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Interplay between biquadratic coupling and the Neel transition in Fe/Cr4,Fe;(001) superlattices
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The commensurate antiferromagnetic order of,B4% alloy layers in epitaxial Fe/Gie;(001) superlattices
was investigated by transport and magnetization techniques téleperaturd values are strongly thickness
dependent, witfT suppressed for GiFe; thicknesses< 36 A. Transport results indicate a broadening of the
transition with an onset temperatufg> Ty by ~150 K for all samples. The biquadratic interlayer coupling of
the Fe layers is enhanced fog<T<T, and suppressed beldly, . T, andTy are identified with the onset on
cooling of inhomogeneous and homogeneous order, respectively, within the spacer layers. The regime of
inhomogeneous ordering of the spacer is believed to promote biquadratic coupling because of the dominance
of interfacial exchange energid$0163-18207)08634-1

[. INTRODUCTION perature dependence of the magnetic susceptibility exhibits a
Curie-Weiss behavior both above and beldy, with a
The interplay between interlayer magnetic coupling andCurie-Weiss temperatureé of 10—-30 K and a local Fe mo-
antiferromagneti¢AF) ordering of Cr spacer layers in Fe/Cr ment of ~3ug for Fe concentrations near 6 at. %. The re-
superlattices provides interesting insights into the physics o$idual resistance increases linearly with Fe at a rate-of
coupled magnetic superlattices. Bulk Cr is an itinerant AFuf) cm per at. % Fe. In addition, the resistance anomaly be-
that forms an incommensurate spin-density wésBW) be-  low Ty in Cr-Fe alloys is enhanced over that observed for Cr
low its Neel temperature of y=311 K Previous results on and other Cr alloys. We exploit the resistance anomaly as a
Fe/C(001) superlattice5™ indicate that the AF incommen- probe of the AF ordering process in order to monitor the
surate SDW ordering persists for Cr thicknesggs 45 A.  influence of ordering on the interlayer coupling.
This raises interesting questions on the role of spin frustra- The interlayer coupling in Fe/Cr/F@01) structures is
tion at rough ferromagneti¢F)-AF interfaces. The biqua- characterized by the phenomenological energy expression
dratic (90°) interlayer coupling observed in Fe/Cr superlat-E=J,(m;-m,)+J,(m;-m,)2 whereJ; andJ, are the bilin-
tices is directly related to the SDW order of the Cr spacerar and biquadratic exchange-coupling terms emd m,
layer. Biquadratic coupling exists for thin Cr layérs45 A),  are the magnetization of two adjacent Fe layef&J, oscil-
and is strongly temperature dependent increasing monotonliates in sign with increasing Cr thickness resulting in either F
cally with decreasing temperature. However, for thick Cror AF alignment of adjacent magnetic layers. In Fe/Cr/
layers, biquadratic coupling is only observed for Ty ; it Fe(001) structures, two oscillatory periods have been ob-
vanishes fofT<Ty upon formation of the SDV§3° served: a short, 2.1-monolayévlL) period in samples with
In the present work we further explore the role of the Cratomically smooth Cr interfacésd,and a long, 18-A period
ordering by doping the Cr spacer layer witf6 at. % Fe to which is independent of crystallographic orienta-
alter the magnetic ordering with the Cr layers as well as thaion.}? These periods are governed by spanning vectors that
coupling between the Fe layers. We find a temperature winjoin extremal points of the Fermi surface normal to the lay-
dow of ~150 K aboveTy, for which biquadratic coupling is ering directiont®> The short-period oscillation is universally
enhanced that we attributed to inhomogeneous ordering afccepted to result from the nested feature in(d@9 direc-
the spacer. By inhomogeneous ordering, we mean that th#on of the Cr Fermi surface which also is responsible for the
AF layer is dominated by the interfacial exchange energieSDW AF of Cr. The isotropic long period, while still a topic
resulting in lateral AF domain sizes being limited by the of active debate, is understood to originate from a short
interfacial terrace widths. Homogeneous ordering refers t@panning-vector associated with either the “lens” or the
AF domains that are large compared to the lateral lengtiN-centered ellipse feature of the Fermi surfate’
scales of the interfacial roughness. The biquadratic coupling term is found to be nonoscilla-
Bulk Cr-Fe alloys have been studied extensiVeRe im-  tory and favors 90° alignment of adjacent Fe layers. The
purities reduceTy up to 16 at. % where AF order is sup- origin of the biquadratic coupling is less well understood
pressed and a spin glass is formed. The incommensurathan the bilinear coupling. Slonczewkiproposed two
SDW (AF,) phase persists up to concentrations=e2.5 mechanisms: fluctuations in the spacer thickness which av-
at. % Fe and then is replaced by commensuratg @&#er.  erages over a short-period oscillation, and superparamagnetic
Therefore, in the present study we investigate coupling withimpurities (“loose spins”) within the spacer. The first
out the additional complication of SDW order. The' édle mechanism was developed for Fel@1) because of the
transition in Cr-Fe alloys is first order with a measured latenprominent short-period coupling observed in this systém.
heat of 5 J/mole for 6 at. % FeBoth neutron scattering and The mechanism assumes that the Cr layer can be described
susceptibility results indicate that the Cr AF state coexistdy terraces separated by monoatomic steps. The coupling
with magnetic moments localized at the Fe shB3he tem-  across each terrace region will be F or AF and will alternate
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from one neighboring terrace to the next. If the terrace
widths are small compared to an Fe domain, the energy of
the system is lowered by perpendicular alignment of the en-
tire Fe layer magnetization with respect to that of the adja-
cent Fe layer. Shender and Holdswdtthave generalized
this problem to remove the restrictions on the form of the
terraces and find that the biquadratic coupling depends on the
effective dimension of the disorder.

The fluctuation model was modified to include the intrin-
sic AF ordering of Cr or Mn spacers, and is referred to as a
proximity magnetism model. The form of the energy expres-
sion describing the 90° coupling is given by e
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. . . . FIG. 1. X-ray diffraction results for afFe15 A)/CrqFe;
where A@ is the relative angle between adjacent magnet|c}46 A)]40 Superlattice grown on MgQ@00). The inset shows the

layers. This coupling arises from inhomogeneous ordering Ofocking curve scan of the main superlattice reflecii2é=64.879.
the AF interlayers in which a spiral structure is formed

within a terrace which rotates with opposite sense of rotationyicc - i Its f Fe(15 A Fa(46 A i
in neighboring terraces. This model was successfully used %Ierzgftf?en _rriseu)tfra(;r s?:ra[n i&)niirm)s/?(?&%(grgwtrz]xtzua

explain the magnetism of the CoFe/Mn superlatticeshe 0.7° mosaic spread, as indicated by the full width at half

applicability of this model to the Fe/Cr system is not eStap'maximum of the rocking curve scan of ti@02) reflection

lished and will depend on the magnetic ordering of the Cr "Nishown in the inset of Fig.)1 Also, superlattices peaks are
theEprese_:nce tOf a steg{pe_d I?r rou?th m(;elgface. lat observed about th@02) reflection indicating a well-defined

i X[]?erlngjert]hs on epitaxially SR[U, eeilrete eQ.tKE]. D Sfui)ﬁr aC- superlattice structure. Magnetic properties were measured by
ices foun € Incommensurate ransition ot the r uperconducting quantum interference device magnetometry
spacers observed in transport methods vanishes for Cr thic quipped with both longitudinal and transverse coils
nessesc,<45 A’ Forte,>45 A for Cr, Ty increases rapidly Mangeto-transport was measured by means of a standard

and asymptotically approaches the bulk value for thick Crfour-probe technique in a Quantum Design Physical Proper-
spacers. Fot,=51 A, neutron scattering finds a transverse oo Measurement System in fields up to 9 T

SDW (AF,) is formed with a singleQ normal to the layers
and the nodes of the SDW near the Fe-Cr interfddesr. the .
t,=31 A and 44 A, the magnetic scattering is described by IIl. NE EL TRANSITION

AF, ordering without clear evidence of an incommensurate ghown in Fig. 2 are transport results for a 2000-A thick
Neel transition in magnetization or transport studies. The

crossover from commensurate to ABDW order with in-

creasing Cr thickness was first observed by Ungurus, Ce- 48
lotta, and Pierce?'for Cr films on an Fe whisker by means
of magnetic imaging experiments. This crossover has also
recently been observed by Schregerl? by means of neu-
tron scattering from Fe/@v01) superlattices grown by mo-
lecular beam epitaxy. This behavior is understood theoreti-
cally as arising from a critical thickness needed to support
SDW order??

P (ML cm)

II. EXPERIMENTAL PROCEDURE

The (00))-oriented Cg4Fe; films and Fe/CyFe; superlat- 100

tices were grown by dc magnetron sputtering onto epitaxially
polished single-crystal MgQ@O00 substrates. The GjFe;
layers are deposited by co-sputtering from elemental sources
using the relative deposition rates of the sources to adjust the
composition. A 100 A-Cr buffer layer was initially deposited 0.96
at a substrate temperatufg of 600 °C to establish the epi- |
taxial orientation with the substratéThe substrate was then 0 2 4
cooled to 150-500 °C to grow the &FFe; films and 150 °C H (T)
to grow superlattices with 15-A Fe layers and Cr-Fe layers

varying from 8—440 A. Thin Fe layers were chosen to mini-  FiG. 2. Transport results for a 2000-A thick e, alloy film
mize the current carried by the Fe layers in the transporgrown atT¢=500 °C. (a) p vs T. The arrow indicated, deter-
measurements. The structures were characterized by X-rayined from the minimum oflp/dT vs T. (b) Magnetoresistance
diffraction using CuK , radiation. Shown in Fig. 1 are x-ray measured at 2 and 25 K.

0.98

R(H)/R(0)




5470 ERIC E. FULLERTON, C. H. SOWERS, AND S. D. BADER 56

I [ T ITN T I T

60 —

) /w
»L 56 &

N
=)
T

p (LQcm)
dp/dT

0 100 200 300
I R R S B T (K)
0 100 200 300
T (K) FIG. 4.dp/dT vsT for the 36-, 46-, and 56-A samples of Fig. 3.

The arrows indicatély and the onset temperatufig, where the
FIG. 3. Resistivity results for a series ofFeg15 A resistivity deviates from a lineal dependence. The curves are
CroFes(terrd] 40 SUperlattices. Thec,.re values are shown. The offset for clarity and the horizontal lines indicatgp/dT=0 for
resistivity scale is for the 225-A sample. The scale is offset 10, 15each sample.
30, 45, and 5Q€) cm for subsequent samples. The arrows indicate

'I4'N determined from the minimum afp/dT vs T, as shown in Fig. ers less thar=33 A. Shown in Fig. 4 ilp/dT for the 36-,

' 46-, and 56-A Cr-Fe spacers. From tip/dT curves, we

extract two temperature3y, determined by the minimum in
Crg Fe; film grown at Ts=500 °C. The characteristic in- dp/dT and the onset temperatufg, which we define as the
crease in resistivity below Ty is evident in Fig. 2a). Ty is  temperature at which the resistivity deviates from its linear
determined operationally from the point of inflection of he vs T behavior. This definition o was previously shown to
vsT (i.e., the minimum indp/dT). Using this criterion, we agree with neutron diffraction results in Fe/Cr superlattices.
obtain Ty=212+5 K which agrees withTy=211 K ob-  For all the samples studietl, was~150 K higher tharT .
tained for a bulk Cr-Fe alloy with 6.5 at. % EeThe rela-
tively high residual resistivity of the film in Fig.(3) as
compared to pure Cr films also agrees with bulk results. The |\, MAGNETIZATION AND MAGNETORESISTANCE
transition, however, is considerable broader and does not ex-
hibit the first-order jump irp observed in bulk crystals. This ~ Shown in Fig. 5 are the magnetotransport results for
difference may result from a nonuniform Fe distribution or samples shown in Fig. 4 measuredTat Ty, Ty<T<T,,
clustering in the alloy arising from nonequilibrium thin-film and T<Ty. For T>T, the MR is small and positive for
growth. For Cg,Fe; films grown at lowelTs (=150 °Q), Ty~ small fields. (The negative high-field MR has been sub-
increases to~260 K which again may result from differ- tracted from the data.This positive MR results from the
ences in the Fe distribution. Shown in FigbRis the mag- ~ anisotropic magnetoresistan@@VR) as the Fe layers rotate
netoresistancéMR) measured at 2 and 25 K. The MR is from the F§100] easy-axis direction to saturated along the
large and negative. Both the magnitude and shape of the ME10]. This shows that the Fe layers are either uncoupled or
curve agree with bulk measurements and are characteristic &#rromagnetically coupled in this temperature range with the
magnetic alloy$. The presence of local moments providessaturation field proportional to the cubic anisotropy. Fr
spin-flip scattering channels which are frozen out in high<T<T, the MR behavior becomes negative and isotropic
magnetic fields. and is characteristic of the giant magnetoresist4@MR),
Shown in Fig. 3 are the resistivity curves for a series ofand the saturation field increases. As temperature decreases

Fe(15 A)/CryFe; superlattices. For thicker Cr-Fe layers to T<Ty, the MR changes sign back to that for AMR be-
(e.g., 225 A the resistivity curve is similar to the Cr-Fe film havior for the 46- and 56-A samples and is strongly reduced
results of Fig. 2. As the Cr-Fe layer thickness is reduced, théor the 36-A sample. For the 29-A sample, the MR is nega-
minimum inp vs T as well as the inflection point character- tive and decreased monotonically with increasingThese
izing Ty (indicated by the arrowsshifts to lower tempera- results are summarized in Fig. 6, showing Theependence
tures. Ty decreases systematically with decreasing Cr-Fef the MR. Fortc, =36 A, GMR is only observed in the
spacer thickness in a qualitatively similar fashion to that obintermediate temperature randg<T<T, as indicated by
served for Fe/Cr superlatticdszor the 29-A Cr-Fe spacer, the arrows. This change in behavior is also observed in the
the resistivity decreases monotonically with decreasing temmagnetic behavior. Shown in Fig. 7 are magnetization results
perature without showing the upturn characteristic of thefor the 36-A sample. Fof >T,, a square hysteresis loop is
Neel transition in Cr-Fe alloys. These results suggest a supsbserved consistent with the AMR behavior observed in Fig.
pression of the homogeneous ordering for Cr-Fe spacer lays. ForT<Tg, the remanent magnetization decreases indicat-
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FIG. 6. Magnetoresistance valuesWVdor superlattices the 29-,

FIG. 5. Low-field magnetoresistance curves for the samplege. 46-, and 56-A sampledyp is defined such thakp<0 is char-
shown in Fig. 4. Top paneb6-A spacer laygr middle panel46  acteristic of AMR behavior andp>0 is GMR. The arrows indi-
A), and bottom pane(36 A). H is parallel to the current and par- cate theT,, and T, values as determined in Fig. 4.
allel to the F§110] hard axis. The linear high-field contribution to
the MR has been subtracted from the data. For each panel, the tefia transport is found to decrease with decreasing Cr thick-
curve is forT>T,, the middle curvel,>T>Ty, and the bottom ness in a qualitatively similar fashion to that previously re-
curve T<Ty. ported for Fe/Cr superlattices. This behavior is understood as

arising from frustration caused by interfacial roughrfeBsr

ing the onset of interlayer coupling. The remanent value othin layers, the Cr layers are coupled to the Fe layers and will
0.58 and the shape of the hysteresis loop can be quantitarder locally(i.e., within the lateral terrace lengtas shown
tively modeled assuming a combination of ferromagnetic bi-schematically in Fig. 1@). Such a configuration is obtained
linear coupling, biquadratic coupling, and cubic anisotropy.in calculations of F/AF systems with rough interfadds>
For lower temperatures, a square hysteresis loop is agajfis the spacer layer thickness increases, this configuration is
regained. The temperature dependence of the remnant magnstable and will crossover to homogeneous ordering shown
netization is plotted in Fig. 8. We observe the onset of bi-schematically in Fig. 1®). In this configuration, the disor-
quadratic coupling below, and then a suppression below der is located near the interface and the center of layer ex-
Tn. The change in magnetic properties of the magnetic layehibits long-range order. A transition from homogeneous or-
is also reflected in the coercive field$¢ . We find enhanced dering to inhomogeneous ordering is also expected with
Hc values belowTy . An example is shown in Fig. 9 for the increasing temperatufé.For temperatures in the vicinity of
46-A sample. Ty, the ordering of the spacer layer is dominated by the

We only observed AF bilinear coupling for Cr-Fe thick- interfacial exchange energy and will locally respond to the
nesses of~8-10 A which corresponds to the first AF- Fe layers. For thicker spacer layers and low temperatures, the
coupling maximum for Cr spacers. We did not observe théntrinsic AF ordering of the spacer should dominate and ho-
oscillatory coupling for thicker Cr-Fe spacers previously ob-mogeneous AF ordering is expectgfélg. 100)]. For small
served for Ci? This most likely results from the high resis- spacer thicknesses @rnearT,, inhomogeneous ordering is
tance of the Cr-Fe alloy compared to that of Cr spacersexpected.

Therefore, we could not study the interaction betwdgn Within either the fluctuation or proximity magnetism
and the bilinear coupling in the present samples. models the existence of biquadratic coupling implies inho-
mogeneous ordering of the Cr or Cr-Fe interlayers. That is,
V. DISCUSSION AND CONCLUSION the AF interlayer has to respond to local fluctuations at the

interface. Therefore, biquadratic coupling is expected for a

These results again highlight the direct relationship beimagnetic configuration shown in Fig. ). For a homoge-
tween the intrinsic AF order of the spacer layer and the bineously ordered layer, the magnetism of the Cr layers will be
quadratic interlayer coupling. The Bletransition measured insensitive to the relative orientation of the Fe layers, and
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FIG. 7. Magnetic results for thgFe(15 A)/CroFey(36 A)l4g
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FIG. 9. Coercive  field He values for the
[Fe(15 A)/CryFes(46 A)]4 superlattice withH applied along the
Fg100] easy axis. Arrows indicat&y and T, values determined in
Fig. 4.

biquadratic coupling. For the thinnest Cr-Fe layers, the ho-
mogeneous ordering is never achieved and the biquadratic
coupling increases monotonically with decreasing tempera-
ture. This interpretation is consistent with Ref. 4 which cor-
related the presence of biquadratic coupling in FEQ)
superlattices with the observation, via neutron scattering, of
frustrated Ak order.

In conclusion, we have investigated the AF ordering of

superlattice withH applied along the F&00] easy axis. The top
panel is forT>T,, the middle panel,>T>Ty, and the bottom
panelT<Ty.

thus the biquadratic coupling should be suppressed. Thert
may still be an effect on the coercive field as observed for
thin Fe layers on a Cr substr&feThus to interpret the
present results, the onset temperafligas the boundary be-
tween the paramagnetic spacer and inhomogeneous orderin
In the fluctuation model, the Cr-Fe interlayer would be
viewed as having an enhanced susceptibilityf @pproaches
Tn, Whereas the proximity magnetic model assumes inho-
mogeneous AF ordefly then denotes the transition to ho-
mogeneous order, and is concomitant with the suppression o

M/M

0.5 | | | ! |
0 50 100 150 200 250 300

F.

Cr

F

Cry Fe; alloy layers in epitaxial Fe/GiFe;(001) superlat-
tices. Nel temperaturely, values are found to be strongly

FIG. 10. Schematic representation of two possible magnetic or-

T (K) dering configurations for an AF spacer layer in the presence of
rough interfaces. In both cases, domain wéitglicated by broad
lines) are initiated and terminated at interfacial stef@.Domain

FIG. 8. Remanent magnetizatioM,/Mg values for the walls connect steps at adjacent Fe layers resulting in inhomoge-

[Fe(15 A)/CryFes(36 A)]4 superlattice withH applied along the  neous ordering of the AF spacer layer gbjidomain walls connect

Fg100] easy axis. Arrows indicat€y andT, values determined in steps of the same Fe layers resulting in homogeneous ordering

Fig. 4. within the center of the AF layer indicated by the dashed line.
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thickness dependent, witfy suppressed for GiFe; thick- f[ion between the AF ordering process and the biquadratic
nesses less than33 A. Transport results indicate a broad- interlayer coupling.

ening of the transition with an onset temperatlige> Ty by
~150 K for all thicknesses. The biquadratic interlayer cou-

pling of the Fe layers is enhanced betwegpand T, and Work supported by the U.S. DOE, BES-Materials Sci-
suppressed belowy . These results show a direct correla- ences, under Contract No. W-31-109-ENG-38.
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