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Critical behavior and exchange splitting in the two-dimensional antiferromagnet Mn on Re(0001)
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We investigated the temperature-dependent electronic structure of the antiferromagnetic fcc-monolayer Mn
on Re(0001) using vacuum-ultraviolet momentum microscopy. At T = 25 K the collinear, row-wise antiferro-
magnetic phase of the Mn monolayer results in a spin splitting of states. Density-functional theory, being in good
agreement with the experimental results, reveals the spin and orbital projection of the observed electronic bands.
The exchange split bands shift in opposite directions with increasing temperature, decreasing the exchange
splitting of a pair of itinerant bands from 280 &+ 10 meV at 25 K down to 185 &+ 10 meV at the Néel temperature
Ty =755 K. The exchange splitting remains constant for 7 > Ty. The persisting exchange splitting is
attributed to a remaining short-range, fluctuating antiferromagnetic order far above 7y.

DOLI: 10.1103/PhysRevB.107.144424

I. INTRODUCTION

Antiferromagnets have attracted scientific interest as ac-
tive materials in spintronics [1-3]. Thereby, the orientation
of the sublattice magnetization acts as an information car-
rier, where the anomalous magnetoresistance effect enables
readout. Electrical currents allow a manipulation, i.e., writ-
ing, of the sublattice magnetization as has been demonstrated
for CuMnAs [4-6] and Mn;Au [7-11] and attributed to the
electronic structure [12].

The strong progress in active antiferromagnets also re-
newed the interest in the origin of magnetic order in
antiferromagnets depending on dimensionality and localiza-
tion of magnetic moments [13]. In the past, the effort to
improve our understanding of finite-temperature magnetic
order has mainly focused on ferromagnets. In the case of
itinerant ferromagnets such as Fe, Co, and Ni, the tempera-
ture dependence of magnetic order has been explained by a
one-electron finite-temperature band theory, known as Stoner
theory [14,15]. The Stoner theory considers an exchange split-
ting A, defined as the energetic difference between majority
and minority spin bands. According to the Stoner theory, A
decreases with increasing temperature until it collapses at the
Curie temperature simultaneously with long-range magnetic
order. The Stoner theory simplifies the temperature depen-
dence of electronic states to rigid band shifts of quasifree
electrons, a condition that is obviously not fulfilled by the
narrow energy d bands that are responsible for magnetism in
real itinerant ferromagnets. Instead, strong correlation effects
have to be considered, which are included in the framework
of the local-band theory by local moments that remain con-
stant but exhibit transverse fluctuations (Heisenberg model)
[16]. Within the local-band theory, short-range spin order
persists even above T¢ although long-range spin order is lost at
the ferromagnetic-paramagnetic phase transition [17]. Indeed,
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transverse spin fluctuations have been observed on Ni(110)
[18]. More recently, dynamical mean-field theory captures the
persistent local magnetic moments above T¢ in 3d ferromag-
nets using ab initio methods [19].

It is now widely accepted that the question whether or not
the exchange splitting collapses in itinerant ferromagnets at or
above T¢ substantially depends on the degree of localization
of the considered electron bands, which has to be compared
with the size of regions that exhibit short-range spin order
[20]. The analog basic information for antiferromagnets has
not been directly addressed [21]. A collapse of the exchange
splitting at the Néel temperature Ty has been measured for an-
tiferromagnetic MnBi,Te, [22,23]. Local moment lanthanide
antiferromagnets show a residual splitting above Ty [24-26]
and in the case of Tb for the 5d,-derived delocalized state, too
[20].

Here, we focus on the itinerant two-dimensional antiferro-
magnet fcc-Mn/Re(0001), for which the collinear, row-wise
antiferromagnetic order has been previously confirmed us-
ing low-temperature scanning tunneling microscopy [27]. The
present paper reports the temperature-dependent exchange
splitting in the antiferromagnetic monolayer Mn/Re(0001)
across Ty = 75 K measured by momentum microscopy. Lo-
cal density approximation theory reveals the spin and orbital
character of the exchange-split bands in this system. The
temperature-induced power-law reduction of the exchange
splitting hints at a mixed behavior exhibiting characteris-
tics of both the Stoner model and Heisenberg model. The
persisting exchange splitting above 7Ty is a clear signa-
ture of a magnetic coherence length exceeding 3d band
localization.

II. EXPERIMENTAL AND THEORETICAL METHODS

The Mn/Re(0001) samples have been prepared and inves-
tigated in situ in ultrahigh vacuum. We cleaned the Re(0001)
surface by cycles of annealing in an oxygen atmosphere of
5 x 1077 mbar at 1400 K and flashing at 1800 K followed

©2023 American Physical Society
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FIG. 1. Momentum microscopy of 1 ML Mn/Re(0001) (hv = 21.2 eV) for (a)-(d) T = 25 K and (e)-(h) T = 300 K. (a), (e) Constant
energy maps I(Eg, k., k,) at Eg = 60 meV. (b), (f) Band dispersions I(Ep, k. = 0, k,) shown as sections Ep vs k,. (c), (g) Corresponding band
dispersions along k. (d), (h) Cut three-dimensional representations of the I(Ejp, k, k,) data array. [See magnified images (a) and (e) in the

Supplemental Material [29]].

by a final flash at 1800 K as described in Ref. [28]. Ultrathin
Mn layers have been grown by molecular beam epitaxy on
the clean Re(0001) surface and annealed at 500 K. Mn grows
on Re(0001) almost exclusively in fcc stacking [27]. The
monolayer completion has been determined from the onset
of Mn double layer states in the photoemission spectra (see
Supplemental Material [29]).

For the photoemission experiments we used a single-
hemisphere momentum microscope [30]. Photoelectrons were
excited by He 1 light from a He discharge lamp (hv =
21.2 eV). The energy resolution has been set to 50 meV. The
3D I(Eg, ky, ky) photoemission intensity arrays (Ep denotes
the binding energy, and k. and k, the surface parallel mo-
mentum components) covering the full emission half space
are recorded as a series of full-field images in energy steps
with increments of 20 meV. To optimize the recorded inten-
sity, we applied the large angular filling mode [30] resulting
in a significant nonisochromaticity (e*> term). The parabolic
dependence on the k, (dispersive) coordinate allows its numer-
ical correction on the recorded data arrays. The probed sample
area is about 0.03 mm?. The intensity arrays for analyzing
their temperature dependence were acquired for 90 s each
during slowly cooling the sample.

Our theoretical calculations are based on density-
functional theory (DFT) within the projector augmented-wave
(PAW) [31] method as implemented in the VASP code [32,33].
We have performed spin-polarized calculations using Wigner-
Seitz radii for the elements, i.e., RIYAVE = 1.32 A for Mn and
Rl‘{’veS = 1.43 A for Re. As lattice parameters we used anny =
2.78 A, c = 4.49 A, which were taken from Ref. [34] ob-
tained via DFT within the generalized gradient approximation
(GGA). Films with fcc stacking of the Mn monolayer were

structurally relaxed using the GGA exchange-correlation (xc)
potential [35] in the row-wise antiferromagnetic state using
a asymmetric film consisting of 20 Re(0001) layers with a
Mn layer on top. The five uppermost layers were relaxed in
the z direction, where the bulk reference is ¢/2 =2.24 A.
We used 36 x 20 x lk points in the irreducible wedge of the
two-dimensional (2D) Brillouin zone (BZ) and a plane-wave
basis set cutoff of E.x = 350 eV. We have used a (2 x 1)
supercell in order to design the row-wise antiferromagnetic
state. We have used the VASPKIT [36] code to unfold the band
structure that arises due to the use of the (2 x 1) supercell.

II1. RESULTS

The experimental results shown in Fig. 1 reveal the dif-
ference of the band structure measured at 25 and 300 K. At
25 K, the constant energy map at the Fermi energy in Fig. 1(a),
I(EF, k¢, ky), shows the sixfold structure in reciprocal space
resulting from an averaging over antiferromagnetic (AFM)
domains with three possible directions of the sublattice mag-
netization. A double-circular pattern with a radius of 0.65 A~!
is marked by the red dotted lines. The dispersion [Figs. 1(b)
and 1(c)] of these states indicates an electronlike character
with a velocity of 2 eV A, being almost independent on the
parallel momentum. The ring structure 7 in the center resem-
bles the Tamm surface state of the bare Re(0001) surface but
the diameter is considerably reduced (0.14 A~! compared to
0.3 A~! for clean Re) [37].

At 300 K, one observes changes in comparison to the
data measured at 25 K. The splitting of the circular pattern
decreases [Fig. 1(e)]. Yet, the dispersion of this split state
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FIG. 2. (a) Sketch of the experimental geometry and the
fcc-Mn(111)/hep-Re(0001) monolayer with indicated row-wise an-
tiferromagnetic structure. (b), (c) Local density of states (LDOS)
for spin-up (positive) and spin-down (negative) states vs E — Ep =
—Ej, orbital projected on a Mn sublattice atom (b) and neighboring
Re atom (c).

appears similar as in the low-temperature state. In contrast,
the smaller central ring has not changed at all.

Due to the Kramers degeneracy in antiferromagnets, spin-
resolved momentum microscopy cannot identify the subband
spin character for a specific sublattice. Instead, we performed
ab initio calculations to reveal the spin character of the
bands.

For the ab initio calculations we assumed the collinear
row-wise antiferromagnetic magnetization structure of the
fcc-Mn/Re(0001) monolayer in one out of three magnetic
domains, as confirmed experimentally in Ref. [27] [see
Fig. 2(a)]. Performing an orbital projection of the local density
of states on one of the two magnetic Mn sublattices and
neighboring Re atoms, we find local moments of 3.43up for
the Mn atom and 0.076up for the neighboring Re atoms [see
Figs. 2(b) and 2(c)]. The exchange splitting of localized Mn
states amounts to ~4 eV.

Figure 3 directly compares experimental low-temperature
data and theoretical data along the high-symmetry direction
T-K, which reveals the most prominent temperature-induced
change of the band structure (see Supplemental Material
[29] for the T-M direction and alternative data represen-
tation). The color-coded calculated spectral weight nicely
agrees with the experimentally observed photoemission inten-
sity distributions. The overlaid spin character reveals a pair of
exchange-split states crossing the Fermi level near k, = 0.6
A~ with positive Fermi velocity. The marked pair, AT and
AV, relates to the split band pair discussed above (indicated as
red dotted lines in Fig. 1). Both subbands merge into the band
T that crosses Er near k, = 0.15 A1 with a negative Fermi
velocity.

The remaining differences in the intensities of experimen-
tal and calculated bands are attributed to matrix-element-
induced variations of the photoemission probabilities, which
are not included in the calculations.

To quantify the temperature-induced changes of the elec-
tronic structure, we performed an analysis of intensity profiles

Eg (eV)

-0.4 0.0 04
k, (A1)

FIG. 3. (a) Comparison of experimental and theoretical data
along the T'-K path. Left panel: Theoretical data in the k-resolved
band density of states representation (color-coded intensity), over-
laid by the density of summed orbitals located at the Mn atom,
where the dot position indicates the eigenvalue and the dot size the
spectral weight. The blue/red color indicates the two opposite spin
states. Colored profiles and marks A", At indicate the exchange-split
band pair analyzed for their temperature dependence. Right panel:
I(Eg, k,) map measured at 25 K and mirrored marks for the same
pair of bands as for the theory data. (b) Magnified detail of (a).
The blue/red dots denote the majority and minority band character,
respectively, projected onto atomic orbitals. The size of the dots
denotes the spectral weight of the projection.

across the split ring structure. The intensity maps depicted in
Figs. 4(a)-4(c) have been measured for constant sample bias
voltage set to a value that electrons excited at the Fermi energy
at k, = 0 are detected. Intensity profiles averaged over the
indicated areas in Figs. 4(a)—4(c) are depicted in Fig. 4(d). The
profiles are fitted with two Gaussian peak functions (account-
ing for profiles dominated by the experimental resolution)
with fixed full width at half maximum of 0.12 A~! (solid
lines) and a slowly varying function (dashed) to fit the back-
ground intensity. The five free parameters of the fit are the
amplitude and the center of the two peaks and the amplitude
of the background function. Restricting the fit to equal peak
heights, as expected for exchange-split bands, has a minor
influence on the peak positions. Similar fits were performed
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FIG. 4. (a)—(c) Selected I(k,, k,) maps measured for constant
sample voltage at the indicated temperatures. See Supplemental Ma-
terial [29] for more profiles. The binding energy varies along k.
(d) Intensity profiles along the lines indicated in (a)—(c). Solid lines
correspond to fits with two Gaussian functions and a background
function. Positions of the peak maxima are indicted.

for all data sets acquired during cooling (see Supplemental
Material [29]).

The statistical noise results in the error bars as shown in
Fig. 5. Besides the statistical error, systematic errors may
originate from the varying background and local variations,
which are most likely caused by an imperfect correction of
the detector response function. These variations cause devia-
tions of the fit curve from the data. The ratio of the intensity
peaks of the exchange-split bands varies with temperature,
which is unexpected. This is explained by an increase of the
background function that in turn increases with decreasing
temperature. The varying background may result from the
additional minority bands accompanying minority band A at
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FIG. 5. Exchange splitting A« on the energy and Ak, on the
momentum scale as a function of temperature. The solid line cor-
responds to a fit to the function A (T) = Aex(TN) + Aex(0)(1 —
T /Tx)? with the critical exponent 8 = 0.5.

smaller parallel momentum, which shift to larger momentum
with increasing temperature due to the decrease of the ex-
change splitting and thus gradually shift into the fit window.
An alternative explanation would be the adsorption of residual
gases during the slow cooling process resulting in a nonstruc-
tured background with higher intensity near normal emission.
The monotonous increase of the background with decreasing
temperature rather points to surface contamination than to a
result of the temperature-dependent exchange splitting, yet the
statistical evidence is insignificant.

From the difference of the center positions, we determine
the splitting value Ak, along the k, axis. From the constant
energy maps, one can deduce that Ak is independent of the
momentum direction. The exchange splitting on the energy
scale results from A x = ¢ Akex. Because ¢, is independent
on temperature, A is proportional to Akex.

The temperature dependence of A, (and Ak ) is depicted
in Fig. 5. At the lowest temperature (14 K), we obtain A¢ =
300 meV. A continuously decreases with increasing temper-
ature and assumes a value of 185 meV at 75 K. For higher
temperatures, A¢, remains constant. A fit of this temperature
dependence with the critical function A — const P, with
t = Tx — T /Ty reveals the critical temperature for the antifer-
romagnetic phase transition, the Néel temperature 7y = 75 K.
The critical exponent from the fit amounts to 8 = 0.51”8:??
(see Supplemental Material [29] for the determination of the
critical exponent).

IV. DISCUSSION

It is useful to discuss the observed temperature depen-
dence of the antiferromagnetic exchange splitting in view of
previous results obtained for two-dimensional ferromagnets
[38—40]. The observation that A does not vanish at Ty but
exhibits a constant value above Ty indicates a short-range
antiferromagnetic order persisting up to at least 300 K. A
similar behavior has been found for the rare earth ferromagnet
Gd [20]. In contrast, the phase transition to a helical magnetic
order results in a continuous reduction of A. [20,41,42].
Hence, we conclude that for Mn/Re(0001) the collinear an-
tiferromagnetic state is stable even in the fluctuating phase
above Ty. For the itinerant ferromagnet Ni, it has been ob-
served that the exchange splitting decreased to zero by heating
the sample above the Curie temperature [43]. Time-resolved
photoemission experiments revealed a major influence of
electron-magnon scattering for provoking this collapse [44].
Hence, the persistence of a significant exchange splitting well
above Ty hints to an emerging collective behavior of valence
electrons in Mn/Re(0001) beyond observations for itinerant
ferromagnets [19,44-49] and even beyond local moment order
in lanthanides [20,26] (see Supplemental Material [29] for
details). Note that we observed a persistent exchange splitting
for highly dispersive states in contrast to states at high-
symmetry points with vanishing group velocities as in most
previous studies. Thus, in comparison to ferromagnetism,
antiferromagnetic order increases the magnetic moment local-
ization behavior.

Alongside with the splitting, the critical exponent yields
important information. In the case of leading ferromagnetic
interaction, Monte Carlo simulations of the two-dimensional
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Ising model results in 8 = 1/8, even if next-nearest-neighbor
interactions are antiferromagnetic [50]. The theoretical value
for the two-dimensional ferromagnetic XY model is g =
1/4 [51]. For leading antiferromagnetic order on a hexag-
onal lattice the critical behavior is more complex because
of frustration. For a hexagonal lattice a simulated value of
B = 0.3 has been reported [52,53]. All these models do
not agree with the experimental value. The proposed mean-
field universality class behavior [54] requires long-range
exchange interactions. It is unlikely that these prevail in a Mn
monolayer.

Finally, a renormalization-group study revealed that for the
case of hexagonal symmetry chirality is a relevant operator
associated with a new critical exponent [55]. In this case,
one obtains 8 = 0.5 [52], in good agreement with our exper-
imental result. A similar critical exponent has recently been
measured in a three-dimensional layered system [10,22].

V. CONCLUSION

In conclusion, we have investigated the temperature-
dependent surface electronic structure of the antiferromag-
netic fcc-monolayer Mn on Re(0001) by means of momentum
microscopy with 21.2 eV excitation. The prominent band
(band A) is isotropic in (ky, ky) and shows an exchange
splitting of 280 meV in the ground state that is reduced to
185 meV at T > Ty = 75 K. Low-temperature experimental
data are in good agreement with density-functional theory.
Theoretical results predict an exchange splitting of localized

Mn bands of ca. 4 eV. The exchange splitting of itinerant
Mn bands is an order of magnitude smaller both in the
low-temperature experiment and theory. The agreement of ex-
periment and theory establishes the temperature-dependence
of A as a measure for the antiferromagnetic order
parameter.

Temperature-dependent measurements reveal the variation
of Aex(T). In agreement with the Stoner theory, A de-
creases when increasing 7. In contrast to the Stoner theory
A remains finite and constant above 7Ty. This behavior
can be understood from the short-range spin order persist-
ing above the Néel temperature. The critical behavior of
the temperature-dependent part of A.x agrees better with
renormalization-group theory using chirality as a relevant
operator [55] than with a pure (Heisenberg-like) antiferromag-
netic phase transition.
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