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ADDITIONAL EXPERIMENTAL DETAILS

An FeF3(70nm)/Au(tay)/Ni(30nm)/Al(2nm) wedge-shaped trilayer was fabricated by electron beam evaporation,
at a base pressure of 5 x 10~7 Torr. FeFy was deposited onto a MgFs (110) single crystal at 300°C. The temperature
was reduced to 150°C for deposition of Au, Ni and the Al protecting layer. A shadow blade covered progressively
the sample during Au growth, in order to obtain the wedge-shaped Au layer, which varies in thickness from ta, = 0
to 13 nm. As a consequence a Au wedge with a slope Ata, = 0.5 nm/mm is obtained. A schematic representation
of the wedge-shaped trilayer is shown in Fig. (1). FeFs grows epitaxially on MgF, following the same (110) The
external magnetic field is always applied along the FM and AFM easy axis. Magneto-optical hysteresis loops are
scanned through the Au-wedge by a laser spot of 100 um. Therefore, proving an area with a thickness variation
around 0.05 nm orientation. This crystallographic plane exhibits a magnetically compensated spin structure in a bulk
single crystal.

FIG. 1: (color-online). FeF3(70nm)/Au(tau)/Ni(30nm)/Al(2nm) wedge-shaped trilayer for 0 < tay < 13 nm. The Au-wedge is
orthogonal to both the magnetic easy axes of the system, and the direction of the external field that is applied during cooling
and measurements.

THE MODEL

We assume that the largest number of domains imprinted on the AFM, which are responsible for EB, are created
during the field cooling process, and that they remain frozen over a large range of external magnetic fields. The spin
structure at the FM surface is determined by the the competion of the Zeeman and dipole energies. Let us consider
the case for intermediate field cooling, i.e. when the antiferromagnetic dipole coupling through the PM spacer is
compensated by the Zeeman energy. The FM/AFM domain interaction energy density E;,; can then be written as



Eint(01,02) = — Kpm[cos*(8 — 61) + cos* (B — 02)]
— Mpmpolcos(01) + cos(62)|H + Egip,
(1)
where pg is the vacuum permeability, 8 is the angle between the applied field (H) direction and the anisotropy axis.

61 (02) is the angle between FM domain-1 (domain-2). Kpy is the uniaxial anisotropy energy density and Mgy is
the saturation magnetization of the FM. The dipole energy density is given by
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where, M%llvf ) is the magnetization of FM domain-1 (domain-2), and ME;FI\)/I is the magnetization of its closest AFM

domain-1 (domain-2). It is further assumed that FM domain-1 and FM domain-2 are initially oriented in the same
direction. Thus Mg) . MSEZM = MFMTI(J‘II\)/IM}%?MT(AI];‘M cos(fy), and M%)/[ . Mg%M = —MFMT%)/IMEF)MTS%M cos(fs),

where rl(:ll\’/[z) is the FM domain size, and the TS}’;\Q& AFM domain size. Using, MSI;M = mApM/(rg%M)Q, and M&QF)M =

mAFM/(rf%M)2, we obtain
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Here, the average magnetic moment marm = pp ) . (S5 (r) — S5(r)) # 0, where r denotes a lattice site, and pp is
the Bohr magneton. When the cooling field is applied along the easy axis of the AFM, quantum fluctuations of the
frustrated spins break the balance between the two magnetic sublattices, and therefore [(S7(r))| # [(S5(r))|, where
[(S5(r))], and [(S3(r))| are the average magnetic moments of the AFM sublattices. Defining two EB fields, namely,
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and, replacing Eqgs. (3 — 5) into Eq. (2), one obtains

E;ni(01,00) = — KFM[COSQ(B —01)+ COSQ(B — 69)]
— Mgmpo(H + HélB))cos(Gl)
— Mpmpo(H — HE)) cos(6y) . (6)

This way, the energy cost associated with the reversal of these additional magnetic fields generates double hysteresis
loops. To obtain the magnetization M we seek the solution of F;,+(01,02)/061 = 0 = OE;:(61,02)/002. Hence
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Magnetic domain size

The size of the FM domains can be estimated by using the model by Gaunt, which relates the magnetic viscosity
to the thermal activation energy of the reversal mode. For a single domain under an applied field H opposite to the
magnetization Mgy, the activation energy is given by

Eact = Kemtrmriy (1 — poHMpn/2Krm)? (8)



Consequently, the thermal energy kpT activates a FM domain of size
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If we assume that, that due to the AFM dipole coupling, rapm ~ rpy, then from Eq. (9) rgﬁ\)/[ ~rem(H =0) ~

300A. Since Mg& and MS& initially are oriented in opposite directions

1)

M Pl (10)
r (1 — po(Hrc — HEFM)Men /2Kpwm)
@

DL = = , (1)
r&y (1 + po(Hrc + HEFM)Mewn /2Krwm)

where pp = rpm(H = 0) /TX?M is the ratio between FM domain-k and the respective AFM domain-k size. These
definitions of pj are valid in the absence of field cooling and the dipolar interaction.

AFM average magnetic moment

The FeF5(110) AFM is modeled as a set of magnetically compensated planes parallel to the AFM/PM interface,
labeled by ¢ > 0 (with ¢ = 0 specifying the interface layer) the AFM Hamiltonian is given by

Harm = JAFMZ Z Sa(6,R)-Ss(¢",R)
00" R,R/
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where Jary is the AFM exchange interaction, R and R/ are the in-plane lattice vectors, and K gy is the magnitude
of the uniaxial anisotropy along the in plane Z direction. The field cooling Hyc is applied along Z, and the magnetic
dipole field Haip, = pompn/(4ntdy) (mpy is the FM average magnetic moment) created by the FM is applied along
—z%, and the double summation in the first term corresponds to the AFM intra and inter plane exchange interactions.
The Holstein-Primakoff transformations

SZ(0,R) = 1/2—a'(¢,R)a((,R),
S:(L,R) = —1/2+b'(4,R)b((,R),
ST, R) = V2sa(f,R),
ST(,R) = V2sb'((,R),

(13)

allow to recast the Hamiltonian of Eq. (12) in terms of elementary bosonic excitations created (destroyed) by the
operators a’, b’ (a,b). We ignore magnon-magnon interactions and consequently quadratic and higher order terms
are neglected. Since there is in-plane translational symmetry the boson operators can be expanded in parallel to the
interface spin waves, which allows to decouple the Hamiltonian into a set of independent semi-infinite linear chains,
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with v = . ™" n are the lattice vectors. Quantum fluctuations dynamics and symmetry breaking, can be
extracted from the Green functions, which are defined by

Gt ) = —3 [t (lalt. k. 0).a! (¢, 0)]) (15)
Gl (w, k) = —%/dtem<[b(£,k,t),bT(€/,k, 0)]), (16)
In terms of the dimensionless variables z = w/Jarm, b = gupHrc/JarMm, t = gupHaip/JarMm, £ = Karm/JarM,
gé?;) =J AFMG%” and gg)f,) =J AFMG’Z’@,, the average magnetic moment can be written as
2uB 96% (2, M, h) = g6 (2,76, h)
= Sa(r) = S5( R 17
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Due to sub-lattice symmetry of compensated AFM (110) surface, one obtain g% (z, vk, h) = ggf’o(z, Yk, —h), thus

Miapag = _Apsh /d 3( >k 9600 (2,7, 1) > (18)
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Using the transfer matrix method, and the solution of the coupled Green function equations we obtain
S e ) = (19)
= T z4+t+h—k—2’
this way
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