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Thermal relaxation in antiferromagnetically coupled granular magnetic media
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Using a conventional recording system we have characterized the thermally activated transition formation
process in the lower layer of antiferromagnetically coupled magnetic recording media. We find that this thermal
relaxation time depends strongly on the transition density, lower layer alloy composition, and layer thickness.
A one-dimensional analytic model of coupled granular media that includes interlayer exchange, intergranular
exchange, and magnetostatic energies is able to reproduce the observed results.
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Antiferromagnetic exchange coupling between two mag-cess. Antiparallel alignment of UL and LL is experimentally
netic layers separated by a thin Cr layer was discovered inbserved, even though the intrinsic switching field of the LL
19861 Recently, longitudinal recording media based uponis larger than the interlayer exchange figld That is, the AF
this effect was proposéd to improve thermal stability of exchange is not sufficient to reverse the LL in the absence of
recorded information and to overcome superparamagnetic efhermal activation. The speed of this relaxation process and
fects, which limit the traditional scaling of recording media the magnetization state, which the LL assumes in thermal
parameter§.This antiferromagnetically coupledhFC) me-  equilibrium, are of paramount importance to the recording
dia structure consists of a thinner ferromagnetic lower layeperformance such as media noise, read-back signal, and ther-
(LL), which is antiferromagnetically coupled through a thin mally activated signal decay.
nonmagnetic Ru layer to a thicker upper lay&H ). The In the present experiments the dependence of the relax-
ferromagnetic media layers have a granular microstructuration process of the LL in the presence of transitions in the
where the grains are magnetic and the grain boundaries akél is characterized using a novel spin-stand recording tech-
weakly magnetic or nonmagnetic. In the antiferromagneticique. In particular, the dependence on the LL thickness,
(AF) state, the effective magnetic thicknebt.z of the intergranular exchange coupling, and AF exchange coupling
composite structure is given by the difference between then the relaxation time are explored. Three different media
M.t of the two layers wherd/, is the remanent magnetiza- series are investigated. The UL's are equal in all media
tion andt is the thickness of the layers. This configuration samples and consist of a Co-Cr-Pt-B alloy with llnt of
allows the optimization of the magnetic thicknedst.s in-  0.38 memu/crh The Mt of the LL is varied for each series
dependently of the physical thickness of the recording mebetween 0.13 and 0.23 memukivy varying the thickness
dium t, while only marginally increasing the write field re- of the layert. The LL's are CoCr-based alloys where the
quirement. AFC media behave magnetically similar to a thincomposition is chosen such that the LL write field is much
single-layer media in recording experiments, while thermalsmaller than that of the UL. The LL of sample series Aand C
stability is improved as a result of the thicker URef. 5 have a higher Co content, and as a result, a high intergranular
and the AF exchange couplirgefs. 6—8. exchange. Intergranular exchange avid in the LL are re-

One consequence of the AFC media structure is the induced in sample series B by increasing the Cr content of the
creased complexity of the write process as compared to tralloy. Note that in order to achieve the sameL.t the LL's
ditional single-layer media. The final magnetic configurationare thicker in sample series B than in A and C. The AF
is achieved by the thermally activated reversal of the LL. Inexchange coupling is maximized for sample series A and B
the present manuscript we explore the transition formatioremploying a 0.6-nm-thick Ru layer and essentially vanishes
process in the LL, which allows studying the interplay for series C with a 1.2-nm-thick Ru lay&t.
among AF coupling strength, UL transition density, and LL  The experiments are performed on a Guzik spin stand.
material properties such as thickness and intergranular eX—ransitions are first written into the recording medium using
change. This provides a model system for investigating the high write current at densities ranging from 0 to 23.7
complex physics of the interactions between granular magkfc/mm (kilo-flux-changes per millimetgr Then transitions
netic thin films at controlled length scales. The experimentalre written into the LL at a fixed linear density of 3.94
data are analyzed using a one-dimensional model. kfc/mm using a low write current resulting in a bit spacing

The write process in AFC media may be described by twal;; of 254 nm. The final magnetic configuration is shown
phases. In the initial phase, while the magnetic field of theschematically in Fig. ¢a). This second write process does
write head is present, the UL and the LL are magnetizedot influence the magnetization state of the UL, which has a
parallel to the applied field direction. After the head field ismuch higher coercive field and was verified for AFC media
removed the LL reverses and becomes antiparallel to the Ulwith a very thin LL. Finally,~2 s later the LL signal ampli-

In this process transitions are formed in the LL, which havetude is determined using the read head. This procedure is
opposite polarity to the transitions that are recorded in theepeated for each UL linear densities on the three series of
UL (i.e., the transitions in the LL are not written by the headsamples. Figure(t) shows a typical frequency spectrum of

field). Thermal activation plays an important role in this pro- the read back signal resulting from this procedure. The ar-
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The lower layers have high Co content and high intergranular ex-
change couplingsample series A (b) The lower layers have re-
duced Co content and reduced intergranular exchange coupling
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antiferromagnetic exchange coupling is reduced using a 1.2-nm-
thick Ru layer(sample series C
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0 ' 5 ' 10 ' 15 20 ' 25 ' 30 ' 35 ' formed and the relaxation time is long. In contrast, if the LL
signal amplitude vanishes, the LL relaxed into a thermal
equilibrium, indicating a short relaxation time. Since the re-

FIG. 1. (a) Transition positions after the lower layer write pro- l2xation time is intimately related to the energy barrier for
cess showing different densities in the upper layer and lower layefnagnetization reversdtg=K,V,"* whereK, is the anisot-
(b) Transition positions after complete thermal relaxatian.Fre- ~ ropy energy and/ is the volume of a magnetic grain in the
quency spectrum of a track after the write proces=(a)], where  LL, one can deduce relative energy barrier heights from the
the upper layer is written at 20.55 kfc/mm and the lower layer atsignal amplitude measurements. This simplified decay mea-
3.94 kfc/mm. surement works, because relaxation times are short compared

to the UL as a result of the small energy barriers in the

rows in the figure point to the signal peaks at 20.55 kfc/mmthinner LL. Note that since the linear density of the signal of
for the UL and 3.94 kfc/mm for the LL. Additionally, the interest is kept constant, the density dependence of the read
frequency spectrum also shows peaks at higher harmonics bgad response is eliminated.
the LL signal. Plotted in Fig. 2a) is the LL signal amplitude as a func-

Immediately after the second write process, the LL magtion of the UL linear transition density for sample seris
netization is in a well-defined state with a transition every(high Co content, high intergranular exchaphfm three dif-
~254 nm. The LL transitions and consequently also the LLferent LL Mt values. The plotted signal amplitudes are nor-
signal amplitude are almost independent of the transitions imalized by the LLM,t. All three samples show a similar
the UL. As time progresses, however, the LL relaxes towardglependence. When the UL is in dc-erased statetransi-
its thermal equilibrium configuration with the same magnetictions are preseptno LL signal is detected in the amplitude
periodicity of the UL[Fig. 1(b)]. That is, the transitions, measurement, i.e., the LL has already relaxed into its thermal
which were written into the LL at a linear density of 3.94 equilibrium state within 2 s. As the UL linear density is in-
kfc/mm, disappear and new transitions conforming to thecreased, the signal amplitude of the LL also increases, indi-
transitions in the UL are formed. The LL signal amplitude atcating that the LL relaxation time increases. Furthermore, we
3.94 kfc/mm reflects the status of this relaxation. If the LL observe that relaxation times also increase as the LL be-
signal amplitude is large, only limited relaxation took placecomes thicker. The latter results are a direct consequence of
by the time the signal amplitude measurement was perthe larger intrinsic energy barrigtg=K,V for thicker LL.

linear density [kfc/mm]
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Assuming cylindrical grains whose diameter is independent s r - v 7
of film thickness, we find thaEg increases linearly with film 0.1+
thickness. This trend is observed for all three sample series .
(Fig. 2. 0.0

When the Cr content in the LL is increasfeig. 2(b)] or 1
when the AF coupling is reducddFig. 2(c)], the amplitude -0.14
curves as a function of transition density assume a different &
shape. At both low and high UL transition densities, LL sig-  §
nal amplitudes are high and a minimum is observed at a & 0.14
medium UL transition density between 4 and 8 kfc/mm. o, ]

In order to model this surprisingly complex behavior, we m 0'0'_
consider the magnetic energy of the system assuming that the E 014
UL does not change its magnetization state during the relax- % ]
ation of the LL. Then, in thermal equilibrium the average ]
magnetic energy associated with the Hgl'(dy, ,d,,), for 0.1
one bit cell is given by the interlayer exchange, magneto- ;
static, and and intergranular exchange energies: 0.0

Efi(dyc ,du) =E*F(dy;,dy) + EDS(di) + E(dyy) -0.1

+ELE(dy) +EL(du), (D T & 10 15 20

whered, andd,, are the transition densities of the UL and linear density {kfc/mm]

LL, respectively. FIG. 3. Calculation of the energy gaifi®tal and split up into

B2 the individual contributionsas a result the formation of transitions
EAF(dy,,dy )= _‘JAFWJ My M dX. (2)  inthe lower layer as a function of linear density. Caakis for a
—-B/2 lower layer with intergranular exchange coupling, césewithout
intergranular exchange coupling, and cégeawvithout antiferromag-
is the AF exchange energy, whemerepresents the normal- netic exchange coupling between the magnetic layers.
ized magnetizationB=1/d, is the bit lengthW is the track
width, andJg is the AF exchange coupling energy density. B/2
If intergranular exchange coupling in the LL is present, the Eff(dLL)IJextLLWf [Vmy (dy)1Pdx, (5
AF exchange energy is averaged over some grains, effec- B2
tively leading to a reduction of the AF exchange energy. Thisyhere J,, is the intergranular exchange energy density. In
reduction is particularly large close to transitions, where theorder to simulate the granularity of the medium, an 8-nm
UL magnetization changes rapidly across the transition andtep size is chosen for the integrationBf (d,, ).
the average magnetization approaches zero. As a conse- |mmediately after the write process, the positions of the
quence, the AF exchange energy gain is density dependefiansitions in the UL and LL are uncorrelated, and
and becomes smaller at high transition densities. Therefore

Eq. (2) provides a lower estimate for the AF exchange en- EJC(dy ) =E[Xdy ) =E*"(dy,,d,, )=0. (6)
ergy for high LL intergranular exchange. In contrast, if no or initial s
negligible intergranular exchange energy is present in thé follows from Eq. (1) that Eyg~(dy,,di ) =E((dw)

LL, the magnetization of each LL grain aligns itself antipar- + ECL (di) =const, since d; =3.94 kfic/mm=const. The
allel to the UL. In this case, the AF exchange energy isenergy gain resulting from thermal relaxation in the LL can
independent of the UL transition density and may be estithen be easily calculated using

mated b ! -
Y AE=EZM(dy, ,di)—Egi®(dy,,diy)- (7)

=—JarWB. (3 AE is directly related to the relaxation time, as the total

. . . . . energy barrier for magnetization reversal to first order is pro-
The magnetostatic energies arising from the transitions in thﬁortional toAE

EAF

magnetization are given by Figure 3 shows three calculations of the total energy gain
B and the individual contributions from magnetostatic and AF

EM(dy) = _thWJ' HS(Ema(‘MdeX, 4) interactions, and mterg_ranular exchange energy as a function

-BI2 of density, corresponding to the sample series A—C. Here,

the energy gain is normalized to the surface area of the tracks
whereHSfmagis the demagnetization field generated by layerAE/WB. The AF exchange energyy-=—0.06 erg/cm is
yL acting on layerxL with the magnetizatioM,; (xL,yL estimated from minor loops. Figurée® shows the calculated
=UL,LL), andt,, the LL thickness. Finally, the intergranu- energy gain for sample series A, which has high Co content

lar exchange energy in the LL is calculated by and high intergranular exchange. The intergranular exchange
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Jex=0.17 werg/cm is estimated from parametric spin-standoetween intergranular exchange and magnetostatic energy
measurements using the present mdéldihe AF exchange gains, in good agreement with the experiment.
energy is calculated using ER) and is dominating at low In conclusion, the interactions between two antiferromag-
transition densities. The density dependence, however, isetically coupled granular layers have been investigated by
dominated by the intergranular exchange energy and agreebaracterizing the thermal relaxation of one layer in the pres-
well with the experimental findings in Fig(&. ence of transitions in the other layer. Results were presented
The energy gain for sample series B is shown in F{§),3 on the relaxation of the lower layer in antiferromagnetically
using the same parameters as in Figr) 3exceptJq,=0, coupled media and analyzed using a one-dimensional ana-
leading to a density independd®t™ [Eq. (3)]. Here, at low lytical model. We find that—in addition to the stability ratio
transition densities the density dependence of the magnetof the lower layer and the antiferromagnetic exchange
static energy gain dominates the functional form\&/W B, coupling—intergranular exchange also plays an important
while the relaxation at high transition densities is determinedole for the thermal relaxation of the lower layer after the
by the reduction in the AF exchange and magnetostatic enwrite process. In particular, when writing at high transition
ergy gain. Again, good agreement with the experiment iglensities, the presence of intergranular exchange in the lower
observed[Fig. 2(b)]. Performing the same calculation for layer can significantly slow the thermal relaxation process.
sample series C, whereJar vanishes and Jo,  The complexity of the observed behavior arises from the fact
=0.17 nerg/cm, we find that the energy gain at low densitiesthat the involved energies are similar in size, and the domi-
is much smaller than in the other two examples, and thenating type of energy may change depending on transition
relaxation time is longFig. 3(c)]. At medium and high tran- density, antiferromagnetic exchange coupling, and lower
sition densities, the system is dominated by the interplayayer alloy composition.

ip, Grinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sow- “A. Inomata, E. N. Abarra, B. R. Acharaya, A. Ajan, and |. Oka-
ers, Phys. Rev. Let67, 2442(1986. moto, Appl. Phys. Lett80, 2719(2002.

2E. E. Fullerton, D. T. Margulies, M. E. Schabes, M. Carey, B. 8B. R. Aharya, A. Ajan, E. N. Abarra, and A. Inomata, Appl. Phys.
Gurney, A. Moser, M. Best, G. Zeltzer, K. Rubin, and H. Rosen,  Lett. 80, 85 (2002.

Appl. Phys. Lett.77, 3806(2000. 9D. T. Margulies, A. Moser, M. E. Schabes, and E. E. Fullerton,
3E. N. Abarra, A. Inamota, H. Sato, I. Okamoto, and Y. Mizoshita, (unpublishedl

Appl. Phys. Lett.77, 2581(2000. 1D, T. Margulies, M. E. Schabes, W. McChesney, and E. E. Ful-
4D. Weller and A. Moser, IEEE Trans. Mag®5, 4423(1999. lerton, Appl. Phys. Lett80, 91 (2002
5J. Lohau, A. Moser, D. T. Margulies, E. E. Fullerton, and M. E. 11 ’ ' ' ’ '

: P o S ' © = W, F. Brown, Jr., Phys. Rel.30, 1677(1963.
6 Schabgs, Appl. Phys. Leff8, 2748(200). 127, Moser, N. Supper, D. T. Margulies, and E. E. Fullert@m-

H. J. Richter, Er. Girt, and H. Zhou, Appl. Phys. Le80, 2529 published

(2002. '

092410-4



