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We report results on experimental and theoretical studies of structural and magnetic properties gf0zePt:B
nanocomposite films. It was found for films prepared by magnetron sputtering with subsequent annealing that
lattice parameters. and ¢ of fct FePt change with significantly different rates with increase of th@®;B
fraction. As a consequence, fundamental magnetic properties change markedly, with the Curie temperature
decreasing by 36% for 25% FePt volume fraction compared with the bulk value. Usialy eitio param-
etrization of magnetic interactions, we propose statistical model of thermal fluctuations in fct FePt, which
explains these observations. Our modeling results demonstrate that the observed phenomena originate in the
variation of the exchange interaction parameters with the changes @fétratio. We find that the main factor
of this variation is the increase of the difference between the in-plane and interplane exchange interactions as
c/a decreases from its bulk value due to stress exerted by g Batrix.
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INTRODUCTION ties, such as the lattice parameters are modified by the addi-
tion of B,O3. Furthermore, the measured Curie temperature

L1,-ordered FePt and CoPt alloys exhibit strong magne{T,) for these films reduces strongly with a decrease of FePt
tocrystalline anisotropy K,>3x 10’ erg/cnt), and have concentration in the composite. To understand this somewhat
potential applications as permanent magheRecently, unexpected observation we perform an analysis of elastic,
dense arrays of FePt nanoparticles were produced by selfragnetic and electronic properties of FePt. We employ sta-
assembly and proposed as magnetic storage media materiéigfical modeling andab initio calculations to address the
with an areal density greater than 1 terabftfif\n alterna- fundamental question of the nature of exchange interactions
tive approach of achieving high areal density of magneticand anisotropy in this system.
grains is the employing of nanocomposite films with
structured CoPt and FePt nanoparticles embedded in a non-
magnetic matrix such as C, SiOB,0;, and BN376 It is
expected that these films possess a high anisotropy of CoPt (FePt),:(B,0O3);_y nanocomposite films were prepared
or FePt grains; meanwhile, nanoparticles are separated Hyy magnetron sputtering Fe/P$B; multilayers onto glass
matrix materials to reduce the intergrain exchange couplingsubstrates, followed by a subsequent annealing at 825 K for
To date, few studies were devoted to understanding the fur24 h. The FePt volume fraction was varied from 100%, or a
damental properties such as the magnetization, magnetocrygdre FePt film, to 25%, where FePt grains are mostly iso-
talline anisotropy, and exchange interactions of such filmslated by amorphous £;. The total film thicknesses ranged
with the addition of the matrix materials. It is a common from 100 to 400 nm to keep the FePt thickness fixed at 100
practice to assume that the magnetic properties of thesam. The structural properties were characterized by x-ray
nanocomposite films can be represented by intrinsic propediffraction (XRD) and transmission electron microscopy
ties of their magnetic components in their bulk foftlow-  (TEM). Magnetization from room temperature to 800 K was
ever, it is well known that intrinsic magnetic properties measured by a vibrating-sample magnetometer, wiigre
might be very sensitive to the local atomic environment. Bywas determined by the inflection point of ti(T) curve.
alloying with other elements, or by embedding nanocrystal- Upon annealing, the multilayer configuration of the films
lites in a matrix, it can be expected that the electronic strucis broken, and nanocomposite films with FePt nanocrystal-
ture of the magnetic grains be modified so that the intrinsidites embedded in the amorphoug® matrix are formed. At
properties change accordingly. This is especially true for Fethe same time, FePt forms an ordered face-centered-
based alloys that show variety of unusual pressure and tentetragonal crystal structufeFigure 1 shows representative
perature properties. XRD patterns of FePt:BD; samples with FePt volume frac-

In this paper, we present a systematic analysis of théions from 100% to 25%. One interesting feature is that the
structure and magnetic properties of FeROB nanocom- (111) peak position only changes slightly with the FePt vol-
posite films with varying FePt volume fraction, in order to ume fraction; however(001) and (002) peaks shift signifi-
understand the change of fundamental properties with theantly to large angles as the FePt volume fraction decreases.
addition of a BO3 matrix. In these films, FePt near a 50/50 This suggests that as the nonmagnetic matrix concentration
composition possesses hard magnetic properties, wh{lg B increases, the lattice of FePt grains becomes more and more
is an amorphous insulator. We show that structural properdistorted. For fct FePt, the lattice constamtis slightly

I. EXPERIMENTAL RESULTS
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FIG. 1. Representative XRD patterns of (FgP{B,03)1_y, =° 1 ]
with (a) x=100, (b) x=80, (c) x=60, (d) x=40, and(e) x=25. 550+ -
. . 5004 @
smaller thana. The shift of (0O®) peaks to higher angles | &
indicates the decrease of tbepacing. The calculated lattice 450 : . : , :
constants anda as well as the/a ratio as a functions of the 0.93 0.94 0.95 0.96 0.97
FePt volume fraction are plotted in Fig. 2. As can be seen c/a

from Fig. 2, for a pure FePt filmg, ¢, andc/a are 3.85 A,
3.74 A andc/a 0.97, respectively, which are fairly close to

fraction decreases from 100% to 25%, only increases

slightly from 3.85 to 3.88 A. Howevex decreases consid- symably due to the strain exerted by the matrix on the FePt

FIG. 3. The Curie temperatufk, as a function ofa) the FePt
the bulk value$. It can be seen that as the FePt volumevolume fraction andb) the c/a ratio.

erably from 3.74 to 3.61 A, which is a 3.5% change. AS jattice. As shown below, the change in théa ratio has a
consequence, thea ratio decreases from 0.97 for pure Feptstrong influence on the Curie temperatifieof the films.

to 0.93 for the film contains 25% FePt. This change is pre-
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FIG. 2. Lattice parameteis ¢ andc/a ratio as a function of the

FePt volume fraction.
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For the films studied, the average grain sizes as estimated
from Scherrer’'s formula range from 25 nm for pure FePt to
15 nm for a 25% volume fraction of FePt. TEM images
reveal that for a high FePt volume fraction, most FePt grains
are interconnected, while for a FePt volume fraction less
than 30%, FePt grains are well isolated. A statistical analysis
shows that the mean grain size for the sample with isolated
grains is very close to XRD results. There is a substantial
grain size distribution, withéd/d~30%, whered is the
grain diameter. However, the number of grains with diameter
less than 10 nm only accounts for a small portion.

Shown in Fig. 8a) is T, as a function of the FePt volume
fraction. T, for a pure FePt film is 733 K, which is close to
the bulk value of 750 K. However, as the FePt volume frac-
tion changes from 100% to 25%,. decreases almost lin-
early to 470 K. The total reduction is 263 K, about 36% of
the bulk value. This reduction correlates with the change in
the c/a ratio with variation of the FePt volume fraction. Fig-
ure 3b) showsT, as a function of the/a ratio.

The origin of such a behavior may be associated with two
groups of factors. First there is the partial ordering of FePt
grains with the increase of the,8; concentration or the
diffusion of impurities such as B or O in FePt. The second
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group of factors includes phenomena intrinsic to the system T ] J ]
such as(i) superparamagnetism of smaller graingi,) sur-

face effects due to the change of coordination at the interface

between FePt and ,B®;, and (iii) a reduction of the ex- 0.98
change interaction parameters with changes of the lattice pa-
rameters.

Concerning partial ordering due to insufficient thermal
treatment that may affedt,, we carefully examined the ef-
fect of annealing. Our pure FePt film shows only a slight -
decrease i, as compared to bulk, suggesting that the dis-
order is small. The addition of 5, however, significantly
hinders the phase formation. In order to achieve nearly per- .
fect ordering, 24-h annealing is performed on all samples.
Prolonged annealing leads to no significant changd Jn
The (001). a_nd(002) peak intensity ratios of XRD for 25% 0'98.90 0o 100 105 110 11
FePt a similar to that of bulk fct FePt, suggesting that the ViVoey
FePt crystallites are well ordered even for a low FePt volume P
fraction. FIG. 4. Calculated equilibriunt/a ratio as a function of the

Finite-size effects of nanocomposite films may contributeyolume normalized by the experimental value of pure FG@L&).
to the variation ofT,, as well*® However, since all samples
have average grain sizes greater than 15 nm, and the numh&ns. The Green’s-function method is used to calculate pair
of grains with diameter smaller than 10 nm is negligible, andexchange parameters. Green’s functions are calculated from
since the behavior of 15-nm grains already resemble that ahe self-consistent solution of the LMTO-ASA methbid
bulk, it can be anticipated that finite-size contribution is in- The exchange interaction calculations in FePt are quite sen-
significant. It is established for clusters of different materialssitive to the details of the electronic structure. Because of
that only one surface layéor two) are substantially affected this, the local-spin-density approximati¢tdubbardU ap-
by surface disorder. Models of magnetically dead layer deproximation (LSDA+U) calculations in scope of the
scribe successfully variation of magnetization in number ofLMTO-ASA method have been performed to study the effect
systems. The grain sizes are large in our experiment. If wef correlations on the interlayer exchange coupfinghe
assume dead layer t@[2 A thick, less than 9% of atoms for effect of spin-orbit coupling is studied as well. The above
15 nm and less than 5.5% for 25 nm are in the surface layemethods are widely used in the solid-state physics and more
Thus the direct effect will be small. Nevertheless, becauseletailed information can be found in the above references.
interface area between FePt arglOB phases increases from
0 to almost 100% with a decrease in the FePt concentration, A. Elastic properties calculation
we expect this dead layer effect to be of the order of 5—-10 %.

The saturation magnetization of the films is a linear func-
tion of the FePt volume fraction, suggesting dilution effects,
and the Fe local moment is unchanged. We do not expect
significant diffusion between FePt and®; phases.

c/a

Using the FLMTO method we calculated the equilibrium
c/a variation as a function of the volume reduced to the
perimental value of pure FePt. As can be seen from Fig. 4,
the c/a ratio decreases with the decrease of the voliare
increase in pressureThis result is consistent with experi-
mental observations and shows that the LSDA model de-
[l. THEORETICAL RESULTS AND DISCUSSIONS scribes qualitatively the difference in the response/afand
a parameters on the external stress. Although calculated dif-
ferences ina and c/a variations are somewhat underesti-
mated in comparison with experimental results. Besides the
LSDA problem, the reason for this may be nonuniform stress
Yrom the matrix or some interdiffusion of boron or oxygen.

To understand the origin of the observed trend in the mag
netic properties of FePt®; nanocomposite films, we per-
form two sets ofab initio calculations:(i) calculations of
total energy to model the effect of external stress exerted b,
the composite matrix, andi) calculations of the exchange
interaction parameters as a function of the FePt unit cell
volume and thec/a ratio. Finally, we perform Monte Carlo
simulations for the tetragonal lattice with anisotropy of ex- Determining exchange coupling in the system requires a
change interactions. We obtain the Curie temperature changeapping of the energy change on the rotation of the local
as a function of interlayer exchange and consequently as magnetic moment. The response can be found in two ways:
function of thec/a ratio. (1) analytically for an infinitesimal angle rotation, ari@)

We employ the linear-muffin-tin-orbitgdLMTO) method  numerically for a finite angle rotation. We will use and com-
in the atomic-sphere approximatigASA) for most of the  pare both approaches.
electronic structure calculation5This method approximates To determine the parameters of magnetic interactions and
the shape of the potential with a muffin-tin form. The full- correspondingly the energetic of thermal fluctuations in FePt,
potential version of the LMTGFLMTO) method has lifted we use infinitesimal angle rotations of magnetic moments
this approximatiort? and is used for total energy calcula- around the ferromagnetic ground state. In the case of small

B. Exchange interactions and magnetic properties
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FIG. 5. Schematic illustration of a FePt unit cell wiid ferro- 7'68.85 0.90 0.95 1.00
magnetic(FM) and (b) antiferromagnetidAFM) configurations of c/a
magnetic moments between neighboring Fe planes. 8.60 . I .
deviations from the ground state, the problem can be solved = L
within perturbation theory. The use of the LSDA extension of «é
the local force theorem and multiple-scattering formulation < s40l
of the perturbation theory allows the derivation of a closed- (N
form expression for exchange interaction paramétetsis L:Jé
approach assumes that the exchange interaction energy can r
be accurately mapped into the Heisenberg from | |
8.20 : : :
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FIG. 6. The calculated on-sit¢otal) exchange parameteds as
with pair effective interaction parametedg and S being  a function of(a) the c/a ratio and(b) the unit cell volume.
unit vectors in the direction of the local moment. Since this
method also assumes that the deviation from the ground stafgodel[Eq. (2)] may introduce a significant error in estima-
is such that perturbation theory is valid, we will call this tjons of the critical temperature. To interrogate our model
approach the infinitesimal angle approach. Within secondsyrther we performed calculations of exchange interaction
order perturbatllon theory the coupling parameters are giveBnergy between Fe planes using a finite-angle rotation. We
by the expression use a finite-angle rotation of the magnetization between
1 . neighboring planes of Fe to calculate the coupffrizetween
AE=J; 62 = _|mf FdEAti‘ngi-At-_lTé-- 02 (2 the iron planes to elucidate possible deviations from behav-
T —o R iors that can be derived from Eqd) and(2). We calculated
, L the total energy difference between ferromagnetically and
whereJ;; are exchange coupling parame.télfg IS thle scalt— antiferromagnetically aligned planes. In the antiferromag-
tering path operator in site representatidt; “=t;;"—t;, netic (AFM) configuration Pt has a zero moment while the
is the difference of inverse Single-site scattering matricesFe moment remains essentia”y unchanged from the value of
and@ s the rotation angIeT(T)gjL has a simple scaling relation- the ferromagnetidFM) configuration. This result indicates
ship with Green’s function and we will refer to the above that the infinitesimal angle parametrization of the exchange
approach as Green's-function methag.! is a potential energy might not be sufficiently accurate in describing ex-
function of the LMTO method. The on-sif¢otal) exchange change interactions between Fe planes due to mediating ef-
parameted,=X;Jo; can be calculated analytically as well. fects of the Pt moment which appears to be very sensitive to
The sum in the equation is over all the neighbors around sitenagnetic configurations.
0. More details can be found in Ref. 14. In Fig. 6 we present the calculated on-site exchange pa-
FePt has a layered structure with alternating Fe and Rtameter(defined for the Fe sijeas a function of the/a ratio
planes, as shown in Fig. 5. It can be also viewed as a tetand volume. For an interpretation of our experimental results
ragonally distorted fcc lattice. From LMTO-ASA calcula- it is important to notice that combined effects ofa and
tions (without spin-orbit coupling Fe has a local magnetic volume variations may account for about a 0.2-mRy reduc-
moment of 2.8z and Pt has an induced atomic moment oftion of the on-site exchange parameter. However, considering
0.4ug. The calculated exchange parameters show a strontpe contribution of different pairs to the total exchange cou-
coupling in the Fe planes and weaker coupling betweempling parameter, we notice that in-plane iron has a very
planes. There is, furthermore, a comparable contributiostrong coupling that does not change much wita or vol-
from the coupling between the Fe and Pt planes. This indiume variations, while exchange between planes is strongly
cates that, though that magnetic moment induced on Pt agffected by these structural changes.
oms is relatively small, its role in the formation of effective  In Fig. 7 we present calculated differences between mag-
exchange fields cannot be ignored. On the other hand, singeetic moments of FM and AFM aligned Fe layers. One can
the Pt moment is induced and essentially very delocalizedsee strong reduction of the interplane exchange coupling
the use of infinitesimal angle mapping to the Heisenbergvith the reduction of the/a ratio. Because there is strong
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FIG. 7. The energy difference between AFM and FM configu-
rations (the positive sign corresponds to the FM coupliras a
function of thec/a ratio. The inclusion of SO coupling shifts the
energy difference toward FM order. 0-% 5 02 04 05 0.8 To

in-plane coupling between Fe sites, the system can be con- JZ/ny

sidered as layered. The planes have strongly ordered local FIG. 8. Curie temperature for a simple cubic lattice with
moments and the coupling between the moments of theearest-neighbor interactions as a function of the ratio between in-
planes is weaker. Overall, the LSDA-based results are corferplane ¢;) and in-plane {,,) exchange parameters.

sistent with theT . reduction observed experimentally. How-

ever, finite-angle calculations of Fe-Fe interlayer exchange C. Monte Carlo simulations

overestimates thg dependence onche ratio, and result in As we stated above, the main effect of théa change
erroneous negative values fofa=0.945. In order to make ith increase of BO; concentration is a reduction of the
sure that the ASA does not produce a substantial error Wgyterplane exchange coupling. The effect of this reduction on
have checked the results using projector augmented wav@e Curie temperature is natpriori clear. In order to clarify
method adopted at VASERef. 17 for c/a=0.93, and found  this point we have performed Monte CafMC) simulations
that the AFM order is indeed more stable. of a simple cubic structure with nearest-neighbor interac-
To investigate whether this negative exchange energy itons, where we fix each pair in-plane exchange coupling
coming from the LSDA approximation, we performed parameter at 1 and vary the interplane coupling from 1 to O.
LSDA+ U calculations, which allow us to take into account Figure 8 showdT . as a function of the ratio of interplane to
on-site Coulomb correlation in more consistent ways tharinplane exchange&®=J;;,/J;; . We can see thak; decreases
the LSDA'®>We usedJ =1.52 eV on Fe ant) =0.54 eV on  from 1.440/kg) (kg is the Boltzmann constanfor R=1 to
Pt, the values of Coulomb correlation parameters which al0-7(J/kg) for R=0.05. Interestingly, we have noticed that
lows reproducting within the LSDA U model experimental  the T¢ reduction is initially proportional to the decrease of
results for both magnetocrystalline anisotropy, atom-resolved€ on-site(total) exchange parametdp, up until R~0.5,
total magnetic moments, and to some degree atom-resolvéfen accelerates with further decreasRgThis means that
orbital moment£® We find, however, that the interplane ex- Mean-field theory is not able to explain the variatiorfin
change energy has not been changed significantly due to copystems Wl_th a dlrect_lonal anisotropy of exchange interac-
relations. Thus we conclude that the overestimation of thé/©nS: and is not applicable directly to the layered systems
trend should be due to different sources. such as FePt.

We found that if spin-obitSO) coupling is included in the The Green—funchon calculauor{fg. (2)] show that n-
: C S lane exchange is about 8 mRy. It is very strong for the first
calculation, the results change significantly, indicating th

. . . ? wo shells of neighbors and has long-range oscillations. The
importance of this type of interaction. We have calculateq g g-rang

: : X N nterplane exchange calculated by finite-angle rotation
E(AFM)-E(FM) differences both including ahorbital in - opanges from 2 mRy to very small numbers with a reduction
the basis set and with SO interaction included self-

h : - of the c/a ratio. In terms of the model used in MC simula-
consistently. - Calculations were performed using thejons, it corresponds to changesRrfrom 0.25 to quite small
Barth-Hedirt® exchange-correlation potential and tetrahe-yajues. One then can expect a strong reduction of Curie tem-
dron integration over an irreducible Brillouin zone WEdge pera’[ures for the/a ratios observed experimenta”y_ We es-
with 31X 31X 15 k-point sampling. Results clearly indicate timate that Curie temperature falls by about 30%would

that the role of SO coupling is increasing the stability of FM be only 10% in mean-field theoryf the R ratio drops from
order by about 1 mRyFig. 7). For the FM configuration Pt 0.25 to 0.05 by means of an interplane exchange parameter
has a spin moment of 0.4, while it has no moment in thereduction. This roughly corresponds to the experimental re-
AFM configuration. As a result SO coupling makes a largesults. Thus the reduction of the interplane exchange param-
contribution to the exchange interaction energy and correeter alone is satisfactory in explaining the strong decrease in
spondingly to the ordering temperature. T..

184425-5



ZENG, SABIRIANOV, MRYASQV, YAN, CHO, AND SELLMYER PHYSICAL REVIEW B66, 184425 (2002

Although the Curie temperature variation is explainedeters can be explained within LSDA total-energy calcula-
well by this mechanism, additional effects may play roles agions. We find that the calculated variation of the exchange
well. Some reduction may be attributed to substitutional disparameters may account for the reduction of the Curie tem-
order in FePt, which is quite small, as observed. Some reperature. The in-plane exchange coupling does not change
duction may be explained at least in part by the chemicamuch with thec/a ratio or volume reduction, while inter-
disorder due to the B or O interdiffusion into FePt in small plane exchange coupling parameter decreases significantly
amounts. Finally the surface atoms may have reduced exwith c/a reduction. Monte Carlo calculations of the critical
change coupling and random anisotropy may cause somemperature using exchange interactions, calculated from
reduction inT,. first principles, show a reduction df. by about 30%, in

agreement with experiments. Thus we conclude that the main
CONCLUSIONS contribution to the observed changes in the magnetic behav-
) ) ] ior with the decrease of FePt volume fraction originates from

In summary, we have studied the magnetic properties ofne renormalization of exchange interaction parameters. Par-
FePt grains embedded into a matrix of boron oxide as gcylarly, due to the increased difference between the inter-
function of the FePt content. We find that the@® matrix  ang intra-layer interaction parameters with the structural
produces strong stress on the FePt clusters, reducing/ ¢he change of FePt nanocrystallites.
ratio and the unit volume of the FePt phase. The Curie tem-
perature decreases with decreasing FePt content from 750 K
for pure FePt to 470 K for 25% FePt/@ decreases from
0.97 to 0.93. In order to interpret these experimental results The authors thank S. Jaswal for fruitful discussions and
we performed two sets @b initio calculations. We find that X. Z. Li for TEM observations. This research was supported
the difference in the variation affa anda structural param- by the NSF, NRI, IBM, and CMRA.
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