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Spring magnet behavior in DyFe/YFe, Laves phases superlattices
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Original composite systems with two isomorphous Laves phd®@se, and YFe) have been elaborated by
molecular-beam epitaxy. These superlattices combine the hard magnetic properties pividlyfige soft ones
of YFe,. Moreover, they exhibit high single-crystal quality and constitute model systems to investigate the
influence of the relative energy terms on the magnetization reversal. The magnetization measurements show
that it is thus possible to tailor the magnetic configuration and the magnetization reversal process. Particularly
interesting behaviors have been observed in the superléfiigee,(50 A)/YFe,(130 A)], which presents
spring ferrimagnet characteristics, together with an exchange bias of the hysteresis loop. The bias can be either
positive or negative, depending on the cooling-field value and, therefore, shows memory of the magnetic
history of the superlattice. The spring-magnet loop appears to be reversible oMer e T/+7.5 T) field
range at low temperature.

An interesting way to extend the already large amount ofayers. Moreover, if the components are isomorphous, high-
magnetic materials, and to tailor their magnetic behavior, igjuality interfaces can be expected, and the superlattices then
to turn to composite materials, thus taking advantage of théonstitute model systems to study the effects related to the
specific magnetic properties of each component. So, nowitérfaces and to the relative thicknesses of each component.
emerging are the so-called exchange spring magnetsch In this paper, we present results concerning the magnetic

are composed of a fine mixture of a hard and a soft magnetier.Operties of a _composite system that i_s a superlattice con-
material. In such systems, the magnetization of the har tituted of two isomorphous intermetallic compounds with

magnetic material is tightly stuck along easy directions, e C15 Laves phases structufByFe, and YFg). Because

whereas the magnetization of the soft magnetic material ¢ 9 the anisotropic electronfacloud of dysprosium, Dykes

a1 hard ma [ [ [ i

L gnetic material, which is also strongly
be turned by a small external magnetic f|_eld. However, be'rnagnetostrictivé.lt is ferrimagnetic, with an average mag-
cause of the exchange coupling at the interfaces betwe

o e tic moment at low temperature of /atom
both phases, the magnetization of the soft material is recalled 2ur9/3] along the dyspr?)sium mome&ni the iEt()ﬁDrynag-

along the magnetization direction of the hard materialgiic moments being antiparallel to the dysprosium ones. Yt-
Therefore, there is a significant field range where the maggium is a nonmagnetic element, and YFe a soft com-
netic behavior is perfectly reversible; the magnetic domainhound with an average magnetic moment of .Qy9atom,
walls that develop at the interfaces act as recall springs. Sgiong the iron moments(uy —21rd)/3]. The coupling be-
the magnetiC Configuration in such SyStemS is the result Olfvveen DyFQ and YFQ occurs at the interface through the
the balance between the anisotropy enefgwinly in the positive exchange between iron magnetic moments of both
hard materigl the energy of the interfacial domain walls, components, and through the negative coupling between iron
and, when an external magnetic field is applied, the Zeema(of YFe,) and dysprosium moments. These exchange cou-
energy in both components. plings lead to a net antiparallel coupling between Dyg-e
Because of the potential application of such compositeand YFe's magnetization, and the system is thus a kind of
systems in the field of high-performance permanent magnetgjiant ferrimagnet.
an increasing amount of studies is devoted to these spring In zero magnetic field, the expected magnetic configura-
magnets. Most of the systems have been fabricated by rapiibn is that sketched in Fig.(&) and, depending on the rela-
guenching and subsequent annealing or mechanical alloyirtive thicknesses of each compound, the net magnetization is
to form a nanocomposite with randomly oriented hardalong the dysprosium or the iron moments. Under an exter-
grains? After the theoretical calculation performed by nal magnetic field, the net magnetization could orient along
Skomski and Coelon the exchange hardening of nanostruc-the field direction, preserving the relative magnetic configu-
tured systems composed of alignedhard phase and a soft rations of the layers. Alternatively, the Fig(al magnetic
phase, multilayer structures composed of alternating hardonfiguration can be broken with the orientation of the net
and soft magnetic regions have been elaborhtS&dme magnetization of each layer along the field and, therefore,
trilayer amorphous systems, which associate hard and softith the creation of interfacial domain wall§ig. 1(b)]. In
intermetallic compounds of transition metals and rareFig. 1(b) the total magnetization of the sample is larger than
earths>® have been also studied. Recently, Fullerairal”  in the previous configuratiofFig. 1(a)]. From the relative
pointed out the interest of the epitaxied systems such as sexchange and anisotropy constants in Dy&ed YFe, the
perlattices, where the crystallographic coherence allows fowall energy is expected to be 20 times larger in Dyfan
the investigation of the role of crystal orientation and struc-in YFe,, and the magnetic walls are thus expected to form in
ture, and permits much more easily aligned hard magnetithe soft YFg layers.
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FIG. 1. Sketched magnetic configurations for a Dyf¥é&e, in-
terface(a) under zero magnetic field an@) under high magnetic
field.

We present here various magnetization reversal processe [110]
that have been tailored in these composite epitaxied systems _ _
by changing the relative thicknesses of both components: the FIG. 2. RHEED patterns measured along [fd0] and[111]
Super|attice can behave as a Sing'e hard magnetic Compouﬁéimuthal directions after the depOSition of the 500 A thick niobium
that switches as a unit, as a mixture of two rather indepenbuffer, ~and  after ~ the  depositon ~ of  the
dent compounds, or, more surprisingly, as a spring ferrimag-DYFe&(100 A)/YFe(130 A)];¢ superlattice.
net over the(—7.5 TH-7.5 T) field range. In this third case,
the initial magnetic configuration under 7.5 T can be chose
via the cooling procedure, and the low-temperature hyste

zjgselﬁ:ti)ithus shows memory of the magnetic history of th 220) main Bragg peaksee inset in Fig. Bleads to a mosaic
) - i spread of approximately 1.3°, which indicates a high degree
The samples were prepared on (0)Zapphire substrates ¢ crystalline orientation.
by molecular-beam epitaxy, in a high vacuum chamber the magnetic properties have been investigated by super-

: ; —11

whose base pressure '2 typically<40™Torr. A buffer  conqgycting quantum interference device measurements for
composed of 4110 500 A niobium layer covered by a Very hreq typical superlattices with different relative thicknesses:
thin iron film (15 A) was first deposited onto the substrate.

r1iion of the samplgi.e., a bilayer thicknegs This confirms
rt_he periodicity of the stacking. Moreover, the full width at
alf maximum of the rocking curve measured across the

The role of this thin iron deposition is to initiate the follow- superlattice A, [DyFey(50A)/YFe,(130A)],4,
ing RFe, epitaxy (R=Y or Dy).
The YFe and DyFg layers were then obtained by alter- superlattice B,[DyFe,(100A)/YFe)(130A)]g,

native codeposition of Fe and Y, and Fe and Dy. The
samples were finally coated with a 200 A thick yttrium layer superlattice C,[DyFey(100A)/YFe,(50A)],
to prevent them from oxidation. Yttrium and niobium were
evaporated from electron guns, dysprosium and iron from
Knudsen cells. The evaporation rates were controlled and
calibrated from quartz balances and optical captors. L
The growth mode and the crystal quality of the surface 100 |-
have been checked with an situ reflection high energy 78 Pl 2P
electron diffraction(RHEED) setup. The Laves phase com- (220) RFe,
pounds present the following epitaxial relationships with
niobium? l

1000 —
: (1120) ALO,

(110) Nb

10}

Intensity (cts/sec.)

[001] pyreI[ 001 ye I 001y

and [110]pyre,I[ 110]yre I[110] .-

After the deposition of the superlattice, the RHEED patterns 2.3 2.4 2.5 2.6 2.7 2.8
(Fig. 2) exhibit continuous, thin, and contrasted streaks, a
; . ; q(&%)
which reveal a high crystal quality and a rather smooth sur-
face. The compound stoichiometry has been checked by mi- FIG. 3. Large-angle x-ray diffraction pattern for the
croanalysis, and is withir=2% of the expected value. [DyFe,(100 A)/YFe(130 A)],4 superlattice. Arrows indicate the
The large-angle x-ray diffraction patterfiSig. 3 exhibit  satellites due to the chemical modulation. The rocking curve across
satellites, indicated by arrows, due to the chemical modulathe (220) main Bragg peak is given in the inset.
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Y A B B I DL IR I doty and under+70 kOe (+70 kOe-FC represented by
[ T=12K (a) i white dots. It is remarkable that each of the curves is very
: 70 kOe - FC @ asymmetric, reversible, and that the two curves are symmet-

ric to each other about the origin point.

The reversibility of the magnetization reversal at low tem-
perature is interpreted by the blocking of the magnetization
of the 50 A DyFe layers. The difference between the loops
reveals that the 70 kOe and the 10 kOe field cooling bring
the system into two different magnetic configurations. The
70 kOe field cooling brings the system in the configuration
sketched in Fig. (b), where the net magnetizations of both
compounds are aligned with the field direction. The energy
| cost to form the interface magnetic walls is compensated by
@ 1 the gain in Zeeman energy obtained by the alignment of the

1 net magnetizations in the core of each layer.
L (b) ] When the superlattice is cooled under 10 kOe, the gain in
- 70kOe- FC @ 1 Zeeman energy obtained for the configuration in Fih) 1
[ —— T=12K | would be too small, and in any case, insufficient to drive the
0.5 | —®— T=100K _ development of interface magnetic walls. So the sample be-

r 1 haves as a homogeneous system whose net magnetization
aligns along the field direction; this brings the system into a
configuration that is symmetric with the one in Figajt
because of the small DyE¢hickness, the iron magnetic mo-
ments are dominant and are thus all aligned with the external
magnetic field, the dysprosium ones being antiparallel.

Consequently, two different magnetic states can be

. —— 10 kOe - FC

e
tn

Magnetization (p.B /at.)
(]

&
in
———

-1 et

Magnetization (py/at.)
[—]

L ] achieved by cooling in a 10 kOe or 70 kOe applied field: the
F H, - DyFe, magnetization is quenched either along the cooling

[ | field direction (70 kOe-FQ, or in the opposite direction
aboe ittt b b 1 Ly (10 kOe-FQ@. Once the cooling procedure is finished, the
-8x10% -6x10¢ 4x10¢ -2x10* 0 2«10* 4x10* 6x10* 810 Dy magnetization is determined and fixed; the application
Magnetic field (Oe) of a 7.5 T magnetic field at low temperature drives only the

YFe, moments along the field direction, and thus two differ-

[DyFe(50 A)/YFe (130 A)l,.: (@) At 12 K after two different hnt mag:ljnetlfc clzccj)nflguratlczjns _?_in bi fsf,tabtl)hzehd (Ej)ependmg on
cooling processes; after cooling the sample from room temperatur e cooling field magnitude ey differ by the DyF@ag-
under 10 kOg[10 kOe-FC (black dot3] and under 70 kO&70 netization direction, lead to different magnetization values,
kOe-FC(white dots]. (b) At 12 K (white dots and at 100 Kiblack ~ @nd show a memory of the magnetic history of the superlat-
dots after cooling under 70 kOe from room temperatdighe let-  tice. This memory effect is stabilized by the strong anisot-
tersa andb presented in circles refer to the magnetic configurations’opy in the DyFe thin layers at low temperature.
sketched in Figs. (8 and Xb), respectively.H is the magnetic To further demonstrate the memory effect, we have also
field at which the DyFgmagnetization starts to switdh. cooled the sample under70 kOe and under10 kOe. The
—70 kOe field cooling leads to the same loop as the
The measurements have been performed with the magnetic10 kOe field cooling, whereas the10 kOe field cooling
field applied along different in-plane crystallographic direc-|eads to the same loop as th&’0 kOe field cooling. This is
tions: [001], [110] and[lll] For the three samples, the in perfect agreement with the above interpretation: the
[110] direction appears to be the easy magnetization direc=70 kOe field cooling quencheie netDyFe, magnetiza-
tion in DyFe,, especially at high temperatures. This is differ- tion along negative fields, and the initial magnetic configu-
ent from the bulk DyFgmagnetic behavior, which presents ration (under+7.5 T) thus corresponds to Fig(d); the —10
(001) easy axis at any temperatdredowever, this is in  kOe field cooling quenches tfi®n momentsalong negative
agreement with a study that we performed on DyHen fields (i.e., the net DyFg magnetization along positive
epitaxied films'® Only the results collected with the mag- fields), and the initial magnetic configuratidgonder+7.5 T)
netic field applied along th€110] in-plane direction are thus corresponds to Fig(H.
therefore presented in the following. The nonhysteretic evolution of the magnetization versus
Two magnetic loops collected at 12 K from superlatdce magnetic field is due to the reversal process that only in-
[DyFe,(50 A)/YFe(130A)] are shown in Fig. @). The volves extension or compression of magnetic walls in the
magnetization unit has been chosen in Bohr magneton pesoft YFe layers, whereas the DyFenagnetization direction
atom. The curves have been collected after cooling theloes not change in the entire field range. The loops are char-
sample from room temperature under two different magneti@cteristic of a spring ferrimagnet, with a very large magnetic
fields: under+10 kOe (+10 kOe-FC represented by black field range within which the magnetization is reversible: the

FIG. 4. Hysteresis loops measured for the superlattlc
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soft phase will spring back into alignment with the hard 1
phase once the applied field is removed. [
For the system cooled under 70 kOe, the frozen magnetic

configuration is unstable because the exchange interface in
teraction is frustrated and the walls thus extend as soon a___
the magnetic field decreases. They extend until the systeng
reaches the configuration shown in Figalfor negative
fields. For the 10 kOe cooling, the frozen magnetic configu-
ration is stable with respect to exchange: iron moments are
aligned in both compounds, along the field direction. This €
prevents the domain wall extension for positive fields and
leads to a higher remanence state; the walls begin to forms 5[
only for negative fields and compress when increasing the
field, so that more and more iron momeriis YFe,) are
aligned with the field.
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It is interesting to notice that, due to the memory effect, Pl TN I NI b
the asymmetry of the hysteresis loGe., the reversal field -8x10° -6x10* -4x10" -2x10° 0 210" 4x10° 6x10" 8«10
changes sign with the magnitude of the cooling field: this is Magnetic field (Oe)

similar to exchange biasing effects observed in f€€
bilayers'! In this system, the interface exchange interaction FIG. 5. Hysteresis loops measured at 12tHack dots and at
between Fef [antiferromagneticAFM)] and Fe,[ferro- room temperature (white dotg for the superlattiqe
magnetic(FM)], is antiferromagnetic, and the exchange biag DYFe(100 A)/YFe(130 A)];s. The lettersa andb presented in
results from a competition between this interface interactiorfi'cles refer to the magnetic configurations sketched in Figs. 1
and the external field/AFM surface magnetic coupling inter-2nd ](b).’ re.SpeCt'VelyHS IS .the magnetic field at which the Dyje
action. If the cooling field is large enough to align the AF\M Magnetization starts to switch.
surface magnetization, the AFM/FM exchange interaction is
frustrated and the system is in a state of high interface magsompounds along the field direction and domain walls at the
netic energy; this leads to a positive exchange bias field. Thiaterfaces, on the Ykeside. In decreasing the magnetic field
exchange bias field is negative if the cooling field is not largefrom +75 kOe to zero, the domain walls extend, so at zero
enough to overcome the interface antiferromagnetic interadield the configuration is that of Fig.(4). This configuration
tion. is stuck by the magnetically hard Dyfkyer fromH=0 to
Our case is very close to this, since there is a net antipathe fieldHg for which the DyFg magnetization switchesl
allel coupling between Dykts and YFeg's magnetization, decreases when the temperature increases, as expected from
and the system can be field-cooled into either a low- or dhe decreasing crystal-field anisotropy. Let us also underline
high-interface magnetic energy configuration, depending omhat, when the temperature increases, the amplitude for the
the magnitude of the cooling field. The main difference liesslow decrease of magnetization under positive magnetic field
in the fact that DyFgis a ferrimagnetic compound whose (between 75 and 5 kQeloes not change, whereas the am-
resulting magnetization is different from zero and thusplitude of the abrupt variation a4 significantly decreases.
strongly coupled to the external applied field; a magneticallyThis has to be related to the thermal evolution of the dyspro-
uncompensated surface is not necessary. An accurate invesum and iron magnetic moments. The iron Curie tempera-
tigation of the achieved magnetic state versus the coolingure being larger than the dysprosium one, the variation of
field value should also bring valuable information on themagnetization due to the magnetic walls in YF®es not
exchange coupling at the interfaces. vary, whereas the drop due to the DyFmagnetization re-
When the superlattice is cooled from room temperature towersal decreases.
100 K under 70 kO¢Fig. 4(b)], the results are very similar The two-step reversal observed in samples due to the
to those collected at low temperature, except that the reversact that the switching field requested in these 100 A DyFe
ible range is reduced: the magnetization of the 50 A DyFelayers is 55 kOe at 12 K, whereas it is larger than 75 kOe for
layers can be reversed under a field smaller than the max60 A DyFe, layers(sampleA), consistent with the study we
mum 75 kOe available. Part of the loop presents now a hysperformed on the magnetic anisotropy in unique DyFe
teretic behavior, when the field is decreased once the PyFdilms.!? This feature makes it impossible to freeze a stable
magnetization started to reverse. The irreversibilities arenagnetic statéwith respect to exchange interactiomg low
therefore clearly related to the Dyfmagnetization reversal. temperature and under high magnetic field, as it was the case
Let's note, however, that the Dyfesversal is not complete for the previous superlattice. Although with thicker layers
since the loop is still asymmetric. and much smaller characteristic fields, the results obtained
For thicker DyFe layers [superlattice B DyFe, on SmCo/GdCo/SmCo’ amorphous trilayerare qualita-
(100A)/YFe (130A)], the hysteresis loops measured attively close to the magnetic behavior described in this super-
12 K and at room temperature after zero field cooling ardattice.
presented in Fig. 5. In contrast to the previous results, two Finally, in the case where the Yfkayers are significantly
different steps obviously occur when the field decreaseghinner, for the same Dyk¢hickness as in the superlattiBe
even at low temperature. At 75 kOe, the configuration is thdsuperlatticeC: DyFe,(100A)/YFe, (50 A)], the hysteresis
one sketched in Fig.(bb), with the net magnetization of both loops measured at low and room temperatures are given in
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dominant, this leads to a higher remanence state, stabilized
by the DyFg anisotropy. The YFemoments, initially point-

ing along negative field, are not affected by the magnetic

field reversal. The giant ferrimagnetic superlattice behaves as
a unique block with a one-step magnetization reversal, where
the hard and soft magnetic layers switch as a unit.

In conclusion, we have elaborated composite systems
based on hard and soft magnetic phases, which also present
high crystalline quality, coherence, and, therefore, well de-
fined magnetization directions. These are epitaxied interme-
tallic superlattices constituted of DyfFeand YFe. Both
compounds are very similar in crystal structure but exhibit
great differences in their magnetic properties, especially in
the magnetic anisotropy. The intermetallic compounds are
antiferromagnetically coupled at the interfaces, which per-
mits us to experience systems with extremely rich properties.
We investigated the interface coupling effects in changing

the relative thicknesses, and we shown how it is possible to
tailor the magnetization reversal process in these superlat-
tices. The results obtained for the superlattice DyFe
(50 A)/YFe, (130 A) are especially very promising since it
presents at low temperature a completely reversibleH)

loop over the 7.5T/+7.5T) field range, starting under 7

T from a magnetic configuration that can be chosen by the

F|g 6. The |oops are square at any temperature, as for %pollng-fleld value. The reversal field Changes Sign with the
single hard phase, with a coercive field of about 60 kOe afmagnitude of the cooling field, which may give some insight
12 K and 5 kOe at 300 K. The value at 12 K is close to theinto the positive exchange bias phenomenon.

H, field measured in superlattid® but the value at room The magnetic investigation of these Laves phases super-
temperature is three times smaller. There is no signature déttices is still in progress via polarized neutron scattering
magnetic walls in the YFEgelayers, and the magnetization experiments in order to get microscopic evidence for their
reversal is completely governed by the anisotropy in themagnetic configurations. Moreover, other intermetallic com-
DyFe, layers. This is due to the fact that the magnetic wallspounds will be included in these composite systems: JbFe
have no room to develop in these thin YHayers, and, and Terfenol-D, for their huge magnetostrictive properties,
therefore, the YFe magnetization is firmly stuck to the and SmFe because of the different exchange interactions
DyFe, one, through the negative interface exchange couplingxpected.

between dysprosium and iron magnetic moments. Under These single crystalline intermetallic superlattices appear
high magnetic field, the magnetic configuration is stable withto be suitable model systems to help in understanding open
respect to the interface exchange interaction between, YFassues in exchange-spring magnetism and exchange biasing,
and DyFe iron moments, as in superlatti® field-cooled  both effects that are central phenomena in permanent mag-
under 10 kOe. However, as the Dy magnetic moments areets and spin-valve devices.

Magnetic field (Oe)

FIG. 6. Hysteresis loops measured at 1Zl#ack dots and at
room temperature (white dotg3 for the superlattice
[DyFe,(100 A)/YFe (50 A)],5. The lettera presented in a circle
refers to the magnetic configuration sketched in Fig).H; is the
magnetic field at which the Dykenagnetization starts to switch.
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