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Using magnetometry and ferromagnetic resondf®éR), we have investigated the magnetic properties of
exchange-biased FeRtL10/Fe (211 bilayer films epitaxially grown onto Mg@110). The Fe layer exhibits a
large uniaxial anisotropy, the magnitude of which is quantitatively accounted for by epitaxial strains. The FePt
layer is chemically ordered in thel, phase which develops antiferromagnet&sF) order below Ty,
=160 K. Cooling througiTy, the Fe layer becomes exchange biased and its anisotropy is reduced as a result
of exchange coupling to the AF-ordered FgRtlegative exchange bias is observed for cooling fields directed
along the FeRtin-plane[001] and out-of-plang¢110] directions, whereas small positive bias is observed when
cooling along the in-plangl10] direction. Both the biasing and reduction in anisotropy are consistent with
the FeP§ moments lying in th€110) plane with the most likely spin directions being the out-of-plahEl]
and [111] axes. A second magnetic transition is observedl'gi=100 K. This transition is reflected in
the temperature dependence of the coercive field, exchange bias, and FMR resonance and linewidth. Such a
transition has only been observed for slightly Fe-rich Eéfilk alloys as a reorientation into a second AF
phase. However, our films are slightly Pt rich and neutron scattering did not indicate evidence of a transition
at Ty, in similarly grown FePf films on MgO(110). Possible origins of the second magnetic transition in the
coupled structure are discussed.
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[. INTRODUCTION cupy the sites on one of th&00) faces of the fcc unit cell
and spin frustration is avoided by forming tl@, phase,
Chemically ordered FePtrystallizes in the fcd. 1,-type  which forms ferromagneti¢100 sheets and therefore be-
structure with Fe atoms at the lattice corners and Pt atomsomes energetically more favorable than ®g phase. Re-
at the face centers. In this structure FePan exhibit two  cently, films of FgPt;_, (x=0.27 and 0.3Dwere epitaxially
different antiferromagneti¢AF) phases, which were identi- grown onto MgO(110) and a-axis sapphiré. For the sap-
fied by unpolarized neutron-diffraction experiments on bulkphire substrate, neutron scattering reveals a second magnetic
FePt samples. Stoichiometric FePexhibits an antiferro- phase belovit,~ 100 K as observed in the bulk. However,
magnetic phase belowy;~160 K, in which the Fe mo- neutron scattering reveals that thin films grown onto MgO
ments align antiferromagnetically in alternating ferromag-(110 substrates order only in tH@; phase and showed that
netic sheets in th¢110 planes with corresponding wave the spins were not pointing along th&00] directions as

vector Q;=2m/a(: % 0) wherea is the lattice constarit. speculated from bulk work. It was concluded that lattice

The second AF phase exists beld@,~ 100 K for slightly strain from growth onto MgO prevents the spin reorientation
Fe-rich FePy. This phase is associated with a spin reorien-2ssociated with the second magnetic transition.

tation producing alternating ferromagnetic sheets in(110€) In ;his_ wgrk L\JAIIS use SuPerCO”d“Ct(ij”fg quantum interfer-
planes with wave vecto,=2w/a(3 0 0). Both phases ence devicéSQUID) magnetometry and ferromagnetic reso-

coexist belowTy, without interaction and in both only the nance(FMR) to investigate the magnetic behavior of a thin-

Fe atoms carry a magnetic moment. Since unpolarized netﬁ'—lm sample of slightly Ptrich Fegton an MgO (110

tron scattering was used to identify the two AF phases th(§ubstrate coupled to a thin Fe layer. Both measurement tech-

spin direction was not determined but it was suggested thdtiques are sensitive to the response from the Fe layer, but the
the spins point along thL00] directionst Fe film is sufficiently thin that the interfacial interaction be-

Calculations have shown that th@®, phase originates tWeen the ferromagnetiM) Fe and the AF FeRtis re-
from nested electron and hole pockets at fhandM sym- flected in both measurements which provides a probe of the
metry points of the simple cubic Brillouin zone of the para- FeP magnetic order. In particular, the AF-FM interaction
magnetic phase1 which are similar in size and sﬁgfrﬂmi- results in exchange blasm@ shift of the FM hysteresis
larly the Q, phase originates from nested electron and holdoop) of the FM layer when cooled beloWy in a field and
pockets at thd” and X symmetry points. However, the nest- induced magnetic anisotropies in the FM layerAlthough
ing conditions forQ, are not as well fulfilled as foQq, neutron scattering from similarly grown samples on MgO
consistent with the lower ordering temperature @r. The- (110 reveals no spin reorientation &f;,~ 100 K even for
oretical analysis suggests that the spin reorientation observédee-rich samples, we find that the magnetic response of the
in the Fe-rich samples is triggered by the Fe-Fe nextcomposite system revealky; as well as compelling evi-
neighbor direct spin-spin interaction. The extra Fe atoms ocdence of a second magnetic transitiorTgp. In the remain-
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(a) mined and full chemical order verified. The Fe laye(241)
: oriented and exhibits four twin$) scans of the FeRteflec-
tions revealed a full width at half maximum ef0.6°. From
additional in-plane scans of the FgRind Fe layer and the
MgO substrate we determined the epitaxial relationship de-
picted in Fig. 1b). The in-plane Fd111] and FePj [110]
directions are aligned with the in-plane Md®10] direction
and the in-plane F¢011] and FePf [001] directions are
aligned with the MgO[001] direction. The in-plane Fept
lattice constants were determined as 2.731 A along14@]
and 3.868 A along th€001] axis. The in-plane lattice con-
stants are smaller than the out-of-plane lattice constant indi-
et cating that the FeRt(110) film is distorted from its cubic
symmetry in agreement with Ref. 4. The Fe layer grows
ol o 1 =0 highly strained on the FePtayer. The in-plane lattice spac-
20 deg] ing are contracted by-2.5% along the[011] direction to
1.98 A and expanded by 0.8% along tfel1] direction to
E:g Di}%c(;;?n 1.67 A, while the[211] out-of-plane spacing is expanded by
Fe  [01-1] 2.1% to 1.20 A. The arrows in Fig.()) represent the in-
() plane projection of the Fe spins onto the Fe easy axis as
deduced from the magnetometry and resonance experiments
discussed in Sec. V.
Magnetic hysteresis loops were measured in a 5-T Quan-
‘T tum Design SQUID magnetometer. FMR measurements

MgO(220)

L- FePt (110)
| S Fept (220)
¢ FePt(330)

Sqar(Int.) [arb. units]

N
o
N
o

were made with the sample lying film side down on the
bottom of an in-house, transverse electi€) 104 mode,

346 487 rectangular cavityloadedQ of ~1500 operating at 35 GHz.
i FePt; [1-10] The cavity is situated inside an Oxford Instruments continu-
Fe  [-111] ous flow cryostat that allows operation between 3.6 and 350
—_—> K. The cavity/cryostat assembly is placed between the pole

of an electromagnet to allow measurements as a function of

in-plane angle. Except for room-temperature measurements,
FIG. 1. (a) Radial 6-26 scan andb) evident epitaxial relations. the sample was cooled in a field of 5 kG, applied along the

Dark gray circles represent Fe atoms at Fé&t corner sites. Open in-plane Fe[011] (FePt [001]) for FMR measurements.

circles represent Pt face centers. Light gray circles represent the bcc

Fe overlayer.

_ _ o Ill. MAGNETIZATION RESULTS
der of the paper we discuss the experimental details in Sec. ) )
I, the magnetometry and FMR results in Secs. Il and Iv, Temperature-dependent magnetic hysteresis loops were

respectively, and discuss our finding in context of the knowrimeasured for various in-plane angles of the applied field

bulk properties of FeRtin Sec. V. ranging from 0-90° with respect to the [Fell] axis and
for the field perpendicular to the sample plane. For each
Il. EXPERIMENTAL DETAILS series of measurements, the sample was cooled to 10 K in a

positive applied field sufficient to saturate the Fe layer and

A 120-nm-thick FeRf (110) layer was epitaxially grown then the sample was cycled in a field to reduce any training
by dc magnetron sputtering onto t{@10) surface of an effects. Hysteresis loops were then taken for increasing tem-
MgO single-crystal substrate similar to that described in Refperature. Shown in Fig. 2 are magnetization hysteresis loops
4. The substrate was heated600 °C prior to deposition of measured at 200, 120, and 70 K for in-plane angles of the
the FeP§ film from separate Fe and Pt sources. After theapplied field with respect to the F811] axis of 0, 30, and
sample cooled t6<200 °C a 4-nm-thick Fe layer followed by 90°. At 200 K, aboveTy of the FeP§, the hysteresis loop
a 2-nm-thick Pt cap layer was deposited. Rutherford backindicates uniaxial in-plane anisotropy with the easy axis
scattering spectroscopy determined the FeBmposition to  along the F4011] axis. From the saturation of the hard-axis
be FesPt, slightly Pt rich. X-ray diffraction confirms that loop along the F§111] axis we estimate aHy value of~2
the FeP$ (110 layer grows in the chemically orderdd,,  kOe. This high of an anisotropy is not expected from the
phase and that the Fe grows epitaxig®11) oriented onto magnetocrystalline anisotropy of Fe but is growth induced
the FePj (110 layer. Figure 1a) shows the radia#-26 x-ray  and is a common feature of K&11) thin films®® The an-
scan of the FeR{Fe bilayer. The FeRt(110, (220, and isotropy and the easy axis coercivifffig. 3) increase with
(330 Bragg reflections can be identified. From these thedecreasing temperature down+dl80 K, aboveTy; of the
FePt out-of-plane lattice constant of 3.880 A was deter-FePt.
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FIG. 3. Temperature-dependent measurement of the coercive
field He and exchange-bias fieldg for cooling fields applied per-
pendicular to the plane and in the plage-0°, 30°, and 90° from
the Fe[011] easy axis.

-1000 -500 0 500 1000
H (Oe)

MnF,/Fe and Fef/Fe bilayersi!~**The magnitude of posi-
tive exchange bias has been related to the magnitude of the
o _ _cooling fieldst* However, we observed no change in the
FIG. 2. In-plane magnetization hysteresis loops measured W'“bositive bias value cooling in 10-, 30-, or 50-kOe fields. The
the field measured along four in-plane_directios=0° corre- positive bias vanished &y, showing it shares a common
sponds to the applied field along the [B1] direction and$=90°  origin with the negative bias observed in the other directions.
corresponds to FEL11]. The temperature dependencertd andHg shown in Fig. 3
exhibits clear anomalies dty; =160 K consistent with the
Field cooling the sample beloWy; to 120 K (but above ©onset of AF order in the Fept At Ty,~100 K we might
Ty2) resulted in hysteresis loops that are qualitatively simila€*Pect to see little change, since our sample is slightly Pt
to the 200 K data. However, there are changes in the coefich, and is deposited onto a substrate for which the spin-
civity and the onset of shifts in the hysteresis loops abouf€orientation transition is not observed even at Fe-rich

- i - _ compositiong'
':HO ()')/3 ww:r eHd ef"j;] q :_T € aerzctg?engSe rcilisffiEel d(er%le a Instead, at 70 K we observe qualitative differences in the
C2 1 C1 Cc2 -

; ; : magnetic hysteresis loops. The magnetic response appears
sured_ in the descend|_ng and as_cendlng branches_ of the hW@%S uniaxiayll and more ispotropic in thge film plar?e. Therg%re
teresis loops, respeqtlvely. T_y_p|ca!ly, a nggs_;\tl'dg is 0b- 2150 clear differences in the biasing of the 0° and 30° data
served after cooling in a positive field. This is observed fora¢ were not evident in the 120 K data. These differences are
the 0° and 30° data. For increasifig Hg goes to zero at refiected in the temperature dependencélgfandHg mea-
Tn1=160 K [Fig. 3(b)|consistent with the &l temperature  gyred along different in-plane directions. When cooled along
of bulk FeP§ and neutron studies of FeMilms. Exchange the Fe[011] easy axig0°), there is a decrease i below
bias was also observed for field cooling perpendicular to ther; with a change in slope it vs T at ~100 K. Hg
film plane. The perpendicular loops are hard-axis loops satuncreases monotonically with decreasing temperatures. Mea-
rating near 20 kOe, consistent with the shape anisotropy afured at 30° from the easy axis, bd#y andHg are non-

Fe. Perpendicular bias was previously observed for Co/CoGhonotonic with temperatured ¢ initially decreases below

interfaces® For the FeRy/Fe sample, the perpendicular bias Ty, with decreasingl and then increases again belovB0

was comparable to that observed for the in-plane 0° and 30K. Below Ty; Hg initially increases with decreasing,

directions, and also goes to zero at 160 K. reaches a maximum at 100 K and then decreases with de-
In contrast to the previous measurements, a small andreasingT. Measured along the in-plane hard at@9° H¢

positive exchange bias is measured along the in-plane haifcreases monotonically beloW,,; while the positiveHg

axis direction(90°). That is, the hysteresis loop is shifted reaches a broad maximum and decreases below 100 K. Mea-

to positive fields after being field cooled in a positive field. sured perpendicular to the film, bott: and Hg increase

Positive bias had previously only been observed formonotonically with decreasing.
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IV. FERROMAGNETIC RESONANCE RESULTS

)

I [ | I 5

T
@

A. Qualitative results

To gain further insight into this unusual magnetization
behavior, we use FMR to examine the in-plane anisotropy
behavior. Figure 4 shows the resonance fiépen dia-
monds and linewidth (closed diamondsas functions of
in-plane field angle at 300, 180, 140, 120, 100, and 70 K.
The solid lines are theoretical fits to the resonance field data,
and will be discussed later. The in-plane [Pd1] easy axis
(the FePj [001] axis) corresponds to 0°_in the figure; the
in-plane Fe[111] hard axis(the FePj [110] axis) corre-
sponds to 90°. The angular dependence of the resonance be-
havior measures the in-plane anisotropy, and the linewidth of
the resonance provides additional information about the sys-
tem dynamics.

For T>Ty; [300 and 180 K, Figs. (4) and (b), respec-
tively], the resonance field is dominated by the growth in-
duced uniaxial anisotropy. The magnitude of the anisotropy,
given roughly by the difference between the 0° and 90° reso-
nant field values, increases with decreasing temperature. The
cubic crystalline anisotropy of the H@11) layer, although
not readily apparent from the resonance data, can be ex-
tracted from a fit. The linewidth features maxima at a mag-
netization direction of~50° from the in-plane easy direc-
tions. For reference we also measured a 14-A-thickZa4)
layer epitaxially grown onto Cr-coated MgQ@10) substrate.

Both the resonance fields and linewidth trends agree with the
present sample at room temperature. 1

As the sample is cooled throughy; [140 and 120 K,
Figs. 4c) and (d), respectively, changes in the resonance
behavior are observed. The uniaxial anisotropy, which peaks
nearTy,, decreases and a unidirectional anisotropy arising
from the FM/AF exchange biasing observed as a loop-shift
in the magnetization data is present. Compared to the higher
temperatures the resonance linewidth measured around the
Fe[011] easy axis at 140 K is shifted upwards-td kOe at
140 K and~1.7 kOe at 120 K while the linewidth along
the in-plane F¢111] hard axis remains constant-a600 Oe.
Linewidth broadening around the easy axis is typically ob-
served in exchange biased AF/FM samples and is attributed
to the increased magnetic disorder at the interface due to
local variation of the exchange coupling arising from inter- 0 45 90 135 180 225 270 315 360
face roughnes¥ % The linewidth peaks at-50° from the In-plane Field Angle (°)
easy axis observed at higher temperatures are still present at
120 K as shoulders in the peak in the easy directions, suq[Jlr

gei[m?hthat the;sg featulredstﬁre Indepig%entfggclis.': linewidth data, the solid line is a theoretical fit to the resonance
s the sample is cooled through,, [100 an ' P19 gata.(a) is at 300 K,(b) 180 K, (c) 140 K, (d) 120 K, (€) 100 K, and
4(e) and (f), respectively, the resonance field along the in- ) 79 k. An in-plane angle of 0° corresponds to[B4 1] and FeP§

plane easy directions at 0° and 180° develops a sharp maxigo1] while in-plane 90° corresponds to Fdl1l] and FePf
mum previously observed only in the linewidth. The reso-[110].

nance fields also develop shoulderd5° from either side of

the hard axis maximum. The linewidth peaks around the easyhe observed shifting and broadening of these linewidth
axis begin decreasing and additional peaks~&0° from peaks was not seen in the 14-A B&41) film on Cr.

either side of the easy axis arise and become the_dominant As with the magnetization data, FMR provides indications
feature at 70 K. Significantly, the valleys along the[E&1l] of a second magnetic transition near 100 K. Figufe) 5
(FePt [110]) axis (90° and 270f remain fixed at 500 Oe. shows the temperature dependence of the resonance fields at
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FIG. 4. FePy in-plane anisotropy shown at decreasing tempera-
es. Open diamonds are resonance data, closed diamonds are
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where # and ¢ are the polar and azimuthal angles of the Fe
magnetization vectoM measured from the sample normal
(Fe[211)) and the in-plane Fg011] direction, respectively,
and ¢y is the azimuthal angle of the applied fieitl mea-
sured from the in-plane Fe easy axis. The first term is the
Zeeman energy, the second the shape anisotropy, and the
third and fourth describe the growth induced uniaxial anisot-
ropy K, and the cubic crystalline anisotrog¥; 11y pro-
jected into the(211) plane, respectively.

The resonance fields are calculated from the Landau-
Lifshitz equation of motion that relates the precessional fre-
quency to the effective field at resonance,

1d™M

> dt 2

where y is the gyromagnetic ratio, and; is the effective
field, arising from the magnetization gradient of the anisot-
ropy energies,

M X Hgg,

Herr=—VME(0. ¢). ()

The energy is minimized to provide an expression for the
resonance field as a function of the in-plane magnetization
direction. However, the resonance field is measured as a

FIG. 5. (a) Fe/FePi resonance data as a function of temperaturefynction of applied field direction, which can differ substan-

along the in-plane FEL11] hard axis(open diamondsand in-plane
Fe[011] easy axigclosed diamonds The differencgopen circleg
gives a measure of uniaxial anisotrofly) Temperature dependence
of FePt linewidth measured along=45° (triangles and ¢=0°
(circles. Dotted vertical lines mark bulkly;~160 K and Ty
~100 K.

0° and 90°, the Fe easy and hard axes, respectively, and theﬂé

difference, which is roughly proportional to the uniaxial an-
isotropy of the system. The difference increases with de
creasing temperature, exhibits a maximum at 160Ti{,
then decreases down to 100 K(,), and increases again
with lower temperatures, suggesting the presence of tw
magnetic transitions aliy; andTy;.

Transitions are also evident in Fig(h where the line-
width along 0° and 45° is plotted against temperature. Line
width along 0° displays sensitivity t@y;, while linewidth
along 45° displays sensitivity t@y,. While the linewidth

tially from the magnetization direction, due to the large
uniaxial anisotropy. The best fit to the data is obtained
through an iterative process which first estimates the anisot-
ropy constants from the resonance as a functiofietd di-
rection, then uses those estimates to obtain new anisotropy
constants from the resonance plotted as a function of calcu-
lated direction of magnetization. Table | summarizes the
st-fit parameters.

Above 160 K, both the uniaxial and cubic crystalline
anisotropies vary linearly witi. Because the uniaxial an-
isotropy is attributed to growth induced effects, it is not dif-
ficult to understand its monotonic behavior with temperature.
The temperature dependence Kf is somewhat less ex-
pected, since the sign &f; changes near room temperature.
However, the cubic anisotropy of Fe films is sensitive to the
growth and strain properties. For example, surface anisotro-
pies in thin Fe001) films grown onto MgQ(001) have been
shown to have opposite sign to the cubic crystalline anisot-

broadening along 0° is consistent with an origin in exchangeopy, although not resulting in a sign change of the effective
bias, the linewidth broadening along 45° cannot easily berystalline anisotropy constaht®

associated with FM/AF coupling occurring &, .

B. Quantitative FMR results

To quantify the results in Fig. 4 the FMR in-plane reso-
nance behavior can be fit to an energy expression that refle
the different contributions to the resonance fields. For
>Ty1, the resonance fields were fit to the following energy
equation:

E(6,¢)=—MH sin6cod ¢— ¢y)
+27M? cog —K,sir? 0 cog ¢

K121

T2

(3 coé 6+ 6 cog gsirf 6 cos ¢

+sin* (3 co$ ¢+ 4 sirf @), )

Exchange biasing belowy; requires the addition of a
unidirectional energy term,

Eud 0,¢)=—K,ySinf cose, (4

de Eg. (1) whereKq is the unidirectional anisotropy con-

stant. The exchange bias field related to the unidirectional
anisotropy simply aslg=K 4/M and can be estimated from
the difference in the resonance field at 0° and 180°. For 140
K this corresponds te-30 Oe in agreement with Fig. 3.

In addition to exchange biasing, the data belby also
requires an energy term which reflects the symmetry of the
FePt (110 surface. We have used the form of cubic crystal-
line anisotropy projected into thd10 plane,

E1(11®(0,¢): Kl(llO)[CO§1 0+ C0§ 05|n2 0[1+3 COSZ(]&)]
+sin’ (sin* ¢p+4 sirf ¢ cog ¢)]/4. (5
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TABLE I. Anisotropy energy densities expressed irf #dg/cn?.

T(K) Kud Kua K121y Ki(11g K1(110 surj

350 745 —-64

300 916 -11

220 1230 67

180 1410 115

150 34 1460 142

140 34 1460 136

130 51 1310 183

120 49 1080 177

110 57 1110 185 —38 11

100 56 1060 198 —-16 26
90 68 1050 209 19 44
80 66 1080 21 55 55
70 54 1090 228 144 100

&These values were extrapolated from higher tempe

Since this term competes widy below Ty, we extrapolate
K in order to resolveK; ;1)

Finally, the onset of higher-order anisotropies also occur
somewhere belowTy;. To highlight these higher-order

rature resultsKsipeg andK ;¢ are nonorthogonal.

from 350 to 160 K. This anisotropy can be understood from
magnetoelastic energy arising from strain. The measured
Yinear strains in th¢011], the[111], and the[211] direction

are g,,= —0.025,e,,=0.008, ands,,=0.021, respectively.

terms we subtracted the 300 K resonance data from that Me@ser 4 coordinate fransformation of the magnetization vec-

sured at 70 K. The remainder plotted in Fig. 6 displays angy jnto the coordinate system of each of the four possible Fe
eightfold structure. To account for this higher-order behavior211) twins and averaging we arrive at the following energy

we included the following energy to EqL):

E1(110sur= K1(110suri[ 36 CO$2 )

+4 cog4¢)+12co$6¢)+9 cog8¢p)]. (6)

This energy expression fits the overall shape of the resonance

curve belowTy; but only partially accommodates the sharp

features at 0° and 180°. The possible origins of this higher-

order anisotropy will be discussed further in the following
section.

V. DISCUSSION
A T>Ty;
The magnetic properties of the F211) film above Ty,

are characterized by a strong uniaxial anisotropy with art’

[011] easy axis that varies from 0.7 to X@C° ergs/cni

Hpes 7OK'Hres 300K (KOe)
(o) TO0€ gy - 0L iy

g
1

R
135 180 225 270 315 360
In-plane Angle (deg)

0 45 90

expression for the magnetoelastic energy:
E,=c0S O (3N 1000~ 1\ 100022
— 3N 1110 %t 3N 1110y~ N 1110757
—sir? © coS ¢( 7\ 1007 xx— TN 100727

5 3
+ 2N 11104~ 2N 1110yy — N 111077, (7)

where\ oo and \ 11 are the magnetostriction constants and
Oxx» Tyy, and oy, are the stress values for the films. The
stresses can be calculated by performing a Bond trans-
formation® of the elastic stiffness tensoC(;) into the co-
ordinate system of each of the four Fe twins, averaging
and subsequent multiplication with the measured

ains. This procedure yields,,= —2.21x 10*° dyn/cnt,
oyy=1.47x10" dyn/cnf, and o,,=2.82< 10" dyn/cn?,
where we used the bulk Fe values for the elastic mod-
uli (cy,=23.7x 10 erg/cnt, c,,= 14.1x 10 erglent,cyy
=11.6< 10" erg/cn?).?® Substituting in the stress values
and the bulk magnetostriction constar(ts;qo=21x10"°
and\ ;= —21x 10 ) (Ref. 21 in Eq. (7) yields

E,=(—0.4c0og ®—2.0sirf O cog ¢)1C erg/cnt. (8)

Thus due to magnetostriction we would expect a 2
x 10P-erg/cnt uniaxial anisotropy with g011] easy axis
which is in close agreement with the measured value.

To determine the origin of the in-plane linewidth behavior
aboveTy;, a 14-A epitaxial film of Fg211) on MgO (110
was also measured. Abovig; the single layer Fe film be-
haves exactly as the Fe/FgRilayer, suggesting the behav-

FIG. 6. Subtraction of in-plane resonance and linewidth at 300or has its origin in sample orientation, possibly including

K from 70 K. Solid symbols represent the resonance difference
open symbols the linewidth difference.

effects of twinning, and does not bear on the question of
linewidth broadening at lower temperatures. The 14-A Fe
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film, cooled to 100 K, exhibited no deviation from its 300-K ever, deviations from a high-symmetry direction are possible
linewidth behavior. due to sample strain.

B. T, <T<Tpi CT<Tne

For Ty,<T<Ty; the magnetic behavior of the FgPt Both the magnetization and FMR results indicate a second

(110/Fe bilayer is characterized by a decrease in the uniaxig'agnetic transition beloWy, near the observedly, in Fe-

: X ) rich samples. This transition appears in the exchange bias,
anisotropy and a negative exchange bias measured aftgr Sar . : : )
field-cooling along the FePput-of-plane{110] and in-plane coercivity, anisotropy, and FMR linewidth. The observation

[001] directions while there is a small positive exchange biasOf the transition afTy; is surprising since our sample is

' . slightly Pt rich, and previous neutron-scattering experiments
observed after field cooling along the FgRi-plane[110] :
direction. The reduction of the uniaxial anisotropy can be" FePg f||m_s on MgO(llQ _substrate showed no anqmaly
viewed as an induced uniaxial anisotropy from the kePt or spin-reorientation transition neéerz even for Fe-rich
along the Felgt[lTO] axis that is orthogonal to but weaker compositions' It was argued that strain suppressed the tran-

than the strain induced uniaxial anisotropy of the Fe IayelSltlon atTy,. This leaves the question of why we observed
observed abovy, . clear evidence foiTy, in the exchange-coupled FgPfEe

Similar biasing effects have been observed in thezFeFS.ample' Th_ere.appear to pe at least two pos_yble explana
. 20 . . tions. The first is that there is a magnetic transitiof g in
(110/Fe bilayer system;““ in which the Fek spins are FePt driven by nesting electron and hole pockets at fhe
aligned along the in-planf001] axis and aboved the Fe § y ung pocx .
o L : ._and X symmetry points that alters the magnetic properties
layer exhibits a uniaxial anisotropy along the same axis ! . _
i . : 2 ; (e.g., the magnetic anisotropyout because of strain or lack
Upon field cooling belowr y an induced uniaxial anisotropy

orthogonal to Fefspin axis is observed, which in this sys- of additional Fe, is not reflected in a spin reorientation. The
9 pin axis : ’ y exchange bias, coercivity, and FMR results from the Fe layer
tem is larger than the uniaxial anisotropy of the Fe abbye

resulting in an in-plane 90° rotation of the Fe easy axis fromgr e tracking changes in the FgRuroperties that could be

. d viewed as a precursor to the spin reorientation.
thg F_eE [0.01] to the Feh [110] axis. The .AF |r_1duced The second explanation is that the presence of the Fe
uniaxial anisotropy orthogonal to the AF spin axis can be

understood by spin frustration at the interface leading tooverlayer and the interaction between the Fe and fieigt

. . the spin-reorientation transition of the ReBt T
spin-flop coupling between the FM and A¥2* Moreover, oo1> . . - IN2y
Iaprge bigsing ?s o%served when field cooled parallel to the Alglther throughout the film or near the interface. It is possible
spin axis, while small biasing of the opposite sign or nothat Fe atoms from the overlayer occupy the face-centered
biasing V\;hen cooled perpendicular to the AF spin diis sites of the FeRtnormally occupied by Pt atoms. As pointed

: : . . out by Kulikov et al. the presence of these additional Fe
p?rﬁllel 0 ';he AF mducedhamsr,]otropy a)f(n?\] urt1)|que fegture d atoms may trigger the onset of tkgy phase. In this picture
of the Fek /Fe system is that the sign of the biasing depen $ . ; » . L
; L e he magnetic anomalies aj,, reflect the spin reorientation
on the magnitude of the cooling field: fogosugflmently large of the Snderlying FeRt Athtzhis point wepare ot able to
cooling-fields the biasing along the FeF001] spin axis : : s ) i
changes from negative to positive. It was speculated that th%xplam all the experimental data in a self-consistent way

positive bias arises from an antiferromagnetic interaction af'>'ng either explanation. However, the latter explanation is

the Fek/Fe interfacé!!? However, cooling field depen- particularly appealing because tg-phase results in a un-
dence of the exchange bias was not observed in the; A&t compensated spin structure at the BeR10 surface while
system the Q, phase results in a spin-compensated surfaéran-
Give.n the similarity between the present Fge results sition from a spin-compensated to spin-uncompensated inter-
. face could explain some of the dramatic changes in the an-
for Ty,<T<Ty, and those for FefFe (i.e., a change of . P : . ges n
biasing magnitude and sign with in-plane cooling field direc-'SOtrOpy and exchange_ bias. For msFance, the trar_15|t|on from
tion and an induced in-plane anisotropy along the EePth to Q; could result in a breakup into AF domains at the

[110] axis), it suggests that the underlying spin structure OfFe/FePg interface.

the FePy is similar to that known for FeF(110). That is, the Interface roughness can cause local variations in the ex-
in-plane projection of the FePspins is parallél to the i:ef’t change energy across of the AF/FM interface and is a pos-
[001] axis. However, we also observe similar bias value sible source for biquadratic exchange coupfigimilarly,

' . o Socal variations of magnetic anisotropies at an interface due
aftgr coolln_g perpenghcular to the f"'(?“e-- the FeRt[110] ... to interface inhomogeneities have been identified to predict
axis). Previous studies found that in-plane together with

perpendicular-to-the-plane  biasfgmeasurements probes the creation of higher-order anisotropies, for example, a bi-
the spin orientation in the AF. Given this we posit that theaX|aI term through local variations in a uniaxial tefPAl-

. o o though Slonczewski and Heinriat al. only invoke spatial
FePt spins are lying in the110) plane and exh|b|t|ng_an inhomogeneities due to roughness, we propose that magnetic
out-of-plane component. In a perfect cubic system spins ar

aligned with a high-symmetry direction. The only high- %homogenemes due to AF domain formation may have a

2 I ; similar effect. Following the derivation by Heinricét al,,
symmetry axes within th€110) plane exhibiting both in- the higher-order energy term has functional form,
plane and out-of-plane components are ff&l] and the )

[111] axes 35° from the sample plane normal. This conclu- E 9)
sion is consistent with the neutron results of Ref. 4. How- ap)

Esurf“(
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For the case of E(5), which reflects th€110) symmetry of easy axis. This behavior can be explained by an induced
the FeP§ surface, this results in the higher-order terms of Eq.uniaxial anisotropy from the Fefthat is perpendicular to
(6). the strain induced Fe easy axis. The exchange bias and an-
The idea of the interface inhomogeneities being of magisotropy data suggests that the FeBpins are lying in the
netic rather than structural origin is supported by the highly(110) plane and exhibit an out-of-plane component, probably
broadened linewidth associated with the second transitiortlose to the out-of-plangl11] and[111] axes in agreement
Increased linewidth is associated with chemical or magnetigvith neutron-diffraction experiments on FgRilms.*
disorder. Because our linewidth grows with decreasing tem- Contrary to neutron scattering from similar FgR110)
perature belowTy,, we rule out chemical disorder. And, films both SQUID and FMR data show clear evidence of the
since we do not observe broadened linewidth in epitaxial Féow-temperature AF phase beloW,. This is reflected in
(211) on MgO (110, we look for a source in the FeRtThe  the temperature-dependent coercivity on exchange-bias data
broadening may be associated with increased disorder arab well as the resonance field and linewidth of the FMR.
explained by a two-magnon scattering model describing théligher-order anisotropy terms are observed beldys,
damping of the ferromagnetic resonance. In the two-magnorwhich we addressed by microscopic fluctuations in the inter-
or Sparks, Loudon, and Kitté5LK) model>*®the uniform  facial exchange coupling at the Fe/FePtterface. The exis-
mode precession of the ferromagnetic spins is degeneratence of the low-temperature AF phase can either be ad-
with a spin-wave mode of finite wavelength. Nonuniformi- dressed by a change in the electronic structure of the;FePt
ties scatter the uniform mode into the spin-wave mode. Inwhich reflects itself in the magnetism of the Fe layer, but
creased in-plane linewidth has been observed in other exwhich due to strain is too weak to trigger a spin reorienta-
change biased systems of Fe/Mn¥ and has been tion, or by creating a Fe-rich Fepalloy at the FeRYFe
explained by local fluctuations in the AF/FM exchange cou-interface, which could drive the spin reorientation close to

pling, for example, due to interface roughness. the interface. The investigated system is a good example of
how a combination of magnetometry and FMR experiments
VI. SUMMARY can probe the spin structure of both the FM and AF in

. ) i ) exchange-biased systems.
The magnetism of FePt110/Fe (211) bilayer films epi-

taxially grown onto MgO(110) has been investigated with
SQUID magnetometry and FMR. The Fe film exhibits a
large strain-induced uniaxial anisotropy, which is reduced
with the onset of exchange biasing beldyy; . Positive bias This work was partially supported by the US-DOE Basic
was observed along the in-plane Fe hard axis while negativEnergy Sciences—Materials Sciences under Contract No.
bias was observed along the out-of-plane and the in-planBE-FG02-86ER45281 at Miami University.
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