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Influence of interface coupling on spin-flop critical fields in ferromagnet-antiferromagnet
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A fundamental parameter for coupled ferromagnet/antiferromagnet systems is the effective exchange cou-
pling at the interface between the two materials. This parameter, however, remains difficult to measure because
the exchange-bias also depends on the interface roughness and the degree of noncompensation in the antifer-
romagnet top layer. We investigate, theoretically, a different quantity, the spin-flop transition in the antiferro-
magnet. We find that the shift in the spin-flop fields;, depends critically on the exchange coupling at the
interface and is only weakly dependent on the noncompensation. Thus we suggest a method for determining
the magnitude and sign of the interface coupling from magnetization measurements. We also discuss how the
spin-flop field depends on the thickness of the antiferromagnet.
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Coupled films of ferromagnetid) and antiferromagnetic yield aT equal to that of Fe. The in-plane exchange field in
(AF) materials have received much attention recently dughe AF,H_,;, and the nearest-plane exchamtg,, were set
mainly to the application of these structures in spin-valveto 30 and 19 T, respectively, to yield By of about 67
devices. The two major effects of this coupling on hysteresik—near that of Mnk. Note that Fig. 18 also shows the
curves are enhancement of the coercivity and a shift of thanterface coupling$i, andH;, (the F to AF “a spin” cou-
curve-exchange bias. Although this phenomenon was obpling and the F to AF b spin” coupling. Noncompensation
served over 40 years addhere is still difficulty in theoreti-  at the interface was modeled by using slightly different val-
cally relating the observed bias to the actual interfaceues forH;, andHy,.
coupling®=® There are two reasons for this; first, it is difficult
to directly measure the interface coupling and second, the SIS & { /
effective field due to the interface coupling is theoretically \ f

several orders of magnitude larger than field bias observed e 7
from measuring hysteresis curves. Hence, a method for de- Hfb/ \Hf —»H
termining the interface coupling from another measurement i \ 2
is desirable. ——
Although one recent theoretical mo8igredicts exchange
bias in compensated interfaces, otAgtsely on some small / o i ¢ /
noncompensation of spins at the interfaceéélnd describe the \\H =
bias field as a function of interface roughnesés a result, - 2002
many experimental studies rely on careful characterization of == (a) AF state
the interface roughness in their attempts to extract interface Hab1
coupling from the measured bias effé¢t. We present here a
method for determining both the sign and magnitude of in-
terface coupling in F/AF bilayers by measuring an effect, the Hyf At /
spin-flop field, which is fairly independent of the degree of
noncqmpensation. Our study is moti.vated by some recen.t ..... '.‘:,::‘._, / —
experimental measurements connecting the spin-flop transi- i
tion with exchange biasintf. q
In this paper we use a simple model to determine the spin Hy
structure in F/AF bilayers as a function of the applied field,
temperature, film thickness, interface coupling, and the de- :
gree of noncompensation. Our model is quasi-one- g
dimensional, with one spin representing a layer in the F film : < (b) SF state

and two spinga andb) per layer in the AF film. The geom-
etry and effective exchange interactions are shown in Fig. 1. g1, 1. The basic spin structure and the effective field param-
Similar models have been used with good success to descrilggers used in our modeH;;, H.p;, andH 4, model the exchange
a variety of magnetic multilayer Sm{CtUV&-lS fields within the ferromagnet or the antiferromagriét, andHj,
The exchange coupling and anisotropy values were alinodel interface exchange—noncompensation is modeled fy
modeled in terms of effective fields. The values were choseRot equal toH,. The easy axes for each material is shown as a
to represent real materiald.s; , the effective field from a F  dashed line(a) shows the antiferromagnetic state found at lower
spin on a neighboring F spin, was set to 550 T in order tdields while(b) shows the spin-flop state found for very high fields.
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The easy axis of the AF is along tleaxis, parallel to the 13
applied field. The magnitude of the uniaxial anisotropy field Hye H, Hy
in the AF,H,, was selected to be 0.45 T; this creatég
equal to abou8 T at 10 K.This is near the value for MnF
(Hss=9.5T at 10 K. The magnitude of the fourfold anisot-
ropy field in the F was selected bi5;=0.055T and an easy
axis of the F lies parallel to the uniaxial anisotropy in the AF.

The spin configuration at a given temperature is found
through a local mean-field method. Each spin is character-
ized by an in-plane anglégo out-of-plane canting was pos-
sible) and by a “thermal magnitude.” We randomly selected
a spin, calculated the effective field on that spin, and then 96 7 3 °
reset the spin in the direction of the effective field. This Applied Field (Tesla)
lowers the energy of the system. Next, we computed a ther-

mal magnitude for the spin using the Brillouin function, £ 2 Example of magnetization curves used to determine
which is a function of the magnitude of the effective field iy_ These calculations were for 10 F layers and 15 AF layers. The

and the temperature. This process was repeated on the ordgimbers by the curve indicate the interface coupling fields. The AF
of 10000 times per spin for each value of applied field andsyrface is completely compensated.

temperature. The program included an algorithm for detect-
ing phase changes and adding iterations at those transitions
to improve accuracy. At phase transitions the number of it-

erations necessary can increase substantially and can be onWe de_termlnedﬁsf f_rom to'gal magnetization curves such
the order of one million iterations per spin. as those in Fig. 2. While looking at curves for increasing and

The method described above is essentially an energffecreasing fields, we observe a small hysterémisdredths
minimization scheme. One can also find the equilibrium spirPf T) in the phase transition that has been predicted by other
positions by a dynamical method where the spins are allowefnodels'® We chose to measutds; using increasing fields
to precess in time according to their equations of motior@nd defined the critical field as the top of the stppsitions
while large damping forces them to their equilibrium posi- shown in Fig. 2. For the large-coupling curve, the curved
tions. For the exchange biasing problem, these two methodgortion before the phase change is caused by the top AF
give different results because an instability in the configuralayer, which remains in a spin-flop state for all fields greater
tion found by the dynamical method is not allowed in thethan about 0.2 T.
energy minimization schenTé. For our problem of charac- Our study of the effect of noncompensation at the inter-
terizing the spin-flop field, however, there is no equivalentface yielded a surprising result. We uskd, greater than
instability and we have checked that the two methods giveH¢, by O, 1, and 5 % and found thhks; was nearly the same
the same results. in all cases. There was some small motion in the phase tran-

Figure 1 shows the key magnetic configurations, the antisition field (less than 2% In contrast, the exchange bias
ferromagnetic phase and the spin-flop phase. At all appliefield is likely to change by over 100% over this same range
fields 0.2 T and higher, the F spins are essentially locked imf parameters. The primary difference was the shape of the
the direction of the applied field, while the AF spins lie transition, which was less abrupt for larger interface spin
nearly parallel and antiparallel as shown in Figp)1At Hgy, imbalance.
the AF spins rotate to roughly perpendicular to the applied We have used noncompensation to model one of the ef-
field and cant slightly in the direction of the field. This spin fects of interface roughness. Of course, this roughness can
flop phase is illustrated in Fig.(h). The change in configu- have other consequences not included in our model. One
ration causes a distinct step increase in the total magnetizauch consequence would be the creation of domains in the
tion. ferromagnet. This could be a problem for small applied

We note that at very low fields we find a configuration fields, as is typical in loop-shift measurements. In our model,
where the AF spins are aligned with the easy axis in thdowever, we are concerned with large magnetic field associ-
antiferromagnet and the F spins are perpendicular to this diated with the spin-flop transition. In this case the ferromag-
rection. This is the typical structure found for compensatedetic is certainly saturated and single domain.
surfaces when looking at the exchange biasing i85t Figure 3 shows the dependencehbf; on interface cou-
exchange biasing, one typically looks at hysteresis curves fgpling strength H¢,, was set equal td;, so we have a
small external magnetic fields, and the biasing and coerciveompletely compensated surfac&he plot shows data for
field are sensitive to small deviations from compensationAF thicknesses of 15 and 30 layers. In both cases, the F
Furthermore, the exchange biasing generally requires a cethickness was 10 layers. Note that the variation is more pro-
tain thickness for the antiferromagnetic film before the effectnounced in the case of the thinner AF. Near zero coupling,
occurs. In contrast, the high-field measurements proposeithe effect onHg; is nearly linear; similar coupling magni-
here are relatively insensitive to deviations from compensatudes raise or lowel ¢ by similar amounts. For small anti-
tion (as we shall seeand also the effect becomes stronger asferromagnetic interface coupling, the F layer produces an
the antiferromagnetic film is reduced in thickness. effective field on the interface of the AF that is antiparallel to
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Interface Coupling (Tesla) FIG. 4. Dependence ¢, on thickness of the AF film for three

interface couplingsH;,=H;,=—30, 0, and—5 T). These calcu-
FIG. 3. Dependence df.; on interface coupling for two thick- ations were for 10 F layers and 15 AF layers.
nesses of the AF film. The ferromagnetic film thickness was kept
constant at 10 layers. The AF surface is completely compensated.

magnitude and determined the peak position in each case; we

the applied field. For small ferromagnetic coupling, the ef-found a nearly linear dependence. _
fective field on the AF is aligned with the applied field. Thus, e @lso examined the effect of AF thicknesstég. The
antiferromagnetic interfacial coupling increasks;, and results. of this ;tudy are shoyvn in Fig. 4. For a.th|ck AF film,
ferromagnetic interface coupling decreasks. As a result, the spin flop field is nearly independent of thickness. How-
a measurement of the Spin_ﬂop field for an uncoup|ed AFEVEr, for thinner films, surface effects lead to a reduction in
film and for the same AF film coupled to a ferromagnet canthe spin-flop field. When the antiferromagnet is coupled to a
give both the sign and magnitude of the effective interfacgerromagnet with a large interfacial coupling, the surface ef-
exchange coupling. fects can be substantially enhanced and the spin-flop field
For larger antiferromagnetic coupling, another effectshows a dramatic change as a function of thickness.
takes over. Layer 1 in the AF becomes strongly canted away This model suggests a possible experiment for the deter-
from the applied field due to the strong interface couplingmination of interface coupling in a given system. One could
effective field. Both thea andb spins in layer 1 push thea  prepare AF/F and AF only samples with equal AF film thick-
and b spins in layer 2 of the AF in the direction of the ness and measure thi; field in each by observing steps in
applied field through the interlayer exchange interactionthe magnetization verses applied field. Superconducting
Thus, the F and the first layer of the AF together simulate &yantum interference device and vibrating-sample magneto-
ferromagnetic interface coupling to the remainder of the ARy eter systems are easily capable of such measurements and
film. H peaks at a certain value of negative interface couyye glready commonly used in exchange bias studies. As dis-
pling, then sharply drops with increasing coupling magni-cyssed above, doping the interface with a nonmagnetic im-
tude. This drop is similar to that on the positive coupling sideprity during sample growth could produce a range of inter-
due to this simulated ferromagnetic interface coupling. INface” couplings between the “fully coupled” AF/F sample

fact, the overall shape of the curves appears to be nearly,q the uncoupled AF only sample. Thus, the trendHgf
symmetric about the maximum for small values of interfaceygrses interface coupling can be better visualized and
coupling. For very large interface coupling the spin-flop fieldine interface coupling for the undoped sample can be
saturates and is no longer symmetric. determined.

We note that sinces; is not monotonic, there may be  |n syummary, we have investigated the magnetic field re-
some_dlfflculty in obtaining a unique value for the _mterfacequired to cause a spin flop in a ferromagnet/antiferromagnet
coupling. From our calculations, we see that this is a probgoypled structure. We find that this field depends strongly on
lem only if the coupling is quite stronggreater than 10JT  the interfacial exchange coupling between the two materials.
One possible solution, in this case, is to dope the interfacgq, reasonable values of coupling, ferromagnetic coupling
with a nonmagnetic impurity during sample growth. This yaqyces the spin-flop field and antiferromagnetic coupling
would likely reduce the magnitude of the effective 'nterfaceincreaseﬁsf as compared to field required for an isolated
coupling, giving an additional experimental point to comparegntjferromagnetic film. Thus a measurement of the spin-flop
to the theoretical calculations and thus help obtain a uniquge|d can determine both the sign and magnitude of the ex-
value for the interface exchange. change coupling. In contrast to the results for exchange bi-

~ Aninteresting observation is thiks; appears to be nearly asing, small deviations from a compensated surface do not
independent of AF thickness near the peak. The position ofpstantially influence the results.

the peak itself moves in the direction of increasing negative
coupling magnitude as the uniaxial anisotropy in the AF is This work was supported by ARO Grant No. DAAG55-
increased. We varied the uniaxial anisotropy over an order 098-0294 and NSF Grant No. DMR-9970789.
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