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Induced anisotropy and positive exchange bias:
A temperature, angular, and cooling field study by ferromagnetic resonance
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Exchange-biased MnH-e bilayers, examined by variable angle and temperature ferromagnetic resonance
(FMR), exhibit a sudden onset of a unidirectional and fourfold anisotropy below the, Maél temperature.
This unexpected fourfold symmetry arises from frustrated perpendicular coupling between tharidrike Fe
overlayer in the presence of twinning in the antiferromagnet layer. These data are consistent with earlier
polarized-neutron-reflectometry results. The FMR data show a clear reversal in the direction of the unidirec-
tional anisotropy as a function of cooling field, switching sigrHat= 13 kOe, which is consistent with the
onset of positive exchange bias observed in conventional magnetometry experiments. The low-temperature
FMR linewidth reflects the in-plane symmetry of the resonance itself, exhibiting surprising divergence in the
hard directions. Temperature-dependent FMR measurements reveal a sharp reduction in the resonance field
below the Nel point due to the ferromagnetic/antiferromagnetic coupling.
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The problem of exchange-induced anisotropy at the internal fields present in the system and as a result produces a
face between an antiferromagriéi) and a ferromagnéef) complete characterization of the anisotropy topology. In ad-
is an old, and essentially unsolved odnBome of the central dition, the FMR linewidth characterizes system magnetody-
issues that remain to be resolved include the fundamentalamics. While others have used FMR to examine various
origin of exchange biak;® the spin dynamié’ and structure  aspects of exchange bia&?"?%3%his, to our knowledge, is
in the AFP~*andF8~%constituents; the effects of microstruc- the first investigation to map the anisotropy topology and
ture and disordet!"*®* measurement-technique-related magnetodynamics as a function of temperature on a structur-
discrepancieé''® coercivity effects and the relation between ally well defined, epitaxial, exchange bias system.
coercivity and exchange bra¥'% and the magnetization-  The sample is a thin fim of structuré100MgO/
reversal mechanisn§.It is certainly clear at this point that substrate / Znj(110) / MnF, (110) / Fe(polycrystalling / Al,
if one hopes to understand exchange bias in a given systemhere the Znkis a buffer layer and the Al acts as a cap to
then it is necessary to understand fully the microstructurgprevent oxidation. Thicknesses are nominally 25, 60, 12, and
and behavior of the antiferromagnet. The explanation for th& nm, respectively. The samples were deposited by high-
exchange bias in the polycrystalline system CoO/NiFe invacuum electron-beam evaporation. Details of growth and
terms of an uncompensated free spin density is a perfedharacterization by high-angle x-ray diffraction, grazing-
example of this! To this end, we have undertaken a com-incidence x-ray reflectivity, reflection high-energy electron
prehensive study of the exchange bias in transition-metadiffraction and SQUID magnetometry is provided
difluoride/Fe bilayers. This is a relatively simple AF systemelsewheré! In summary, the fluorides are perpendicularly
that has been very well studied. In particular, we have investwinned quasiepitaxial layers with &10) orientation (a
tigated the effects of microstructural disordgpositive ex- compensated surface with the spins in the interfacial plane
change biag®?! magnetization-reversal asymmetfyfem-  while the Fe overlayers are essentially polycrystalline. The
perature dependené®spin flop?* and coercivity® effects.  interface roughnes#) can be tuned by varying the substrate
Specifically we have seen that many of the effects are relategmperature during deposition of the MriByers®! Previous
to the twinned nature of the samples, highlighting once morgtudies have shown that smooth interfacegy{s<1.2 nm)
the need to understand microstructure. exhibit AF coupling between the F/AF layers, positive ex-

In this paper we probe, with ferromagnetic resonancechange bias for large cooling fiefdsand enhanced coerciv-
(FMR), the F/AF exchange interaction in a Fe/Mr#ilayer, ity effects?® whereas rougher interfaces gys> 1.2 nm) ex-
wherein the Mnk has a(110) epitaxy, but is orthogonally hibit ferromagnetic coupling between the F/AF layers and
twinned. Neutron measuremefftidicate that perpendicular show only negative exchange bias. The data presented in this
coupling between the Fe and the AF-ordered MnEom-  paper are on a sample with smooth interfaces allowing us to
bined with the frustration arising from the twinned AF do- access the positive exchange bias regime at moderate cooling
mains produces an Fe easy axis at 45° from a Me&sy fields of the order of 10 kOe.
direction. Superconducting quantum interference device FMR measurements were made with the sample lying
(SQUID) magnetometry reveals a crossover from negative film side down on the bottom of a homemade, TE 104 mode,
to positive exchange bias as a function of cooling field. FMRrectangular cavityloadedQ of approximately 15000perat-
measures directly, as a function of in-plane angle, the intering at 35 GHz, with the field applied in the plane of the
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6150 ———— ————r— ————r— T Figs. Xb) and Xc). In each of the two extremes, one ob-
D ¢ (T=300K serves the superposition of fourfold and unidirectional sym-
o) ; . . .
=, 6100 Aoy 0“. R . metries, with the fourfold easy axis at approximately 45°
T - L o4 from the weak twofold easy axis mentioned above. The an-
6050 L EE— EE— EE— isotropy data are analyzed using the equation of motion
150 m————7+—V+— 7T+ 1777+
o | | | LM M XH 1
—_——_—— ><
6100 y at effs &
6050 Wh_ereM is the Fe m_agngtizatio_r’ry is the Fe gyromagnetiq
= ratio, and the effective field arises from the magnetization
S 6000 gradient of the energy density,
8
s
5950 Her=—VME(0,9), 2
and # and ¢ are the angles the magnetization makes with the
5900{ film normal and an in-plane easy direction, respectively. En-
5850 ergies pertinent to this system are Zeeman, out-of-plane an-
isotropy (usually dominated by thin-film-shape effegtand
6150 ———— s —— S the fourfold and unidirectional anisotropies mentioned
(©)T=40K H = 18kOe above. The angular dependence of these energies can be ex-
6100 - Fe = pressed as follows:
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5850 Lo L Lo
0 90 180 270 360 where theK’s are coefficients to be extracted via model fit-

In-plane angle (°)

ting to the data. Higher-order terms are required in the four-
fold energy due to the obvious asymmetry in the peaks and

FIG. 1. Resonance field as a function of in-plane ar@leT | oevs of the data. The above equations presume the mag-

=293K; (b) T=40K and H,c=2 kOe; (c) T=40K and Hgc PP - . . . -
=18 kOe. Symbols are data points and lines are model calcuI.':\tionsl:].etlzatlon is precessing about the applied field direction at

The cooling field is applied at 0°, which is along the Md00), a resonanceapproximately 6 kOp—a condition verified in

direction bisecting the perpendicul@rl0) flouride twins.

magnetization measurements.
MATHEMATICA ™ is used to perform the energy derivatives

bilayer film. At this frequency, the resonance fields are highand to provide an expression for the resonance field as a
enough to ensure magnetization saturation along any irfunction of the in-plane angle. The energy coefficients are
plane field direction. The cavity is situated inside an Oxfordthen adjusted to provide a best “eyeball” fit of the model to
Instruments continuous-flow cryostat. The cavity/cryostat asthe data, the results of which are shown as solid lines in Fig.
sembly is placed between the poles of a variable-gap, 10 inch®® The resultant out-of-plane anisotropyK = 1.57
electromagnet. Except for those at room temperature, angulaf 10" erg/en?) is due, as expected, to demagnetization.
measurements were taken at 40 K after cooling through th&iven the polycrystalline nature of the Fe layer, the appear-

AF’s Ty (approximately 67 Kin a field (Hgc) set at 150 K.
The cooling field is applied along the Mg@00), a direction

ance of a fourfold term is surprising. In addition, the values
obtained Ky 1=3X%10%erg/en?)  and  Kiyy o= —0.65

bisecting the perpendiculdd10) fluoride twins mentioned X 10% erg/cnt are quite small in comparison to bulk Fe val-
above. A field of 6 kOe was set prior to reducing the tem-ues (43 10" erg/cn?). A clue as to the source of the four-
perature in each of the variable temperature measurement$old energy can be found in its easy axis, which is midway
FMR spectra, at all temperatures and cooling fields, ardetween th¢110) easy axis of one of the MRwins and the
characterized by a single, well-defined peak. In-plane angu-10) axis of its perpendicular counterpart. Each of the MnF

lar measurements taken at room temperatifig. 1(a)]

(110 twins has uniaxial in-plane anisotropy, so the uniform

showed only a weak, probably growth induced, twofold an-Fe overlayer sees an average of the inhomogeneous surface
isotropy, confirming the polycrystalline nature of the Feanisotropy, wherein the uniaxial terms cancel, leaving a re-

layer.

sidual second-order fourfold anisotropy. This fourfold term

As mentioned above, 40 K FMR spectra were obtained abas its easy direction midway between th&0 directions of
a function of in-plane angle at cooling fields ranging from 2 perpendicular Mnktwins. In addition, as seen in Fig. 2, the
to 18 kOe. The results at these two extremes are depicted fourfold term appears suddenly at the MnReel tempera-
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FIG. 2. Difference between resonance fieldat 45° (Hes 49
and¢=0° (H.so as a function of temperature. This difference is
proportional to the four-fold anisotropy energy densky,.

ture, increasing strongly with decreasing temperature. There-

fore, one can conclude that the twinning in the AF is leading

to fourfold anisotropy in the Fe layer due to the strong cou-

pling between the layers at the interface. While otfet$

observe the expected onset of unidirectional anisotropy, the

dramatic appearance of the fourfold term belbyis some-

what unexpected manifestation of the exchange interaction at R

the F/AF interface. 0 90 180 270 360

The low-temperature data in Fig. 1 also contains an obvi- In-plane angle (°)
ous unidirectional component that arises from the orientation . . . .
of the cooling field thatrlzreezes in the exchange-induced cou; FIG. 4. FMR line-width as a function of in-plane angle at 40 K
ling. The change, with cooling field, in sign of the unidirec- - cooling fields of(a) 4 kOe an.d(b) 18 kOe. The solid lines are a

F.) 9 9 L g ! 9 . . guide to the eye. The cooling field is applied at 0°, which is along

tional exchange bias is readily Obser,ved in Fige) land the MgO (100, a direction bisecting the perpendiculdl0 fluo-

1(c). In-plane measurements, as per Figs) &nd 1c), were e twins.

made at a range of cooling fields and the exchange field

(Hex=Kya/Mgo obtained is shown as a function of cooling ) o _ _

field in Fig. 3(the values oK, K; andK, are independent results, at high cooling fields, in parallel alignment of the FM

of cooling field. Here one sees, in detail, a crossover fromand interfacial AF layers. In that case, the exchange energy

negative to positive exchange bias in a cooling field of apof the Fe layer is higher when oriented in the field cooling

proximately 13 kOe, which is consistent with SQUID-baseddirection than it is when oriented opposite that direcfisee

observation& on the same samples. This crossover has beehid. 1(c)]. Agreement between FMRvhere the magnetiza-

explained® in terms of a competition between antiferromag- tion is saturated at all angleand SQUID techniques indi-

netic AF/FM interfacial exchange and Zeeman energies thatates that the mechanism responsible for the size of the ex-
change bias is not influenced by irreversible phenomena,

Linewidth (Oe)

T — likely due to the epitaxial nature of the interfaceThis is
30 - o not to say that the reversal mechanism itself is not rich in
detail33? but that there is likely an absence of training ef-
207 * % i fects in this system. It should be noted that changing the
3 101 <o b cooling-field direction alters the position of the unidirec-
gx oF--——-——-—-—-—-—- % % ———————— tional peak, but does not affect the position of the fourfold
= 10 §<> i peaks and that the fourfold amplitude does not depend upon
20k é i size of the cooling field. These observations suggest that the
§ fourfold term depends more upon the Mndtructure than it
30 é % ] does upon the AF sublattice magnetization direction, similar
o a— to what was concluded in Fe on epitaxial Féform magne-
0 > 10 = 20 2 tization data®®
H_ (kOe) :

Interestingly, the in-plane variation of the FMR linewidth
FIG. 3. Exchange bias as a function of cooling field. Solid dia- (Fig. 4) reflects the symmetry of the resonance itself, where
monds are from the present FMR measurements and open squaié linewidth broadens in the hard directions and unlike other
are from SQUID measurements. The FMR measurement temper&pitaxial systeni peaks sharply there. In addition, one no-
ture is 40 K, whereas that of the SQUID data is 10 K. tices the apparent influence of the exchange bias in the line-

064410-3



MICHAEL J. PECHAN et al. PHYSICAL REVIEW B 65 064410

6100 ———T———T T (high) cooling fields, the negativépositive exchange bias
h . produces a higheflower) energy configuration at 180°,
6000 - o TR ] thereby producing an increasédecreasedtwist in the Fe
. .* ] layer and a concomitant increa@kecreasgin the size of the
g Mo r o ] linewidth. One might argue that the sharpness is a result of
s C M ] the interfacial Fe spontaneously switching from one easy di-
T 5800 E E rection to a perpendicular one as the field passes through the
5700 E ¢ ] hard direction. The problem with this argument is that the
s (@) | interface coupling is very much less than the Fe-Fe exchange
5600 L * | | | | ] and, therefore, the amount of twist in the Fe layer would be
quite small. Another possible source of the linewidth diver-
400 . ' ' ' ' ' ] gence is described by Arias and MiffsUtilizing two mag-
150 ‘et e ] non scattering processes in a system with a structurally
_~ r . ] asymmetric interface, they predict divergent behavior in the
@ 300 E M ®o 0 ] linewidth along certain symmetry directions. However, in
g . ] their case their interface symmetry is broken by one-
2 250 [ . R ] dimensional steps, a situation not present in our system. The
g C * e ] source of this unusual linewidth behavior remains an open
200 [ * question.
C ] Temperature variations of resonance field and linewidth
150 T T ,(tf),i along an easy direction are shown in Fig. 5. The resonance
0 50 100 150 200 250 300 field exhibits a marked downturn at the MnReel tempera-

T () ture, which results directly from the onset of the in-plane
fourfold anisotropy at that same temperature. This can be
FIG. 5. FMR (a) resonance field antb) linewidth, along the  seen in Fig. 1, where the, essentially isotropic, resonance
easy direction, as a function of temperature. field at 300 K becomes the hard direction field value at 40 K.
The linewidth monotonically increases with decreasing tem-
, , o ) perature, reaching a constant value below the MNEel

width peak heights. A qualitative interpretation of the four- e mperature. This variation likely arises from short-lived AF
fold linewidth anisotropy lies in the twinned nature of the f,cryations in the AF layer induced at the interface by the Fe

MnF,. When oriented along the easy direction, the Fe magrayer. The temporal stability of the induced order increases
netization sees each MgE10) twin in the same orientation, \yith decreasing temperature, until at thé eNéemperature
i.e., 45° from the(110. The homogeneity of this environ- i, full AF structure is in place.

ment results in a narrow FMR linewidth. On the other hand, In summary, in-plane FMR measurements of Fe on MnF

when oriented along the hard direction, the Fe is aligneqgyea| anisotropies dominated by the interfacial coupling be-
parallel to the(110) of one MnF; twin and perpendicular 1o yeen the Fe and the AF structure in the fluoride. Owing to

the (110 of the other, the resulting inhomogeneity giving the smooth interface, the unidirectional exchange anisotropy
rise to a broadened linewidth. While qualitatively satisfying, g\itches from negative to positive with increasing cooling
the above explanation accounts for neither the influence ofgiq. A fourfold term in the anisotropy is shown to have its
the exchange bias, nor the sharp peaks in the hard_dir_ectioryg,,.igin in the twinned structure of the MaFsurface. The
Another source of the linewidth broadening may lie in the gyigin of the sharply peaked, azimuthal variations in the line-
F/AF coupling producing a spring-magnet-type Spinyyigih remains an open question. Thermal variations in the

inhomogeneit?_rg in the Fe layer. The spring arises from the F\R parameters are also dominated by the interfacial cou-
Fe at the AF interface being constrained along the easy d sling of the Fe with the AF fluoride.

rection, but Fe monolayers removed from the interface orien
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