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A large shift of the ordering temperature is observed in ag/¥e(001) superlattice upon altering the
interlayer couplingd’. The modification of)’ is accomplished by temporary alloying of the V spacer layers
with hydrogen. A phase with short-range magnetic order is found in a wide temperature range between the
paramagnetic phase and the onset of long-range order. It is interpreted as two-dimensional-XY behavior and is
attributed to the absence of an in-plane magnetic anisotropy and the vanishing of the interlayer exchange
coupling close to the ordering temperature.
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Magnetic phase transitions can be divided into universaltuations at the phase transitions as well as the accessible
ity classes according to the spatial dimensionality and theange of the interlayer coupling. An alternative route is to
magnetic anisotropy of the system. Its spatial dimensionalitytilize metallic magnetic samples which have a superior in-
is determined by the extent to which the critical fluctuationsplane structural coherence. The strength of the interlayer
can propagate at the phase transition. The presence or ateupling—which is of exchange-type in metallic samples—
sence of a phase transition to magnetic long-range order atascillates as a function of the spacer thickndsand de-
finite Curie or Nel temperature depends on which univer- creases as df.'° Thus, the influence of the interlayer cou-
sality class a particular magnet belongs to. strictly two-  pling can be studied in a series of samples with different
dimensional2D) magnets, the presence of a phase transitiorspacer thicknesses.
to conventional long-range order is crucially dependent on Fe/\V(001) superlattices are examples of metallic hetero-
the magnetic anisotropy. It does exist in magnets with astructures with a superior structural coherence and magnetic
uniaxial magnetic anisotropy (2D-Ising, but is  homogeneity}?Only recently magnetic-susceptibility mea-
prohibited—as described by the Mermin-Wagnersurements on an F€V5(001) superlatticéthe subscripts de-
theorem—in the case of plan&D-XY) and isotropic(2D- note the number of monolayers in each period of the $tack
Heisenbery spin symmetry. A Kosterlitz-Thouless phase have been reporteld. The composition of this particular
transition, to a phase with so-called topological short-rangesample results in an in-plane magnetic anisotropy and a
order, occurs at a finite temperature in the 2D-XY motfel. rather strong interlayer exchange coupling. From the 2D-
The Kosterlitz-Thouless phase comprises bound vortextsing-like critical exponent that was observedTat a van-
antivortex pairs that destroy the long-range magnetic order iishing of the interlayer exchange coupling in the vicinity of
infinite magnets. In real magnets, however, the finite sizer. was inferred. The same behavior was observed in Ni/
gives rise to a spontaneous magnetization. Cu/Co and Ni/Cu/Ni trilayers and seems to be a universal

Experimental investigations of dimensionality aspects ofproperty of exchange-coupled metallic heterostructtffes.
magnetic phase transitions are often conducted on layerethus, two-dimensional behavior can be expected in metallic
magnets, such as illustrated in Fig. 1. They consist of ultramagnetic superlattices close to the ordering temperature.
thin magnetic films with an intralayer couplingwithin the The purpose of this communication is to address the ques-
layers separated by nonmagnetic spacer layers. Adjacetibn whether 2D-XY-like behavior can be observed in metal-
magnetic layers are coupled via an interlayer coupling lic ferromagnetic superlattices. The approach of temporary
<J across the spacer. Virtually all layered systems arealloying taken here allows for the investigation of the mag-
quasi-2D since an interlayer coupling always exists. Nevernetic order as a function of the interlayer coupling isigle
theless, two-dimensional behavior can be expected for suffsample, an Fg/(VH,),35(001) superlattice. The interlayer
ciently weak interlayer coupling.A transition to three- coupling is modified by changing the hydrogen
dimensional behavior occurs at a finite temperature if theoncentratioff x=(H/V) in the V layers:>!® This type of
in-plane correlations are sufficiently well developed. superlattice has an isotropic easy-plane magnetization and

Previous studies of dimensionality aspects of magnetic

phase transitions were focused on layered transition-metal /
<—J—>
/s
//

based compoundsln the quasi-2D Heisenberg ferromagnet

(CyHans 1NH3),CuCly (n=1, 2, 3, 10, e.g., both the ratio

J'1J as well as the magnetic anisotropy depend on the com- J'
positionn.®® This system shows a crossover from 2D to 3D L/
behavior aff ¢ as well as spin-dimensionality crossovers due
to the presence of small XY and Ising anisotropies. The use- FIG. 1. lllustration of a layered magnet. The 2D magnetic layers
fulness of these “classical” systems is limited by structuralhave an intralayer couplingwithin the layers. Adjacent layers are
imperfections that hinder the divergence of the critical fluc-coupled by an interlayer couplingf <J.
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FIG. 3. Magnetic susceptibility at different hydrogen pressures.
The signal of the sample containing no hydrogen has been enlarged
Tor clarification. Note the excellent signal-to-noise ratio of the raw
data.

FIG. 2. X-ray reflectivity of the PdN,3/Fe;]50/MgO(001) su-
perlattice. The inset shows the Kiessig fringes due to the well
defined total thickness of the superlattice.

should therefore exhibit characteristics of the XY modéf  the sample containing no hydrogen is more than one order of
The magnetic ordering is studied by means of low-frequencynagnitude less than that of the hydrogenated samples. This
susceptibility and magnetization measurements using this expected for the antiferromagnetically coupled
magneto-optic Kerr effedtMOKE). Fe;/V15(001) superlatticé® The character of the coupling
The sample consists of 50 repetitions of; Pé;; grown  has been confirmed by MOKE hysteresis logpst shown
on MgO(001) by dc magnetron sputtering in UHV.A 10-  here. Hydrogen pressures as low as 0.2 mbar give rise to a
nm-thick Pd capping layer was applied to prevent deteriorasizable increase of the susceptibility signal and a shift of its
tion of the sample and to facilitate hydrogen uptake. Themaximum to lower temperatures. For the discussion of this
x-ray reflectivity pattern shown in Fig. 2 demonstrates thatehavior it is necessary to relate the measured susceptibility
the superlattice period of 2.39 nm and the total thickness ofo the remanent magnetizatioi, in order to draw conclu-
the stack are well defined. The thickness variation of thesions on the magnetic order.
constituents is close to one monolayer, which is the limit for  Figure 4 shows the magnetic susceptibility and the corre-
non phase-locked epitaxial growth. Thus, the sample is comsponding remanent magnetization at 557 mbar hydrogen
posed of large structurally correlated two-dimensional magpressure. The characteristic temperatdreand T, mark the
netic sheets. X-ray-diffraction measuremeritot shown maxima in the susceptibility and the corresponding transi-
herg confirm a good crystalline quality. The full width at tions that are discussed in the following. The peaK ats
half maximum(FWHM) of the (002) rocking curve is 0.3°. accompanied by an onset of a small remanent magnetization.
The MOKE susceptibility and magnetization measure-Because of the large width of this peé& K FWHM), we
ments were performed in an ultrahigh vacuum based chandefine the appearance of hysteresis logsesonvanishing
ber specifically designed for the purpose of these measurg”) as a marker for this transition. At,, defined as the
ments. The shielding of the earth’'s magnetic field ismaximum of x’, a rapid increase oM, is observed. The
accomplished by a double mu-metal cover. A pair of Helm-FWHM of this peak is ont 1 K and of the size usually
holtz coils inside the chamber allows very small and homo+teported for high-quality magnetic superlattices and thin
geneous excitation fields. For all susceptibility measurementfiims.**° The remanent magnetization increases further as
reported here an excitation field of 0.013 mT at 70 Hz waghe temperature is lowered. The “inverse” third peak in the
used. Temperature scans were accomplished by heating teasceptibility at approximately 305 K is phase shifted by
whole chamber at a rate of 0.1 K/min between 300 and 35Q80° relative to the transitions a, andT,. No change in
K. Such a low rate ensures that the sample is thermallyhe remanent magnetization is observed here. Its origin is so
equilibrated. The magnetization measurements were pefar unclear.
formed in remanence, aligning the magnetization with a We interpret the slow increase of the remanent magneti-
magnetic-field pulse in either direction and taking the differ-zation atT, as a gradual transition from the paramagnetic
ence of the Kerr signal as a measure of the magnetization.phase (PM) to a phase with magnetic short-range order
In Fig. 3 results for the magnetic susceptibilig= x' (SRO), and the rapid increase ®fl, at T, as the onset of
—iy" for the sample without hydrogen and at three differentmagnetic long-range ordefLRO). The existence of a
hydrogen pressuresy, are presented. The susceptibility of quasi-2D phase with decoupled magnetic layers betilgen
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FIG. 4. Magnetic susceptibilitflower par} and remanent mag-
netizationM, (upper part at Pn,= 557 mbar. TheM, raw data has
been smoothed. The positions of the characteristic temperalyres
andT, are indicated. The inset shows a hysteresis loop at 300 K.

andT, is in accordance with the vanishing of the interlayer
exchange coupling al¢ in metallic heterostructures:*

The different behavior reported here as compared to the 2D- _ N
Ising-like behavior observed in an 5&/5(001) superlattice Sonable value was obtained for the critical expongatl.5
with uniaxial magnetic anisotroﬁlﬁ/is due to the absence of =0.3, no conclusion could be reached about the unlversallty

an in-plane anisotropy in the present sampleTAthe inter-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B66, 220402ZR) (2002

Pu, [mbar]
0 250 500 750 1000
350 LA T T TT T T T
* n PM
A T.
340 2 .
330 .
< SRO
~
320 .
LR
310 O .
I | [ | | 1
r x=03 04050607 08 0.9 1
300 [ TR T [T Y T T N TN T S N [N S B W1 TR N S B P 1
0 5 10 15 20 25 30 35
Vpy, [Vmbar]

FIG. 5. Characteristic temperatur&s and T, as a function of
hydrogen pressure. The hydrogen concentratignindicated at the

bottom of the plot. PM, SRO, and LRO denote the types of mag-
netic order in the hydrogenated sample.

class of this particular transition because of the ambiguous-

|ayer exchange Coup”ng is strong enough to Coup|e the indin€ss in dEfining the critical temperature. As for the peak at
vidual magnetic layers over the nonmagnetic spacer. If 1, N0 attempt has been made to analyze its critical behavior
thereby induces a long-range order of the two-dimensionadpecause of its large FWHM.

magnetic sheets. The inset in Fig. 4 shows a hysteresis loop Figure 5 shows the dependence of the characteristic tem-
recorded at 300 K that supports the interpretation of a longPeraturesT; and T, on hydrogen pressure. It constitutes a
range ordered phase in that temperature region. Hysteredis:,-T phase diagram of the different types of magnetic order
loops recorded at higher temperatures are less conclusive ddescussed above. Note that only the hydrogenated sample is
to the bad signal-to-noise ratio and are not shown here. Theonsidered here. The antiferromagnetic ordering@tzo is

stabilization of a spontaneous magnetizatiorT atis either

not included in the phase diagram. The hydrogen concentra-

due to a dimensionality crossover from 2D to 3D, or due totjon x in the V layers was estimated from a solubility iso-

the mere perturbation that constitutes® We therefore con-

therm previously measured on an identical samplEhe in-

clude that 2D-XY-like behavior can indeed be observed increase Oﬂ—l with hydrogen concentration is in accordance
_ Jer : with the enhanced Fe magnetic moment and the correspond-
The shift of the susceptibility maximum to lower tempera-jngly increasedT . reported by Labergeriet al?2 Thus, T,

tures upon hydrogenation shown in Fig. 3 is attributed t0 &gryves as a measure of the intralayer coupling. The plateau in
weakening of the inte.rlgyer exc'hange'couphng. Wherqu thqr1 at x~0.4 is accompanied by a broadening of this peak
pn,=0 mbar susceptibility maximum is due to a transition (cf, Fig. 3 as well as a hysteresis in the susceptibility be-
from the paramagnetic phase to a phase with antiferromagween raising and lowering the temperatuieot shown
netic long-range order, the transitions in the hydrogenatetiere. It is attributed to an ordering phenomenon that has

metallic ferromagnetic superlattices.

samples are to a state of short-range magnetic grdfsrred

previously been observed in studies of the hydrogen uptake

to asT; in the previous discussiopnThe onset of a remanent of Fe/V(001) superlattice$? The ordering gives rise to an
magnetization af, for the data shown in Fig. 3 is outside inhomogeneous distribution of hydrogen atoms in the V host
the temperature range of the present experiments. The faahd causes a variation of the Fe magnetic moments and a
that a remanent magnetization is observed at larger hydrogetistribution of transition temperatures. This interpretation is
pressures is attributed to a change of sign of the interlayesupported by the fact that the increased FWHM is of the

coupling, leading to a ferromagnetic order beldy and has

been observed previously!®

same size as the change DBf observed when varying the

hydrogen concentration in the range covered by the present
An analysis of the critical behavior af, revealed a measurements.
power-law dependence of the susceptibility. Although a rea- The faster increase df, as compared td; (cf. Fig. 5 is
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attributed to the strong dependencelbfon hydrogen con- and a sufficiently large structural coherence of the magnetic
centration observed here and in Ref. 15. A shift of the suslayers, an easy-plane magnetic anisotropy, and a sufficiently
ceptibility maximum as a function of the interlayer coupling weak interlayer exchange coupling. The encountered two-
has first been observed in asymmeiftice decoupled mag- dimensional behavior supports the recent finding of a vanish-
netic layers have differentc) exchange-coupled Co/Cu/Ni ing interlayer exchange coupling closeTg in metallic het-

and Ni/Cu/Ni trilayers:>** The present results are the direct erostructures. Furthermore, we present a direct proof of a

observation of such a shift in a magnetically symmetric hetshift of the susceptibility maximum induced by the interlayer

function of the interlayer coupling by magnetization mea-
surements on a set of symmetric Ni/Au multilay&tsThe We gratefully acknowledge P. Blomqvist for the growth
approach of temporary alloying taken here removes the arr&nd structural characterization of the sample and S. Olsson
biguousness related to thickness variations that can not er valuable discussion. This work was supported by the
avoided if a series of samples is used. TMR network Switchable Metal-hydride Filmghe Swedish

In conclusion, two-dimensional XY-like behavior can be Research Council, and the netwdfkindamental Research
observed in metallic ferromagnetic superlattices. The condiand Applications of Magnetisfanded by the Swedish Foun-
tions that have to be met are: a two-dimensional charactetation for Strategic Research.
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