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Experimental methods

The measurements were performed either in a low-temperature STM setup equipped with a He
bath cryostat which was operated at the base temperature 8 K or at room temperature, or in a variable-
temperature setup with a He-flow cryostat allowing to stabilize any sample temperature between 30
and 300 K.

Both the sample preparation and the STM measurements were realized in an ultrahigh vacuum
system with a base pressure below 10−10 mbar. Different chambers were used for substrate cleaning, Fe
deposition, and STM measurements. The Ir single-crystal substrate was prepared by cycles of Ar-ion
sputtering at 800 eV and annealing up to 1300 ◦C for 60 s. The Fe film was then evaporated onto the
clean substrate at elevated temperature (about 200 ◦C) at a deposition rate around 0.2 atomic layers per
minute.

Because of contamination of the sample surface by particles desorbing from the STM body when
warming up, a new sample was prepared for each increasing temperature step.

Choice of the spin-polarized STM tip

A ferromagnetic Fe coated W tip was used at intermediate temperatures (40 to 250 K). However, at
elevated temperature, the spirals appear to be affected by the stray field created by the ferromagnetic STM
tip. The used Fe coating is very thick (50 to 60 layers) in order to easily obtain a stable tip magnetization,
but this also induces a large stray field. Already at 43 K, as shown on Fig. 1(c) in the main text, some
tip-induced fluctuations are visible. When the temperature is further increased, the effect is more
pronounced and the magnetic contrast becomes weaker on some regions. These contrast differences
cannot be explained by the orientation of the magnetization of the tip apex during the measurement,
because the contrast is stronger in other areas with the same propagation direction. Consequently, we
were not successful in imaging the spin spirals at room temperature with the ferromagnetic tip, the
measurement shown in Figs. 1(f),(g) was performed with an antiferromagnetic Cr bulk tip which does
not affect the magnetic structure of the sample.

Data analysis

The periods of the spin spirals were measured using 2D Fourier transformation on the differential
conductance maps, except for the room temperature data. At 300 K, line profiles were fitted to sine
functions, because the resolution of the Fourier transform is not satisfactory regarding the small number
of magnetic periods visible. Furthermore, only line profiles along the fast scan direction were considered
because of the large thermal drift. The calibration of the STM is different for every temperature because
of the strong temperature dependence of the piezoelectric coefficients in the ceramic used to build the
scanner. For this reason, the images were rescaled using the height of the Ir steps as a reference, the
thermal expansion of Ir between 8 K and 300 K being negligible [1].
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Mean-field calculations

As a generalization of Eq. (1) in the main text, we will consider the classical model Hamiltonian

H =
1
2

∑
p,q,i, j

Jpq,i jSp,iSq, j +
1
2

∑
p,q,i, j

Dpq,i j

(
Sp,i × Sq, j

)
, (S.1)

which is not restricted to nearest-neighbor interactions. We will neglect the magnetocrystalline anisotropy
term, which simplifies the calculations to harmonic spin spirals. The experimental data suggest that the
shape of spin spirals is close to the perfect sinusoid [2], indicating that the anisotropy plays a minor role
in the system.

In the mean-field approximation, we suppose that at every lattice point, the spins have a well-defined
expectation value

〈
Sp,i

〉
. Furthermore, one has to perform the replacement

Sp,i =
〈
Sp,i

〉
+

(
Sp,i −

〈
Sp,i

〉)
(S.2)

in Eq. (S.1), and drop all the terms that are quadratic in the deviation from the expectation value of the
spins. This leads to

HMF = −
1
2

∑
p,q,i, j

Jpq,i j

〈
Sp,i

〉 〈
Sq, j

〉
−

1
2

∑
p,q,i, j

Dpq,i j

(〈
Sp,i

〉
×

〈
Sq, j

〉)
+

∑
p,q,i, j

Jpq,i jSp,i

〈
Sq, j

〉
+

∑
p,q,i, j

Sp,i

(〈
Sq, j

〉
×Dpq,i j

)
.(S.3)

From the last two terms in Eq. (S.3), the mean field acting on the spin Si is defined as

Bp,i = −
∑
q, j

Jpq,i j

〈
Sq, j

〉
−

∑
q, j

〈
Sq, j

〉
×Dpq,i j, (S.4)

in energy dimensions.
The free energy of the system described by the noninteracting Hamiltonian, Eq. (S.3), can be expressed

analytically as

FMF = −
1
2

∑
p,q,i, j

Jpq,i j

〈
Sp,i

〉 〈
Sq, j

〉
−

1
2

∑
p,q,i, j

Dpq,i j

(〈
Sp,i

〉
×

〈
Sq, j

〉)
− kBT

∑
p,i

ln
(
4π sinh

(
Bp,i

kBT

)
kBT
Bp,i

)
. (S.5)

The parameters
〈
Sp,i

〉
in Eq. (S.5) must be determined in such a way as to minimize the mean-field

free energy. Differentiating Eq. (S.5) with respect to the expectation values leads to the self-consistency
equations

〈
Sp,i

〉
=

(
coth

(
Bp,i

kBT

)
−

kBT
Bp,i

)
Bp,i

Bp,i
=

∫
Sp,ie

Bp,iSp,i
kBT dSp,i

(∫
e

Bp,iSp,i
kBT dSp,i

)−1

. (S.6)

However, Eq. (S.6) has many different solutions, corresponding to stationary points in the many-
dimensional free energy surface. The paramagnetic solution

〈
Sp,i

〉
≡ 0 exists at arbitrary temperature,

and the free energy of one of the ordered states must be lower than this below the critical temperature.
From the experiments it is known that the system orders into a cycloidal spin spiral state. In the

mean-field model this has the form

〈
Sp,i

〉
=


sin

(
kxp,i

)
0

cos
(
kxp,i

)
 〈Sp (k)

〉
, (S.7)

if we assume that the wave vector k is the same in all layers and points along the x direction. However,
the magnitude of the magnetization or order parameter

〈
Sp (k)

〉
may differ between the layers.
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It can be proven by substitution that solutions of the form Eq. (S.7) satisfy the self-consistency
equations Eq. (S.6) for arbitrary k values. We introduce the simpler notations

Bp (k) = −

∑
q, j

Jpq,i j cos
(
k
(
xp,i − xq, j

)) 〈
Sq (k)

〉
+ Dpq,i j sin

(
k
(
xp,i − xq, j

)) 〈
Sq (k)

〉 (S.8)

and

Jpq (k) =
∑
q, j

Jpq,i j cos
(
k
(
xp,i − xq, j

))
+ Dpq,i j sin

(
k
(
xp,i − xq, j

))
, (S.9)

with Dpq,i j being the in-plane component of the Dzyaloshinsky–Moriya vector perpendicular to the x
direction. Equations (S.8)-(S.9) do not depend on the lattice site i due to the translational invariance
of the Heisenberg and Dzyaloshinsky–Moriya exchange interactions. The free energy Eq. (S.5) may be
expressed as

1
N

FMF (k) = −
1
2

∑
p,q
Jpq (k)

〈
Sp (k)

〉 〈
Sq (k)

〉
−

∑
p

kBT ln
(
4π sinh

(
Bp (k)
kBT

)
kBT

Bp (k)

)
, (S.10)

where N is the number of spins in a single layer. Equations (2)-(4) in the main text are specific forms of
Eqs. (S.8)-(S.10), including only nearest-neighbor interactions. The free energy minimum is obtained by
optimizing Eq. (S.10) with respect to k.

As mentioned in the main text, the temperature dependence of the order parameter is different
between the layers, which induces the change in the spin spiral wave vector with temperature. This
is illustrated in Fig. S1, with the parameters used in the main text. The different behavior of the order
parameters is connected to the different strength of the coupling constants in the different layers. This
strength may be characterized by the mean-field critical temperature,

kBTp,c = −
Jpp

(
kp

)
3

, (S.11)

where the minimization with respect to k must be performed for each layer separately, yielding the kp
values. For the parameters summarized in Fig. 2(d), rescaled by a factor of 0.71 as mentioned in the
main text, one obtains 2π

k1
= 1 nm,T1,c = 77 K; 2π

k2
= 3 nm,T2,c = 109 K; and 2π

k3
= 473 nm,T3,c = 348 K.

Figure S1 also demonstrates that the whole system has a single critical temperature due to the presence
of the interlayer couplings.

The parameter set used during the calculations in the main text (see Fig. 2(d)) is not unique, we
found that it was possible to reasonably reproduce the experimental data with several different choices
of the coupling coefficients. This is partly due to the strain effect observed in the experiments, inducing
a significant variance in the observed periods at a single temperature. The critical temperature of the
system is also a variable parameter, since the experiments only confirmed that this must be above room
temperature for the triple layer.

Since the Fe films are grown on a metallic Ir(111) substrate, interatomic microscopic exchange interac-
tions beyond the nearest-neighbor shell may significantly influence the noncollinear order in the system.
In particular, the competition between ferromagnetic and antiferromagnetic exchange interactions with
different neighbors has been demonstrated recently in similar ultrathin film systems based on ab initio
calculations [3–6]. It is known that such a frustration of exchange interactions may also influence the
period of the spin spiral ordering at finite temperature [7]. We checked that the experimentally observed
temperature dependence may also be reproduced by considering frustrated exchange interactions, i.e.
ferromagnetic nearest-neighbor and antiferromagnetic next-nearest-neighbor couplings in each layer.
This model makes it unnecessary to suppose D11 > |J11| used in the main text, which is unlikely to
occur when the interaction coefficients are determined from ab initio methods. Finally, we mention that
different theoretical methods have been proposed for including the thermal fluctuations of spins in the
determination of exchange interaction coefficients from first principles [8–10].

3



0 50 100 150 200 250 300 350 400
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

T [K]

<
S

p
(k

)>

 

 

<S
1
(k)>

<S
2
(k)>

<S
3
(k)>(a)

0.0 0.5 1.0 1.5
−25

−20

−15

−10

−5

0

5

k [nm
−1

]

F
M

F
(k

)−
F

M
F
(k

=
0
) 

[K
]

 

 

T=0 K

T=50 K

T=100 K

T=150 K

T=200 K

T=250 K

T=300 K

minima

(b)

Figure S1: (a) Order parameters
〈
Sp (k)

〉
as a function of temperature in the different layers in the mean-

field approximation. At each temperature, the wave vector is chosen to minimize the total free energy.
(b) Free energy per spin FMF in the mean-field approximation as a function of the wave vector k, for
selected temperature values T. The coupling constants from Fig. 2(d) in the main text were used, all
of them rescaled by a factor of 0.71 to obtain a better agreement with the experimental data for the
temperature range.
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Figure S2: Magnetic period of the spin spirals in the double layer from experiments and mean-field cal-
culations. In the theoretical calculations the J11, J12, J22,D11, and D22 coupling coefficients are considered
as an approximation for the double-layer system. The parameters are taken from Fig. 2(d) in the main
text and rescaled by a factor of 0.71 for the mean-field calculations as before.

While further effects discussed above may certainly influence the temperature dependence of the
magnetic period in the triple layer, the nearest-neighbor model used in the main text provides a simple
picture for understanding the effect. It also highlights the importance of considering different interlayer
couplings, which are expected to account for the magnitude of the period increase in the present
inhomogeneous system, being significantly larger than analogous effects observed in homogeneous
systems[7].

For comparison with the triple layer, Fig. S2 displays the temperature dependence of the spin spiral
period in the double-layer film. In the theoretical model we used the parameters J11, J12, J22,D11,D22 given
in the main text, providing reasonable agreement with the experimental data, especially considering
that the coupling coefficients were optimized for the triple layer. Similarly to the triple layer, mean-
field theory predicts an increase of the spin spiral period with temperature, from 2.15 nm at 0 K to
2.45 nm at the critical temperature around 200 K. This effect is of significantly lower magnitude than
in the triple layer, which can be attributed to the similar periods determined by the intralayer coupling
coefficients in the first two layers ( 2π

k1
= 1 nm, 2π

k2
= 3 nm) and the strong interlayer coupling J12. As

mentioned in the main text and shown in Fig. S2, based on the experimental data it is not possible to
unambiguously quantify the effect of temperature on the spin spiral period of the double layer, since the
temperature-induced increase predicted by the theory is smaller than the spread of the wavelengths at
a fixed temperature due to the strain variation.
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Figure S3: Snapshots of spin configurations in the three atomic layers from Monte Carlo simulations at
T =9 K and T =150 K. The color coding illustrates the out-of-plane spin component.

Monte Carlo simulations

Although the mean-field model already predicts the increase of the spin spiral period with temper-
ature, we also performed Monte Carlo simulations using the model Hamiltonian Eq. (1) in the main
text, which were expected to improve upon the model calculations in several aspects. As already dis-
cussed above, the mean-field calculation significantly overestimates the critical temperature, which was
handled by a rescaling of the coupling constants or equivalently the temperature range. Even after the
rescaling, it can be seen in Fig. 2(a) in the main text that the Monte Carlo simulations predict a larger
curvature around 250 K for the period-temperature data than the mean-field model, and this actually
gives better agreement with the experiments. This can be attributed to the role of spin fluctuations,
which are neglected in the mean-field model. However, the most important objective of the Monte Carlo
simulations is confirming that the interlayer couplings are sufficiently strong to force all three layers into
a spin spiral state with the same period at every temperature. Although this was a crucial assumption
in the mean-field model, it is only possible to give weak approximations about its validity without the
simulations.

The program swept over the lattice at every Monte Carlo step, and updated the orientations of the
spins following single-spin Metropolis dynamics. From the spin configurations, we determined the
Fourier transforms in each layer,

Sp,k =
1
N

∑
i

e−ikRp,iSp,i, (S.12)

then calculated the static structure factor by averaging,

Sp (k) =
∑
α=x,y,z

〈∣∣∣∣Sαp,k∣∣∣∣2〉 . (S.13)

Finding the maximum of Sp (k) with respect to the wave vector yields the period of the spin spiral,
or of other types of noncollinear order in the system [11]. In the current case, it also enabled us to check
that the spin order remained the same in all three layers at all temperatures – this is illustrated in Fig. S3
for selected spin configurations. The position and distance of the dark and bright stripes is the same
in all three layers, indicating that the interlayer coupling is sufficiently strong to create the same spin
order in the layers. The thermal fluctuations have a more pronounced effect in the lower layers with the
weaker intralayer couplings, in agreement with the prediction of the mean-field model (cf. Fig. S1(a)).

The Monte Carlo simulations shown in Figs. 2(a) and S3 were performed for three layers of atoms
in perfect fcc stacking with the two-dimensional lattice constant of the Ir(111) surface, a = 0.271 nm.
We used a lattice size of 256 a × 16

√
3 a ≈ 70 × 7.5 nm (24576 spins) for temperatures up to 250 K and

1024 a× 16
√

3 a ≈ 280× 7.5 nm (98304 spins) between 250 K and room temperature. Although the larger
lattice size increased the simulation time significantly, it was necessary for improving the resolution of
Fourier transformation in order to determine the period more accurately at higher values. The wave
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vector of the spin spiral was parallel to the long edge of the simulation sample at all temperatures.
Free boundary conditions were considered along the short edges of the sample, which made it easier
for the system to achieve the equilibrium wave vector at each temperature during thermalization,
and periodic boundary conditions were used along the long edges. The elongated simulation cell
emulated the dislocation lines guiding the spin spirals in the experiments. Since in the model calculations
the interactions were isotropic (in the sense that they took the same values for all neighbors), the
elongated simulation cell also served the purpose of excluding spin configurations with wave vectors
uniformly distributed along a circle [11], which would be expected from the model but would contradict
experimental findings. At every temperature, the system was thermalized for 2 × 105 steps, then the
averaging was performed over 106 steps.
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