top layer of 14-A Tb, and
subsequently CEMS experiments were repeated with this
coated Tb(14 A)/Fe(30 A)/Tb(0001) specimen. In this
case, it was revealed by lateral-scanning AES that only
70%%uc of this Fe-film area was covered by the 14-A Tb lay-
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FIG. 2. (a) Auger-electron spectrum of the clean Tb(0001)
surface [clean Tb(0001) single-crystal surface coated by a 200-
A-thick homoepitaxial Tb(0001) layer] prior to '7Fe-film deposi-

0
tion. (b) Auger-electron spectrum of a 30-A-thick ' Fe film
directly after deposition. The drawn bar diagrams indicate the
position of the Tb and Fe lines, respectively.

er due to experimental difficulties. This observation had
to be considered in the evaluation of Mossbauer data
from this only partially coated sample (see Sec. III B).

(ii) The polycrystalline Tb surface was obtained by
deposition of a 150-A-thick polycrystalline Tb layer onto
a Cu(001) single-crystal surface. The Cu(001) crystal was
chosen since it provides a clean and atomically fiat sur-
face after repeated cycles of Ar sputtering and annealing.
This has been demonstrated by the observation of sharp
LEED spots and streaks in the RHEED pattern. The
150-A Tb layer was grown at 295 K with a rate of 0.1

A/s. Subsequently, a 35-A-thick polycrystalline 7Fe film

was grown on the Tb layer at 295 K, resulting in the
Fe(35 A)/Tb(150 A)/Cu(001) sample. Both the Tb and
Fe films were polycrystalline, as revealed by the absence
of LEED and RHEED spots. After CEMS measure-
ments on this uncoated specimen, the Fe film was com-
pletely covered by a top layer of 14-A Tb, and subse-
quently CEMS experiments were performed on this coat-
ed Tb(14 A)/Fe(35 A)/Tb(150 A)/Cu(001) sample.

(iii) For comparison, a polycrystalline 35-A-thick Fe
layer was deposited at 295 K onto the surface of a poly-
crystalline 300-A-thick Ag film which had been grown at
295 K at a rate of 0.5 A/s on a polycrystalline Al sub-
strate. This substrate had been flattened by mechanical
polishing. CEMS experiments were performed on an un-
coated Fe(35 A)/Ag(300 A)/Al sample, and subsequently
on the same specimen after complete coating by 14-A Tb.

The nomenclature and description of the samples
prepared for this study are summarized in Table I.

The materials Fe metal (95% enriched in Fe), Tb of
purity 99.99 at. %, and Ag of purity 99.999 at. %, were
thermally evaporated from alumina crucibles (for Fe
and Ag) or from a W crucible (for Tb) in resistively heat-
ed Knudsen-cell-type ovens built in our laboratory. Each
oven was surrounded by Mo heat shields and a water-
cooled shroud. The distance between the oven openings
and the substrate was about 40 cm. The pressure during
evaporation was &3X10 mbar for Fe, &4X10
mbar for Tb, and &2X10 mbar for Ag. The deposi-
tion rate and film thickness were monitored by a calibrat-
ed quartz microbalance located close to the substrate po-
sition. The sample temperature could be varied in the
range between 30 and 700 K with an accuracy of -5 K
by using either a liquid-helium flow cryostat (integrated
into the UHV sample manipulator) or a resistively heated
substrate holder.

FIG. 3. (a) p(1X1) LEED pattern (electron energy 45 eV)
and (b) RHEED pattern (electron energy 9 keV) of the clean
Tb(0001) surface prior to ' Fe-film deposition.

Sample

C
D
E
F
6
H

TABLE I. Sample composition and assignments.

Composition

Fe(30 A)/Tb(0001)
Tb(14 A)/Fe(30 A)/Tb(0001)
(Fe surface only 70 % coated by top Tb layer)
Fe(35 A)/polycr. Tb(150 A)/Cu(001)
Tb(14 A)/Fe(35 A)/polycr. Tb(150 k)/Cu(001)
Fe(35 A)/Ag(300 A)/Al
Tb(14 A)/Fe(35 A)/Ag(300 A)/Al
Fe(3 A)/Tb(0001)
Fe(15 A)/Tb(0001)
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Conversion electrons were detected in situ by use of a
spherical electrostatic electron-energy analyzer of 2% en-
ergy resolution ' and a modified channeltron detector.
The experimental setup will be described in detail else-
where. ' The electron-energy analyzer served as a filter
for 7.3-keV E-conversion electrons in order to suppress
the high photoelectron background from the Tb layer,
and to improve the signal-to-noise ratio. The 14.4-keV y
radiation from a Co(Rh} source of about 50—100-mCi
activity was set in normal incidence to the film plane by
turning the sample into the appropriate position via the
UHV manipulator. The typical measuring time for ob-
taining a useful Mossbauer spectrum was about 1 —13
days, depending on the thickness of the Fe layer.

III. RESULTS

A. Uncoated Fe on Tb(0001)

1. I'e thickness &Z5 A

Fe(x A)/Tb(0001)

x = 3 A T = 295 K
go
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FIG. 4. CEM spectra of uncoated ' Fe films of various
thicknesses deposited onto Tb(0001) and measured at different
temperatures T: (a) sample G, T=295 K; (b) sample H, T=30
K; (c) sample 8, T=295 K; (d) sample A, T=30 K; and (e)
sample A, T=295 K. The average cone angle (6) is indicated
in (d) and (e). (The full drawn curves are least-squares fits de-

scribed in the text).

Typical Mossbauer spectra of uncoated ' Fe films of
various thicknesses on Tb(0001}measured at 295 or 30 K
are shown in Fig. 4.

The spectrum taken at 295 K from sample 6, i.e., from

3-A Fe on Tb(0001), or slightly more than about two
monolayers (ML) of Fe on Tb(0001), exhibits only a cen-
tral feature [Fig. 4(a)] which indicates paramagnetism at
room temperature. This spectrum interpreted as a broad
single Lorentzian line shows a linewidth [full width at
half maximum (FWHM)] of —1.2 mm/s which is much
larger than the measured linewidth in a standard bcc-Fe
calibration spectrum (0.23 mm/s) measured in this sys-
tem. This large linewidth is very likely due to an un-
resolved quadrupole splitting which results from interac-
tions of the s7Fe atoms with their surrounding
Tb-neighbor atoms. The quadrupole splitting b,E&= ~eQV„/2It/1 —i) /3 estimated from the linewidth is
about 0.6 mm/s, in fair agreement with the value of 0.46
mm/s reported for Fe(3 A)/Tb multilayers. The cen-
tral line shift (isomer shift) 5 was 0.06(4) mm/s with
respect to bcc Fe at 300 K. It is not known at present if
this spectrum indicates that the ordering temperature of
the film is below room temperature, or if it is super-
paramagnetic.

The spectra of thicker Fe films on Tb(0001) show
magnetic-hyperfine splitting at 295 and 30 K [Fig.
4(b) —(e)]. The magnetically split sextet of sample H, i.e.,
15-A Fe on Tb(0001), at 30 K is characterized by very
broad lines [Fig. 4(b)], indicating a distribution of
hyperfine fields P(Bi,f). This is typical for a crystallo-
graphically disordered structure, such as amorphous
iron, and is observed, for instance, in amorphous Fe-Y
(Ref. 43) bulk alloys, amorphous Fe-Tb thin-film alloys,
and at the interface in Tb/Fe multilayers' ' ' and
other R/Fe multilayers. The spectrum in Fig. 4(b) was
evaluated using a Gaussian hyperfine distribution P(BQf)
(resulting in Voigt profile lines). From such an analysis of
the spectra in Figs. 4(b) and 4(c), values of 35.1 T at 30 K
and 27.8 T at 295 K have been obtained for the average
hyperfine field Bz& and a standard deviation 0. of the
hyperfine-field distribution of 4.8 T at 30 K and 8.0 T at
295 K. Moreover, from the relative line intensities the
averaging cone angle (e) was found to be 70' —90' at 30
and 295 K, indicating a strong tendency for in-plane
magnetic anisotropy for Fe(15 A)/Tb(0001) at these tem-
peratures. The hyperfine-field value of 35.1 T at 30 K for
this uncoated amorphous 15-A film is clearly larger than
that of bulk bcc Fe at 30 K (34 T), and is also lar er than
that observed in amorphous Y-Fe bulk alloys, Tb-Fe
thin-film alloys, and at the interface of Tb/Fe multilay-
ers' ' ' and other R/Fe multilayers. ' For in-

stance, the saturation hyperfine field of coated 15-A-thick
amorphous Fe layers in Y(30 A)/Fe(15 A)/Y(70 A) triple
layers was measured to be only 25.0 T, which is much
less than our value of 35.1 T for uncoated amorphous
Fe(15 A)/Tb(0001). A possible reason for this difFerent
behavior could be a lower mass density of the uncoated
amorphous Fe layer in Fe(15 A)/Tb(0001) as compared
to the density of amorphous Fe in trilayers or multilay-
ers, since the Fe magnetic moment was calculated to in-

crease with decreasing density in amorphous Fe, and
since the hyperfine field is usually approximately propor-
tional to the Fe moment.

For fitting the 295-K spectrum in Fig. 4(c), a central
quadrupole-split doublet (with b E& = 1.2 mm/s) had to
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TABLE II. Spectral Mossbauer parameters obtained from
the different samples. Bhf is the magnitude of the average
hyperfine field, 5 is the isomer shift (relative to a-Fe at 300 K),
AE&=eV Q/2 is the quadrupole splitting, WID = FWHM
(linewidth), cr is the Gaussian standard width of the hyperfine-
field distribution, and (e ) the average cone angle.

T
Sample [K]

Bhf 5
[mm/s]

(e}
[']

A

A

B
B
B
B
C
D
D
D
D
D
E
E
F
F
F
F

30 34.13(6)
295 32.22(7)

30 34.67(6)
150 34.1(1)
200 33.35(8)
295 32.13(6)

35 34.06(7)
35 35.29(4)

100 35.0(1)
150 34.9(1)
200 34.47(7)
295 32.11(7)
40 34.38(3)

295 31.70(5)
40 34.71(3)

100 34.25(4)
200 32.87(6)
295 31.77(4)

0.8(1)
0.6(1)
1.11(9)
0.9(1)
1.0(1)
0.90(9)
0.8(1)
0.78(5)
1.0(1)
0.8(1)
0.6(1)
0.7(1)
1.37(4)
1.16(6)
1.08(5)
1.00(6)
0.9(1)
1.13(5)

0.129(7)
0.012(8)
0.12(6)
0.09(1)
0.04(1)
0.011(7)
0.119(7)
0.114(5)
0.10(1)
0.09(1)
0.07(1)

—0.002(4)
0.171(3)
0.035(5)
0.155(4)
0.135(5)
0.097(8)
0.039(4)

68(5)
71(5)
32(5)
27(5)
49{5)
63(5)
74(5)
28(5)
28(5)
31(5)
31(5)
76(5)
80(5)
83(5)
57(5)
59(5)
76(5)
81{5)

295 Single Line: 5:
WID:

0.05(4) mm/s;
0.8(1) mm/s

30 35.1(2)
295 27.8( 1.1)

4.8(4)
8.0(1.5)

0.18(2)
0.03(8)

70—90
70—90

Doublet. EEL ..
5.
WID:

1.2(2) mm/s;
0.26(9) mm/s;
1.0 mm/s

be taken into account in addition to the broadened sextet.
One can conclude from the relative spectral area of this
doublet that a fraction of 36% of the Fe atoms in this
amorphous 15-A Fe film is paramagnetic at 295 K,
equivalent to a film thickness of 5.4 A or about two Fe
monolayers. The asymmetry in the line intensities (area
ratio 0.4+0. 1) of this doublet indicates the presence of a
preferred direction of the main component V of the
electric-field gradient (EFG) tensor, i.e., a certain crystal-
lographic or anisotropic short-range order, in this amor-
phous film.

Since a magnetic splitting is still present in the 295-K
spectrum [Fig. 4(c)] of the amorphous 15-A Fe layer on
Tb(0001), its Curie temperature T, must be above room

0
temperature. This is in striking contrast to 15-A-thick
amorphous Fe films in Y/Fe/Y trilayers, which exhibit
a T, of only about 70 K, implying a weaker exchange in-
teraction than in amorphous Fe(15 A)/Tb(0001). On the
basis of mean-field theory, Honda, Kimura, and Nawate'
have calculated the Curie temperature in Tb/Fe multilay-
ers and have shown that the rather high-T, values of
amorphous Fe (with an assumed fcc-like structure) in
Tb/Fe multilayers result from an enhancement of the ex-

change interaction due to the Fe-Tb interaction at the in-
terface. Since Y has no magnetic moment, such an
enhancement is not expected in Y/Fe multilayers. Spec-
tral Mossbauer parameters of this sample are listed in
Table II.

2. Fe thickness 30 A

The Mossbauer spectra of the uncoated 30-A-thick Fe
film on Tb(0001) (sample A) at 30 and 295 K show mag-
netically split sextets with relatively narrow lines typical
for crystalline bcc Fe [Figs. 4(d) and 4(e)]. These spectra
(as well as all other magnetically split spectra discussed in
this paper) have been least squares fitted with sextets of
Lorentzian lines using a Voigt profile for the line shapes,
implying a Gaussian distribution of P(Bht). This type of
fitting has been employed since the linewidth was ob-
served to be slightly larger than that of a bulk-a-Fe cali-
bration foil [0.232(7) mm/s], indicating a narrow distribu-
tion of hyperfine fields, possibly as a result of inhomo-
geneous strain. The average hyperfine field Shf obtained
was 34.1 T at 30 K and 32.2 T at 295 K, in good agree-
ment with corresponding values for bulk bcc Fe (34 and
33 T, respectively). Average cone angles of 68' at 30 K
and 71' at 295 K have been obtained from the relative
line intensities, implying preferential Fe-spin orientation
in the film plane, similar to the case of the Fe(15
A)/Tb(0001) sample. This in-plane spin orientation is
not complete, however, since a complete in-plane spin
texture would mean (e)=90'. Spectral Mossbauer pa-
rameters of sample A are summarized in Table II.

Our observation that uncoated 15- or 30-A-thick Fe
films on Tb(0001) exhibit preferential in-plane Fe-spin
orientation at 30 and 295 K is quite different from results
obtained from multilayered Tb/Fe samples with similar
individual Fe-layer thicknesses. In our earlier work we
have demonstrated by Mossbauer spectroscopy that
Tb/Fe multilayers with an individual Fe-layer thickness
t„,of 30 A and below show a preferred perpendicular
Fe-spin direction independent of temperature for indivi-
dual Tb-layer thicknesses trb of 7 and 14 A, and an Fe-
spin reorientation from the perpendicular direction
(below —100 K) to an in-plane easy direction (at 295 K}
for t~=26 A. Obviously, an uncoated single Fe
layer on the surface of a bulk Tb single crystal behaves
differently.

The drastic change in the appearance of the spectra in
Figs. 4(b} and 4(c) as compared with those of Figs. 4(d)
and 4(e) is the result of an irreversible retrocrystallization
of the amorphous Fe (at t„,=15 A) to bcc Fe (at
tF, =30 A) involving almost the whole layer thickness
except for a thin remaining interface layer [which could
not be detected in Figs. 4(d) and 4(e) due to the low
signal-to-noise ratio]. This change has been reported ear-
lier for Tb/Fe rnultilayers' ' and for other
R/Fe multilayered films. ' ' ' ' It has been detected in-
directly by in situ resistance measurements during 61m
growth. "
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B. Tb-coated Fe on Tb(0001)
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FIG. 5. CEM spectra of a 30-A-thick ' Fe film deposited
onto Tb(0001) and coated by 14-A Tb (sample 8), measured at
(a) T=30 K, (b) T=150 K, (c) T=200 K, and (d) T=295 K.
The average cone angle is indicated in each case. (The full
drawn curves are least-squares fits described in the text. }

Typical Mossbauer spectra of the Tb-coated 30-A Fe
film on Tb(0001) (sample B) at different temperatures are
displayed in Fig. 5. The spectra and their Mossbauer pa-
rameters (Table II) are typical for bcc Fe and similar to
those of the uncoated film [Figs. 4(d) and 4(e)] except for
very difFerent spin texture (line-intensity ratios) at low
temperatures. This striking difference can clearly be seen
by comparing the spectra taken at 30 K and shown in
Figs. 5(a) and 4(d). The relative intensity of the second
and fifth Mossbauer lines has dramatically decreased in
Fig. 5(a) as compared to Fig. 4(d), as a result of the Tb
coating. This demonstrates that preferential out-of-plane
Fe-spin orientation is induced by the Tb-coating layer in
sample 8, while preferential in-plane spin orientation was
present in the uncoated film (sample A). Comparison of
the relative line intensities in Figs. 5(a) and 5(b) reveals
that out-of-plane spin orientation is still retained in sam-
ple B at 150 K. The corrected cone angle (8) obtained
for sample 8 at 30 K is only 32', as compared to a corre-
sponding value of 68' for sample A. At a certain temper-
ature, the true (corrected) (8) value of the fraction of
the Fe film covered completely by Tb was calculated from
the measured (8) value by assuming that the uncovered
30%%uo of the Fe film retains the (8) value determined for
sample A (uncoated) at that temperature. These correct-
ed values of (8) for sample B are listed in Table II, to-
gether with its other spectral parameters. At 295 K,

(8 ) of sample B is found to be 65, implying incomplete
in-plane Fe-spin orientation. Thus, with increasing T,
the preferential Fe-spin direction in sample 8 in zero
external field changes from perpendicular (at low T) to
nearly in plane (at 295 K), as has already been found for
Tb/Fe multilayers

Analysis of the 295-K spectrum [Fig. 5(d)] of sample B
(coated) indicated a central (paramagnetic) spectral com-
ponent of -8% in relative intensity in addition to the
dominant sextet. By fitting this central component with a
Lorentzian single line, a linewidth of only 0.28 mm/s and
a central line shift (isomer shift 5) of +0.039+0.020
mm/s (relative to a-Fe at 295 K) was obtained. This
rather sharp single line is barely detectable at 200 K [Fig.
5(c)], and has certainly disappeared at 30 K [Fig. 5(a)].
We cannot claim that such a single-line component was
present also in the spectrum of sample A (uncoated) at
295 K, as the counting statistics was not good enough in
this case [Fig. 4(e)]. The origin of this weak single-line
componeat is not yet clear, although its central line-shift
value 5 (being close to zero} and its disappearance at low
T suggests that it is due to a small fraction of super-
paramagnetic bcc-Fe clusters in the film. In addition it
shows no quadrupole effect and so implies a cubic site.

C. Uncoated and Tb-coated Fe on polycrystalline Tb

It is interesting to check whether the single-crystalline
nature of the Tb(0001} substrate is responsible for the
Fe-spin orientational effects described in Secs. III A and
III B. For this reason, the experiments described above
have been repeated using a polycrystalline (bulklike) 150-
A-thick hcp-Tb layer as a substrate for the Fe film (35 A
thick in this case).

Mossbauer spectra of these specimens at different tem-
peratures, i.e., of samples C (uncoated) and D (Tb coated),
are shown in Fig. 6. All spectra are typical for bcc Fe.
Parameters are summarized in Table II. The Fe-spin
orientational phenomena observed with this polycrystal-
line Tb substrate are similar to those obtained with the
Tb(0001) substrate. Thus the uncoated Fe film on poly-
crystalline Tb (sample C) at 35 K exhibits preferential
in-plane orientation with an angle (8) of 74' [Fig. 6(a)],
in good agreement with the result obtained from sample
A at 30 K [Fig. 4(d)]. On the other hand, clear out-of-
plane Fe-spin texture is induced by the Tb-coating layer
in sample D at temperatures ranging between 35 and 200
K, as is indicated by the relative line intensities in Figs.
6(b) —6(d). The cone angle (8) obtained from the 35-K
spectrum [Fig. 6(b)] is equal to 28', in good agreement
with the (corrected) value of 32 of sample B at 30 K. At
295 K, the Fe-spin texture of sample D has changed to in-
complete in-plane orientation (8 ) =76 [Fig. 6(e)], which
is somewhat larger than the (corrected) value of
(8) =63' obtained for sample B at room temperature.
Other parameters of samples C and D are given in Table
II.

Figure 7 displays the temperature dependence of mea-
sured (8) values for samples A D. For the Tb-coat—ed
samples 8 and D, the Fe-spin reorientation from the pre-
ferred perpendicular direction at low temperatures to
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preferential in-plane orientation at higher temperature
sets in at —150 K for sample B [Tb(0001) substrate] and
at -200 K for sample D (polycrystaHine Tb substrate).
For sample A (uncoated), the change in (8) with tem-
perature can be seen to be small.

D. Uncoated and Tb-coated Fe on polycrystalline Ag
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FIG. 6. CEM spectra of 35-A-thick ' Fe 61m deposited onto
150-A polycrystalline Tb on Cu(001) substrate: (a) uncoated
(sample C) measured at T=35 K; (b)-(e) coated by 14-A Tb
(sample D), measured at (b) T=35 K, (c) T=150 K, (d) T=200
K, and (e) T=295 K. The average cone angle (6) is indicated
in each case. (The full-drawn curves are least-squares fits de-
scribed in the text. )

Results obtained so far emphasize the important role of
the top-Tb layer in inducing the perpendicular anisotropy
responsible for the out-of-plane magnetic texture. In or-
der to eliminate the effect of the Tb substrate and concen-
trate on the inAuence of the Tb coating layer alone, sam-
ples E and F [both of which contain 35-A Fe on a poly-
crystalline (bulklike) Ag substrate] have been studied.

A polycrystalline Ag substrate has been chosen since
essentially in-plane magnetic anisotropy may be expected
for 35-A Fe on this substrate in the whole temperature
range studied due to the predominant shape anisotropy of
this Fe film. Although a perpendicular anisotropy has
been observed for ultrathin epitaxial bcc-Fe layers of
2.4—3 monolayers ( -3.4—4 A) in thickness on a Ag(001)
substrate ' below 15 K, and for polycrystalline 5-A-
thick Fe films on polycrystalline Ag at 4.2 K, thicker Fe
films ( ~ 9 ML or -13 A) on Ag(001} exhibit preferred
in-~lane anisotropy even at 4.2 K, and the same is true
for 5.5-ML Fe films on Ag(001} at 300 K. For instance,
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FIG. 7. Results for the average cone angle (6) as a function
of temperature for the different samples studied: sample A, open
circles; sample B, full circles; sample C, open triangle; sample D,
full triangles; sample E, open squares; and sample F, full
squares. (The drawn curves serve as guides to the eyes. )
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FICx. 8. CEM spectra of 35-A-thick Fe film deposited onto
a 300-A-thick polycrystalline Ag film on an Al substrate: un-
coated (sample E), measured at (a) T=40 K and (b) T=295 K;
(c)—(e) coated by 14-A Tb (sample F), measured at (c) T=40 K,
(d) T=100 K, and (e) T=295 K. The average cone angle (6)
is indicated in each case. (The full drawn curves are least-
squares fits described in the text. )
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(e &
=73' is found for 9-ML Fe on Ag(001) at 4.2 K.

Perpendicular anisotropy does not exist in ultrathin
Fe(110) even in the monolayer range on Ag(111) at 4.2 K
or higher temperatures. ' Therefore, for our rather thick
(uncoated) polycrystalline 35-A (-25-ML) Fe film on
polycrystalline Ag, preferred in-plane Fe-spin orientation
is to be expected for all temperatures used here.

This is confirmed by the spectra of sample E [Fe(35
A)/Ag(300 A)] at 40 and 295 K [Figs. 8(a) and 8(b)].
These spectra [as well as those of sample F, Figs.
8(c)—8(e)] are typical for bcc Fe. For the uncoated Fe(35
A)/Ag(300 A) film (sample E), cone angles (8 & of 80'
and 83' at 40 and 295 K, respectively, have been ob-
tained, which indicates strong preferred in-plane Fe-spin
texture nearly independent of temperature, as expected.
The striking effect of a 14-A Tb coating layer covering
this sample is revealed by the intensity ratio in the spec-
trum of sample I' [Tb(14 A)/Fe(35 A)/Ag(300 A)] at 40
K [Fig. 8(c)] from which a cone angle (8 & of 57' is ob-
tained (Fig. 7). This ineans that the average Fe-spin
direction has changed from nearly completely in plane
((e &

=80') for the uncoated film toward the out-of-plane
direction for the Tb-coated film. On the other hand, at
295 K the average angle (B& is found from Fig. 8(e) to
be the same within error limits for samples F (82') and
E (83') (Fig. 7), indicating nearly perfect in-plane Fe-spin
texture.

The measured average hyperfine-field values as a func-
tion of temperature obtained for the different samples are
displayed in Fig. 9.

From Table II we notice that the values for the isomer
shift 5 of samples A Fare ident—ical within error limits
to those of bulk bcc Fe. Moreover, samples A, C, and E
at low temperature (with preferential in-plane anisotropy)
show typical values of BI,& close to those for bulk bcc Fe
(33.9—3.40 T, Ref. 52), whereas the Tb-covered samples
B, D, and F at low temperature (with preferential out-of-

plane anisotropy) show Bi,& values which are slightly
enhanced in magnitude as compared to those of a-Fe.
This effect is most remarkable for sample D at 35 K
(Bgf 35.29 T), which also shows very strong preferential
perpendicular Fe-spin orientation ( ( 8 &

=28'). This
weak enhancement in the magnitude of Bz& is
caused by the local anisotropic demagnetizing field

Npo—M', cos(e &, since the measured hyperfine field Bb&
(being negative, i.e., opposite to the direction of the spon-
taneous inagnetization I, ) for a single-domain state is
given by

Bi,„=B;„,+ —,'poM, —NpoM, cos8,

where B;„,is the (negative) internal hyperfine field, N is
the demagnetizing factor (here N = 1 for a thin film with
M, oriented perpendicular to the film plane), and e is the
angle between the direction of M, and the film normal.
The second term in Eq. (1) corresponds to the Lorentz
field. The demagnetizing field (third term) is parallel to
the (negative) internal hyperfine field and thus enhances
the magnitude of BM for the case of small-e values (per-
pendicular spin texture} as coinpared to the case of 8
values closer to 90' (in-plane spin texture}. By comparing
the in-plane (sample C) and out-of-plane cases (sample
D), both at 35 K, and by taking the corresponding values
of ( 8 & and B„rfrom Table II, we may estimate the value
of @0M, for samples C and D at 35 K from Eq. (1) using
e=(e&. From this we obtain I.Pf, =(2.0+0.5) T for
samples C and D at 35 K, which is in agreement with the
saturation value of 2.19 T for bulk bcc Fe. This dernon-
strates that the slightly enhanced hyperfine fields in Table
II are due to the demagnetizing field and not to a
transferred hyperfine-field contribution. It also demon-
strates that our samples contain predominantly magnetic
domains in zero external field with their magnetization
aligned along the film-normal direction, since any in-

plane domain magnetization present would drastically
decrease the demagnetizing field.

35-

33

32-

31
0

I

300100 200

Temperature (K)

FIG. 9. Measured average hyperfine field Bhf as a function of
temperature for the different samples studied: sample A {open
circles); sample B {full circles); sample C {open triangle); sample
D {full triangles); sample E {open squares); and sample F {fu11

squares). {The drawn curves serve as guides to the eyes. 3

IV. DISCUSSION

The influence of the Fe-film thickness on the structure
of ultrathin Fe layers deposited on a clean single-
crystalline Tb(0001} surface has been shown to be very
similar to that found for ultrathin Fe layers on polycrys-
talline Tb films in Tb/Fe multilayers. At first, for t„,=3

0
and 15 A, Fe grows on Tb in a noncrystalline, amor-
phous structure, as demonstrated in Figs. 4(a), 4(b), and
4(c). Above a certain thickness between 15 and 30 A
there is a retrocrystallization of most of the Fe layer
[Figs. 4(d) and 4(e)], in good agreeinent with results for
polycrystalline Tb/Fe multilayers' * which show a
crystallization thickness in the range 18—32 A depending
on the substrate temperature during film growth. ' '

The magnetic properties of our uncoated amorphous Fe
films (samples G and H) have already been discussed in

Sec. III.
The magnetic Fe texture of uncovered bcc-Fe layers

(30—35 A thick) on single-crystalline Tb(0001) or on poly-
crystalline Tb is different from that of such Fe 1ayers in
Tb/Fe rnultilayers: in-plane magnetic Fe texture has been
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observed for the uncoated films between -30 and 300 K
[Figs. 4(d), 4(e), and 6(a)], while for Tb/Fe multilayers
[e.g., with periods of Tb(26 A)/Fe(30 A)] below 100 K
out-of-plane magnetic Fe texture has been found,
implying a stronger total perpendicular magnetic anisot-
ropy for the multilayers as compared to the uncoated sin-

gle bcc-Fe layers on Tb. Covering the bcc-Fe single layer
with 14 A of Tb, however, leads to a strong tendency for
out-of-plane (up to nearly perpendicular) Fe-spin orienta-
tion, as is demonstrated in Figs. 5(a) —5(c) and 6(b) —6(d)
for samples B and D, respectively. The results for the un-
coated bcc-Fe films [Figs. 4 and 6(a)] indicate that the
structure of the Tb substrate (either single crystalline or
polycrystalline} plays no determining role for the perpen-
dicular magnetic anisotropy.

The results presented above (and in Fig. 7} for the un-
covered Fe- and Tb-covered bcc-Fe layer on Tb(0001)
(samples A and B, respectively) as well as on polycrystal-
line Tb (samples C and D, respectively} clearly show the
important role of the interface region for creating the
perpendicular anisotropy. It is also clear from the above
that the two interfaces, Fe deposited onto Tb (i.e., Fe/Tb)
and Tb deposited onto Fe (i.e., Tb/Fe}, show different
properties. Thus we see that for the first samples (sam-
ples A and C), with a Fe/Tb interface only, in-plane Fe-
spin texture is observed, while a Tb/Fe interface results
in a tendency for out-of-plane Fe-spin texture either for
the Tb/Fe/Tb (sainples B and D) or for Tb/Fe/Ag (sam-
ple F) sandwich structures, with a stronger tendency
(smaller (8) value) for Tb/Fe/Tb.

The important question is why both types of interfaces
(Fe/Tb and Tb/Fe) behave so differently in inducing per-
pendicular Fe-spin texture (and consequently, perpendic-
ular magnetic anisotropy) in the bcc-Fe layer. We pro-
pose that the structure of both types of interfaces may be
different. In this context it is important to notice that in
situ electrical-resistance measurements by Dufour et al. '

on Tb/Fe/Tb triple layers during film deposition have
shown an asymmetry in the shape of resistance (or con-
ductance) versus deposited layer thickness. As a possibil-
ity, this effect was interpreted in terms of a division of the
Fe-layer into an amorphous region near the first (Fe/Tb)
interface and a bcc-Fe region which extends from the
amorphous zone at the first interface to the second
(Tb/Fe) interface. ' Thus in this interpretation there is a
structural asymmetry in both interfaces. Unfortunately,
due to the modest counting statistics (i.e., low signal-to-
noise ratio) in our CEM spectra of 30—35-A Fe films
[Figs. 4—6 and 8(c)—8(e)], we were not able to detect any
weak satellite sextet with broadened lines (in addition to
the main bcc-Fe sextet) which may be assigned to an
amorphous interface phase. ' ' ' However, based on
spectra simulations we cannot exclude that such a weak
subspectrum due to a thin amorphous interface exists in
our CEM spectra, with an upper limit for its spectral area
of -30% (relative to the total spectral area); this would
correspond to an average amorphous Fe-layer thickness
of at most -5 A per interface in our samples, which we
cannot exclude. Hence, considering the structural asym-
metry reported in Ref. 17 and the present results, we sug-
gest that the Fe-onto-Tb interface (Fe/Tb} (as in uncoat-

ed samples A, C, and H} is much less effective in induc-
ing perpendicular Fe-spin orientation because its struc-
ture might be completely amorphous, in contrast to the
Tb-onto-Fe interface (Tb/Fe) (as in Tb-coated samples B
and D) which induces a stronger perpendicular Fe-spin
orientation at low temperature due to the fact that it
might be only partially amorphous (possibly with a
different composition or structure than the amorphous
phase at the Fe/Tb interface}, and contains a large frac-
tion of crystalline bcc Fe, or equivalently, contains a
large fraction of regions with a sharp Tb/bcc-Fe inter-
face.

In a recent phenomenological theory, O'Handley and
Woods have calculated in the zero-field limit the spin
structure of a-Fe near a Fe surface showing a strong per-
pendicular surface anisotropy constant E&. They find a
depth dependence of the Fe-magnetization tilt angle
8(z), implying a continuous rotation from the in-plane
direction favored in the interior, to perpendicular at the
surface. It follows from Figs. 3 and 5 of Ref. 53 that 8,
(=tilt angle at the surface) and (8) (angle 8 averaged
over a Fe-surface layer thickness z of 30 or 35 A, similar
to our Fe-film thickness) are proportional to I/Ks. For

0z=35 A, the proportionality constant can be estimated
to be about 320 (degrees) (cm /erg) ' from Fig. 3 of Ref.
53. From this and the measured (8) values at low tem-
peratures (30—40 K} given in Table II, we can estimate
that the efFective Ks value is larger for sample F (Fe film

with one Tb/Fe interface) than for samples A or C (Fe
film with one Fe/Tb interface), consistent with the obser-
vation that the Tb/Fe interface is more effective in induc-
ing perpendicular magnetic anisotropy than the Fe/Tb
interface. For example, at T=35—40 K the change in
(8) by 6(8)= —17' for sample C relative to sample F
corresponds to a difference in the reciprocal surface-
anisotropy constant, b(1/Kz), of about —0.05 cm2/erg,
equivalent to an increase in the relative anisotropy con-
stant, b Ks/Ks, of about + 0.05 cm /erg of a Tb/Fe in-

terface as compared to a Fe/Tb interface. Since the
boundary conditions in the calculation of Ref. 53 (infinite
Fe-film thickness) are difFerent from those of our samples
(finite Fe-film thickness) the estimated value for 5(1/Kz }
(or for b,Kv/Ks) should be considered as a lower (or
upper) limit only.

A problem concerns the fact that we still observe a
small component of preferential perpendicular Fe-spin
orientation according to Fig. 7 even up to room tempera-
ture, far above the magnetic ordering temperature of bulk
Tb. There is ample evidence that generally in R /M mul-
tilayers, the R atoms at the interface are polarized mag-
netically by the surrounding magnetic M atoms well
above the R ordering temperature. This has been shown
both experimentally and theoretically for
Cxd/Fe, for Nd/Fe, and for Tb/Fe. ' This phenomenon
has a1so been seen in our Tb/Fe multilayers by observing
the magnetic dichroism at the Tb edge ' at room temper-
ature. Recently, Moschel and Usadel calculated the
magnetic properties of different ferromagnetic layers cou-
pled by antiferromagnetic interactions. They found this
effect as well, making this a very general phenomenon.
Therefore, PMA observed at room temperature seems to
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be related to the polarizing effect of Fe upon Tb at the
(sharp) interface.

The temperature dependence of the canting angle
(8 )(T) remains to be explained. Generally, we observe
a transition from prefer entially perpendicular (small
(8 ) ) to preferentially in-plane Fe-spin texture with in-
creasing temperature (such as in Fig. 7) over a certain
range of Fe and Tb thicknesses in multilayers.
Wang et al. made a phenomenological model calcula-
tion and ascribed this effect to the magnetic properties of
an ultrathin amorphous interface alloy for which they as-
sumed concentration gradients and the same magnetic
properties as those in (bulk) amorphous Tb-Fe alloys
(sperimagnetic structure} including PMA. Despite the
success of this model, the question may be posed whether
the continuum model used in these calculations is ade-
quate for the very thin (-7 A) interface phases observed
in Fe/Tb multilayers. Recently Jensen and Bennemann
made a mean-field model calculation of this phenomenon
in which the driving force for this transition is the larger
entropy due to the increased phase space available for the
in-plane configuration. In the later paper they qualified
this conclusion. In their original paper, they used a
temperature-independent anisotropy coeIcient, inap-
propriate for a mean-field model. In a very recent
quantum-mechanical calculation, Moschel and Usadel 5

determined the thermally averaged (8)(T) for a trilayer
assuming a fixed perpendicular surface anisotropy. This
new calculation is very interesting because they included
the dipolar interaction of the layers (form anisotropy) as
well. They found a transition from 8=0' at low temper-
atures to 8=90' at higher temperatures, this occurring
over a relatively restricted temperature range. Thus we
can conclude that the basic driving mechanism for the
transition which we observe from perpendicular to in-

plane spin texture is the increased entropy due to spin
fluctuations.

V. CONCLUSIONS

We have shown Mossbauer-effect (CEMS} results ob-
tained on clean ~Fe films on a well defined Tb(0001}
single-crystal or polycrystalline Tb surface. The Fe films

exhibit a transition from amorphous to crystalline bcc Fe
with increasing Fe thickness between 15 and 30 A, in

good agreement with results obtained on Tb/Fe (Refs.
16—18 and 24—29) and other R/Fe multilayers. ' '

The Fe-spin texture of thin Fe films on Tb(0001) and on

polycrystalline Tb is in the film plane, contrary to the re-
sults obtained for Tb/Fe multilayers which may show
perpendicular Fe-spin texture for temperatures less than
100 K. We could show that a perpendicular Fe-spin
texture is induced by a Tb/Fe interface obtained by coat-
ing the free Fe films with a 14-A-thick Tb top layer. This
Tb/Fe interface (Tb on Fe) induces a reversible
temperature-dependent Fe-spin texture with preferred
perpendicular Fe-spin direction at low temperatures and
a change to in-plane spin direction for temperatures
~ 200 K. The results obtained with a polycrystalline Tb
substrate are in good agreement with those obtained with
the Tb(0001) substrate, leading to the conclusion that the
structure of the Tb substrate has no important influence
on the magnetic anisotropy in our samples as well as in
Tb/Fe multilayers. The importance of the Tb/Fe inter-
face for perpendicular magnetic anisotropy could be
confirmed with experiments on Tb/Fe/Ag trilayers. In
agreement with Rau and Xing, thin Fe films on poly-
crystalline Ag substrate layers show preferred perpendic-
ular Fe-spin texture after covering with a thin Tb top lay-
er. Comparing the observed changes in average tilting
angle (8) of Fe spins for a Tb/Fe/Ag trilayer (with one
Tb/Fe interface) relative to a Fe film on Tb (with one
Fe/Tb interface) with angular changes calculated by
O'Handley and Woods provides evidence that the mag-
netic surface anisotropy energy from the Tb/Fe interface
is much larger than that from the Fe/Tb interface. To-
gether with results obtained by in situ resistance measure-
ments' (which indicate a structural asymmetry in both
types of interfaces), our present observations suggest that
strong perpendicular magnetic anisotropy in UHV-
deposited Tb/Fe multilayers originates predominantly at
Tb/Fe interfaces which very likely have a different struc-
ture than the (less effective) Fe/Tb interfaces. Our results
also show that the slightly enhanced hyperfine fields ob-
served in Tb/Fe multilayers with perpendicular Fe-spin
texture may be explained by the demagnetizing field, and
do not result from transferred hyperfine fields from Tb
moments at the interface.
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