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Low-frequency dynamic response and hysteresis in magnetic superlattices

S. Rakhmanova and D. L. Mills
Department of Physics and Astronomy, University of California, Irvine, California 92697

Eric E. Fullerton
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439
(Received 28 April 1997; revised manuscript received 5 August 1997

We study theoretically the low-frequency dynamic response of magnetic superlattices. We have the Fe/
Cr(211) structure in mind, which has been demonstrated to have a surface or bulk spin-flop phase, depending
on the number of magnetic layers. We proceed by integrating the equations of motion of the coupled magnetic
films in time, for an extended period. We include Landau-Lifshitz damping in the equations of motion, and
drive the structure with an appropriate low-frequency field. The externally api@dina) dc magnetic field
is increased slowly. We can follow the structure through the sequence of magnetic-field-induced phase tran-
sitions. By this means, we obtain the magnetic phase diaggarand x,, along with hysteresis curves in a
single calculation. We also provide data on the magnetic-field dependence of the low-field susceptibility, which
is in good accord with theoryS0163-18207)07746-1

I. INTRODUCTION exchange couplings are very weak, such a phase may be
studied with very modest magnetic fields.

In recent years, magnetic multilayers of diverse character Some years ago, it was noted that if the external field is
have been synthesized, and their properties studied exteapplied antiparallel to the surface layer moments in an MnF
sively. In structures that incorporate films of ferromagneticstructure with a100 surface, then at fields well below the
materials such as Fe, exchange couplings between adjacdnilk spin-flop field, the surface region “flops” firStOne
Fe films are transmitted through the spacer layers betweethus has a surface spin-flop phase for magnetic fields below
the Fe films. These are very weak compared to the stronthose that induce the bulk spin-flop transition. Recent experi-
effective exchange couplings between spins in a given Fenental studies of the Fe/G211) superlattices provide clear
film. Thus, we may model the structure by representing eackvidence for the presence of the surface spin-flop transition.
Fe film as a very largéand hence classigaspin S, formed In a finite structure with an even number of layers, in the
from the spins within the film tightly linked by intra film low-field antiferromagnetic state, necessarily one of the two
exchange. The various classical spins then interact by thsurface films has its moment antiparallel to the applied field,
inter film exchange, and experience anisotropy or dipolaa condition required for the surface spin-flop transition to
coupling relevant to any structure of interest. occur® If odd number of films is present, one realizes a

Thus, magnetic multilayers such as those just describetbulk” spin-flop transition, modified in character near the
are a physical realization of one dimensional lines of classisurface.
cal spins. The inter film coupling is commonly antiferromag- In an earlier papet,theoretical studies were presented
netic in character, so in fact such systems are isomorphic tthat trace the evolution of the superlattice from the low-field
one-dimensional classical antiferromagnets. When placed iantiferromagnetic state, to the high-field ferromagnetic state,
an external field, they then may exhibit a spin-flop phasewhere the Fe film moments are all parallel to the field. For
very much as found in crystalline antiferromagnets. the case where the surface flop transition occurs, just above

Of particular interest as a model system are FCYH  the critical field, the surface moment initially antiparallel to
superlattice$. The Fe magnetizations lie within the plane the external field rotates nearly 180°, to become almost par-
parallel to the surface of the structure, and there is an eassllel to it. In effect, a 180° twist has been applied to the
axis within this plane, by virtue of the fact that the underly- antiferromagnet. A domain wall forms in the structure, ini-
ing unit cell is rectangular in shape. When the inter filmtially located off center, in the direction of the “flopped”
exchange coupling is antiferromagnetic, the energy funcsurface moment. Further increases in field cause the domain
tional that describes the orientation of the moments is idenwall to move to the center of the superlattice, in a sequence
tical to that which applies to thel00) sheets of spins in the of discrete hops. In effect, there is a magnetic analogue of
classical antiferromagnets Fe&nd Mnk. Thus, in zero ex- the Peierls-Nabarro barrier experienced by a dislocation in a
ternal magnetic field, the ground state of the superlattice isrystal lattice> Each hop of the domain wall introduces a
antiferromagnetic, with sublattice magnetizations alignedspike intodM/dH, as the domain wall moves to the cerfter.
along the easy axis in the plane. Application of a magnetid=urther increases in field cause its width to increase, and a
field parallel to the easy axis will induce a spin-flop phase pulk spin-flop-like configuration is realized when the width
just as it does in Mnfrand Fek However, since the interfilm of the wall becomes comparable to the size of the structure.
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Very interesting subsequent work by Griffiths and hismethod, in a relatively straightforward manner, within a
collaborator8 shows a surface phase not discussed in earlieframework of a single calculation. While we could use spin-
work* appears in a narrow field interval just above the sur-wave theory to generate expressions () and (),
face spin-flop field. as remarked above, the algebraic analysis required would be

The present paper is motivated by the appearance of thguite involved, for the complex magnetic phases of the finite
domain wall mentioned, which hops through the lattice verystructure. The equation of motion method is both conceptu-
easily. The dynamic response of the structure should provally simple and elegant and, as we demonstrate here, works
of great interest, in this field regime. Thus, we present theotemarkably well.
retical studies of the low-frequency response of the superlat- Our decision to approach this problem by this method was
tice structures, for the cases where an even or odd number #ffluenced by an interesting paper on domain walls in anti-
Fe layers is present and compare these calculations to &rromagnets published by PapanicolddRather than gen-
susceptibility results of a 22-layer Fe(@t1) superlattice. erate a description of domain walls by minimizing the energy
We confine our attention to the regime where the response @ff an antiferromagnet to which a 180° twist is applied at one
the structure, as measured by the total ac moment induced t§nd, Papanicolaou began at time 0 with the spins ar-
the external field, is linear. The theory accounts nicely forranged to mimic a domain wall in an approximate and crude
the principal features observed, though our model is not sufmanner. He then numerically integrated the equations of mo-
ficient for us to obtain a full and complete account of thetion of the damped spin system forward in time, to find the
data. spins relaxed into their lowest energy state at long times.

In the linear response regime, we could describe the reWith the constraint that one end spin is twisted 180°, he
sponse of the structure within the framework of spin-waveobtained impressively accurate descriptions of domain walls,
theory, where the externally applied ac field couples to thenoting in the process that these walls posses a ferromagnetic
collective spin-wave modes of the superlattice. The theory omoment parallel to the easy axis. Here we show that by
the collective spin-wave modes has been developed and dapplying an ac field, and varying the dc field slowly in time
scribed earlier, with attention to the surface spin-flopas described above, the equation of motion method may be
regime’ These modes have been studied experimentally bysed to obtain the magnetic phase diagram, hysteresis loops,
Brillouin light scattering, and the key features of the Bril- along with x;1(£2) and y,({2) in a single calculation.
louin spectrum are reproduced in theoretical calculatfons.

Inst_ead, we introdupe here an approach that, in a singl§ THe MODEL AND THE METHOD OF CALCULATION
numerical study, provides us with a remarkably complete
description of the response of the structure both to the exter- We consider a superlattice which consistf\oferromag-
nally applied static fielH,, and the ac fieldh sin Qt. netic films, andM; is the magnetization of thigh film. The

We proceed as follows. We begin by placing the systeny axis will be chosen perpendicular to the interfaces between
in a weak external fieltH,, so it resides in its antiferromag- films, and thez axis, in the plane parallel to the interfaces, is
netic ground state. The ac field is turned on, and we integratthe easy axis. An external dc field, is applied parallel to
the equations of motion of the spin system forward in time.the easy axis. We then describe the system by an effective
We add damping for each spin, of the Landau-Lifshitz formHamiltonian
T e f this damping, th ients die d

n the presence of this damping, the transients die down, . . . .
and the sli)ins settle into stead)‘/)st%te motion. We may calcu- H=AX M(i)-M(i+1)=Ho2 My(i) =KX MZ(i)
late the total transverse moment as a function of time, and
Fourier transform this to obtain the real and imaginary part 20\ o :
of the low-frequency ac susceptibility,; () and x,(Q). +27TE My(D—h sttE Mx(D)- @

We then increase the dc field, very slowly; in this ) ) ) )
manner we obtairy, and y, as functions oH,. When we HereK is an anisotropy cozr1§tqnt which renders theis an
cross the spin-flop fields, the structure relaxes into its lowesgasy axis, and the term M{(i) is the shape anisotropy with
energy state, by virtue of the damping present. Thus, th&rigin in the dipolar field generated by tipping the magneti-
System spontaneous'y “ﬂops]” and by monitoring the total zation out of thexz plane. While this term playS no role in
transverse moment we obtajpy, and x, in the spin-flop the energetics of the various magnetic ground states realized
phase. At the same time this is done, we may calculate thi the external fieldH,, it enters the description of the dy-
magnetic moment parallel to th@ominally) dc field H,. namigal_response of t_he_structure, since the spins precess in
We thus obtain the dc magnetization, as a functiomgfat ~ an elliptical manner, tipping out of the plane as they do. We
the same time. The magnetization curves we obtain in thi@ssumeA>0, so we have antiferromagnetic coupling be-
manner are in excellent agreement with those calculateBveen adjacent films. The last term is the weak externally
earlier’ by minimizing the energy of a static spin array for @pplied ac field discussed in Sec. I.
each value oH,. The equations of motion we study can be written in the

The surface and bulk spin-flop transitions are first orderform
and thus display hysteresis. By first increashig until we M)
reach the high-field saturated ferromagnetic state, then de- IM(l . . . oo
creasing this field until it changes sign, \?ve may also generate ot LMD XHer(D]= M) XMD)],  (2)
hysteresis curves for the structure.

We thus obtain a large amount of information with this where the effective fieltH acting on theith moment is
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He(i)=[Ho+2KM(i)]z—2A[M(i+1)+M(i—1)] tion by Hg/2, and rescales the time in this manner. These
o numbers are somewhat different than those employed in
—4mwMy(i)y+Xxh sinQQt. (3)  Refs. 4 and 7. We have reduced the strength of the anisot-

ropy field, to bring the value of the surface spin-flop field
closer to those in the sample studied here.

To proceed, we exploit the fact that the ground state of the
stem for zero external dc field, is known exactly. This is
the simple antiferromagnetic state of dlecharacter, which
corresponds to choosing &= 7/2, and¢; to be 0 for odd

We have added damping of the Landau-Lifshitz form to
the right hand of Eq(2). From the point of view of the
guestions we wish to explore here, the virtue of damping Ofsy
this form is thatM (i) relaxes without changing its length.

We rewrite Eq.(2) in terms of the unit vector

M(i) i, and s for eveni. We use this condition as an initial con-
n(i)= It (4)  figuration. We then increase the external field linearly with
s time, integrating the equations of motion continuously as we
where My is the saturation magnetization of the film. Then do so. The slopei(Ho/Hg)/dr is chosen to be 10" We
we introduce the effective anisotropy field select §/Hg)=0.1, so that in a dimensionless time interval
A7=10, the system relaxes in response to any change. In the
Ha=2KM, (5)  time intervalA7=10, (Hy/Hg) changes by only one part in

10%. The system thus adiabatically follows changes in the dc
field. The ac field(discussed further belowweakly excites
He=2AM, (6) the system, so as soon as the energy ofa sp_in-ﬂop state drops
_ below that of the low-field antiferromagnetic state, ldg
to write increases, the system is stimulated to make a transition into
the new low-energy spin-flop state. The Landau-Lifshitz
=[A() X Her(i)]—g[A(i) X ﬁ(i)], @) _damping allows _the spins to lose energy th(ough dissipation
into the reservoir responsible for the damping, so to speak.
To integrate the equations of motion, we use HWEBDF
code from the package of differential equation solmEBAC
A  He . A that was developed at the Lawrence Livermore Laboratory.
Hew(i)=[Ho+Han,(i)]z— - [n(i+21)+n(i—1)] The code uses the backward differentiation formulas to solve
first-order stiff differential equations. It advances the solu-
—4mMghy(i)+Xh sinQt (8)  tion using step sizes that are automatically selected so as to
o ) ] ] achieve the desired accuracy. Ordinarily, a time step is of
eag:h end _of the supgrlattice are exchange coupled to only oRghere it becomes the order of 18 To sweep out a typical
neighbor in the film interior. magnetization curve such as those shown below requires in-
We next turn to a discussion of the procedure we havgegrating the equations of motion for a dimensionless time
used to integrate the equations of motion. First of all, Wejnterval in the range of & 10%. This requires about five min-

and the exchange field

an(i)
at

where now

write n(i) in spherical coordinates: utes on a DEC Alpha workstation. If in addition, one obtains
”. . . . Q) and x,(Q), perhaps a half hour of computer time is
n(i)=(sing; sing; ,coss; ,sind; cosp;), 9 ?(elc(wi?ed. X2(82), perhap P

with the angled, measured from thg axis. We apply free It is useful, for the purpose of obtaining a physical feeling

end boundary conditions, wherein each end film is exchangtor the time scales discussed above, to examine the collective
coupled to only one interior neighbor. Upon substitution ofspin-wave frequencies of the superlattice structure. For the
Eq. (9) into Eq.(6), we may reduce the problem to the solu- finite superlattice modeled as we do here, one finds detailed
tion of 2N equations, wher&l is the number of Fe films in calculations in Ref. 7. For a structure of infinite length, one
the superlattice. To facilitate comparison with calculationsmay work out the dispersion relation from the equations of
reported in Refs. 4 and 7, most of the results reported her@otion given above. We have done this to find a two branch
are forN=15 andN=16. We have performed calculations dispersion relation in the low-field antiferromagnetic state. If
for N in the range of a few hundred, it should be remarked\e consider a spin wave that propagates in ytheirection
to obtain accurate results very quickly. with wave vectorg, we find

We scale the various quantities that enter by measuring

them in units of kilogauss. We shall chooserM  /Hg 2 2 2 202
=21, andH,/Hg=0.125. The ratio oH ,/H just given is 05 (a)=0Q5(aq) +Ho+4mMy(Ha+He) £ 2[H5O5(q)

appropriate for the Fe/@11) structure, and we choosdeég L A7H2M (Ha+Het 7M
=2 kG. We take 4M to be 21 kG, appropriate to bulk Fe. mHoMs(HatHe+ mMy)
We remark that is not the purpose of this paper to provide a +47°M2HZcog(q/2)1Y?, (10)

full quantitative account of the data on the samples discussed

here and in Ref. 4. To do so would require elaboration of the

basic model, with inclusion of biquadratic exchange that iswhere

surely present. The parameters just stated provide us with

transition fields rather close to those observed. The unit of s 12

time will be 7= (Hg/2)t; one divides the equations of mo- Qo(a)=[(Ha+Hg)*’—Hgcos(q/2)]. (11)
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2 ' ‘ ; ' cussed below. For the cabk=15, we realize a “bulk” spin
flop, of course modified by the presence of the two surfaces.
The discontinuity inM, just aboveH,= 1.0 is the signature

of the spin-flop transition. So far as we can tell, the transition
occurs right at the field where the static energy of the flopped
state drops below that of the low-field antiferromagnetic
state.

For the casé& =16, we realize the surface spin-flop tran-
sition, which occurs for a value df, reduced from that for
the caseN= 15 by roughly a factor of2, as expectetivhen
Ha<Hg.

We turn to one difference between the present results, and
o5 i 5 & 5 2o those reported earlifor the caseN=16. The static calcu-

Hofk@) lations showed that abl, is increased above the surface
spin-flop field, the surface moment rotates by nearly 180°, to

FIG. 1. The component of magnetization, parallel to the dc fieldbecome nearly parallel, rather than antiparallel to the exter-
Hy, as a function ofH, for a sample with 15 Fe layers, and a nal field. It is as if the antiferromagnet has one end spin
sample with 16 Fe layersl, is dimensionless and is measured in twisted by nearly 180°. There is then a domain wall in the
units of Hg . structure, between two nearly antiferromagnetic regions. As

Hy is increased, the domain wall executes discontinuous

In an antiferromagnetic resonance experiment, one excit§gmps, as it migrates to the center of the structure, to ulti-
theq=0 modes. In zero external magnetic field we have formately widen and evolve into a bulk spin-flop-like state. It
the two modes should be remarked that the energy differences between the
states with the domain wall in different locations were very

total magnetization

2 —
Q%5(0)=(Ha+4mMg)(Ha+2He), (123 small indeed. While, as we discuss below, we see the domain
2 wall form in the present calculations and migrate toward the
QZ(0)=Ha(Hat+47Mg) +2HHe. (12p center of the structure with increasing field, it does so

The parameters above givé),(0)=9.5, and Q_(0) Smoothly so far as we can discern by eye. It may be difficult
=2.51, in units of kilogauss. to perceive the jumps, or possibly in the presence of the ac

In dimensionless form, the ac field is written field, the wall moves smoothly through the structure.
(h/Hg)sin(w7), where for most of the calculations below, we  In Fig. 2, we illustrate how the system evolves from the
choosew=0.1. In this paper, we are thus exploring the re-low-field antiferromagnetic state, to the high-field saturated
sponse to frequencies well below the spin-wave frequencief®rromagnet, foN=15 and forN=16. We can see clearly
just discussed. We have chosérifiz)=10"%in all results ~ that whenN=15, the entire structure “flops” at once. The
shown below. The period of the driving field isr=20m spins at the two ends of the structure are pulled closer to the
=62.8 time units. This is very long compared to the timedc field than those at the center, because they are exchange
A7=10 for transients to die out in the system, but still socoupled to only one neighbor, rather than two, as is the case
short that dc field changes very little over one cycle of osfor the interior spins. _ _
cillation. When we calculatg, () and y,(£2), we need to For N=16, we illustrate the surface spin flop, with for-
have the dc field constant over many cycles of oscillation ofnation of the domain wall and its subsequent migration to
the ac field. For this purpose, we thus increase it in a Stedhe center. Once it is Centered, its width increases continu-
wise fashion, rather than the linear manner discussed abov@usly, and the system evolves into a bulk spin-flop-like state.
Each step in the field is taken to be 150 periods of the ac There is one interesting aspect to the sequence of events
field. We use data from the last 10 periods in this sequence t§ustrated in Fig. 2, for the casi=16. If one looks at the
fit the total transverse moment to the foryy sin(w?) pattern of arrows in the low-field antiferromagnetic state, the
+ x> COS(7) by a y-squared procedure. We have also Fou-Picture is odd under reflection through its midpoint. The final
rier transformed the transverse moment, to confirm only defromagnetic state is even. There is a field at which the

(h/Hg) employed. this point the “pattern of arrows” is even under reflection
We now turn to our results. for all higher fields. We thus have a mechanism for evolution
from the odd- to the even-parity state. Bdr= 15, the pattern
IIl. RESULTS AND DISCUSSION of arrows is even under reflection through the midpoint of

the structure at all fields.

In Fig. 1, for the case where the superlattice has 15 Fe In Figs. 3 and 4, we show the evolution of the surface
films, and also 16 Fe films, we show tlzecomponent of spin-flop state with increasing magnetic field, in a very nar-
magnetizatiorM , as a function of the dc magnetic fieltl,. row interval of field just above the surface spin-flop field.
If these are compared to the magnetization curves calculate?/e have a sequence of “snapshots”; the dc field changes by
by minimizing the static energy of the Hamiltonian in Efj)  about 0.2% in magnitude from the beginning to the end of
(with h=0), one sees excellent agreement, save for the fadhe sequence. In essence, the domain wall continuously
that the spin-flop fields are somewhat lower, because of owreeps into the structure from right to left, as the dc field
use of a smaller anisotropy field. One further point is dis-increases. In the first illustration in Fig. 3, there is a very
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FIG. 3. Selected “snapshots” of the spin lattice, for a narrow

interval of time in the near vicinity of the surface spin-flop transi-
tion. Again we haveN=16. From the beginning to the end of the
_ sequence, the dc magnetic field changes by 0.2%. The view is side
view, but with the axis canted out of the plane a bit, to assist in
TTIZ?S T T MMMMT ] } } viewing the spin array. Each spin configuration shown is a stable,
uz ) l relaxed configuration.

FIG. 2. Moment configurations as the strength of the dc field is
increased, foa) the case where there are 15 Fe films, éndthe
case where there are 16 Fe films. These are not strict side views of
the structure, but the backbone of the structure is canted out of the
page a bhit, to provide perspective.

slight tipping of the unstable spin; the tail of the domain wall

has crept in a bit at this point. The system evolves very
quickly, over a narrow field interval, to a state where the

unstable moment is twisted nearly 180°. We believe that in
each of the panels in Figs. 3 and 4, we have a fully relaxed
moment configuration. We see no clear evidence of the “true
surface spin-flop state” discussed in Ref. 6, unfortunately.
The surface spin does seem to “hang up” a bit when it

makes an angle of roughly 60° with the external field, as
expected for their state, but we cannot identify a clear signal
of this phase.

By sweeping the field first upward, until we reach the
saturated ferromagnetic state, and then decreasing the field
back downward past the spin-flop transition, we can generate
hysteresis curves. The magnetization exhibits irreversible be-
havior only in the near vicinity of the spin-flop transition.

In Fig. 5(@), for N=15, we show hysteresis curves calcu-
lated by ramping the field up linearly in time, and then ramp-
ing it back downward linearly in time, until the field changes
sign and we reach the saturated ferromagnetic state with all
moments pointing downward. Fig. 1, as we have discussed,
gives the total magnetization as a function of field, when one
starts at zero field and ramps it up to the saturated ferromag-

FIG. 4. An end on view of the spin array for the same fields

netic state. The dashed line in Figabgive the magnetiza- used in Fig. 3.
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begins in zero external field, and increases it to reach the saturated
ferromagnetic state. Again we show results fay the caseN
=15, and(b) the caseN=16.

FIG. 5. Hysteresis curves, fdr) the caseN=15, and(b) the
caseN =16, for the case where the dc magnetic field is ramped uphen testing for stability. The results are remarkably similar
or down linearly with time. In(c), we show a curve when the field tg those in Figs. &) and 5b), except the equivalent of the
is increased in small steps. Strictly speaking, the horizontal axigjzshed line in Fig. ®) extended down to zero dc field. We
should be labeled with time rather than field, but the steps in ﬁemoelieve the small difference has its origin in the presence of
are small. In Fig. 1, we show the magnetization when one begins ify,e a¢ field in our simulation, which can stimulate the tran-
zero field, and increase the field to achieve the saturated ferromag]tion_ Also, if the time profile of the dc field is decreased in
netic state. In these figures, dashed curves describe the magnetizf’steplike r;1anner, as one comes down in field, the transition

tion as one decreases the field from a large positive value, to a Iarg[e .
) . X X .90 the asymmetric state occurs much sooner for the case
negative value, while the solid curve describes the magnetization

L . ., Where the system receives a sequence of impulsive “blows”
when one starts from large negative field, and increases the field. . . - .
g g through the sudden change in the dc field. We illustrate this

tion as a function of field, as one comes down in field. Theri® Fig. 5(c). _ . _
once the saturated state is reached for strong negative fields, NOW We turn our attention to calculations of the dynamic
the solid line is the magnetization as one ramps the field bacRuUSceptibilitiesy1(2) andx,({2). We change the dc field in
up. It is striking that the coercive field fdi =15, defined as StePS, as mentioned earlier. After a given step, when the

the field where the net magnetization rotates to align with thdransients die down, we fit the total transverse moment to the

field after its sign reverses, agrees very accurately with th&XPression
value of the surface spin-flop field for the cea¥e 16. _ ;
In Fig. 5b), we show the hysteresis curves calculated for Mr(6)=N[x2(Q)sIN(QY) + xx(Q)cos Y], (13
the caseN=16. Notice that the amount of hysteresis is verywhere in the convention of E¢13), in fact x,({2) is nega-
much larger than foN=15. We believe this is because, at tive.
high fields, the system is in the symmetric state described In Fig. 6, we showy; and y, as a function of field, with
above. It is difficult for the spins to make the transition backy; given as a solid line ang, as a dashed line. The calcu-
to the low-field asymmetric state. They remain “locked” in lations assume one begins in zero field, and increases the
the symmetric state until very low fields. field until the saturated ferromagnetic state is reached. For
Hysteresis curves were also calculated earlier in the papéd=15, we see a clear signature at the spin-flop transition,
by Wang and Mills by searching for the limits of stability while for N=16, we see a feature at the surface spin-flop
of various states, through minimizing their static energy,transition and a second bump located near the bulk spin-flop



482 S. RAKHMANOVA, D. L. MILLS, AND ERIC E. FULLERTON 57

T e it

i VUV VRV ARI 1A
e w«zgf gggzngj gg;zsggj
L

R R

: ; o B AP AR NI R RN A A NI AENNRNN
- Wil 2D WL

FIG. 7. The same as Fig. 6, but now we begin in the saturates
ferromagnetic state, and decrease the field to reach large negative

fields. FIG. 8. ForN=16, we show a series of snapshots of the field
excursions that interchange the two degenerate antiferromagnetic

) N ground states.
field. As the number of spinll increases, the feature at the

surface spin-flop transition becomes smaller, and the bump &iith the BA structure in the final state. This operation has
the bulk spin-flop grows and sharpens. interchanged the two degenerate antiferromagnetic ground
In Fig. 7, we show calculations in which the system isstates.
initially saturated in the high-field state, and the field is then As remarked briefly in Sec. I, we have measured the ac
decreased until we reach the saturated state at large negatis@sceptibility, to obtain values gf; and x, as a function of
fields. For the casbl=15, we see a two peaked structure atfield, on the Fe/QR11) superlattice described in Ref. 4,
negative fields. That at loweghegative fieldl is associated which exhibited the surface spin-flop transition. The ac sus-
with the coercive field of the structure where its total mo-ceptibility and dc magnetization were measured in a Quan-
ment reverses, and the second with the subsequent bulk spitirm Design PPMS 6000 with a 14 G, 1000 Hz ac field was
flop transition. FoN=16, we see a very large asymmetry, parallel to the dc applied field. Thus, when comparing theory
between the structures at positive and negative fields. and experiment, one must recognize that in the experiment,
We have found very striking behavior of the structure,the ac field is parallel to the dc field, while the calculations
upon traversing the hysteresis loop in Figh)mappropriately.  generate the transverse response. This difference clearly de-
We begin with the antiferromagnetic state in zero field whichserves comment. In our theoretical studies of the phase dia-
we might call theAB state. By this we mean that the leftmost gram and hysteresis curves, application of a time varying
moment, designated b#, points upward, while the right- field would not stimulate spin reorientation transition, when
most moment, designated By is directed downward. Note one approached the transition field from either the low-field
this state is degenerate in energy with configurati. antiferromagnetic state, or the high-field ferromagnetic state,
Once again, we begin in zero field, and increase the dc fieldince such a field exerts no torque on the spins. Thus, we
past the surface spin-flop field to, say, the knee in the reverdiave used a transverse field in our theoretical studies. In the
ible part of theM-H diagram in Fig. ). Then we decrease data ony; and y,, the signal is only large in the spin-flop
the field back to zero. region. We expect a rather small difference between the dy-
The behavior of the structure is illustrated in the series ohamic susceptibilities calculated for longitudinal or trans-
panels displayed in Fig. 8. We see the initheB state, and verse fields in this state, so we believe it appropriate to com-
the domain wall that enters the structure from the right, angpare the theory and the experimental data, for
progresses to the center of the structure. As the field is desemiquantitative purposes. In Figa9we show the dc mag-
creased in this state, the wall keeps moving from right to lefthetization as a function of dc field. The surface spin-flop
to exit the structure from its left side, so to speak. We are leftransition occurs at=1000 G in this sample. There is clear
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FIG. 9. Experimental measurements fa total magnetization
of the sample described in the text as a function of dc figdd,y, £ 0002
and (c) y, the real and imaginary parts of susceptibility, respec- L
tively.
0.001
hysteresis in the near vicinity of the surface spin-flop transi- 0000
tion, though one sees less hysteresis than is evident in oL ) ) ! HkG)

simulations. The experimental results more closely resemble
the simulation in Fig. &) where the applied field is changed
in steps.

Figure 9b) showsy,, the real part of the susceptibility,
taken on a field sweep that begins in the saturated ferroma
netic state >3 kG), with H along +  to saturation along
—Z. We see features nearl000 G, the bulk spin-flop state frequencies as low as those used in the experiments, since
of an infinitely long structure in agreement with previousthe integration times would be prohibitively long. In the
static susceptibility dM/dH) results of Ref. 4. We only see samples used, the spin-wave frequencies are in the range of a
very modest signature of the surface spin-flop transition thafew tens of GHZ Thus, if Qg is a typical spin-wave fre-
was prominent in the static susceptibility. We believe thatquency, in the experimental measuremeti/Qgy~3
the reason for the absence of structureyinat the surface <10 2. In our simulations, from the spin-wave frequencies
spin flop results from the hysteresis near this transition. Aquoted in Sec. 11Q/Qg,~5X% 10 2. However, so long as
minor loop about the surface spin-flop transition determinedhe ac frequency is very small compared to the spin-wave
a coercive field of~30 G that is large compared to the ac frequencies, we are in the regime where the spins follow the
driving field. Therefore, in these measurements, the ac fieldc field nearly adiabatically, with a phase lag provided by the
is not sufficient to sample reversibly the surface spin-flopfinite value of Q7. In this low-frequency regime, where the
transition. ac field has simple relaxational form, the field dependence

Shown in Fig. 9c) is the imaginary parj, of the sweep realized is not sensitive to frequency. In the simulations re-
in Fig. Ab). We again see features at the bulk spin flop thatported here, the ac driving field is also smaller than that used
have roughly equal strength at positive and negative field@ the experiments, by a bit more than a factor of 10. We
and are enhanced to the low-field side of the transitionhave carried out calculations for ac driving fields in the range
Above the bulk spin flop the value gf, is below the sensi- used in the experimenténdeed we have explored even
tivity of our magnetometer. Surprisingly, there is also struc-larger field$, to find results fory, and yx, identical to those
ture at the surface spin-flop transition that is highly asym-eported.

FIG. 10. Calculations fofa) x,, and(c) x; as a function of
field for 22-layer structure. Ifib), we show the corresponding hys-
é@resis curve. Herkl, is given in kilogauss.

metric. We find that the dramatic peak 3 at the spin-flop Nonetheless the simulations reproduce the key features of
transition when the applied field is swept frdh=0 toward the data very nicely. We show the field dependencgoih
saturation is missing. Fig. 10a), as the field is decreased from high positive values,

We have carried out simulations for the 22-layer film,to large negative values. We see the two symmetric struc-
employing values ofH, and Hg used in the calculations tures at the bulk spin-flop field, and the very large, dramatic
discussed earlier. It should be noted that we cannot emplogpike at—Hggr, With Hggethe surface spin-flop field. We do
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not see the small structure evident in the data btgse. The IV. CONCLUDING REMARKS
reason for t_his is the very different hysteresis curve found in The method of calculation employed here allows one to
the simulations. As we lower the field, the 22-layer modelgenerate magnetic phase diagrams, hysteresis curves, and ac-
structure remains locked in the symmetric state until rathegounts of the dynamic response of one-dimensional classical
large negative fields are reached. We show our calculategrays of spins, in one single computation. While the results
hysteresis curve in Fig. 10), for this model structure. The reported here explore a relatively small number of spins,
coercive field at which the system returns to the antiferrosince we wish to compare our new results with data and the
magnetic ground state is negative; note the small jurid jn  earlier theoretical literature, we emphasize that we have ap-
just before one reachesHggr. One sees a small structure in plied the technique to several hundred spins with no diffi-
X2 at this field, in Fig. 10g). culty. Thus, the direct integration of the equations of motion
Save for the difference between the theoretical and exshould prove a most useful technique for studies of a wide
perimental coercive fields, we thus obtain an excellent actange of magnetic nanostructures.
count of they, data in our simulations. In Fig. 16), we
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