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Magnetic springs in exchange-coupled DyF#YFe, superlattices: An element-selective x-ray
magnetic circular dichroism study
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X-ray magnetic circular dichroism technique has been exploited to measure material-selective hysteresis
loops in DyFg/YFe, exchange-coupled superlattices. The magnetization reversal in these systems depends
strongly on the individual thickness of both compounds. In superlattices with 100-A-thick,Dyfeas, recall
springs are shown to develop in the soft Yhkayers, as expected from the domain wall energy values. On the
contrary, when the DyRdayers are thinner, the Ygenagnetization remains aligned along the field direction
and the DyFgnet magnetization rotates due to the interface exchange interaction. This observation proves that
magnetic exchange springs penetrate into the magnetically hard, Dajfess.
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The DyFe/YFe, superlattices composed of hard and softfield have been only deduced from macroscopic magnetiza-
magnetic materials of high crystallographic quality are rep-tion measurements that give the total magnetization from the
resentative examples of interface exchange-coupled systemshole superlattice. The mechanism of magnetization reversal
These complex magnetic heterostructures belong to a verig relatively well understood in the case of thick layers of
promising category of spring magnet®Ke,/R*Fe,), in both materials: the magnetization of the hard material is
which R is a highly anisotropic rare-earth metély-Tb-Sm-  defined by the crystal field anisotropy, whereas interface do-
Er-Nd) andR* is a nonmagnetic rare-earth eleme¥i La, main walls develop in the soft material and act as recall
Lu) or an almost isotropic metal, such as &8 They also  springs:* For thin DyFe layers the magnetic behavior of
exhibit an exchange bias effect that is either positive or negathe superlattices is by far more complex, especially at high
tive, showing memory of the field history of the superlatfice. temperatures(above 100 K. To unravel the underlying
These two latter effect@xchange spring and exchange bias mechanism one needs to exploit an experimental technique
are currently a matter of high inter2§for both fundamental which probes the magnetic properties of each compound in-
and technological reasons, because they are central issues f@pendently.
permanent magnet and spin-valve devices. A detailed under- To go further in our studies of the exchange coupling
standing of the magnetization reversal process, strongly rgghenomena in DyR€YFe, superlattices, we have investi-
lated to exchange coupling effects at the interfaces, is theregated compound-resolved magnetization reversal using x-ray
fore highly desirable. magnetic circular dichroisdiXMCD) which was proved to

Various studies have been carried out on the preparatiobe the element- and orbital-selective magnetometry ‘fool.
and on the magnetic properties of single-crystallREe, = We performed XMCD measurements on two DyFRé-e,
thin films.”~*In particular, they have elucidated the key role superlattices, with 100-A-thick and 50-A-thick DyFayers.
played by the epitaxial strains in the spontaneous magnetizédonitoring the XMCD signal at the Dy 5 (2p-5d transi-
tion direction caused by the strong magnetoelastic couplingions) and Y L5 (2p-4d transitiong absorption edges as a
In RFe, /R* Fe, superlattices, the iron atoms are coupled fer-function of applied magnetic field, we were able to record
romagnetically at the interfaces as well as in the layers. Deelement-specific, and thus compound-selective, hysteresis
pending on the relative orientation of the net magnetizatiorioops.
of the layers and of the iron sublattice, the coupling between The XMCD spectra at these edges are related to the in-
the layers can be either ferromagnetic or antiferromagnetialuced magnetic moments of the Dyd@nd Y 4d states,
Recently, extensive studies of the magnetic behavior ofvhereas the magnetism of the compounds is dominated by
DyFe,/YFe, (110 superlattices have been initiattlYFe, Dy 4f and Fe 3 states. The polarization of the DylZand Y
is a soft ferromagnet, whereas DyFs a hard magnetic 4d shells is, however, proportional to the total magnetization
material(the anisotropy constanks, in these compounds are in the DyFe and YFe layers respectively. Thus the field
respectively close to £@&rg/cn? and 4x 107 erg/cnt at room  dependence of the XMCD signals is directly related to the
temperaturg In DyFe,, the Dy magnetic moments are domi- field dependence of the magnetization of the specified com-
nant and antiferromagnetically coupled to the iron ones. Apound, projected onto the direction of the incident x rays
the DyFe/YFe, interface, the coupling between net magne-(i.e., of the external magnetic figld
tization of both layers is therefore antiferromagnetic. Up to The samples were prepared following the process devel-
now, the magnetic configurations occurring under magnetioped for the epitaxial growth of single-crystalliEL0) RFe,
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thin films, described in Ref. 7n situ reflection high-energy Energy (¢V)

electron diffraction(RHEED) observations, as well as large- o0 i 70 70 ™0
angle x-ray scattering experiments, evidence the high single- F @) sample I

crystal quality of these composite systetrSeveral super- 008 T=100K H=-6T Dy L, edge]|’

lattice satellites around the maifl10) Bragg reflection 0.06
reveal the periodic stacking of DyfFeand YFe layers.

The two superlattices measured for this study
are [DyFe, (100 A)/YFe,130A)],3 and [DyFe,50A)/

YFe,(130 A)],;, refered to as sample | and I, respectively, - - oy
in the following. The x-ray magnetic circular dichroism ex- LT P J U
periments were performed at the European Synchrotron Ra- 002t
diation Facility (ESRB in Grenoble(France on the ID12A [
beamlinet®> The applied magnetic fieldup to =7 T) was
parallel to the direction of the incident x-ray beam. In order 010 - - - - 4
to apply the magnetic field as close as possible to the easy o[ ® sample IT

T 5 _ — T=200K H="7T Y L,edge |3
magnetization direction of the sampléhe in-plane[110]

direction), we used a specific sample holder that permitted
a grazing incidence geometry, where the incident beam an

the magnetic field are at 5° from this in-plah£10] direc-
tion. The XMCD spectra were recorded by flipping the he-
licity of incoming x rays and keeping the direction of the
magnetic field fixed. For the experiments at thé_Y edge,
we used the fundamental harmonic of a hybrid electromag- I
netic helical undulatofEMPHU),* which allowed us to flip -004 |-
the helicity of x rays at every energy point of the scan. While "l , , ,
for the XMCD measurements at the Iy, the second har- 2070 2080 . V2°9° 2100
monic of the HELIOS-II undulator has been used and the nerey (V)
helicity of incoming photons was changed after each con- FIG. 1. Normalized x-ray magnetic circular dichroic signal and
secutive energy scan. In both cases the degree of circulabrmalized x-ray appearance near-edge strudANES) spectra
polarization of the monochromatic x-ray beam was estimatetheasured using total fluorescence yiéddat 100 K, under a6 T
to be in excess of 85%. The spectra were recorded in thexternal magnetic field and around the Dy edge for the sample
total fluorescence detection mode, which is not sensitive tbDyFe,(100 A)/YFe(130 A)],5 (b) at 200 K, under a-7 T exter-
the external applied magnetic field, at least in the range ofial magnetic field and around the I; edge for the sample
interest(+7 to —7 T). [DyFey(50 A)/YFey(130 A)],;.

Typical XMCD spectra at both Dy and Y edges are shown
in Fig. 1 (left scale$, together with the normalized x-ray at 100 K and 2 T at 200 Kare precisely at the field where
absorption spectrdright scalegs To record the element- the total magnetization abruptly drogecreases towards
selective hysteresis curves, the energy of the incident x-ragaturation along the applied negatiyeositive field. This
photons was tuned to the maximum of the XMCD signalmeans that, as expected from the strong anisotropy in PyFe
either at the DyL; absorption edgé€7.789 keVf or at the Y  the magnetization of the Dykéayers is almost constant be-
L, edge(2.08 keV). The amplitude of the dichroic signal at fore switching sharply al.. Note, however, a slight reduc-
each value of the applied magnetic field was measured bijon in the DyFg magnetization prior the reversal, especially
flipping the helicity of the x-ray beam. The hysteresis loopsat 200 K where the anisotropy is smaller. This should be due
measurements have been done at thd.Pgdge for sample to a shift of the magnetization from the easy direction. In
| and at both the Dy and Y.; edges for sample II. comparing XMCD measurements at the Dy edge and

The XMCD signal collected at the Dly; edge versus the SQUID measurements, one can thus conclude that the less
applied magnetic field for sample[DyFe,(100A)/  sharp variation in magnetization measured for positive de-
YFe,(130 A)],5 is shown in Fig. 2(solid circleg at 100 and  creasing fields must be attributed to the YReagnetization.
200 K. As presented in Ref. 1, these temperatures are thEhe successive magnetic configurations can be described as
most characteristic of the magnetic behavior over the wholdollows: at+7 T, the net magnetization of both compounds is
temperature range. The measured loops are correlated to theong the external field with thin domain walls at the inter-
magnetic behavior of DyRemagnetization. The loops pre- faces in the YFglayers. From+7 T to 0, the domain walls
sented with solid curves correspond to the macroscopic maglecompress and extend so that the magnetization of, YFe
netization measurements performed with a superconductingrogressively orientates along the iron moments in DyFe
quantum interference deviceSQUID) magnetometer, and (i.e., along the negative fieldd=rom 0 to—H, the sample is
thus reveal the magnetic behavior from the whole sampléerrimagnetic and, at-H., the magnetization of Dyke
(DyFe, and YFe). At both temperatures, the XMCD signal switches with again the formation of domain walls in the soft
exhibits almost square loops, whose coercive field$3.2 T YFe, layers, which become thinner and thinner as the field
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FIG. 2. Hysteresis loops measured at 100 and 200 K for the G, 3, Hysteresis loops measured by XMCD at 200 and 250 K
superlattice [ DyFe,(100 A)IYFe(130A)l;q. The results pre-  for the superlatticel DyFe,(50 A)/YFe,(130 A)],;. The results
sented with black dots correspond to the Dy XMCD signal andpresented with solid circles correspond to the Dy XMCD signal and
reveal the magnetic behavior of the DyHayers. The results pre-  reyeal the magnetic behavior of the DyRayers. The results pre-
sented with solid curves correspond to SQUID measurements argbnied with open circles correspond to the Y XMCD signal and
reveal the magnetic behavior from the whole sample. reveal the magnetic behavior of the YHayers.

becomes more negative. This is the standard description of

the behavior of a spring magnet with antiferromagnetic exfrom +1to —1 T, the Dy and Y signals evolve in opposite
change coupling at the interfaces. Note the small jump in thavays (i.e., the Dy signal increasesvhereas the Y one de-
magnetization as the magnetic field passes through zero theteases to reach Y ; (iii) finally, the Dy signal decreases
has been also observed by other authors. An interpretatiodgain, whereas the Y signal remains almost constant at
has been given in Ref. 10 and the problem has been briefly Y max- Moreover, minor loops performed at the Dy edge
discussed by Sawicket al? From other samples that were have shown that the behavior is reversible betwe&hand
fabricated with different capping layers, we believe that this+1 T, but no longer once the Dykenagnetization has

feature could be due to oxidation. switched back along the field direction to follow the YFe
The XMCD signals versus external magnetic field mea-magnetization reversal.
sured at the Dy and Y.; edges(solid and open circles, From the above observations, the magnetic behavior of

respectively are shown in Fig. 3 for the superlattice the whole superlattice can be described as follows.
[DyFe,(50 A)/YFe,(130 A)],,. The XMCD study has been (i) The magnetization of YEds kept stuck along the field
focused on the high-temperature rar{g60 and 250 K be-  direction(referred to astz), while the DyFg magnetization
cause the low-temperature behavior appears to be rathgrogressively leaves this direction in order to satisfy the an-
simple and could be elucidated from classical SQUIDtiferromagnetic interface exchange coupling. At 250 K, the
measurements.The behavior of the DyRemagnetization situation is such that, close t61 T, the magnetizations of
(deduced from the Dy dichroic signatan be compared at the layers are in opposite directions. Such a ferrimagnetic
200 K to the previous sample: in this superlattice where theonfiguration minimizes the exchange energy, with a cost in
DyFe, layers are twice thinner, the loop is not square at allZeeman energy due to the Dyfmagnetization that is op-
which means that the magnetization reversal occurs in gosite to the field direction.

completely different way and cannot be interpreted so sim- (ii) When the YFe magnetization switches from thez

ply. When decreasing the magnetic field, the magnetizatiotowards the—z direction, the interface exchange coupling
reversal occurs in three stages, at both temperaturgs: leads to the simultaneous rotation of the DyFeagnetiza-
from +7 to +1 T, the Dy signal decreases continuously,tion and thus it comes back to thez direction. The ferri-
whereas the Y signal remains almost constant ¥f,,,, (i)  magnetic configuration between Dyfend YFe magnetiza-
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tion is maintained. At 250 K, the switching of the YJFe © sample T - T=200K |
magnetization starts for negative fields and can thus be at- -
tributed to the contribution of the Zeeman energy. However, - @
at 200 K, the YFgreversal starts for positive fields, probably
to favor an exchange interaction between iron moments at
the interfaces. At this temperature, it is likely more difficult

for the DyFe magnetization to turn opposite to the field o)

because both the anisotropy and Zeeman energies are higherg | |
(iii) For large negative fields, the magnetization in both 7%

compounds tends to align alorgz. As for decreasing posi- ® L o 8

tive fields, the YFg magnetization is close to the field direc- % - —o—XMCD <

tion, whereas the Dykamagnetization is shifted in orderto % | Magnetizatiorm g

satisfy the exchange interaction. It comes closer and closer to & ' ' ' ' ' ' ' ' g

the field direction when the magnitude of the field increases. 3 [ samplell - T=250K £
Therefore, in contrast to sample |, the DyRayers be- 2 ® 1 8

have in this case as softer layers: despite the strong crystal§ [

field anisotropy in this compound, the lower Zeeman energy § T

allows the magnetization to shift from the field direction, to
satisfy interface exchange interaction. Although other
authors® have already mentioned the possibility for the mag-
netic walls to penetrate into the hard material, the results i
reported in this paper provide direct evidence for such a phe- I

nomenon. Moreover, they demonstrate that at 250 K the i — o XMCD
walls not only penetrate into the hard layers, but are almost I Magnetization|
completely located in the hard layers, since the YfFag- e a4 g o s T s
netization is constant for positive fields. Magnetic field (T)
Figure 4 gathers the magnetization measurements per-
formed at 200 and 250 K with a SQUID magnetomésarid FIG. 4. Hysteresis loops measured at 200 and 250 K for the

curves for the same superlattice, together with the magneti@uperlattice DyFe,(50 A)/YFe,(130 A)],. The results presented
behavior of the whole superlattices that was deduced fronyith solid curves correspond to SQUID measurements. The results
the Y and Dy dichroic signalgopen squarésfrom Fig. 3. presented with open squares correspond to. a Iipear combination of
The loops with open squares are simply obtained in summinfj'¢ DY and the Y XMCD signals presented in Fig. 3.
hysteresis loops measured by XMCD at the Dy and Y edges,
with a factor of 1.8 between the measured curvessamples investigated in the present study, element-selective
(Dy loop+1.8Y loop). Let us make clear that no obvious hysteresis loops have been measured, which made it possible
physical conclusion could be deduced from this value of 1.8to investigate the behavior of the magnetic exchange springs.
Indeed, the amplitude of the dichroic signal measured only alin the superlattice with 50-A-thick Dykelayers, XMCD
a single partner of the spin-orbit split edge is not directlymeasurements reveal that, in contrast to what can be ex-
related to the magnetic moments carried by the absorbingected from the hard Dykecompound, the exchange cou-
atom. The measured signal depends on many various parampling leads to the shift of the Dykenagnetization from the
eters[e.g., relative thicknesses of the layers, the matrix elefield direction, in order to favor the ferrimagnetic configura-
ment of the optical transitions involved2p;,-4d or  tion between DyFeand YFe layers. The YFg magnetiza-
2p4-5d), number of 4l(5d) holes, etcl Thus we used the tion is essentially aligned with the applied field and governs
same empirical factor in order to obtain the best agreemerihe DyFg magnetization direction, via interface exchange
between the macroscopic- and XMCD-deduced magnetizazoupling.
tion curves at both temperatures. This analysis allowed us to The present study thus demonstrates the necessity to take
unravel the details of the magnetization reversal, which wagccount of the penetration, or even the location at high tem-
not possible to elucidate from the SQUID hysteresis loops. perature, of magnetic springs into the hard layers. Such in-
In summary, x-ray magnetic circular dichroism measureformation is of great interest for a better understanding of
ments performed at the Dy andLlY; edges in DyFg/YFe,  exchange coupling related phenomena, such as spring mag-
superlattices allows us to obtain element specific informatiomet behavior and exchange bias. The further work is in
on the magnetic behavior in this composite system. In suclprogress to provide a complete description of these systems
heterostructures where the interface exchange coupling mayased on both analytical calculations of the magnetic con-
lead to complex and unexpected magnetic configurationdjgurations and detailed studies of the temperature depen-
this technique is a precious and unique tool to extract a dedence of XMCD signals at both Dy and Y edges for samples
tailed description of the magnetization reversal. For thewith various thicknesses.
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