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Spin Spiral State at a Ferromagnetic Gd Vacuum Interface
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Centrosymmetric bulk magnets made of layered Gd intermetallics had been discovered recently to
exhibit helical spin spirals with a wavelength of &2 nm that transform into skyrmion lattices at certain
magnetic fields. Here we report on the observation of a spin spiral state at the Gd(0001) surface. Spin-
polarized scanning tunneling microscopy images show striped regions with a periodicity of about 2 nm.
These stripes rearrange upon application of an external magnetic field, thereby unambiguously confirming
their magnetic origin. Density functional theory calculations explain that competing exchange interactions
in the surface layer of Gd(0001) together with a magnetovolume fine-tuning of the exchange interaction to
the next Gd layer favor a chiral 2 nm conical spin spiral at the surface, arising as a general behavior of the

Gd monolayer.
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Introduction—In the search for skyrmions, fascinating
entities that exhibit a range of emergent phenomena [1] and
the potential for applications in low-power spintronics [2],
recent investigations have led to remarkable discoveries in the
field of centrosymmetric Gd/Eu intermetallics. Experiments
revealed the presence of spin spiral waves in materials such as
GddeSl3 [3,4], GdRu28i2 [5], Gd3RH4A112 [6], EuAl4 [7,8],
or EuGa,Al, [9] that transform into skyrmion lattices
under magnetic fields. The periodicities of these spirals
and skyrmion lattices are on the nanoscale, i.e., one order
of magnitude smaller than those of chiral skyrmions, which
are stabilized by the Dzyaloshinskii-Moriya interaction
(DMI) [10-12]. They arise from frustrated Ruderman-
Kittel-Kasuya-Yosida- (RKKY) type exchange interactions
in which competing and distance-dependent ferromagnetic
(FM) and antiferromagnetic (AFM) couplings between mag-
netic ions play a central role [13,14]. Surprisingly, despite the
structural and chemical diversity of these materials, the
wavelengths of their spin spirals lie within a narrow range,
i.e., between 1.9 [5] and 2.8 nm [6], suggesting underlying
universal mechanisms.

In the intermetallics, the Gd-Gd interlayer distance is
controlled by monatomic Si, Al, Ga, Pd, or Ru spacer
layers. Yet, the interlayer distance of a compound can not
only be modified by its composition. Also surfaces which
interface the bulk with the vacuum generally change the
atomic coordination, and thereby the spacing between the
surface and the subsurface layer, the electronic structure,
and the magnetic interactions.
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This raises the question of what happens at the surface of
elemental Gd. Gd is a rare-earth metal with a hexagonal
close-packed (hcp) crystal structure and a low-temperature
easy magnetization axis which is somewhat tilted from the
hep ¢ axis [15]. While Gd is FM in the bulk, a variety of
unconventional surface magnetic properties have been
claimed, including a canted surface magnetization [16],
an enhanced surface Curie temperature [17-21], extraor-
dinary phase transitions [19], or an AFM coupling of the
topmost layer to the underlying bulk [17]. Yet, other studies
report on ordinary surface properties, i.e., a FM surface-
bulk coupling and a Curie temperature which is the same
for surface and bulk [22-27].

Here we report the observation of a spin spiral state at the
surface of epitaxial hcp Gd(0001) films grown on W(110).
Experiments are performed at a critical Gd film thickness of
O ~ (100 £ 20) atomic layers (AL), where a spin reor-
ientation transition (SRT) from in-plane to out-of-plane
takes place [28,29]. By making use of high-resolution spin-
polarized (SP)-STM, we identify striped regions with a
periodicity of again ~2 nm. Their magnetic origin is
verified by a field-induced rearrangement. Density func-
tional theory (DFT) calculations suggest that the reduction
of the Gd coordination number from bulk over the surface
to the layered intermetallics introduces modifications to the
Fermi surface. This triggers competing exchange inter-
actions within the surface layer which are only marginally
affected by interlayer interactions and result in a conical
spin spiral (CSS) with a periodicity of 2 nm. Our data reveal
that the CSS appears at the surface when the magnetic
interactions get locally modified, e.g., due to strain or
adsorbates.

© 2024 American Physical Society
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Experimental setup—FExperiments were performed under
ultrahigh vacuum conditions (p <5 x 10~'! mbar). Pre-
paration details can be found in Refs. [29,30]. STM
measurements were performed in the constant-current
mode at a temperature T'gty = 4.5 K. The bias voltage
U is applied to the sample. A magnetic field |ugH| <3 T
along the surface normal can be applied. For magnetically
sensitive SP-STM measurements, the W tip was dipped
into Gd or gently pulsed at U > £4 V, resulting in a tip
magnetization which is canted relative to the Gd surface.
dI/dU maps were obtained by lock-in technique. For better
visibility of our STM data, the z signal was augmented by
its derivative, dz/dx [29].

Experimental results—Figure 1(a) shows the topography
and Fig. 1(b) the magnetically sensitive dI/dU map of a Gd
film with a thickness O =~ (100 £20) AL just at the
SRT from in-plane to out-of-plane. To fully comprehend
the magnetic structure displayed in Fig. 1(b), some back-
ground about the thickness-dependent domain structure of
Gd/W(110) is required.

While large in-plane domains exist at ® < @, [29],
stripe domains with an alternating predominantly upward
and downward pointing magnetization were observed for
® > O This SRT can be explained by a competition
between magnetostatic and magnetocrystalline contribu-
tions to the anisotropy energy. At low film thickness an
in-plane magnetization is favored since a magnetization
along the surface normal would cause a large magnetostatic
energy penalty. Yet, since the magnetocrystalline anisotropy
energy increases with film thickness, it dominates above
O and the film adopts an out-of-plane easy axis.

The overview magnetic d//dU map of Fig. 1(b) shows
that the nucleation of stripe domains occurs inhomoge-
neously, i.e., in some patches only, whereas the surround-
ing regions exhibit no specific contrast [31]. This is a
reassuring indication that we are in the vicinity of the SRT,
caused by the cancellation of the magnetocrystalline and
the magnetostatic anisotropy which makes the film highly
susceptible to competing ordering phenomena [32]. Indeed,
the high-resolution scan of the region within the black box
in Fig. 1(b) reveals stripes oriented along one Gd (1100)
direction [33]; see Fig. I(c). Line profiles show typical
periodicities of 1.9-2.2 nm; see Fig. 1(d). As we will derive
theoretically below, these stripes originate from a CSS state
at a magnet’s vacuum interface.

To verify the magnetic origin of these stripes, we
performed field-dependent SP-STM measurements, see
Fig. 2 and Ref. [34], Sec. III, for details. The first image,
Fig. 2(a), has been recorded in an external field
uoH = —200 mT. We find two regions (indicated by blue
loops) that exhibit stripes with a periodicity of ~2 nm.
While the stripes in region (1) are oriented parallel to the
[001] direction of the underlying W(110) substrate, they are
rotated by 60° in region (2). As the field is raised to

FIG. 1. (a) STM topography image of an 80 AL Gd(0001) film on
W(110). (b) Magnetically sensitive d//dU map obtained with a
Gd/W tip. In some areas the nucleation of stripe domains is
observed, indicating the SRT from in-plane to out-of-plane. The
surrounding Gd surface appears featureless. (c) The higher-
resolution scan taken within the box in (c) reveals that some regions
exhibit periodic stripes. (d) Line section measured along the hatched
blue line in (c). The stripe periodicity amounts to &2 nm.

—100 mT, Fig. 2(b), weak stripes (marked by two blue
arrows) on the left-hand side just outside region (1) extend
and become more pronounced. When the field is changed
to +100 mT, Fig. 2(c), the stripe orientation in (1) rotates
by 60°% see Fig. 2(d). Furthermore, the nucleation of
additional stripes just below and left of region (2) can
be observed. At +200 mT some stripes in (2) also rotate,
see blue arrows in Fig. 2(e). Since some stripes remain
unchanged we can exclude that the tip’s magnetization
direction is influenced by the external field.

Interestingly, the changes appear to be fully reversible.
The data presented in Figs. 2(f)-2(i) show dI/dU maps of
the same region, but now when the magnetic field is
reduced from +100 mT back to —200 mT, respectively.
Within the signal-to-noise ratio available here, the data
taken at the end of the hysteresis, Fig. 2(i), are virtually
indistinguishable from the initial situation, Fig. 2(a).

Calculations—To obtain material specific parameters,
we performed DFT calculations of a relaxed 10 layer and an
unsupported monolayer hecp Gd(0001) film in the gener-
alized gradient approximation [35] with a typical Hubbard
U =06.7¢eV,J =0.7eV [36], an electronic temperature of
316 K, and a lattice constant of 3.636 A. We use the full-
potential linearized augmented plane wave code FLEUR [37]
to estimate the exchange interactions. Spin spiral calcu-
lations are performed using the generalized Bloch theorem,
where spin-orbit coupling (SOC) is included in first order
perturbation theory [38]. To explore the magnetic phase
diagram, where analytic solutions cannot be obtained, we
use the spin-dynamics package SPIRIT [43].

186701-2



PHYSICAL REVIEW LETTERS 133, 186701 (2024)

..
=

e

: '_.'?. ’."J

FIG. 2. Magnetic field-dependent series of SP-STM images of a Gd(0001) surface area where two striped regions can be recognized,
indicated by blue loops (1) and (2). (a) yoH = —200 mT, (b) —100 mT, (c) O mT, (d) +100 mT, (e) +200 mT, (f) +100 mT, (g) O mT,
(h) =100 mT, and (i) —200 mT. Several field-induced changes of the stripe pattern can be observed, such as the extension of striped
regions, see arrow in (b), or a changing stripe orientation, see loops in (a), (d), (e), and (h). See Ref. [34] for details.

Theoretical results—On the basis of a minimal atomistic
spin model, we explore under which conditions a CSS
forms in the surface layer and how the cone angle and the
wave vector of the spiral depend on the DFT-derived
magnetic interaction parameters. An elemental in-plane-
oriented FM film with layers j = 0, 1, ... (j = 0 being the
surface layer) and atomic sites i = 0, 1, ... in each layer is
considered. The easy axis of magnetization defines the x
direction and the surface normal is along z. The CSS, if
present, propagates with a wave vector q = [1100] in the y
direction. The magnetic moments of size S of the atoms i in
layer j (position R; ;) are then written as

S;; = S(cosd;,sin9;sing;, ;,—sind;cos g, ;), (1)

where @; ; = q - R;; denotes the phase and 9; the cone
angle, i.e., the opening angle of the conical spiral. The
nearest-neighbor Heisenberg-type in-plane exchange inter-
action is denoted as J(.’ll) while the interaction between

7ol

layers jand j + 11is called J; ; . In each layer also a second-
nearest-neighbor exchange JEZH)

model the competition between FM and AFM exchange
leading to exchange frustration. The nearest-neighbor DMI
is denoted D It In addition, it must be considered that a CSS

is taken into account to

has to overcome a magnetic anisotropy K sin® 9, where K
is the average of the anisotropies in the hard and medium
axis [12].

In a first approximation, all nearest-neighbor exchange

constants are set, Jﬁ.llf =J; 1 = J, and assumed to be FM

J >0). JI(IZ) and D are included only in the first layer
(justification will be obtained from DFT) and reduced
quantities J?) = Jl(lz)/J, D =D/J,and K = K/J are used.
Films of finite thickness are considered, whereby FM order
for the central layers is assured by large J constants. The
results from spin-dynamics calculations are shown in Fig. 3
[34]. Evidently, large negative, i.e., AFM exchange values
of J?), or large spiralization values D are necessary to form
a CSS at the surface. Spiral formation (with smaller cone
angles) in deeper layers or reducing K lowers these values a
bit (see Fig. 3).

In the next step, parameters are explored by DFT [34]. To
obtain J, spin spiral calculations with §) = /2 and

9.0 = 0 are performed. Dg is extracted from calculations
including SOC. The results are shown in Fig. 4(a) for
q||[1100]: without SOC an energy minimum of —5.8 meV

at ¢ = 0.34 A7 is obtained, corresponding to a wave-

length of 1.9 nm. From a fit we obtain J(()T‘)‘ = 20.4 meV

and .Iéj)‘ = —10.5 meV. Their different sign denotes a
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FIG. 3. Phase diagram with the stability regions for FM and
CSS solutions for a 6 layer film obtained from spin-dynamics
simulations. The black line is obtained when the lowest 5 layers
are kept FM using J = J, = 9J, the blue lines when only the
lowest 2 layers are fixed this way, while in the second to fourth
layer J| = J, = J. Full (broken) lines are phase boundaries with

K =0.01 (K = 0.05).

competing interaction and their ratio, —0.51, is surprisingly
large, but not large enough to obtain a CSS without DMI.
The energy contribution by the DMI is x1.6 meV, and we

obtain D = D(‘l / Jé]ﬁ = 0.06. These parameters locate the

system on the FM side in Fig. 3. To analyze the exchange
interactions in the second layer, the calculations were
repeated with 8y =8, = z/2 and 9., = 0. Comparison

to the former calculations gives JE?I)I =19.1 meV and

J%)I = —4.4 meV. In addition, Jo ; = 14 meV and J| | =

11.5 meV can be extracted.

Using these parameters, a spin-dynamics calculation of a
six layer hcp film with two fixed FM central layers was
performed. Still, the solution is FM also in the topmost

layer. If, however, the exchange parameters JE)E‘)‘ and Jg |

are artificially reduced to ngf‘ and J; , i.e., by 6% and

18%, respectively, a CSS in the topmost layer (and a bit
extending to the subsurface layer) appears; see inset of
Fig. 4 herein and Fig. S12 in [34]. The source of such a
reduction could be, e.g., the strong sensitivity of J on the
lattice constant and the c¢/a ratio [44], which may be
modified by epitaxial strain, but also by the choice of the
exchange correlation functional or the value of the Hubbard
U. In conclusion, the conditions for the formation of the
CSS are in close reach.

Discussion—Given the good agreement between the
experimentally observed periodicity of the magnetic stripe
pattern and the wavelength obtained by DFT, we conclude
that Gd(0001) films grown on W(110) with a thickness just
at the SRT tend to form a CSS. While the formation is
suppressed by the magnetic anisotropy below and above
O, the film becomes highly susceptible to competing
exchange interactions in the Gd surface layer when the
various anisotropies cancel at ©.;. This delicate balance
manifests itself by the experimentally observed local
character of the CSS, cf. Fig. 1(a). It might result from
mesoscopic strain caused by the film’s complex structural
properties combined with the strong magnetovolume effect
of Gd, that cannot be fully accounted for in DFT,
potentially explaining the diverse spectrum of inconsistent
experimental results [16-21].

N ° | @) [0

| |
0 0.2 9.4 06 O 0.2 9.4 0.6
q[A™] | [T100] q[A™] | [1100]

FIG. 4. Total energy without SOC (empty circles) of a flat spin
spiral as function of q in [1100] direction induced in (a) the
surface layer of a 10 layer Gd(0001) film and (b) an unsupported
monolayer. Solid lines are fits to calculated points determining
JM and J@. The green line is a linear fit to the first four data
points (green diamonds) containing the SOC. Its slope determines
the DMI D,,. K is tiny and marked by an orange line (data taken
from [45]). Inset: schematic representation of the CSS showing
the first three Gd layers. The opening angle of the CSS is largest
at the topmost layer and weakly extends to the second layer. The
magnetic unit cell is indicated by green rectangles. (b) Calcu-
lations for electronic temperatures of 316 K (blue circles) and
1052 K (red diamonds) indicate the role of the Fermi surface.

We propose that the intriguing observation of an order of
2 nm spin spiral wave formation, consistently observed in
all skyrmion-forming Gd intermetallics and for the Gd
surface, is inherently tied to the two-dimensional nature of
the Gd layer within these compounds. To substantiate this
conjecture, we adopt a drastic approximation, evaluating
the total energy of spin spiral states as function of the q
vector for an unsupported Gd(0001) monolayer sharing the
same lattice constant as bulk Gd. Our findings for two
electronic temperatures, depicted in Fig. 4(b), reveal a spin
spiral ground state along the [1100] direction with a weakly
temperature-dependent pitch and a temperature-dependent
energy gain. The pitch varies from 2.1 nm at low (blue line,
316 K) to 2.9 nm at high electronic temperature (red line,
1052 K). The strong dependence of the energy gain on the
electronic temperature prescribed by the Fermi-Dirac dis-
tribution for electron-hole excitations evidences that the
competing exchange interaction is a consequence of the
two-dimensional Fermi surface with its fundamental link to
a strong RKKY mechanism [13].

Summary—In summary, we observed the local forma-
tions of magnetic stripes with a 2 nm periodicity at the
Gd(0001) surface by SP-STM. DFT reveals a relatively
large ratio of the AFM next-nearest to FM nearest-neighbor
coupling, also favoring a 2 nm spin spiral. Our results
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indicate that the coupling to the bulk is overcome by local
modifications of the magnetic properties, e.g., due to strain
caused by the underlying substrate. The conical spin spiral
becomes a precursor of the skyrmion lattice if the magnetic
field is strong enough to unwind the spiral. Reducing the
competition of the external field and the exchange field
from the Gd bulk motivates the design of artificial Gd
intermetallics, e.g., Gd|Y|Gd bulk or Gd|RuAl|Gd bulk,
where the thickness of the interlayers can be optimized for
the nucleation of exchange-stabilized skyrmions. Gd forms
layered centrosymmetric ternary intermetallics with pro-
pensity for AFM order [13] that belong to 13 crystal
families. We speculate that many of those will exhibit spin
spiral waves and skyrmions of 2 nm pitch at bulk and
surface.
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