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Magnetic properties of He¿-irradiated Pt ÕCoÕPt ultrathin films
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We have used ion irradiation to modify the perpendicular magnetic anisotropy and the magnetic coercivity
of ultrathin Pt/Co~5 Å!/Pt films without affecting their surface roughness. By studying the magnetization-
reversal mechanisms at various temperatures, we show that ion irradiation does not alter the high lateral
homogeneity of the films: magnetization reversal still occurs by very few nucleation events followed by easy
domain-wall motion. We discuss the reason why irradiation actually reduces the density of sites effectively
pinning the domain walls during magnetization reversal: the significant increase in domain-wall-propagation
activation volume indicates that the defects created by irradiation are too densely packed to influence the
domain-wall-propagation mode. We also show that ion irradiation reduces the Curie temperature and may
lower it below 300 K. The temperature dependence of the magnetization of the films irradiated at fluences
below 231016 He1/cm2 indicates a two-dimensional system with an Ising-type exchange Hamitonian. For
higher irradiation fluences, the easy axis of magnetization tilts towards an easy cone and the films exhibit
paramagnetic behavior at 300 K. The ability to adjust the magnetic technical properties via irradiation indicates
that He1 irradiation could be of great interest for applications in thin-film magnetism.
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I. INTRODUCTION

Ion-assisted techniques—‘‘ion engineering’’—are wide
used in material science to tune a variety of physical pr
erties. Among these techniques, sputter deposition, ion m
ing, implantation, surface treatment, and ion-beam mix
are of major technological importance. Silicon, silica, a
more generally semiconductor processing is by far the m
customer of ion engineering. The applications of post-grow
ion bombardment to magnetic metals are still limited. Io
beam mixing has been used for producing metastable1 or
amorphous alloys2 with atomic ratio corresponding to thos
of the initial constituent layers. Alternatively, changes
roughness of thin magnetic films3 have been used for alterin
their transport properties.

Otherwise, irradiation-induced changes in micromagne
properties have been used very little. The reason seems
the relevant fundamental lengths involved in thin-film micr
magnetics are nanometric~e.g., the exchange length, th
Bloch wall width! or even quasi-atomic~magnetic anisot-
ropy! so that ion-assisted techniques may only be of inte
for thin-film magnetism if they imply a true control of th
underlying physical processes with atomic precision.

In Ref. 4, we showed that adapting ion mixing to ultrath
metallic films would require rare and short-range io
induced atomic displacements. Based on this study, we h
developed a patterning method for ultrathin Pt/Co~5–20
Å!/Pt sandwiches whose magnetic anisotropy depends s
tively on the Co-Pt interface states: the more abrupt the
terfaces are, the higher the magnetic anisotropy. The m
concepts of the patterning process are discussed in Ref.
irradiating the film with 30-keV He1 ~light! ions, we gradu-
ally roughen its Co/Pt interfaces, reducing the anisotropy
hence the coercive force and the Curie temperature in a
trolled way.
0163-1829/2001/64~6!/064415~7!/$20.00 64 0644
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This study stimulated research devoted to the fundame
understanding needed for a realistic assessment of the
nological potential of the magnetic-film irradiation. We ha
outlined the phenomena governing the interaction of the
beam with the magnetic materials, and discussed the re
ing structural changes.5 Anisotropy was reviewed by Welle
et al.,6 while the applications to magnetic patterning and
formation storage were discussed by various groups in R
7 and 8.

Here we focus on the so-called ‘‘technical’’ magnet
properties—coercivity, magnetization reversal mechani
Curie temperature—in uniformly irradiated ultrathin san
wiches. By studies of hysteresis loops at low temperat
and of the critical behavior nearTC we correlate the
magnetization-reversal processes to the samples’ micros
ture. This paper follows and complements a preliminary
port by Ferre´ et al.9

We have presently limited our study to sputter-grown
trathin Pt/Co (tCo'5 Å)/Pt films on Al2O3~0002! single
crystals, irradiated with 30-keV He1 ions at fluences up to
1017He1/cm2. Their structural characteristics are report
elsewhere.5 Their microstructure consists of~111! textured
twin-domain grains of size 30–40 nm. Neither crystall
graphic texture nor grain size are affected by irradiatio
wherein the ions are implanted deep into the substrate. A
result of the quite low sputtering rate~0.12 at./ion!, the rms
surface roughness increases slightly. Atomic-force micr
copy indicates that it increases from 2.1 Å before irradiat
to 2.6 Å after a fluence of 331016He1/cm2.

II. HYSTERESIS PROPERTIES AT ROOM TEMPERATURE

We first recall and extend the results of Ref. 9 on sta
coercivity ~Sec. II A! and then study the magnetization
reversal mechanism in Sec. II B.
©2001 The American Physical Society15-1
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A. Static properties at room temperature

Figure 1 displays the magneto-optical Faraday elliptic
versus the magnitude of a field applied perpendicular to
film plane. The Faraday ellipticity is proportional to the ma
netization perpendicular componentM' , with a proportion-
ality ratio depending on the structure but not on the tempe
ture. Before irradiation, the easy axis lies along the norma
the film and the magnetization-reversal mechanism occ
through very few nucleation events, followed by ea
domain-wall ~DW! propagation.10 Irradiation first gradually
reduces the coercive force, while maintaining the squ
shape of the loop~Fig. 1!, i.e., the domain-wall propagation
induced magnetization reversal.9 Previous studies11,5 have
shown that this evolution correlates with a reduction of
magnetocrystalline anisotropy parametersK1 andK2 , which
are defined by the usual form of total anisotropy energy,

Etot5~22pMS
21K1!sin2 u1K2 sin4 u, ~1!

where u is the angle between the magnetization and
sample-surface normal.22pMS

2 is the macroscopic-shap
anisotropy term.K1 andK2 measurement relies on hard-ax
hysteresis loop fitting.5 In our Pt/Co~5 Å!/Pt case, the initial
K1 and K2 are 133106 and 0.83106 erg/cm3, respectively.
While K1 drops continuously to 73106 erg/cm3 as the flu-
ence rises to 231016He1/cm2,K2 stabilizes near 0.35
3106 erg/cm3 when the fluence reaches 831015He1/cm3.

After a critical ion fluenceFC52.531016He1/cm2, the
remanent magnetization vanishes and the loop becomes
reversible@Fig. 1~b!# at room temperature: its Langevin fun

FIG. 1. Polar magneto-optical Faraday-effect hysteresis loop
Pt/Co(5Å)/Pt/Al2O3 films. The loops are measured with strict
identical sweeping rates in each plot.~a! After medium irradiation
fluences.~b! Before irradiation and after high fluences.
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tional shape indicates a paramagnetic state with large m
netic susceptibilityx. The Curie point (TC) is then just be-
low room temperature. The susceptibilityx goes on
diminishing forF.FC , indicating that theTC decreases fur-
ther.

B. Dynamic properties at room temperature

Figure 2 displays some representative magnetic af
effect studies on perpendicularly magnetized films. The m
surement procedure is the following: we first drive t
sample into a single-domain state, then abruptly reverse
applied perpendicular field and measure the resulting ev
tion of M' . Before and after irradiation, the initial curvatur
and horizontal slope of the sample response indicate12 that
the volume where magnetization reverses through nuclea
events is always a negligible fraction (,1024) of the total
magnetic area. Although not exhaustive, our magne
imaging studies9 suggest that typically less than one nuc
ation event per mm2 occurs. This indicates that the energ
barriers for nucleation are higher than that of revers
domain expansion by DW motion: the nucleation fieldHN is
greater than the propagation fieldHP . Using magneto-
optical microscopy with 0.4mm resolution, we have also
shown9 that DW propagation occurs without change of w
curvature from micrometer scales to at least millime
scales, and hence that the dispersion in DW-motion ene
barriers is low. Even after irradiation, the propagation fie
HP does not vary significantly over the sample.

In addition, a clear feature of Fig. 2 is that magnetizati
reversal starts after a given time delaytdelay(H) in the probed
area. Sayt1/2(H) is the time needed for half switching@i.e.,
M'(t1/2)50 andM'(t<tdelay).0.95#. Figure 2~c! indicates
that tdelay andt1/2 are proportional. Magnetization reversal
the probed area occurs thus through DW motion afte
nucleation eventoutsidethe probed area,tdelaybeing the time
needed for the wall to reach the probed area.13 More quanti-
tatively, a major point of Fig. 2 is that the after-effect curv
are invariant14 by a scaling factor@H/ ln(t)#. We can thus
write the usual15 Arrhenius law for the DW velocity,

v5v0 exp@2Ep22MS3tCol B
2H !/kBT],

whereEp is an energy barrier,l B is the Barkhausen length
i.e., the typical extension of the elementary jumps of a pro
gating DW. The Barkhausen lengthl B is a convolution of the
wall width and of the typical distance between the DW fri
tion centers: The higher thel B , the less numerous the defec
affecting DW velocity. Since the entire surface magnetiz
tion is reversed by DW motion, the time needed for h
switching t1/2(H) is such that ln(t1/2) is a line of slope
22MSl B

2 tCo.
We determinedl B using the data of Fig. 2.l B is 38 nm

before irradiation and it increases significantly to 61 nm af
an irradiation fluence of 1016He1/cm2. This means that irra-
diation reduces the density of effective pinning sites. Sin
the number of irradiation-induced defects certainly increas
this means that the relation between this damage and
physical properties relevant to DW propagation is n
straightforward. The enhanced uniformity of the defect d

of
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FIG. 2. Magnetic relaxation of Pt/Co(5Å)/Pt/Al2O3 films after
application of reverse fields of different magnitudes.~a! Before ir-
radiation, ~b! After F51016 He1/cm2 irradiation. ~c! Correlation
betweentdelay ~start of the relaxation phenomenon! andt1/2 ~time for
half switching!: they are proportional in the whole studied fie
interval. ~d! Correlation between ln(t1/2) and the applied fieldH,
before and afterF51016 He1/cm2 irradiation.
06441
tribution is apparently a crucial factor in reducing their DW
pinning efficiency, as we shall discuss in Sec. IV B.

Our main—counterintuitive—conclusion is thus that irr
diation leads to an increase in the degree of lateral homo
neity of the magnetic properties.

III. THERMAL VARIATION OF THE HYSTERESIS
PROPERTIES

In this section, we report how the magnetic propert
very with temperature. We first~Sec. III A! focus on a
medium-fluence irradiated sample and then determine
easy axes of those sandwiches that are paramagnetic at
temperature. Finally, we detail how the Curie temperat
decreases upon irradiation~Sec. III B!.

A. Hysteresis below room temperature

The hysteresis loop of the nonirradiated sample is squ
in the whole temperature interval from 2 to 300 K~see inset
in Fig. 3!. Whatever the temperature, the easy axis of
nonirradiated sample is perfectly perpendicular to the sam
plane and the coercivity is determined by the lowest nuc
ation fieldHN . On the contrary, after irradiation, the rem
nent ratioMH50 /MS diminishes while cooling even in thos
samples that have full remanent magnetization at 300 K. F
ure 3~a! displays the representative case of aF51.5
31016He1/cm2 irradiated sandwich. Between 96 and 300

FIG. 3. ~a! Hysteresis loops versus temperature for aF51.5
31016 He1/cm2-irradiated Pt/Co(5Å)/Pt/Al2O3 film. Inset: Before
irradiation, the loop is square with a coercivity of 1.9 kOe at 2
~b! Magnetic relaxation at 112 K measured on a Pt/Co(5 Å
Pt/SiO2 film irradiated atF51016 He1/cm2.
5-3
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T. DEVOLDER et al. PHYSICAL REVIEW B 64 064415
the loop remains square, with the magneto-optical sig
(;MS) decreasing with increasing temperature. Below
K, MS increases further, but the remanent magnetiza
does not. This may arise either from a tilting of the ea
magnetization axis or from the spontaneous nucleation
oppositely magnetized domains as a result of strong inte
dipolar coupling. The second hypothesis can be ruled
because the initial—positive field—part of the loops was
termined to be reversible. We suggest that while cooling,
increasing magnetization enhances the shape anisot
which finally overtakes the magneto-crystalline anisotro
thus triggering a tilt of the easy magnetization axis towa
an easy cone of low angular aperture;32°. The largeK2
maintains a large perpendicular component even ifK1
'2pMS

2. Low-temperature longitudinal magneto-optic
Kerr-effect experiments in perpendicular applied field wou
be required to confirm this interpretation.

Another main point of Fig. 3~a! is the pronounced round
ing of the hysteresis loop nearHC at low temperaturesT
<40 K. This indicates16 that the magnetization reversal n
longer occurs by easy DW propagation below this tempe
ture. This is confirmed by theT5112 K magnetic after-effec
study reported in Fig. 3~b!: the relaxation curves are now
convex both before and aftert1/2. The absence of any inflec
tion is a strong indication14 that most of the magnetic volum
is now reversed by nucleation events. In conclusion, l
temperatures inhibit the DW propagation, and in contr
with T5300 K, the propagation fieldHP becomes higher
than the nucleation fieldHN . For F51.531016He1/cm2,
the $HN ,HP% crossing occurs between 40 and 96 K. Th
observation ofHN,HP reveals the dispersion in nucleatio
fields.

To get an insight into the origin of the easy magnetizat
axis tilting at low temperature, we also studied those irra
ated samples that are paramagnetic at room tempera
Both the coercive force and perpendicular magnetiza
component at 2 K fall very abruptly aboveFC52.5
31016He1/cm2 as shown in Fig. 4: aboveFC , the easy
magnetization axis undergoes a pronounced reorientation
wards an easy cone of magnetization with a very large a
ture angle~69° for FC and 74° for 1017He1/cm2!.

B. Hysteresis near the Curie temperature

Typical high-temperature hysteresis loops on an irra
ated, perpendicularly magnetized sample are displaye

FIG. 4. Hysteresis loops atT52 K of some representative
Pt/Co(5Å)/Pt/Al2O3 irradiated films.
06441
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Fig. 5. For F51.531015He1/cm2, the loops remain very
square as long asT<92 °C. The remanent ratio starts fallin
at 94 °C. The finite coercivity indicates a still ferromagne
behavior at that temperature. In addition, the loop aspec
back and forth sweeping curves are tilted, straight, a
parallel— indicates17 a perpendicular easy axis with spont
neous nucleation of oppositely magnetized domains.

At 98 °C, the film is paramagnetic. Note that the pha
transition takes place in a very narrow temperature inter
on the entire centimeter-sized sample, confirming the h
lateral homogeneity of the irradiation effect, at least as
gards the Curie temperature. The abruptness of the p
transitions after irradiation is demonstrated in Fig. 6. T
critical M (T<TC) behavior seems to follow a universa
variation, with a rather small critical exponentb. Unfortu-
nately, a proper determination of a critical exponentb was
not possible because our~magneto-optical! magnetization
measurement is nonlocal and averages the magnetiza
vector lateral fluctuations over a wide area. For a semiqu
titative comparison only, we plotted the perfect tw
dimensional Ising model solutionM';(12T/TC)b51/8,
which is theoretically the sharpest~smallestb! phase transi-
tion possible. Even with our limited precision, it is clear th
the three-dimensional~3D! Ising model (b5 5

16 ) and finite
2D xy model (b'0.23) ~Ref. 18! are not abrupt enough to
account for the behavior of our perpendicularly magnetiz
irradiated samples. In the inset to Fig. 6, we also plot
magnetic susceptibilityx for F5231016He1/cm2 above
TC534061 K. Fitting this dependence withx;(1
2T/TC)2g leads tog values greater than74, the value pre-

FIG. 5. Hysteresis loops nearTC for a Pt/Co(5Å)/Pt/Al2O3 film
irradiated at a fluence ofF51.531016 He1/cm2. ~a! 24 °C<T
<84 °C ~b! 88 °C<T<107 °C. Temperatures are given with61 K
precision.
5-4
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MAGNETIC PROPERTIES OF He1-IRRADIATED . . . PHYSICAL REVIEW B 64 064415
dicted for two-dimensional Ising systems. From scali
theory,19 any geometrical space of higher dimension and a
order parameter with more degrees of freedom would lea
a lowerg, in contradiction with our susceptibility measur
ments.

The manner in which the Curie temperature decrea
upon irradiation is shown in Fig. 7.20 TC first diminishes
slowly for F<FC , then falls quite abruptly nearFC and
finally stabilizes just below room temperature. It seems t
the easy-axis reorientation towards an easy plane corre
with a significantTC decrease. We discuss this point in t
next section.

IV. DISCUSSION

We shall first discuss the correlation between the reor
tation of the easy magnetization axis and the lowering ofTC
at the fluenceFC52.531016He1/cm2 in Sec. IV A. We then
analyze the surprisingly high lateral homogeneity of the ir
diated samples as regards dynamic properties~Sec. IV B! by
enumerating the types of DW pinning centers that may
affected or created by the Helium irradiation.

FIG. 6. Ferromagnetic phase transition of perpendicularly m
netized Pt/Co(5Å)/Pt/Al2O3 films irradiated at respectively,F52
31016 ~cross symbols!; 1.531016 ~squares!; 1016 ~circles!; 8
31015 He1/cm2 ~triangles!. Bold line: phase transition for a 2D
Ising model. Inset: magnetic susceptibility aboveTC for F52
31016 He1/cm2 and corresponding 2D Ising model fit withg
57/4 andTC5340.4 K.

FIG. 7. Curie temperature of He1 irradiated
Pt/Co(5Å)/Pt/Al2O3 films versus ion fluence.FC is the fluence
required to induce a paramagnetic behavior at room temperatu
06441
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A. Curie temperature

Thermal magnetization fluctuations~spin waves! act to
destroy ferromagnetic ordering when the temperature of s
a system is increased toTC . Magnetocrystalline anisotropy
holds the magnetization vector along a given direction a
thus helps the exchange interaction to limit these fluct
tions, especially in 2D systems.21 In perpendicularly magne
tized samples (F<FC), the diminution ofTC could thus
arise from the gradual lowering of the anisotropy.

However, structural studies22 have shown that helium ir-
radiation both decreases the Co-Co bond length and the n
ber of Co-Co neighbors. It is thus likely that the Co-Co pa
exchange energy increases, which should increaseTC and
that at the same time the number of Co-Co bonds decrea
which should reduceTC . This complexity limits our under-
standing of the behavior ofTC below FC .

The magnetic evolution nearFC may arise from clearer
reasons: the easy-axis reorientation transition is so ab
that the pair-exchange energy, and the Co-Co coordina
number may be assumed as almost constant aroundFC .
When perpendicularly magnetized, the dimensionality of
sample’s order parameter—the magnetization vector—is
After the magnetization reorientation atFC , the magnetiza-
tion vector can vary along an easy cone so that the dim
sionality of the order parameter is raised to 2. From pha
transition theories, it is well known that the orderin
temperature decreases as the dimensionality of the orde
rameter increases, i.e., as the number of fluctuation deg
of freedom increases. In summary, the ion-induced reor
tation of the easy magnetization axis increases the or
parameter dimensionality, thus triggering a significant red
tion of TC .

B. Relation between irradiation-induced disorder and dynamic
magnetic properties

For a realistic assessment of the potential of modify
the magnetic anisotropy by irradiation, we need to determ
whether it can be generalized to other material. We there
need to understand the surprisingly high lateral homogen
of the irradiated samples as regards dynamic propertie
very important point is that helium irradiation reduces t
effective density of DW propagation-pinning centers~Sec.
II B !. The pinning centers may be any source of lateral n
homogeneity in a magnetic property: grain boundaries,
balt terrace steps, roughness, short- or long-range fluc
tions of cobalt thickness or film strain. We have show
elsewhere23 that the grain size was not affected by heliu
irradiation. We also showed that most atomic displaceme
involved in the irradiation-induced mixing process are ve
small, typically 2–5 Å.5,24 As a result, no extended defec
such as grain-boundary or long-range cobalt-thickness fl
tuations can disappear in the irradiation process. These
fects must still pin the DW in the irradiated samples.

In contrast, the cobalt terrace steps are strongly modi
by irradiation. A fluence of 1016 ions/cm2 induces a Co/Pt
interface intermixing that corresponds to a roughness slig
greater5 than the height of the terrace steps~2 Å!. These
DW-pinning centers are thus likely to play a decreasing r

-

.
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T. DEVOLDER et al. PHYSICAL REVIEW B 64 064415
when increasing the interface roughness by increasing
ion fluence. This gradual blurring of the terrace steps m
increase the mean distance between strong pinning ce
and thus may explain the irradiation-induced increase of
Barkhausen length.

In perpendicularly magnetized ultrathin films, the DW a
Bloch walls having widthDBloch52AA/K, whereA is the
exchange stiffnessA'1026 erg/cm and theK1 is as deter-
mined above. ThusDBloch is ;6 nm before irradiation and
;15 nm just belowFC . It is well known25 that the DW are
mostly affected by spatial periods of the order of their wid
DBloch: an isolated defect of sizeDBloch will be a pinning
center but a dense assembly of defects will not pin the D
provided that the defect density is greater than several u
per DBloch

2 surface.
In our samples, the typical irradiation-induced point d

fect is the substitution of a magnetic atom by a nonmagn
atom. Because atomic displacements have a typical rang5 of
2–5 Å, all cobalt atoms of a Pt/Co~5 Å!/Pt film may create
such point defects.

We may estimate the density of point defects and its fl
tuation as introduced by the irradiation process. For this,
considerN atomic substitutions, randomly placed on a ma
roscopic surfaceS with mean surface densityN/S. A
30-keV He1 ion induces typically 0.02 displacements per
of matter traversed.26 A fluence of 1016 ions/cm2 will thus
induce at leastN/S;10 substitutions/nm2.

Let us define the probabilityP(n) of having n atomic
substitutions on a small surfaces!S. We definep5s/S.
This probability follows a binomial law

P~n!5~N
n !pn~12p!N2n.

It leads to a mean value ofn which is ^n&5Np, i.e., the
surface area multiplied by the surface density of point
fects. The variance ofn is

Dn25Np~12p!.

In the limit of small surfacess!S, it reduces toDn25Np
and the relative fluctuation of defect density is

Dn/^n&51/A^n&. ~2!

Typical local fluctuations of the atomic substitutions dens
are reported in Table I. For surfaces of size relevant for D
propagation, e.g.,s;DBloch

2 and s; l B
2, the irradiation-

induced density of substitution does not exhibit significa
fluctuations.

Thus, the very fact that irradiation induces very numero
substitution defects leads to such large density of the la
:

J

,
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that a DW may cover many of them at the same time in
wall width. In summary, the structural disorder introduced
the irradiation process cannot influence the DW propaga
mode at room temperature.

V. CONCLUSION

30-keV helium-ion irradiation allows us to alter the ma
netic anisotropy, and hence the coercivity of Pt/Co~5 Å!/Pt
films with perpendicular magnetization, and to induce a pa
magnetic transition at room temperature for fluenceF>FC
52.531016He1/cm2. Irradiation is a way to fabricate
samples with an adjustable Curie point in the roo
temperature vicinity. As regards the paramagnetic phase t
sition, in spite of our limited experimental accuracy, we m
conclude that the films irradiated at fluences strictly bel
FC exhibit the characteristics of high-quality two
dimensional systems whose exchange interaction is
scribed by an Ising Hamiltonian. At higher irradiation flu
ences, the easy magnetization axis abruptly tilts towards
easy cone while the correlated change in the order-param
dimensionality abruptly lowers the Curie temperature.

We have shown that belowFC , magnetization reversal a
room temperature occurs through a very limited number
nucleation events followed by easy domain-wall propagat
sweeping the whole sample surface. The density of pinn
sites is reduced by the irradiation, such that the ini
Barkhausen length~38 nm! rises to 61 nm after irradiating a
a fluence 1016He1/cm2. We showed that the defects creat
by irradiation are too densely packed to alter the doma
wall-propagation mode. The ability to adjust the magne
technical properties via irradiation indicates that He1 irradia-
tion could be of great interest for the thin-film magnetis
community.
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