PHYSICAL REVIEW B 66, 094424 (2002

Magnetic behavior of sputtered GdCo multilayers
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We have experimentally and theoretically explored the magnetic behavior at low field of Gd/Co sputtered
multilayers. Magnetization measurements and simulations qualitatively agree only when the Gd layer is sub-
stituted by an alloyed GdCo layer close to the eutectic composition. The formation of this GdCo alloy,
previously evidenced by experiments of composition depth profiles, is consistent with the observed compen-
sation temperatures. Likewise, a certain reduction of the effective Co layer thickness due to alloy formation is
taken into account and improves the agreement between theoretical calculations and measurements of magne-
tization versus temperature for various multilayers.
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I. INTRODUCTION Motokawa; later works comparing experiments and
simulation§51%-1% confirmed the suitability of the mean-

Magnetic layered systems exhibit fascinating propertiedield approach to account for the magnetic behavior of such
which have attracted significant attention. This is not onlysystems.
due to their fundamental interest, but also because of their Gd/Co multilayers have not been so thoroughly
applications in magnetic storage devices and sensors. Phatudied”®*®*"They are far from ideal samples with abrupt
nomena such as giant magnetoresistance and interlayer magterfaces: in a recent wotkthe existence was shown of
netic coupling have aroused a great theoretical interest argffong asymmetric interdiffusion that consequently leads to
opened new ways for the design of novel devices. In particusevere Co alloying throughout the Gd layer up to a compo-
lar, magnetic multilayers with antiferromagnetiéF) cou-  Sition near the eutectic point (GgiCay37). Interestingly, it
p||ng are attractive Systems to Study interface Coup"ng' magseems that when the eutectic CompOSition is reaChed, further
netic transitions induced by an applied magnetic figpin  alloying is prevented, and the resulting composition profile
flop), and present a nontrivial behavior of magnetization verturns out to be rather squared, composed of alternating Co
sus temperature. and G z4Cq, 37 alloy layers. The alloy layer is clearly amor-
The periodic stacking of two distinct ferromagnetic mate-Phous as a consequence of the strong amorphization reaction
rials with antiparallel or AF interlayer coupling gives rise to Previously noticed by Hufnagedt al'® As to the magnetic
a variety of magnetic configurationsviultilayers composed ~behavior of the alloy layer, it was also shotfithat the eu-
of a rare-earthRE) element, such as Gd, and a transitiontectic alloy layer is a # ferromagnet with a spontaneous
metal like Fe or Co are an interesting example of such syshagnetization &4 K of about 1660 emu/cinand a Curie
tems. Due to their very different ordering temperatures, comtemperature off =180 K.
plex magnetic configurations depending on the structural pa- In this article, we compare magnetization measurements
rameters, temperature, and magnetic field may ocdur. with theoretical calculations which support nominal Gd/Co
Gd/Fe multilayers have been more extensively investimultilayers being actually composed of a thinned pure Co
gated. The first experimental study of this system was prelayer and an alloy layer of composition close to that of the
sented by Morishitat al® The possibility of having a com- eutectic alloy (GgefC0y39). This alloy is ferromagnetic
pensation point for certain layer thicknesses stimulated muchith a Curie temperature around 180 K, i.e., 100 K lower
experimental ™! as well as theoretical work in this system: than that of pure Gd, thus lowering the multilayer compen-
Camley and Tilleg!? developed a model to study ideal sation temperature with respect to the expected value for an
Gd/Fe multilayers, showing the existence of different mag{deal Gd/Co system. To attain a qualitative agreement of the
netic phases as a function of the magnetic field, temperatur@verall temperature dependence of the magnetization, we
and structural parameters. If a magnetic field is applied pahad to assume a reduced effective thickness of the Co layers
allel to the layers, they found that below the Curie temperawith respect to the nominal vald8.Such thinning of Co
ture of Gd three main phases appear: the Gd-aligned phadé@yers was verified with x-ray reflectivity measurements of
where Gd magnetic moments are parallel to the magnetithe multilayers.
field and Fe moments are antiparallel; the aligned-Fe phase,
W|th Fe moments in the f|¢ld direction and Gd moments Il EXPERIMENT
antiparallel to it; and the twisted or canted phase, where Fe
and Gd moments are away from the field direction. Compari- Samples were grown in a multitarget sputtering system
son of the magnetization dependence with the temperature efquipped with pure C§99.99% and Gd(99.9% targets on
real samples and theoretical calculations was first reported bynheated glass substrates. The background pressure was

0163-1829/2002/68)/0944246)/$20.00 66 094424-1 ©2002 The American Physical Society



J. P. ANDR,ES, L. CHICO, J. COLINO, AND J. M. RIVEIRO PHYSICAL REVIEW B56, 094424 (2002

around 4x 107 torr. rf sputtering was carried out in pure For the cases considered in this work the external field is
argon(2.5 mtor). Growth rates were 5 A/s and 1.4 A/s for much smaller than the molecular field, so it can be neglected
Gd and Co, respectively; these values were obtained frorfor the calculation of S;).

thickness calibration of single films. Conventional x-ray dif- When a finite external fieldH,,; is applied, the relative
fraction 6/26 scans using CK, radiation were made for orientation of the magnetic field and the spins in each layer is
structural determination. The magnetization was measure@btained by minimizing the sum of the exchange endtgy
using a vibrating sample magnetomet¢SM) with applied  and the Zeeman enerdy; :

fields up to 15 kOe in the film plane from 80 K to 300 K. L

Hysteresis curves of the samples were obtained using th .

transverse magneto-optic Kerr effe(-MOKE), with ac eEex+ EZ__EEi (Midi 2t Misadie ) )(S)H(Si+1)cOL b,
magnetic fields in the film plan@up to 130 O¢ from 10 K

to 300 K. Low-angle x-ray reflectivity demonstrated a — 0i+1) —9ueNi(S)HexCOSH; , (4)

chemical modulation perpendicular to the film plane in . . .
all multilayers. Auger electron spectroscopyES) under 5 where 6, is the angle between the orientation of the external
: manetic field and the averaged value of the g[S} in the

keV electron irradiation combined with ion bombardment.thI
(Ar+~80 A/h) was used for depth analysis of the film com-! Tayer._ imizati d . d ibed by Caml
position. It indicated a strong asymmetric Co diffusion into € m'”l'Q“'.Za lon procedure 1S as described by .am er
the Gd deposit to build an eutectic alloy layer and, consefJlnd Tilley'™. (i) A random spin configuration is generated;

guently, a nearly squared profile. Bulk composition measureﬁ") a spini of the configuration is chosen randomly and

ments were done in a scanning electron microscope er]otated into the direction of the effective fiekd; ; (iii) the

: : : - last step is repeated until a self-consistent spin configuration
energy-dispersive x-rafEDX) microanalysis. . ! : S
gy-disp ) y is obtained. As this procedure only minimizes locally the

energy, a large number of initial configurations generated
randomly is explored to ensure that the ground state is found.

We use a modified version of the molecular field mode|Then the magnetization in the field direction is calculated as
proposed by Camley and Tilléy® with appropriate param-
eters for Co, Gd, and the GdCo alloy. To set such parameters,
we suppose the multilayer is made of alternating hcp slabs of ~ M(T)= ;1 gueni(S)coss;/(Nada+Ngdg), (5)
material A (Gd or GdCo alloy and materialB (Co) with
abrupt interfaces. Each slab of matedak composed oNy  which we compare to the experimental values.
atomic layers. We model one atomic laydpy its magnetic To set the parameters appearing in the former equations,
momentM; which can rotate freely in the plane parallel to we first discuss the case of pure-Gd and- Co multilayers. We
the interfaces. This means that we neglect the out-of-planassume the slabs are made of hcp-Co and hcp-Gd bulk met-
magnetization in the slabs composing the bilayer, which is als grown in thg001) direction. This assumption is based on
reasonable assumption due to the strong shape anisotropy. Tfee following fact: we have grown Gd and Co thin films
mimic the periodicity in the growth direction, we consider a using the same sputtering conditions employed in multilayers
slab of N5+ Ng two-dimensional(2D) magnetic moments and we have observed that both Co and Gd films are highly
with periodic boundary conditions. The 2D magnetic mo-textured with theirc axis perpendicular to the substrate. In
mentM; is given by the model we employ this is just a simple means of setting

the structural parameters. Thus, the atomic layers are sepa-
M; = ggni(S), (1) rated a distanced=c/2, i.e., dgq=2.8925 A anddc,
=2.035 A, and the areal densities amgy=0.87457
X 10 atom/cnt andnc,=1.832 83< 10'° atom/cnd.

As for the magnetic parameters, we take the atomic values
of the spinsSgq= 7/2 andS¢,= 2. The interaction exchange
constants employed in the model are given hy;=1.2
X 10 1 erg, Jc,=4.8X 10 * erg, and for the interface cou-

(S))=SBg(x), 2) pling we have chosen a value between the exchange cou-
_ _ ~plings Jgq and Jgg, Jine=—2.1x10 ® erg. The bulk ex-
wherex=gugSH;/kgT. HereH, is the effective magnetic change couplings are set to reproduce the bulk Curie
field in layeri, kg is the Boltzmann constant, anidis the  temperatures of Gd and Co when modeling a multilayer with
temperature. We only consider exchange interactions bejoth slabs of the same material.

tween nearest-neighbor layers; thus, the effective magnetic \wjth respect to the eutectic alloy, we note that for that

IIl. MODEL AND CALCULATIONS

Na+Ng

where ug is the Bohr magnetory is the Landdactor, n; is
the atomic areal density of layérand(S;) is the thermal-
averaged value of the spin in layerThis latter quantity is
calculated within the mean-field approximation, i.e., by em-
ploying the Brillouin functionBg(x):

field in layeri is composition the Co atoms are not magnetic. Therefore we
_ chose to model it as if it were Gd with lower densilye;
Hi=(iisa(Sie ) +3ii-2(S-0) /et Hext.  (3) =0.85ng4. The factor 0.85 is the volume fraction of Gd

whereJ;; is the exchange coupling interaction between lay-atoms in the eutectic a”0y_-1-£he coupling for the eutectic
ersi andj and H,,, is the external applied magnetic field. alloy is Jgq, .co,,,=2-5<10" = erg, which as before, was
Therefore Eqs(2) and(3) are to be solved self-consistently. chosen to reproduce the Curie temperaflige= 180 K.
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o ] FIG. 3. Low-field magnetization calculated as a function of tem-
FIG. 1. Magnetization at 300 Oe measured as a function Ofperature in a series of GECay 57 (50 A)/Co(X) multilayers with

temperature in a series of Gd(50 A)/G9(multilayers of 20 e eutectic Gd alloy(Curie temperaturd =180 K). Co thicknesses
peats for different nominal thicknesses of the Co lay€y. (Nomi- are displayed over the curves.

nal cobalt thicknesses aX=56 A (@), 70 A (O), 105 A (m),

and 140 A (). ever, calculated curves with pure Gd layérg. 2) show

marked differences with respect to the measured curves. In

V. MAGNET'ZATAON MAEASUREMENTS AND ANALYSIS particular, the compensation point, when present, appears at
OF Gd (50 A)/Co(X) MULTILAYERS much higher temperatures.

Figure 1 presents a plot of the measured magnetization as But as we mentioned in Sec. II, elemental depth profiles
a function of temperature in a set of Gd(50 A)/&)(for obtaln_ed by AES show that our Gd/Co samples are ac_tL_JaIIy
different nominal Co layer thicknesset:(). Some curves comprised of Co and GdCo alloy layers with composition
show the characteristic compensation temperaturélose to the eutectic point (Ggoy ). As this alloy has
(Teomp—a signature of antiferromagnetic coupling betweenlower C_urle temperature, a substantial reqluctlon in the com-
the layers—below which the magnetization of the Gd layerP€nsation temperatures of GdCo/Co multilayers with respect
dominates over that of the Co layer. As already observed bfP those of pure Gd/Co is to be expected, and we have ex-
other author$*? for Gd thicknessestgy) smaller than a  Plored this theoretically. In Fig. 3 we show th&(T) calcu-
certaintc, value the compensation point disappears and cdated curves in a series of multilayers with the same thick-
magnetization is dominant for all temperatures. We havé'®ss of GdCo eutectic alloy layer. _
chosen the present range of values to study the crossover A Straightforward comparison of compensation tempera-
between these two behaviors, where a small variation in &/res in measurements and simulations is not satisfactory for
structural parameter may produce a qualitative change in th#® Same nominal thickness of Co. However, strong evidence
magnetic properties of the sample, thus being an interestin@d'cates that a red_uctlpn of the effective Co th|ckness_ is
system to assess the validity of our suppositions. Such Becessary: we plot in Fig. 4 the measured layer magnetiza-
sensitive behavior is also observed in the simulations; how-
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FIG. 4. Magnetizatio300 Og¢ at room temperature as a func-
FIG. 2. Low-field magnetization calculated as a function of tem-tion of the Co layer thicknesésolid circle3. Open symbols ©)
perature in a series of Gd(50 A)/O¢( multilayers modelled with  indicate the calculated magnetization with GgCoy, 57 multilayers.
pure Gd and Co layers. Co thicknesses are displayed over thdote that a linear slope appears above a certain thick{@&ss30
curves. A); see text.
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FIG. 5. Grazing x-ray reflectivity scan as a function af &ngle t (A)
for a multilayer nominally G50 A)/Co(56 A) (dotg and the cor- Co

responding simulatiofsolid lineg. The inset displays the Co thick-

. . X FIG. 6. Compensation temperatures from calculations of
ness inferred from the fits for the series Gd(50 A)/En(

Gy 6£C0 37 (50 A)/Co(X) multilayers with eutectic Gd alloy@)

and experimental values from low-field magnetization of

tion of the same series of multilayers at room temperaturgsq(so A)/Co() (®) and from the magneto-optic Kerr effect of
(300 K) together with the calculated values for saturated Cghe same sampledi).

layers of the nominal thickness. We have chosen 300 K be-
cause at this temperature, higher than the compensatidretween simulations and experiments, some comments are
point, the total magnetization is expected to be only that oflue. First, experimental values &fl3(300 K) of Gd/Co
the Co layers. Clearly the theoretical points fall along anibikater(ML) samples are much below the calculated ones.
straight line, but the experimental points begin to show @Besides, we have grown by sputtering pure Co single films
linear behavior above 25-30 A. This can be considered as and measuret (300 K)=1130 emu/cr, 22% lower than
reduction of the Co thickness from the magnetic point ofthe expected value. This has been observed by other groups,
view, so in our calculations we should consider a reductiorand it is supposedly related to a reduced mass density and/or
of the Co magnetic layer thickness to find an agreement witlan incomplete saturation arising from the sample growth.
experiment. If we now take such a reduction into accountsSimilar values are obtained in multilayers in which a thin Cr
and compare the experimental magnetization of samplelsyer was inserted at the interface in order to avoid
Gd(50 A)/CoX) (Fig. 1) to calculated magnetization curves interdiffusion’® As our purpose with the simulations was to
of multilayers Gg s4C0n 3450 A)/Co(X—30 A) (Fig. 3, corroborate the key role played by the change of composition
very good overall qualitative agreement is found, which isand the reduced effective Co thickness, we chose not to
even quantitative as to the compensation temperatures.  maodify the rest of parameters in the calculations, in order not
In order to investigate such thinning effects in the Coto mask the importance of the ones studied here. Obviously
layers, we have analyzed the x-ray reflectivity scans to infethe introduction of more adjustable parameters will improve
the actual Co layer thickness. This has been accomplishetlimerical agreement, but this is not our main focus in the
with simulations using a standard cédand a model struc- present work.
ture consistent with AES profiles. Figure 5 contains typical Second, the observed rounding of experimey(T)
reflectivity scans and the simulations. Note the existence ofroundT,m, iS not reproduced in the simulation. We think
Bragg peaks up to sixth order. The inset displays the fittedhis must be related to the details of the wide interface re-
values of the Co thickness inferred from simulations as ajion. As stated in Sec. lll, we have modeled an abrupt inter-
function of nominal values. Interestingly, every multilayer is face profile, having in mind that the main role of this region
characterized by Co layers whose thickness is reduced a suis-to produce an AF coupling between Gd and Co slabs. We
stantial amount15—-28 A compared to nominal values. expect as well that modeling an interface with a smooth pro-
As to an explanation for the reduced Co thickness, oufile, when more detailed data of the interface region are
data point to a twofold origin. First, alloying of the Gd layers available, may account for the smooth shape of the experi-
must have reduced the actual Co thickness from the nominahental curves.
values to a certain extefit.However, from density dat®, Finally, we find that theM(T) curves are fairly repro-
we estimate that in a Gd(50 A)/Cxf multilayer the de- duced with this model except for samples with very thin Co
crease in the nominal Co thickness is not more than 10 Alayers. For these samples large quantitative discrepancies oc-
This value compares too low with the measured reduction otur at temperatures much lower than fign, where ex-
15-28 A. Second, interdiffusion may have formed a wideperimental values are far lower than that of the simulation
interface. In fact, elemental AES profiles provided an upperGd-aligned” phase. This difference increases with reducing
estimate of about 2 nm. A detailed study of the magneticCo layer thickness. From Auger spectroscopy we know that
interface is underway. However, the present combined efvery thin Co layergnominally 10 A are oxidized; this prob-
fects can explain the effective Co layer thickness. ably reduces the spontaneous magnetization at low tempera-
With respect to the observed quantitative discrepancieture (GdQ is a paramagngt
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FIG. 8. Calculated magnetization as a function of temperature in
1200 ; . . . - . a series of GglgLC0y 37 (X)/Co(40 A) multilayers with Gd alloy
—_ r (b) 1 layers of the same thickness&® to 200 A.
S 900 oo o 50A]
3 . 70A 1 7(b). Only one of the simulated samples shows a clear com-
o 600 B o< ] pensation below room temperature. Another important dis-
) i 100 A7) agreement is the behavior for the sample with the thickest
~ L - Gd layer: the experimental magnetization curve of(ZBgd
= 300 s 200 A A)ICo(70 A) [Fig. 7(a)] is rather flat from 200 to 300 K,
oo o —o— ] . . . .
whereas the corresponding theoretical curve in Fb) till
T T T has a strong temperature dependence in the same range. This
indicates that the nominal Gd layer has a Curie temperature
50 100 150 200 250 300 (180 K) much lower than that of pure Gd and in agreement
T (K) with the Curie temperature of the eutectic alloyG4Coy 37
Thus the Curie point of multilayers with large Gd thick-

nesses can serve as a check of the alloy formation by means
of Co interdiffusion. A substantial reduction of the Curie
point within the Gd layers of Gd/Fe multilayers has also
been reporte& without indicating a possible origin; in this
work we give an explanation of such behavior in a similar
system. On the other hand, at room temperature we have also
observed the same quantitative discrepancy for the saturation

As a summary, in Fig. 6 we show the experimental valuegnagnetization as in the series with fixed Gd layer thickness
of Teomp ffom VSM measurements and from the magneto-(Sec. V.. _ _
optic Kerr effect, as well as calculated values. It can be seen Following the procedure of the previous Section, we have
how this simple model accurately predicts the compensatiof@lculated the corresponding (T) curves for a series of

temperatures once the reduced Co thickness and formation §AdC0(X)/Co(40 A) multilayers(Fig. 8). The compensation
the GdCo eutectic alloy are considered. points experimentally observed are not reproduced if we

only consider the change in composition of the RE layer. As
for the series with fixed Gd thicknesses, a reduction in the
Co layer is necessary to achieve an agreement. More inter-
estingly, this is reached for the same Co reduction employed
In this section we study the magnetization of a series ofn the previous section, which points to the validity of our
multilayers with fixed Gd thickness in a range of Co thick- explanation. In summary, the actual compensation point is
ness where compensation behavior is observed. Fig@e 7 again quantitatively reproduced only if the eutectic alloy and
shows the experimental results for a set of multilayers with ghe reduced effective thickness are both considered.
nominal Co thickness of 70 A. In three of the four cases Again, discrepancies in the detailed shape of the magne-
displayed there is a clear compensation point, all below 20@ization curve may arise from the effect of a wide interface
K. This can be explained by assuming the existence of GdCand/or significant magnetocrystalline fields. More detailed
alloy instead of pure Gd in the samples, like for the resulteexplanations will require knowledge of the interface struc-
presented in the previous section. To confirm this last asture (elemental and magnetic profijeand including in the
sumption, we have modeled the magnetization versus tenmodel magnetocrystalline effects. To this respect, the Gd/Co
perature for pure Gd/Co multilayers with the same nominakystem seems more complex than Gd/Fe multilayers where
thicknesses of the Gd layer; the curves are shown in Figsimple model calculations are in fine agreement with magne-

FIG. 7. (a) Experimental low-field magnetization of a series of
Gd(X)/Co(70 A) multilayers as a function of temperature. The Gd
layer thickness ranges from 50 to 200 (&) Calculated magnetiza-
tion as a function of temperature in a series of BdCo(70 A)
multilayers with pure Gd layers of the same thickness values.

V. MAGNETIZATION MEASUREMENTS AND ANALYSIS
OF Gd(X)/Co(70 A) MULTILAYERS
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tization date® However, we would like to point out that the sumably as a result of the strong interdiffusion. Semiquanti-

compensation point, when present, is given correctly withirtative agreement is achieved in the case of thick Co layers,

our approach. This indicates that the key parameters governvhere both pure Co and GgiCo, 57 layers are well formed,

ing its behavior are the net magnetic moments in the atomibut is not good for very thin Co layers. The picture is con-

layers and the exchange coupling constants, rather than tlséstent for series of multilayers made either with a fixed Gd

precise structure of the interfaces. layer thickness or with a fixed Co thickness. The crucial

features of the system—namely, the overall dependence of

magnetization with temperature and the appearance of com-

pensation points—can be explained by a model that correctly
Calculations of the low-field magnetizatidn(T) in mul-  accounts for the net magnetic moment in the atomic layers—

tilayers with antiparallel interface coupling are consistentreduced because of the alloy formation—and the exchange

with the behavior of real sputtered Gd/Co samples. Follow-coupling, modified for the same reason.

ing previous composition experiments, the use of an eutectic

Gd alloy in the layering wiFh Co is proved to successfully ACKNOWLEDGMENTS

account for the compensation temperatures of real samples.
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