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The experimental magnetic phase diagram for three characteristic Fe/Gd multilayered samples is
confirmed on a microscopic scale by

' Fe Mossbauer spectroscopy using a special geometry. The iron
moment rotation in the sample plane at a critical H external field is observed and signals the transition
from an aligned to a twisted state. This behavior is accounted for within the framework of an improved
mean-field model. Self-consistent spin maps are derived for given temperatures and external fields ap-
plied parallel to the sample plane. A unique set of exchange coupling constants is used to calculate both
the mean magnetic properties and the Mossbauer spectroscopy data.

I. INTRODUCTION

In the field of the magnetic properties related to
iron/rare-earth multilayers, the theoretical study of the
Fe/Gd system has become increasingly attractive for
several reasons. Since Gd is in an S state, the magneto-
crystalline anisotropy due to crystal-field effects is negli-
gible when compared to other rare earths bearing an or-
bital moment. The very different ordering temperatures
of Fe and Gd together with their antiparallel coupling at
the interface give rise to complex and interesting magnet-
ic phase diagrams as a function of layer thickness, tem-
perature and external magnetic field.

Magnetic phase diagrams for Fe/Gd multilayers were
first obtained theoretically by Camley and Tilley. ' This
work showed that when an external field was applied in
the plane of the layers three main phases existed: (i) the
Gd-aligned regime where gadolinium moments point in
the field direction with iron moments in the opposite
direction, (ii) the Fe-aligned regime where iron moments
point in the field direction with gadolinium moments an-
tiparallel, and (iii) the twisted regime where both iron and
gadolinium moments leave the field direction and exhibit
a transverse component. The Gd-aligned state occurs in
a very low external field when the Gd magnetization
overcomes the Fe one at low temperature. As the tem-
perature increases, the Gd magnetization decreases and
the net magnetization is nearly zero at a compensation
temperature T, . Thus, for T)T, , the Fe-aligned state
takes place. This state is found as well for samples with
dominant iron magnetization at low temperature, i.e.,
when no compensation temperature exists. The twisted
state sets in at a critical H field when a spin flop occurs,
accompanied by a sudden increase of the susceptibility.
Near T,~, this transition takes place at a very low H'
field.

The theoretical predictions were consistent with the
early work of Morishita, Togami, and Tsushirna who
showed the occurrence of compensation temperatures

and of Kamiguchi, Hayakawa, and Fujimori, Fujimori,
Kamiguchi, and Hayakawa who evidenced spin flops
through magnetoresistance effects. More recently,
Cherifi and co-workers established experimental phase
diagrams for several Fex/Gdy samples with y/x close to
two; the H*(T) curves were in qualitative accordance
with the model. Furthermore, the transition between
aligned and twisted states was evidenced on an atomic
scale for a sample with dominant Gd magnetization at
100 K through Fe Mossbauer spectroscopy by Bauer
et al. Using an original transmission geometry, these
authors proved definitely the iron moment in-plane rota-
tion with respect to an external field and derived the
mean canting angle in the twisted state.

Direct fitting of the magnetic isotherms M(H) was
done first by Motokawa for the Fe/Gd multilayered sys-
tem by the use of a recursion formula which gave the an-
gles between any magnetic moment and the field axis.
More recently, fits of magnetization M(H} and M(T)
curves as well as of magnetoresistance data for several
Fex/Gdy samples with x =y were reported by Takanashi
et al. within a self-consistent molecular field model.
These authors assumed a stepwise modulation of the
composition and the exchange interaction in Gd and Fe
layers were the same as in bulk material. All these calcu-
lations led to theoretical H' (spin fiop} and T,z (compen-
sation temperature) in agreement with experimental data.

In this paper we report experimental data and theoreti-
cal calculations for the magnetic and Fe Mossbauer
properties of Fe/Gd multilayers with several composi-
tions. Samples with dominant Gd magnetization at low
temperature and samples with dominant Fe magnetiza-
tion are examined. The model used originally in Ref. 1 is
improved to take into account the actual layer
thicknesses and the effective Gd magnetic moment at low
field. The obtained spin configurations are used to calcu-
late the H*(T) curves. The same spin maps allow us to
account for both the transition probabilities of the Fe
nuclear Zeeman pattern and the evolution of the
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hyperfine field versus the applied field H. The paper is
organized as follows: Sec. II is devoted to experimental
aspects, Sec. III recalls the model and its extensions, in
Sec. IV we present the magnetic phase diagram, the
Mossbauer spectroscopy results, and some characteristic
calculated spin configurations for these Fe/Gd multilay-
ers.

II. EXPERIMENT
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FIG. 1. Low-angle neutron-scattering pattern of a Fe68
0 0

A/Gd52 A multilayered sample showing three Bragg peaks
representative of the periodic structure.

Fe/Gd multilayered samples were obtained in a high-
vacuum chamber by alternative deposition of iron and
gadolinium on kapton foils kept at 90 K during the fabri-
cation process. The pressure in the chamber was 10
Torr before the evaporation and 10 Torr during the
process. To prevent contamination of the rare earth, the
last layer was iron covered by silicon. Additional details
of the fabrication are described in Ref. 10. The artificial
periodic structure was confirmed by low-angle x-ray and
low-angle neutron scattering. Because of the poor x-ray
contrast between gadolinium and iron, the neutron tech-
nique was more appropriate despite the neutron absorp-
tion by Gd. A typical spectrum collected at room tem-
perature on a Fe68 A/Gd52 A sample is pictured in Fig.
1. The modulations calculated from peak-to-peak dis-
tances were in accordance with expected ones within 6%
accuracy. The crystallographic structure of the samples
was examined by standard high-angle x-ray diffraction
and in situ electrical measurements. " The Gd film be-
comes polycrystalline with hcp structure when the depos-
ited layer is greater than 20 A (grain size 35—55 A). The
structure of the Fe layers changes from amorphous to bcc
when a critical thickness of 25 A is reached. No pre-
ferred orientation was detected in the iron layers in the
30-60 A thickness range, the iron layers are polycrystal-
line with an average grain dimension of 50 A.

Magnetization measurements were done with a Foner-
type magnetometer in fields up to 20 kOe and tempera-
tures ranging from 4.2 to 300 K. The field was applied
parallel to the layers since the magnetization is thought
to lie in the plane owing to dominant shape anisotropy.

Mossbauer spectra were recorded in transmission with
standard source drive and data collection mode. The
spectral analysis was carried out using Lorentzian line
shapes. We recall that the line intensities of the Fe nu-

clear Zeeman sextet depend on the angle 0 between the
Fe magnetization and the incident y-ray beam. In the
case of negligible quadrupole interaction, the absorption
probability ratios for a thin absorber are expressed as
3:X:1;1:X:3,where

X =4(1—{cos 8) )/1+ {cos 8) .

For the studied Fe/Gd samples the usual setup (y beam
normal to the sample plane} yields X =4 indicating that
the iron magnetization lies in the film plane as expected
from demagnetizing field effects. When a magnetic field
is applied parallel to the film planes, as was done for rnag-
netization measurements, the value of X would obviously
be kept at 4 whatever the in-plane moment orientation.
Therefore, to obtain the variation of X versus the external
field H, the sample was tilted around the H axis so that
the sample normal made an angle of 45' with the y beam.
With this setup, one gets X =4.00 and X =1.33 for iron
magnetic moments, respectively, parallel and perpendicu-
lar to the external field and X =2.40 for random orienta-
tion in the plane.

III. THE SELF-CONSISTENT MEAN-FIELD MODEL

A. Background

Theoretical calculations where done using a modified
version of the original self-consistent mean-Geld model
described in Ref. 1. The basic features may be summa-
rized as follows. We consider alternative stackings of bcc
iron and hcp gadolinium layers with an abrupt interface,
despite the existence of slightly intermixed zones as re-
vealed by Mossbauer spectroscopy. The spins are free to
rotate in the atomic planes parallel to the interface planes
and only nearest-neighbor interactions are considered.
The exchange coupling constants are, respectively, JI for
iron spins, J2 for gadolinium spins, and JI for antiferro-
magnetic coupling between iron and gadolinium spins at
the interface. Inside a layer the Fe atom (resp. Gd atom)
located in the ith monolayer has four (resp. three)
nearest neighbors (nn) in monolayer i + 1 and the same
number in monolayer i —1. The spin in monolayer i is
submitted to an effective field H; which is the sum of the
exchange field and the external field H:

H, =X(J;;~i(S; +i) +J;, t(S; i))+H .

This spin is rotated in order to point in the direction of
the effective field, so that the energy E= —X;H,.S, is
lowered. The thermal averaged magnitude {S,) in that
direction is given by the Brillouin function B:
(S; ) =S;B(S;H/;k//T). The process is repeated until a
self-consistent state is reached where all spins are aligned
with the effective fields produced by the neighboring
spins.

Different self-consistent states can be found depending
on the initial choice for the spin configurations. For
finite T and H the ground state corresponds to the lowest
free energy F= —ksln(Z} —(g;(S; )H}/2 where Z is
the partition function for the whole system and the
second term on the right side eliminates the double
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counting of the average exchange energy. In the mean-
field approximation Z =II;Z; with Z; being the partition
function for the spin i in the self-consistent effective field.
The output of this procedure consists of a spin map
Sz&' Syp in the lth plane and from plane to plane
along the perpendicular z direction within a period; the
external field H is directed along the w axis. Following
the layout of this spin map, the net magnetization along
the external field direction H can thus be computed at
each temperature T. For the fitting of microscopic data,
the knowledge of S„;., S„ leads to sin a; where a; is the
angle between S; and the applied field H. It is then possi-
ble, (i) to compute the X(H) transmission ratio present in
the Fe Zeeman pattern through ( cos 8 ) = ( sin a ) /2
and (ii) the resulting hyperfine field H„„(H); the latter is
given by

(1/N„, )X, [Hi,„(0)+H —2Hb„(0)H cosa, ]'i2,

where NF, is the number of Fe monolayers within one
period.

B.Choice of the parameters

The parameters used in the numerical analysis fall into
two classes: (i) structural parameters related to the nomi-
nal thicknesses and the atom layer spacing and (ii) energy
parameters and magnetic parameters which are adjust-
able to get the best fit but compatible with those corre-
sponding to bulk material.

For the first kind we assume [100]b„~~[001]b, . If a and
c are the lattice parameters of iron and gadolinium, the
monolayer spacing is thus a„,=a/2 and ao~=c/2.
From the individual layer thickness d„, and do~, we get
the number of monolayers within one period, i.e.,
N„,=d„,/a„, and Noz=doD/ao~. In order to take
care of the different densities in the stacking planes
(100)b and (001)b, at the interface, we write the ratio of
total number of Fe and Gd atoms through the bulk densi-
ties and Avogadro number that is n „,/n os = l.4
N„, /NGs. It turns out that there are 1.4 times more Fe
atoms per layer than Gd ones at the interface.

The second kind of parameters involves the exchange
coupling constants J& between Fe atoms, J2 between Gd
atoms and JI for antiparallel Fe-Gd coupling at the inter-
face. An initial estimation of J, and J2 is made from the
bulk Curie temperature written as Tc=J S(S+1)/3.
Here J, expressed in K, is a measure of the total effective
exchange field acting on a spin, it includes in-plane con-
tributions as well as contributions between planes. We

assume furthermore these contributions to be equal,
hence J, =J„E/3 and J2=Jo~/3. The antiparallel cou-
pling exchange constant JI should be negative and inter-
mediate in absolute value between J& and J2 as expected
from data upon intermetallic Fe-Gd compounds. '

Calculations were at first performed with the hy-
pothesis of bulk magnetic moments, i.e.,
m „,=2.2p~/atom and m Gz

=7.55pz/atom. The
theoretical magnetic curves showed, however, that T

p
and H* were larger than the experimental values and the
X(H) curves were shifted upward, indicating an excess of
the gadolinium magnetization. Since it seemed unlikely
to reduce do~ by 30%, we introduced further a phenome-
nological reduction of the total magnetic moment of the
Gd films. In the present analysis, at variance with
Takanashi et al. , the iron magnetic moment was kept at
m F, =2.2pz, consistently with the measured Fe
hyperfine field, but the "effective" gadolinium moment
leading to good fits was found to fall around
ma&=5. 7p~, depending slightly upon the layer thick-
ness. This assumption is supported experimentally: The
saturation of a pure thin gadolinium probe was achieved
only for fields above 20 kOe. This increased magnetic
hardness may arise from the polycrystalline character of
the Gd layers, more or less textured, and from possible
defects. This statement being made for the gadolinium
moment, the whole experimental data could be well ac-
counted for with a unique set of energy parameters. Best
fits were obtained with J, =521, J2 = 16.5, and Jz = —200
K. The parameter J, is consistent with the bulk Curie
temperature of iron (1043 K), whereas J2 led to a transi-
tion temperature of 260 K for gadolinium instead of 293
K.

IV. RESULTS AND DISCUSSION

Magnetization measurements, Mossbauer spectrosco-
py, and calculations were performed for various Fex/Gdy
samples with or without compensation temperatures. We
present results for three characteristic multilayers. Table
I displays the compensation temperature, the structural
parameters and the effective gadolinium moment which,
for each sample, provides the best adjustments of the
M(H), X(H), and H„„(H) curves.

As an example, we discuss the analysis performed on
the Fe64 A/Gd126 A multilayer (sample II). Measure-
ments of M(H) are made at many different temperatures.
At 4.2 K and for sma11 applied fields the system is in the
Gd-aligned state with the Gd moment parallel to the field

TABLE I. Compensation temperatures T, of selected Fex/Gdy samples together with their nomi-
nal thicknesses and related parameters: NF„NGD number of iron (gadolinium) monolayers in one
stacking period. mG~ is the effective gadolinium magnetic moment used for the calculations (see text).
Sample III has dominant Fe magnetization at low temperature.

Sample
No.

I
II
III

Tcp
K

195
200

Cgf'e

(A)

42
64
39

cfyg
(A)

84
126
27

NFe

29
45
27

NGa

31
44
10

mGd

5.72
5.76
5.78
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and the Fe moment antiparallel. In this phase the mag-
netization is nearly constant as a function of applied field.
This low-susceptibility stage yields the Gd submagnetiza-
tion and hence the effective reduced Gd moment
m G~ =5.76pz, which we use throughout the calculations.
As the external field is increased there is a phase transi-
tion to the twisted state at a particular field value H*.
This transition is marked by a significant increase in the
magnetic susceptibility. If the field is kept constant and
the temperature is increased the low susceptibility van-
ishes at the compensation temperature T,„and then
reappears above T,~ where the Fe magnetization dom-
inates and points along the external field. The determina-
tion of H' from several M(H) isotherms leads to the ex-
perimental H'( T) curve which will be discussed below.

Two Mossbauer spectra recorded at 100 K for the
same sample are displayed in Fig. 2. The spectrum 2(a)
with H =0 kOe is analyzed with one subspectrum
representative of bcc iron with the standard hyperfine
field of 337 kOe and a hyperfine field distribution with a
10% depleted mean hyperfine field attributed to an inter-
face where iron atoms feel the neighboring effects of ga-
dolinium. The spectral abundance of this distribution
leads to a mean interface thickness of 12 A (6 A on each
side). The same analysis performed for the other samples
shows that this interface does not depend upon the layer
thickness itself for a constant substrate temperature dur-
ing the deposition process. In the following we shall con-
sider the evolution of the relative median lines depth
X(H) relevant to the main subspectra when an external
field is applied. For instance in spectrum 2(b), the depth
of these lines has clearly diminished at H =3 kOe, which
signals an iron spin rotation in the sample plane.

A. Macroscopic magnetic properties

The experimental and calculated H'(T) curves for
samples I-II-III are displayed in Fig. 3. The phase dia-
gram illustrates the possible regimes. The borderline
H*( T) separates the aligned and twisted states. For sam-

ple I and II the Gd-aligned state occurs for T & T, and
H &H* whereas the Fe-aligned state is stable when
T & T, and H &H'. The calculated phase diagram
H'(T) using the computed spin configurations is in ac-
cordance with the experimental one for the three sam-
ples: A minimum of K is found in the vicinity of T,
separating the Gd-aligned and Fe-aligned states. As pre-
dicted theoretically, the H' values are diminished when
the layer thicknesses increase. Slight discrepancies occur
however in the Fe-aligned state near room temperature,
i.e., near the magnetic ordering point of gadolinium. In
the case of sample III with dominant iron magnetization
in the 4-300 K range, the overall behavior of H*(T) is
about accounted for by the model but with the same limi-
tations as for sample I and II near room temperature.

B. Mossbauer spectroscopy results

The results of the Mossbauer spectra analysis for sam-

ples I and II confirm the magnetic phase diagram H'(T)
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solid line represents calculated data.
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on a microscopic scale. In Fig. 4 we display the evolution
of the relative median line depth X and the total
hyperfine field Hhyp versus the applied field H at three
temperatures for sample I. The solid lines are calculated
using the same theoretical spin configuration as above for
the H'(T} curve. In the dominant Gd magnetization re-
gime at T = 100 K [Fig. 4(a)], X is close to 4 in remanent
field (H=O); near 2.5 kOe one observes a sudden de-
crease of X down to a minimum X =1.5 at H =8.5 kOe,
then, X tends slowly towards 2.1 up to H =13 kOe. Go-
ing along with this evolution, Hh„(H) is larger than

Hh„~(0) in the 0—8.5 kOe range and Hh„~(H) is smaller
than Hh„(0) in the 8.5 —13 kOe range. This behavior
can be interpreted as follows: At H =0 the iron moments
are almost antiparallel to the external field direction; at
2.5 kOe corresponding to H*, they depart from this
direction to come nearly perpendicular at H=8. 5 kOe
and as the external field is further increased they point
more or less in the field direction. At 200 K, close to T, ,
the same evolution is seen in Fig. 4(b), but the drastic
change in the iron moment orientation takes now place at
a low H* field (less than 1 kOe) and the minimum of
X(H) appears already at H=2 kOe. In the dominant

iron magnetization regime at 240 K [Fig. 4(c}],a moment
rotation still occurs at 1.5 kOe close to H', but there is
no reversal with respect to the applied field this time
since no maximum is to be found in the Hh„(H) curve.

The transition from the aligned states to the twisted
state is also well demonstrated for sample II. However,
the calculated X(H) curve departs from experiment at
low field. At 100 K in remanent field, the experimental
X(H) is far from 4 which would correspond to a strict
alignment. The actual magnetic structure can no longer
be considered as monodomain. Moreover at 250 K in the
dominant iron magnetization regime, the transition Fe-
aligned to twisted state is soinewhat smeared out by pos-
sible domain rotation.

Finally Mossbauer spectra were taken at 100 K for
sample III for which iron magnetization is always dom-
inant. In the 1 —13 kOe range, X is practically 4 whatever
the field, meanwhile Hh„(H) decreases linearly indicat-

ing thus a steady Fe-aligned state (Fig. 5}. Indeed, the
transition to a twisted state cannot be detected here since
H*, close to 13 kOe, falls out of the available field range.

C. Spin maps
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To illustrate the transition between aligned and twisted
states we show in Fig. 6 some characteristic calculated
spin maps for sample I. One and a half stacking periods
are featured with NGd=31 and NF, =29 monolayers
along the z axis, H is perpendicular to z. An arrow
represents two layers and its length is proportional to the
thermal averaged magnetic moment in that direction.
Starting with the Gd-aligned state at 100 K for H =2
kOe in Fig. 6(a), all the Gd moments are parallel to the
field direction and all the Fe moments antiparallel. At
the interface, due to the neighboring efFects of Fe, the Gd
moment is enhanced with respect to its magnitude within
the layer. At H =4 kOe, i.e., just above H*, the twisted
state is evidenced in Fig. 6(b): The Fe moments are
slightly rotated and remain parallel to themselves. For
that field, only one Gd moment is antiparallel to a Fe one
at the interface, whereas the other Gd moments show a
continuous rotation. Close to the compensation tempera-
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FIG. 4. Relative intensity Xof the intermediate lines belong-
ing to the main Zeeman pattern of the ' Fe Mossbauer spectra
(0) and hyperfine field Kh»(H) (S) versus the external magnet-
ic field for sample I. T=100 K (a), T =200 K (b), and T =240
K (c). The solid lines represent calculated values.

FIG. 5. Relative intensity X of the intermediate lines belong-
ing to the main Zeeman pattern of the ' Fe Mossbauer spectra
() and hyperfine field Hhyp(H) (0) versus the external magnet-
ic field for sample III at T =100 K. The solid lines represent
calculated values.
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)l
X

Fe

Gd change energies; in particular, due to the relative 1ow
value of J2 with respect to J, and

~ JI ~, the spread in the
gadolinium moment orientation within one film is always
more pronounced than that found in the Fe film.

V. CONCLUDING REMARKS

FIG. 6. Calculated spin maps for a Fe 42 A/Gd 84 A multi-
layer (sample I). From top to bottom: T =100 K with H =2
kOe (a) and H =4 kOe (b); T=200 K with H =1.2 kOe (c);
T=240 K with H =0.5 kOe (d) and H =1.5 kOe (e).

ture T,z [Fig. 6(c}],both Gd and Fe moments are nearly
perpendicular to the field direction already at H=1.2
kOe, evidencing a low value of H' at that temperature.
At 240 K [Fig. 6(d}], when Fe magnetization overcomes
that of Gd, the situation is reversed compared to Fig.
6(a): the Fe moments point in the field direction and the
Gd ones oppositely for H =0.5 kOe. Just above H', at
H =1.5 kOe [Fig. 6(e)], the iron moment rotation is less
marked than the one observed for the gadolinium mo-
ments, which tend to point in the field direction when sit-
uated in the middle of the layer. All these features illus-
trate well the competition between the Zeeman and ex-

Two kinds of Fe/Gd nanoscale multilayers were syn-
thesized by evaporation: samples with dominant Gd
magnetization at low temperature and samples with dom-
inant Fe magnetization at low temperature. Their mag-
netic phase diagram were determined experimentally us-
ing magnetic measurements. For all the samples the dia-
gram is confirmed on a microscopic scale by

' Fe
Mossbauer spectroscopy using a special 45' geometry.
The iron moment rotation in the sample plane at a criti-
cal H* external field is observed and signals the transi-
tion from the aligned to the twisted state. This behavior
is accounted for within the frame of a mean-field model.
Self-consistent spin maps are derived for given tempera-
tures and external fields applied parallel to the sample
plane. A unique set of exchange-coupling constants is
used to calculate the H" (r), X(H), and Hh„&(H) curves
for a lot of samples in good agreement with experimental
data. The exchange parameters J, (Fe-Fe) and Jz (Gd-
Gd) are consistent with those encountered for bulk ma-
terial and, despite the lack of knowledge about the actual
interface, the coupling between Fe and Gd is well ac-
counted for by a parameter JI negative and intermediate
in absolute value with respect to J& and J2. We had,
however, to reduce the bulk magnetic moment of Gd to
an e6'ective moment; correlatively, the exchange coupling
constant for Gd within a Gd layer was decreased by
about 10%. A possible explanation lies in the polycrys-
talline character of these thin layers with enhanced mag-
netic hardness. Nevertheless, at the present stage, we
think that the improved mean-field model where the ac-
tual stacking parameters have been properly taken into
account, provides a realistic description of the magnetic
properties and Fe hyperfine interactions of the Fe/Gd
multilayer system.
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