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Electron-magnon diffusion and magnetization reversal detection in FePt thin films
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We measured the dependence of the electrical resistivity on perpendicular magnetic field in
FePt(10-32 nm)/MgO layers from 3 to 300 K. We show that the magnetoresistance is proportional to both the
perpendicular magnetization of the FePt layer and the perpendicular applied field. Building on previous mod-
els, we show that this magnetoresistance can be ascribed to electron-magnon interactions, giving a linear
dependence of resistivity upon magnetization in the limit of a low field to magnetocrystalline anisotropy ratio.
This magnetoresistance effect can be used to follow magnetization reversal in certain conditions, with perspec-
tives that we discuss with respect to other magnetoresistive effects.
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The development of spintronics is based upon a few elec-
tronic spin-dependent transport properties, mainly anisotropy
magnetoresistance  (AMR),!  giant  magnetoresistance
(GMR),” and tunneling magnetoresistance (TMR),? and at a
lower level the anomalous Hall effect (AHE) and intrinsic
domain wall resistivity* (DWR) (see Refs. 5-7 for review
articles). These magnetoresistive effects paved the way for
high-impact technological devices such as the hard-disk re-
cording head or the emerging magnetic random access
memories. In addition, the basic understanding of magneti-
zation reversal phenomena in nanometer-scale elements
hugely benefited from such versatile electrical effects, pro-
viding sensitive and ultrafast tools for magnetization detec-
tion.

Here, we measure the electrical resistivity of FePt thin
films with perpendicular magnetization, resulting from the
huge perpendicular magnetocrystalline anisotropy induced
by uniaxial chemical ordering in the L10 phase. Such thin
films exhibit full magnetic remanence, implying that the
magnetization state is unchanged from high fields collinear
to the magnetization down to the value of the negative field
corresponding to magnetization reversal. We then observed
that the contribution of magnon scattering to the electrical
resistivity provides a linear dependence of the resistance on
the applied field, but also gives rise to a clear magnetoresis-
tance effect, in which the recorded resistivity is proportional
to the perpendicular magnetization of the thin magnetic
layer. This effect—which could be named magnon magne-
toresistance (MMR)—is thus an additional tool to detect and
follow magnetization reversal. In 2002, Raquet et al.'’
showed that the magnon-electron interactions are the source
of a linear dependence of the resistivity on a high applied
field. This was observed in the high-field region (well above
magnetization saturation) for 3d-metal thin films, and the
theoretical analysis of the authors provided the basis from
which we extended our analysis. In order to avoid the mixing
of AMR and DWR contributions in the low-field regime, we
used high-anisotropy FePt layers having full magnetic rema-
nence.

Epitaxial FePt/MgO(001) films, chemically ordered in
the L1, structure, were grown by molecular-beam epitaxy as
described previously.® Due to the very high magnetocrystal-
line anisotropy of the FePt alloy (K,=5X10°J/m?), these
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PACS number(s): 75.30.Ds, 72.10.Di, 72.25.Ba, 85.75.—d

thin films exhibit desirable magnetic properties: thin (4 nm)
Bloch domain walls (DWs), magnetization reversal occur-
ring through DW propagation.®”'! In 10-nm-thick samples,
the hysteresis loop [see Fig. 1(a)] shows a sharp magnetiza-
tion reversal and the coercive field ranges between 0.3 and
05T.

Room temperature anomalous Hall effect and resistivity
measurements were performed on a very sensitive electrical
transport setup using lock-in techniques, with an external
magnetic field applied perpendicularly to the layer, and rang-
ing from —1.2 to 1.2 T. Both the AHE and the corresponding
resistivity measurements are presented in Fig. 1. A sharp
decrease in resistivity, of about 0.17%, is noticed at the co-
ercive field, in both positive and negative half loops, this
decrease being clearly related to the magnetization reversal.
Also, when the sample is magnetically saturated, one can see
a linear variation of the resistivity with the applied field.
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FIG. 1. (a) Hysteresis loop measured in perpendicular field by
anomalous Hall effect and (b) corresponding resistivity measure-
ment, performed on an FePt(10 nm)/MgO(001) sample. The mea-
surement has been done using the six-probe technique. The data
have been symmetrized and antisymmetrized, respectively, to sepa-
rate properly the MR and AHE contributions.
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This linear, nonsaturating negative magnetoresistance at
high fields, corresponding to the magnetically saturated state,
has already been reported for high in-plane applied fields in
3d ferromagnetic layers.'? This resistivity decrease was as-
signed to spin-wave damping in high fields, which corre-
sponds to a decrease of the intrinsic spin disorder. The field
increase thus leads to a diminishing of the electron-magnon
scattering.

In our measurements we observe a similar linear depen-
dence of the MR on the applied magnetic field for low posi-
tive fields, and even for negative applied fields (see Fig. 1),
i.e., in the state where magnetization and applied field are
antiparallel. To understand this unexpected behavior, one has
to take into account the specific magnetic properties of our
FePt thin film. Qualitatively, when the applied field and mag-
netization directions are antiparallel, the high-anisotropy
field tends to maintain the magnetization direction, while the
applied field tends to destabilize it, thus increasing the mag-
non population. As a result, when the magnetization and ap-
plied field are antiparallel, a linear increase of the resistance
with the field absolute value can be observed.

When the coercive field is attained, the magnetization
switches from a saturated state to the opposite one, and the
relative orientation of the applied field and the magnetization
switches from antiparallel to parallel. This leads to a sudden
decrease of the magnon population and thus to the observed
fall of resistivity.

To support this qualitative explanation, we derived, from
the work of Raquet et al.,'? an electron-magnon scattering
model for low applied fields, which takes into account the
large anisotropy field encountered in our samples.

The resistivity of a ferromagnetic material is basically the
sum of two terms, a magnetic term and a nonmagnetic term.
The nonmagnetic term (phonons, impurities, and so on) is
supposed to be weakly dependent on the applied field in the
saturated state. On the other hand, the magnetic term is
highly dependent on the applied magnetic field and contains
three main contributions to the resistivity: the intrinsic DWR,
the AMR (including that arising from the DWs), and the
magnon magnetoresistance. Due to the fact that, in the satu-
rated state, there are no DWs, and that during our measure-
ment the magnetization M and the current are in perpendicu-
lar directions, the first two magnetic contributions to the
resistivity are negligible: In the sample of Fig. 1, the ob-
served resistivity variations correspond simply to the MMR
contribution.

The model developed by Raquet et al.'?> on the ground of
Goodings’ work!? is based on the assumption that the mag-
netic field mainly affects spin-flip electronic processes. Two
spherical energy s and d bands are assumed, for which s-d
transitions require spin waves whose wave vectors g exceed
the radial distance between the two Fermi spheres of radius
Ky, and Kp,;. The probability of spin-flip transition between
the two bands is closely related to the energy spectrum of the
magnons involved in such a transition. In the approximation
of long-wavelength magnons, the dispersion relation of mag-
nons has a quadratic form,'*

E(q) =Dq* + g B, (1)

where D is the exchange stiffness constant, and
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Bt=Bim+BA+BD? (2)

where Bj,=uoH+ poMg corresponds to the induction, By
=uoH, to the anisotropy field, and Bp=—pu M to the de-
magnetizing field. One can guess from Eq. (1) that, at a
given temperature, a decrease of the applied field allows
magnon modes of higher wave vector to be attainable, thus
increasing the resistivity.

To account for the temperature dependence of the spin
waves, the magnon mass renormalization has been intro-
duced as

D =~ Dy(1 -d,T* - d,T°?). (3)

The increase of the effective magnon mass with temperature
has two contributions: a 7> term due to the temperature de-
pendence of the Fermi distribution and a T2 variation ex-
pressing a higher-order corrective term due to magnon-
magnon interactions.”> Here D, is the zero-temperature
magnon mass, d; and d, being constants of the order of
1076 K2 and 1078 K=, respectively, for Fe.!® Due to its
small amplitude, the d,7°? factor will be neglected.

By taking into account the high anisotropy of our
samples, Raquet er al.’s formalism leads to the following
expression for the resistivity:

OCB"'BA (gMB(B"'BA))
D(T)? kT '

p (4)
This equation is obviously nonlinear in B, but the variations
of Ap are quasilinear when B, > B. In the case of thin films
of pure 3d metals,'? the linearity comes from the large am-
plitude of the applied fields (10-30 T). In materials with
strong anisotropy, such as FePt, and at low applied fields, the
role of the large applied field is assumed by the anisotropy
field B,> B. In this way, even for low or negative applied
fields, there is a linear dependence of the MMR. In order to
probe our model, we measured the variation of the slope of
the resistivity vs applied field, as a function of the tempera-
ture. In the case of pure 3d metals studied by Raquet et al., a
linear relationship to the applied field B was assumed. Deri-
vation with respect to B (applied field) then leads to the
following expression:

M&L;T) o« T(1 +2d,T*)[In(T) + C*], (5)
where C' is a temperature-independent term.

In our case, the applied field is low, but the linear relation
has to be applied in the vicinity of the anisotropy field B,
instead of the applied field. This leads to an identical relation
with the form of Eq. (5), where the constant, which is tem-
perature independent, has the following expression:

B B 1(B?
Cte=_1n<w)_l__+_(_>+...‘ (6)
k B, 2\B,

In order to confirm the variation of the MMR slope vs 7,
room- to low-temperature resistivity measurements on an
FePt(32 nm)/MgO sample were performed using a super-
conducting magnet (8 T) transport setup (see Fig. 2). As ex-
pected, the MMR effect is stronger at high temperatures. The
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FIG. 2. (Color online) Low- to room-temperature magnetoresis-
tance measurements performed on an FePt(32 nm)/MgO(001)
sample. The resistivity values are normalized by their values at zero
field.

calculated values of the slopes are plotted vs temperature in
Fig. 3. By introducing a value of B,=10 T.? the expression
(5) leads to a good fit of the data (Fig. 3, solid line) with a
second term d;=1X 107 K2,

Now that we have explained the linear dependence of the
resistivity at low fields, let us focus on the resistivity de-
crease associated with the transition from one state of mag-
netization to the other. This transition between two saturated
magnetization states occurs by nucleation of a few reversed
domains, followed by domain wall propagation over the
whole layer.” Due to the large size of the involved domains,
the contribution of the domain-wall-related resistances
(DWR and AMR) can be neglected in all states correspond-
ing to partial magnetization reversal. The sample, which is
much larger than the equilibrium domain size (100 nm),
provides two different contributions to the MMR, arising,
respectively, from the unreversed and reversed domains.
The relative proportions of the area covered by the
reversed and unreversed domains are given, respectively, by
(M/Mg+1)/2 and (1-M/Mg)/2. Let us denote by a(T) the
absolute value of the p(B) slope taken for a single-domain
state, which can be easily obtained from measurements
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FIG. 3. Measured values (full squares) of the slope of the MMR
with B vs temperature of an FePt(32 nm)/MgO(001) sample. The
solid line represents a fit by Eq. (5) with a value of —4.32 for the
constant C.
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FIG. 4. (a) Hysteresis loop measured in perpendicular field by
extrordinary Hall effect, (b) magnetoresistance loop calculated us-
ing ppymr=—(M/Mg)a(T)B, and (c) magnetoresistance measure-
ment and calculated magnetoresistence (dots), performed on an
FePt(32 nm)/MgO(001) sample. The difference between the pure
MMR contribution (dotted part) and the actual measurement (solid
line) originates from the DWR contribution to the
magnetoresistance.

above the magnetization saturation. In a partially reversed
state, we get

o= (_ (M/ZV;S+ 1) . ( —g/MS)%(T)B’
M
PMMR = — EQ(T)B, (7)

which implies that the MMR can be used to measure the
magnetization reversal quantitatively.

This very exciting property, which had not been foreseen
previously, requires some comments.

(1) The MMR signal is proportional to both magnetization
and applied field, so the amplitude of the MMR effect asso-
ciated with magnetization reversal is null at zero field, and
increases with the applied field. As a result, magnetization
reversal events corresponding to large coercive fields will
provide a higher signal. In the FePt case, where the coercive
field is very high, the MMR is about 0.2%, which is easily
measurable using lock-in techniques, but clearly restrains
this technique to fundamental studies.

(2) The MMR should be usable whenever the magnetic
anisotropy implies the coexistence of two domains of oppo-
site directions. For example, it should be usable in samples
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with in-plane uniaxial anisotropy, with an in-plane applied
field. It might also be measurable in nanowires where the
shape anisotropy would dominate, with two in-plane magne-
tized domains separated by a DW, and a field applied along
the wire axis. In that case, the main problem that might be
encountered is that such systems usually have weak coercive
fields, which implies proportionally low MMR signals.

(3) One can see directly in Fig. 1 that the MMR measure-
ment reveals basic features of the magnetization reversal (re-
manence, coercive field, and so on). In our analysis, we have
been able to neglect the DWR (intrinsic and AMR contribu-
tions), and straightforwardly extracted the value of M/Mg
from a simple resistivity measurement. Actually, it is often
necessary to take DWR into account.'” In Fig. 4 we present
room-temperature measurements on a thicker sample (32 nm
instead of 10 nm). In this sample, the reversal is less sharp
and, as the larger thickness ends up with stronger demagne-
tizing fields, the equilibrium size of the magnetic domain is
reduced. During magnetization reversal, this implies a higher
density of DWs. As a result, the DWR contribution, which is
seen in Fig. 4(c), is important and cannot be neglected.

Note that in the case of nanowires reversed by a single
DW, and if the DW is not too greatly deformed during its
propagation, one can expect to get a constant contribution of
the DWR. Moreover, if the wire is long compared to the
DW’s width, DWR fluctuations should be weak compared to
MMR variations. Thus, in both in- and out-of-plane aniso-
tropy, MMR measurements may allow quantitative detection
of the DW position along the wire.

(4) Most experimental approaches of the DWR involve
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the progressive disappearance of DWs when an external field
is applied, implying that the magnetization of the sample
also significantly changes. Clearly, at low 7, the magnon
contribution is negligible; however, this is not the case at
higher temperatures. As a result, there is a modification of
the contribution of the MMR to the resistance, which can be
estimated quantitatively.

(5) To assess the practical implications of the MMR con-
tribution in resistivity signals, it has to be compared to more
classical magnetization reversal detection tools. It gets
broadly the same kind of information (MMR proportional to
M/ Mj) as the TMR and GMR, with a lower signal, but with
a simpler layer structure, which can be useful in experiments
where the use of multilayers would complicate the analysis
of results. In comparison with the MMR, the AHE is a very
accurate detection technique, but needs a more complicated
geometry. Finally, the DWR offers only quantized informa-
tion (the presence or not of DWs between contacts). Thus,
the MMR might be in some cases the most interesting tool to
detect magnetization reversal.

To sum up, the resistivity dependence on the applied field
of FePt/MgO(001) thin layers highlights the presence of a
magnetoresistive contribution, which can be named the mag-
non magnetoresistance depending not only on the applied
field but also on the magnetization state. This dependence
can be explained by the introduction of the anisotropy field
in Raquet et al.’s model.'”> MMR measurements can thus be
used as a quantitative tool to detect magnetization reversal.
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