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Interfacial Uncompensated Antiferromagnetic Spins: Role in Unidirectional Anisotropy
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The uncompensated spins on the surfaces of antiferromagnetic CoO films exhibit a thermoremanent
magnetization after field cooling fromy that has the same temperature dependence as the exchange
field of Nig;Fe9/CoO bilayers after field cooling. This suggests that these interfacial uncompensated
spins are responsible for unidirectional anisotropy. A model based on a calculation of the density of
these interfacial uncompensated spins predicts the correct magnitude of the exchange field, as well as
the observed inverse dependence on interfacial grain size. [S0031-9007(97)03798-8]

PACS numbers: 75.70.Cn, 75.30.Et, 75.40.Mg, 75.50.Ee

Exchange anisotropy [1] refers to the exchange incations atoms via the orbitals of the oxygen atoms.
teractions at an interface between ferromagnetic (FM0oO/MgO multilayers were used to determine the mag-
and antiferromagnetic (AFM) materials. Cooling a FM/ netic properties of uncoupled CoO films since MgO is
AFM thin film bilayer from T¢(FM) > T > Tx(AFM)  nonmagnetic. CoO and MgO share the fcc NaCl structure
in a saturating magnetic field produces an unidirectionaWith bulk cubic lattice parameters which differ by only
anisotropy that is manifested as a 8isomponent in the 1.1%. The structural similarity permits interlayer co-
torque curve and a hysteresis loop displaced along theerent growth. A series of @tc.0 A)/MgO(tyeo A)
field axis. The loop shift is called the exchange fieldmultilayers were deposited with CoO thicknesses
Hg. Assuming Heisenberg exchange across an epitaxiat,o ranging from 16 to 103 A and MgO thicknesses

atomically smooth FM/AFM interface, mgo ~20 A. The structural characterization and heat
JoSem - Saru capacity measurements of these multilayers are discussed
Hp = etﬂM—t (1) in detail elsewhere [2]. Thin film bilayers of CoO and
FM!FM

permalloy (Nig;Fej9) were used to determine the role of
where J., is the exchange paramete8gy and Sapm AFM thickness on the interfacial exchange properties. A
are the spins of the interfacial atoms, is the cubic series of films was deposited with CoO thicknesses rang-
lattice parameter, antlry andzry are the magnetization ing from 100 to 3000 A; the permalloy layer thickness
and thickness of the FM layer, respectively. Observedvas fixed at 300 A. An Ag capping layer was deposited
exchange fields, however, are typically less than a fevas an oxidation barrier. The substrates were Si (100)
percent of the values predicted by this idealized model. Avafers with an amorphous native oxide layer30 A).
guantitatively satisfactory model for a specific exchange The CoO [3] and MgO films were reactively sputtered
coupled system has not been reported. from a metal target. The permalloy was deposited by
In this Letter, we report measurements of thermoremaec sputtering from an alloy target. The films were
nent moments (TRM) in G8/MgO multilayers. This polycrystalline as determined by x-ray diffraction and
moment is interfacial and is~1% of the spins in a transmission electron microscopy (TEM). No evidence
monolayer of CoO. The TRM exhibited the same fea-for any phase other than CoO was detected. The cubic
tures and temperature dependence as the exchange fieldattice parameter derived from the (111) peak position is
Nig; Fej9/Co0 bilayers. Since the TRM originates from 4.27 A, which is slightly expanded (0.2%) from the bulk
the uncompensated interfacial AFM spins, they appear tparameter (4.260 A). Magnetic measurements were made
be the spins responsible for unidirectional anisotropy. Awith a Quantum Design SQUID magnetometer.
model is presented which predicts the observed exchange The Cd/MgO multilayers were cooled from 350 to
field. It is based on a calculation of the density of inter-10 K in zero field (ZFC) and in+10 kOe (FC). Mag-
facial uncompensated spins and accounts for grain sizegtization measurements were made in a 100 Oe field.
orientation, and interfacial roughness. Field cooling resulted in a stable magnetization—a TRM.
CoO has a Néel temperaturey = 293 K. The AFM  Figure 1 shows the FC and ZFC measurements for the
ordering is characterized by FM aligned (111) planes witfCo0(103 A)/MgO(30 A)];s multilayer. The interfacial
adjacent antiparallel (111) planes. The AFM alignmeniTRM density exhibits two features (i) an intermedi-
results from the superexchange coupling of the cobalate temperature regiof200 = 7 = 50 K), where the
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FIG. 1. FC and ZFC moment densities vs temperature of the

[Co0(103 A)/MgO(30 A)];s multilayer. FIG. 2. Temperature dependence dfp for permalloy
L (300 A)/CoO0 bilayers with CoO thicknesses of 100 to 3000 A.
magnetization isndependenbf temperature (a “plateau”)

and (i) a low temperature increag@ =< 50 K). The temperature increase features in identical temperature
magnitudes of these two features scale closely with theegions as the TRM of the Co®gO multilayers. If
number of CoO layers and have no dependence on the niste TRM of the C®(103 A)/Mg0O(30 A) multilayer and
CoO thickness in the multilayers. Therefore the uncomthe Hy(T) of the permalloyCoO(100 A) bilayer are
pensated moment of both features is an interfacial effeatormalized at 70 K, the curves overlap at all temperatures
and not a bulk effect. Neutron data [4] gise8up forthe  except for the regiof < 50 K. (The lower anisotropy
magnetic moment of Co in CoO. Thus the measured exhibited by the LFT spins is insufficient to pin the
interfacial uncompensated moment represent% of the  permalloy layer.) This correlation strongly suggests that
spins in a CoO monolayer. the interfacial uncompensated spins which are responsible
If the Co0/MgO multilayer is field cooled to 100 K for the TRM play an important role in the exchange
and then zero field cooled from 100 to 10 K, the low tem-field mechanism. The correlation also suggests that the
perature increase feature is absent from the TRM. Hencemperature dependence Bf: is consistent with strong
the spins responsible for the low temperature increase ra&et unidirectional interfacial Heisenberg exchange that is
quire a moderate cooling field below 100 K to align themproportional to the moment density of the uncompensated
and will be referred to as the low freezing temperaturdanterfacial AFM spins. The observation thatl % of the
(LFT) spins. FoiT < 100 K, we observed relaxation and interfacial AFM spins are uncompensated is consistent
hysteresis. The LFT magnetization and irreversibility dis-with measured permallg\CoO exchange fields of-1%
appear above 100 K which is considerably lower tlign  of the interfacial Heisenberg exchange model [Eq. (1)].
so we infer that the LFT spins are weakly coupled to the The Hg dependence with the CoO thickness suggests a
spins in the core of the CoO layers. These spins magtructural origin for the density of uncompensated spins.
be a small fraction of surface spins that are frustratedCross-sectional TEM showed a columnar structure for
Similar magnetic behavior was observed in disorderedll thicknesses. The sizes of the CoO crystallites at
surface spins in NiF®, nanoparticles [5] and in isolated the permalloyCoO interface were examined by TEM
spin clusters in fcc CaMg;—.O [6]. plan views of CoO films without any capping layers.
In Fig. 1, the bifurcation of the FC and ZFC suscepti-The average CoO crystallite diameters for thicknesses
bilities occurs a295 + 5 K (the bulk Ty of CoO). Thus of 100, 500, 1000, and 3000 A were determined by an
the spins responsible for the plateau feature are magnetnalysis of the dark and bright field images. Figure 3
cally coupled to the spins in the core of the CoO lay-shows the linear relationship betweéh;(50 K), which
ers. ForT < 200 K, the spins responsible for the plateau is representative of the plateau value, and the inverse of
have anisotropy fields much larger than the LFT spinghe CoO crystallite diameter.
since no magnetization reversal was observed in fields as The correlation between the temperature dependence of
large as—55 kOe. The TRM temperature dependencethe TRM of the Co@MgO multilayers and the exchange
(for T > 50 K) was similar to the temperature depen-field of the permalloyCoO bilayers suggests a direct rela-
dence of the sublattice magnetization for CoO as detertionship between the interfacial density of uncompensated
mined by neutron diffraction [7]. This correlation further spins and the strength of the exchange field. We present a
suggests a strong coupling of these interfacial spins to theodel for Hz which demonstrates its connection with the
core spins of the CoO film. interfacial density of uncompensated spins and predicts the
The permalloyCoO bilayers were cooled from 350 K inverse relationship betweeliz and the grain diameter.
(>Ty +50K) to 10K in a +10 kOe field. Figure 2 We assume that each CoO crystallite is a single AFM do-
showsHg(T) for some of the CoO thicknessediz(T) main. We define the normal to the FM aligned (111)-type
of permalloyCoO films exhibit the plateau and low spin plane ag and define the probability of finding a
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Hg(T = 50 K) of the permalloyCoO bilayers and the inverse
of the CoO crystallite diameter.

crystallite with that orientation at the AFM film surface as

x [ | a0, f(ﬁ)ANl} { [ a0eg@e ~ﬁml|},

f()dQp. We define the easy axis (known to be near thgyheren, = areaL? = total number of crystallites at the

tetragonal axis in bulk CoO [4]) for a crystallite &sand

the probability of finding a crystallite with that easy axis aspg|ow

g(8)dQ; (the sign ofé will be specified below). The FM

aligned spin planes will intersect the interface in a series

of atomic steps with spacing;;;[1 — (i - p)2]~'/2 X
(=d111/sin0), where d111(=a\/§/3 = 0577(1) is the
spacing of (111) planes and is the film normal, as
indicated in Fig. 4. The interfacial layer of spins of each
crystallite will consist of alternate rows of antiparallel
spins pointing in thexé directions. Ifp is close ton,

there may be two or more rows of parallel spins from each
(111) spin plane at the interface. The number of adjacergina”y

rows of parallel spins may be estimated as

d
Niows = trung ﬁ

110

[1— - p)>2] "> ()

interface. If we assume that the AFM spins are frozen

Ty and thatg(é) is azimuthally symmetric, we find
that the interfacial energy as a functionSyy; is

UEC (Sem)

= —(1/LY) |Jex|Sarm Sem (Heoor - S
area ( / )l | AFM FM( 1 FM)
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following Malozemoff [8], we have
_ [UEC(—Spm) — UEC(Sgm)]/area
2Memtem
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>

where Mgy and rgy are the magnetization and thickness

where “trunc” gives the largest integer less than the argupf the FM layer.

ment andd; o represents the in-plane spacing. The inter-

facial exchange energy for crystallites

N
U= - ZJeXSFM,j * SAFM,; -
j=1
If the ferromagnetic layer is in a single domain state,
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FIG. 4. Schematic of interface cross section. Film normal is

fi, p is the normal to the parallel spin plane (111) of the AFM,
andé is the AFM spin axis (in this cas¥,,ws = 4).
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To compute the first integral in Eq. (3), we numerically
calculated the average number of uncompensated spins for
elliptical crystallites as a function @f,,s, which is related

to the orientatiorp by Eq. (2). We incorporated interfa-
cial roughness as specified by the average lateral dimen-
sion of interfacial topographic features. We first mapped
the interfacial plane onto a square lattice for computational
convenience (this mapping slightly changes the shape of
the model crystallites, but this is not significant). As de-
scribed above, the interfacial plane consists of a periodic
pattern ofN,,s rows of spins in theté direction, followed

by N;ows rows of spins in the-¢é direction. To simulate
roughness, we superimposed elliptical “islands” of mono-
layer thickness on the spin map. The effect of adding one
atomic layer is to reverse the direction of the spin at each
site covered by the island, since successive layers of CoO
spins have opposite direction. The major axis of these is-
lands was kept fixed (denoted “feature diameter”), while
the position, orientation of the major axes, and aspect ratio
(from 1:1 to 1:1.5) were varied. Islands were superim-
posed sequentially, allowing overlap between them, until
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110 T - - - [9], via a mean field analysis of exchange coupled
e e rows=7 bilayers having different FM layers, that the interfacial
Los| -o-rows=3 ~* rows=9 | | exchange is a direct exchange between the metal ions.
e e Following this approach, we estimate that the constant
g 100 = rows=6 - rows=14| ] JexSarmSem = Tc/8 = 143 K, whereT¢ is the Curie
% temperature of the interfacial alloyNigFe9)psCays
§0sp NES [10]. X-ray diffraction rocking curves of the CoO (222)
"""" peak are nearly flat, indicating the absence of a strong
090 crystallographic texture. Therefore we assume uniform

distributions of crystallite orientations [i.ef{p) andg(é)

035 : : : : constant]. With these parameters, we calculate exchange
' ' fields of 107, 80, 63, 50, 40, 31 Oe for topographic feature
diameters of 12, 30, 60, 120, 240, 480 A, respectively.
The experimental result of 48 Oe is consistent with a
3 topographic feature diameter of approximately 120 A.
This result is consistent with roughness of only a few
“extra” atomic steps across the face of each crystallite.

In summary, we measured the interfacial uncompen-
sated moment on an AFM surface as a TRM of a
field cooled Co@MgO multilayer. The temperature de-

. , . . pendence of these uncompensated spins parallels that of
100 200 300 400 500 the exchange field of permalld€oO bilayers. A model

feature diameter [A] for unidirectional anisotropy correctly predicts the inverse
FIG. 5. Calculated values of the prefactarand the expo- dependence of the uncompensated spins on grain size and
nent in power-law fits ofAN) vs feature diameter anll;qys. the correct magnitude diz.

Niows = 1 corresponds tof > 24.1° and Ny, = 14 corre- . .
sponds t03.3° > 0 > 3.1°. « is weighted based on equal This work was supported in part by the MRSEC

population of domains with the four different (111)-type par- Program of the NSF under Award Number DMR-9400439
allel spin planes. and the ATP Heads Program administered by NSIC.

o. (weighted)

0.0
0

the total area of the islands equaled the total area of the spin
map. To compute the number of uncompensated spins for
a model crystalliteAN;, we simply added the total num-
ber of spins in each direction within an elliptical region,
having major axis equal té, on the spin map. We cre-
ated a spin map which was several times larger M0 1, "\ eiieiohn and C.P. Bean, Phys. Rel02 1413
a statistical average could be taken by varying the position, (1956):105, 904 (1957)

orientation o_f tr_le major axis, and aspect ratio of the mo_del [2] E.N. Abarraet al., Phys. Rev. Lett77, 3451 (1996).
crystallite (similar to the above procedure for generating [3] w. Caoet al., Scri. Met. 25, 2633 (1991).

roughness). Averages were taken by computiig for [4] W.L. Roth, Phys. Rev110, 1333 (1958).
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10° model crystallites. [5] R.H. Kodamaet al., Phys. Rev. Lett77, 394 (1996).
The results of these calculations are summarized ag6] R. Kannan and M.S. Seehra, Phys. Rev.3B, 6847

follows: (1) a perfectly regular interface, with equally (1987).

spaced atomic terraces, results{iN) = a(L/d“O)Oj, [7] D.C. Khan and R. A. Erickson, J. Phys. Chem. Sol$s

(2) the addition of roughness results {AN) = a(L/ 2087 (1968).

di10)*%~104 (3) for small values of feature diameter [8] A.P. Malozemoff, Phys. Rev. B5, 3679 (1987).

_ . 9] Kentaro Takano (unpublished).
AN) = 0.6(L/d110), independent ofV,..s, and (4) the [ ) .
é)refglctora i(nc/re:ilg()as ng increasesTO\xiis'hese I’éSLHS re 101 For a homogeneous FM, molecular field theory [11] gives

R - . . Jox = 3kgTc/[22zS(S + 1)], wherez is the coordination
shown in Fig. 5. Since the result of Eq. (3) is proportional (12 for ?ccg. Treating the spins classically, we replace

to'<AN>/L2, the rough case gives; ~ L™',inagreement S(S + 1) with S2. The exchange parameter for the inter-
with the experimental results of Fig. 3. facial alloy FMysCays iS Jex = 3k5Tc/(2z(SrmSarm))-

As an example, we calculatd for the 100 A thick  [11] B.D. Cullity, Introduction to Magnetic Material (Addison-
sample as follows. Recent work by the authors suggests Wesley, New York, 1972), p.135.
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