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Abstract

Altermagnets are unconventional spin split magnets arising from the zero spin-orbit coupled
limit. They host a magnetic multipolar order parameter yet direct real-space observation of these
multipoles has remained elusive. Here we use polarized-neutron di raction to reconstruct the
three-dimensional magnetization density of the prototypical altermagnet MnFs. By exploiting
symmetry-selective magnetic re ections, we separate the dominant spherical Mn?* contribution
from the much weaker anisotropic Mn magnetization and the covalent spin polarization of the

uorine ligands. The reconstructed spin density reveals a nite uorine ion moment together with
an anisotropic Mn magnetization consistent with the symmetry-allowed altermagnetic rank-5 mag-
netic multipole Os2(magnetic triacontadipole). These results provide direct real-space evidence of
ferroic multipolar order in an altermagnet and establish polarized-neutron di raction as a powerful

probe of hidden magnetic multipoles in quantum materials.

I. INTRODUCTION

Altermagnets are a class of compensated collinear magnets with spin-split electronic
bands allowed by their special magneto-crystalline symmetries [1{5]. Unlike simple anti-
ferromagnets, the magnetic sublattices of altermagnets are connected by lattice rotation
or mirror operations. In the zero spin-orbit coupling limit where altermagnetism is most
cleanly de ned, the electronic bands have the spin projection as a good quantum number and
magnons have a well-de ned chirality and both exhibit a spin reversal under the same point
group operation that swaps the magnetic sublattices [1{3, 5]. The nature of the anisotropic
momentum space spin-splitting lends itself to a natural classi cation into d-wave, g-wave
and i-wave systems. The magnetic anisotropy of altermagnets combined with magnetic
compensation are very attractive for potential spintronics applications in real materials as
spin-orbit coupling may only weakly perturb the principal zero spin-orbit coupling e ect [6].

To date, several altermagnetic materials have been characterized as such via transport
measurements and spectroscopy [7] for example in the now canonical examples MnTe [8{
12] and CrSb [13{17]. Here we focus on the magnetic insulator MnF,. Altermagnetism
in this material has been characterized through direct visualization of the opposed spin
polarizations of the magnonic bands using polarized inelastic neutron scattering [18].

The magnetic anisotropy of altermagnets in momentum space is the momentum space
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realization of some distinctive local order parameter. While the staggered magnetization is a
common order parameter in all altermagnets, it typically has the feature that the magnetic
sublattice considered alone has a higher non-altermagnetic symmetry than that of the full
magneto-crystalline structure. Therefore, any local order parameter respecting the alter-
magnetic symmetries must be some kind of multipole [2, 3, 19{22]. In practice, one may
construct such multipoles directly from clusters of several atomic sites [3, 19]. However, rst
principles calculations on MnF, revealed a distinctively altermagnetic multipolar contribu-
tion in the form of speci c ferroic multipoles in the local magnetization density [20]. Such
ferroic multipoles generalize to all altermagnets inherited from the pristine zero spin-orbit
coupled limit [21{23]. While all altermagnetic properties could be viewed as being tied to
such multipolar order on symmetry grounds, it is of interest to image the multipoles directly.

Building on earlier work on MnF, [24, 25] in this work, we employ polarized neutron
di raction (PND) to reconstruct the full three-dimensional magnetization density of MnF,
in real space. This technique is uniquely suited to probing very subtle magnetic features,
revealing both the radial extent of the unpaired electrons and deviations from spherical
symmetry, as well as covalent spin density transferred to ligand atoms. Using high perfor-
mance PND di ractometer D3 at the ILL and newly developed software based on magnetic
space-group theory, maximum entropy method (MEM) and multipole analysis [26], we quan-
titatively determine the covalent spin density on the uorine ligands. We further analyze the
anisotropy of the Mn spin density, giving evidence for the altermagnetic multipolar order in
this compound.

Although polarized neutron di raction has proven highly e ective for ferro- and ferri-
magnets, it has rarely been applied to compensated magnets [27]. In these latter systems, a
measurable polarization dependence arises only under the conditions that magnetic atoms
carrying opposite spins must be related by a symmetry element of the space group other
than a lattice translation or inversion symmetry [22, 28, 29]. These are precisely the nec-
essary conditions for altermagnetism making them excellent candidate materials for further
investigation using polarized neutrons.

We organize the paper as follows. In the following section (Section I11), we brie y intro-
duce the polarized neutron di raction technique and some of the speci cs of the MnF, exper-
iment. Section 11 A introduces the symmetry-allowed multipoles in MnF,. We then present

results of the di raction experiment. On the basis of these results we show (Section I11B)
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that, in addition to spontaneous moments being present on the magnetic manganese ions,
the uorine moments in MnF, are also magnetically ordered in such a way that re ects
the underlying altermagnetic symmetries. We point out that the uorine moments make
a contribution to a magnetic multipolar order parameter connected to the altermagnetism.
Then, in Section 111 C we show results of a maximum entropy t to obtain the microscopic
magnetization density within the unit cell. This then provides (Section 111 D) evidence for
the presence of asphericities of the magnetization density around the manganese ions that
contribute to altermagnetic multipolar order parameters. We comment on plausible im-
plications of these magnetization densities for the altermagnetic exchange pathways in the

supplementary material 1V.

1. METHODS

Polarized neutron di raction was carried out on a high quality single crystal of MnF,
on the D3 spectrometer at the ILL facility. The measured scattering intensity has three
contributions of interest /* = I, + I, + I, the rst term originating from the nuclear
structure and the second from the magnetic structure. These two terms are time reversal
even. The third term is the nuclear-magnetic interference term. Unlike the rst two terms, it
depends on the incident neutron polarization reversing sign when the polarization is ipped
or when the intrinsic moments are reversed. For the experimental re nement it is useful to
introduce the ipping ratio R = /I~ and asymmetry parameter As = (I™ — [7)/(IT +
I7) =21/, + I,) — the latter providing direct insight into the polarization dependent
interference term relative to the remaining contributions to the intensity.

In MnF, it is useful to separate out contributions from the even (h+k+1 = 2n) and odd
re ections (h+k+[ = 2n+1). For the nuclear structure on its own, the manganese sublattice
contributes only to the even re ections while uorine nuclei contribute to both. Turning to
the magnetic signal, the simple antiferromagnetic structure on the Mn sites (the spherical
Mn contribution) is the dominant contribution and appears only in the odd re ections but
in both 7., and I,,,. The magnetic contribution to the even peaks belongs to any covalency
on the uorine sites and any asphericity on the manganese sites. Therefore the even peaks
are of particular interest in connection to altermagnetism.

The magnetic structure of MnF, supports two 180° antiferromagnetic domains, distin-
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guished by the sign of the Neel vector N, and denoted N... In order to make use of the neu-
tron polarization it was necessary to achieve a majority single-domain state. Field-cooling
at 1 T yielded a nearly single-domain state (98% N_), with the Neel vector antiparallel
to the applied eld. A separate eld cooling experiment down to 6 T inverted the domain
population relative to the rst experiment, yielding approximately 86% of the N, domain
consistent with earlier observations [30]. For further details of the domain selection see the

supplementary section.

I1l. RESULTS AND DISCUSSION
A. Characterization of altermagnets through multipolar order

Altermagnets are collinear compensated magnets with a net staggered magnetization
N = Ma — Mg where M, is the magnetization on sublattice / = A, B. Taking into account
the full magneto-crystalline symmetries and assuming that the magnetic order does not
break lattice translation symmetry, altermagnetism is characterized by N transforming as a
1D non-trivial irreducible representation of the point group of the lattice. Looking for order
parameters at zero spin-orbit coupling with identical transformation properties one nds in

all altermagnets a multipolar order parameter of the form
Z

Omym, = @F[rm, - .. 7m,JM(r) (1)
where [...] is a real space multipole and m(r) is the rotationally symmetric local magneti-
zation density. As this transforms like the Neel order parameter (once all nonmagnetic sites
are included) [21], cooling through Ty also leads to a nonzero expectation value for this
multipole.

In other words, each local moment is associated with some generally aspherical local mag-
netization density that can be expanded in time odd multipoles. Among allowed multipoles,
there is one ferroic multipole (preserving sign from one magnetic sublattice to another),
to leading order, whose intrinsic transformation properties directly capture the magneto-
crystalline symmetries.

For example, MnF,, (characterized by magnetic space group P4,/mnm’) contains two
magnetic sublattices with equal and opposite moments related by a four-fold rotation around

the axis of the moment, time reversal and translation. In the presence of magnetic

111
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anisotropies that pin the local moments along the ¢ axis the Landau theory leads to an
xym, multipole to leading order in the multipole expansion [20] descended from the zym
multipole coming from the spin-orbit free limit. This multipole respects the altermagnetic
symmetries. Combining the real space and magnetic components gives a single magnetic
multipole with O3, character. This notation for the multipoles generalizes to Oy,. For this
instance, [ = 3 means that the object is an octupole while m = 2 speci es the components
(xz+iy)>m,. The multipole is time reversal odd and is therefore magnetic. Later in this work,
we shall see that a symmetry-allowed multipole of higher order — zyz?m, — is important
in MnF,. The existence of this multipole, Os,, like that of its lower order counterpart
Os,, captures altermagnetic symmetries in a local order parameter. Below we discuss other

symmetry-allowed multipoles in MnF,.

B. Polarized neutron di raction

An initial re nement of the ipping ratios R was performed within the CRYSPY soft-
ware [26] on the 1 T dataset assuming that the magnetization resides solely on the Mn
sites and follows the spherical Mn?* free-ion form factor [31]. The odd re ections exhibit
very large ipping ratios and are therefore sensitive to extinction and multiple scattering.
These e ects were minimized by using a thin plate-shaped sample and by applying extinc-
tion corrections. Extinction corrections have a negligible e ect on the even re ections. This
model yielded a Mn moment of m,;, = —5.18(4) ug but produced a poor agreement fac-
tor (x? = 63.4), with the largest discrepancies occurring for the even re ections. These
re ections are particularly sensitive to magnetization on the uorine sites, indicating that a
purely Mn-centered model is insu cient as concluded in Refs. [24, 25, 30].

Introducing a collinear moment on the uorine atoms can be done without breaking the
P4, /mnm’ magnetic symmetry. The symmetry xes the uorine moments to the pattern
characteristic of altermagnetic ordering: the four-fold screw axis reverses the ligand moment
and the inversion symmetry xes the moments of other two uorine sites. Allowing for a

nite uorine moment dramatically improved the re nement, reducing the agreement factor

to x? = 5.58 and yielding

My = —=5.18(2) ps,  mp = 0.028(1) pg. )
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FIG. 1. Magnetic structure of MnF,. Antiferromagnetic arrangement of Mn moments at 1 T,
including the small but nite ligand spin polarization on the uorine sites. The four-fold screw axis
reverses the ligand moment, a hallmark of altermagnetic symmetry. The moments on the uorine

ions have been multiplied by a factor 100 to make them more clearly visible.

This re nement reveals a small but clearly resolved uorine moment antiparallel to the
nearest neighbor Mn moment giving quantitative con rmation of the result in Ref. [24] and
also supported by recent rst principles calculations [4]. The re ned magnetic structure for
the N_ domain at 1 T is shown in Fig. 1. This result for the uorine moment is consistent
with the bound given in Refs. [24, 25].

The 6 T dataset was analyzed in the same manner, with the domain population included
as a re nement parameter. The re nement con rmed that after crossing the spin- op tran-
sition the domain balance was inverted, with 86(2)% of the sample in the N, domain.
Neglecting the uorine moment again led to a poor t (x? = 34.5), whereas including it

produced an excellent agreement:

My = 5.14(2) e, mp = —0.028(2) us, )

with y? = 4.17 and the expected sign reversal.

The inversion of the uorine moment under the four-fold screw axis is a direct mani-
festation of altermagnetic symmetry. Moreover, the ensemble of the four uorine magnetic

moments in the unit cell forming an octahedron around Mn ion can be viewed as a cluster
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(k = 0) magnetic octupole [32, 33] expressed as

X
O3(k=0) = TiF Yi:F MG 4)

i=1
Such octupolar order is expected to induce an asphericity of the Mn spin density, which
in turn may contribute to the odd magnetic re ections. To quantify the Mn spin-density
asphericity, a more powerful approach is required; we therefore turn to a maximum-entropy-

method (MEM) reconstruction. For further details see the supplementary material.

C. Maximum Entropy Method

For collinear magnetic structures with real nuclear structure factors Fy, the solution of
equation for ipping ratios given in Method section yields the magnetic structure factors
M (k), which are the Fourier coe cients of the longitudinal magnetization density in the
unit cell, 7

MK = m(r)e*" . (5)

cell

A classical Fourier inversion of these coe cients, or a more sophisticated reconstruction
using the Maximum Entropy Method (MEM), provides direct real-space information on the
magnetization density. MEM is known to yield substantially cleaner real-space densities
than conventional Fourier syntheses by suppressing noise and truncation artifacts.

For this work, we developed a MEM procedure adapted to antiferromagnets. It is similar
in spirit to the two-channel approach developed in Ref. [34], but incorporates the full mag-
netic space group and allows constrained magnetic moments in the asymmetric unit [35].
The re ned Mn and F moments, zn, = —5.18 ug and pp = 0.028 g, were assigned to two
independent positive density channels, respectively.

To test for asphericity in the Mn spin density, the MEM reconstruction was performed
using a deliberately unfavorable, non-uniform prior [34]. This prior consists of spherically
symmetric magnetization densities centered on the Mn and F sites, constructed analytically
from the re ned moments and the radial integrals obtained in the least-squares re nement.
Because this prior is strongly biased toward spherical densities, any asphericity emerging in
the MEM solution must be supported by the experimental data.

Figure 2a,b show the reconstructed three-dimensional spin density for the 1 T dataset at

2 K. Despite the spherical prior, the reconstruction robustly reveals two features: a nite
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FIG. 2. Spin density reconstructed by MEM projected on the basal plane (a) and in three dimen-

sions (b) at 2 K and 1 T. Spin density deformation map of the 1 T dataset obtained by subtraction
of Mn spherical contribution, demonstrating the multipolar character of the Mn spin distribution
(c). Model spin density obtained by multipole re nement of the 1T dataset projected on the basal
plane described in the main text (d) and in three dimensions (e) showing the uorine density
exhibiting a p,-like character. Model spin density after subtracting the dominant spherical Mn
contribution revealing ferroic order of the Oz, rank-5 magnetic multipole (f). Isosurface level of

0:02 B=A3 is shown in all gures.

uorine spin density and a slight asphericity of the Mn magnetization.

MEM analysis of the 6 T dataset yields a nearly identical spin-density distribution, apart
from the expected overall sign inversion associated with the domain reversal (see [36]). Thus,
within experimental precision, the application of a 6 T magnetic eld does not produce
detectable changes in the magnetization density.

The aspherical component of the Mn moment, £%,,,, and the ligand spin density arising
from p-d hybridization are expected to be small. By subtracting the spherical part of the
Mn spin density from the MEM reconstruction, we obtain the deformation density shown in

Fig. 2c. The deformation map con rms the unbalanced, opposite spin polarization on the

9



ligand sites and reveals, rather than a pure octupolar pattern, a more complex multipolar
distribution with zero net magnetic moment at the Mn site, yet still compatible with ferroic

multipolar ordering.

D. Multipolar Ordering

The magnetic octupoles that constitute the next term in the magnetic multipole expan-
sion beyond the dipolar and magnetoelectric multipoles may be induced by an external
magnetic eld or arise spontaneously from the internal molecular eld in magnetically or-
dered compounds. In d-wave altermagnets such as MnF,, they represent the lowest-order
ferroically ordered magnetic quantity and serve as the natural order parameter for the tran-
sition into the altermagnetic state [20, 21]. Density functional calculations show that the

rst allowed magnetic multipole in MnF, with the altermagnetic symmetries is the ferroic
magnetic octupole of O3, symmetry, with real-space form zy m, [20].

The presence of such an octupole implies a slight deviation of the Mn magnetization
density from spherical symmetry. Because these local deformations respect the magnetic site
symmetry, they cancel when averaged over the Mn positions. To quantify the asphericity, we
employ a multipole-expansion formalism. We expand the density of an atom p, as a product
of a radial function R,(r) and real spherical harmonics Y,. Then the magnetisation density

at a given point is calculated as a sum of m,p, over all magnetic atoms in the unit cell

> > ,
pa(r) = R|2;a(7’) Pim;a Yim 7 (6)

1=0 m=—1
where Y, are normalized real spherical harmonics. The local coordinate system is chosen
with z || ¢ and z || [100]. Slater-type radial functions were used for Mn and F. The resulting
magnetic form factor, 7
fa(K) = pa(r) e’ "ar, (7)
is then inserted into the general expression for the neutron cross section given in Eq. 12 in
the supplementary section.
To identify the symmetry-allowed magnetic multipoles, we analyzed the Mn site sym-
metry, (Don), generated by the operations Co; o017, Co;pi105, and inversion. Up to (1=4), the
invariant basis functions are 22, xy, 352* — 3022 + 3, and 2xy(72% — 1), corresponding to

the spherical harmonics Ya, Y2 9, Yio, and Yy 5. The Y5. 5 and Y,._» contributions lead,
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respectively, to the symmetry-allowed magnetic multipole order parameters O3z, < xym,
and Os, o xyz?m; both of which are constrained to be ferroic by the magneto-crystalline
symmetries. In the preceding discussion we have focussed on multipoles with altermagnetic
symmetries in m, but multipoles in other components my, my are also expected to arise [37].
The experimental results presented here are not sensitive to these noncollinear multipoles
that would also be interesting to probe using polarized neutron scattering.

All collinear symmetry-allowed multipoles were re ned against the 1 T and 6 T polarized-
neutron di raction data. The results for the 1 T data set are summarized in Table I. A
re nement including only the spherical Mn magnetic form factor (Model 1) accurately repro-
duces the odd re ections, con rming that these re ections are insensitive to the aspherical
component of the magnetization density. In contrast (see below), the even re ections re-
quire progressively higher-order multipolar terms, demonstrating that they directly probe

the anisotropic spin density associated with ferroic multipolar order.

TABLE I. Multipolar re nement models for the 2 K, 1 T data set using Slater-type radial functions.
Agreement factors are given separately for the full odd dataset (Npc.x = 140) and observed even

(Npeak = 57) re ections.

Model 1 2 3 4

MyinPoo ( B) —5:17(5) —5:17(5) —5:17(5) —5:18(5)

mpPg ( 8)  0:0 0:0278(10) 0:0318(10) 0:0298(12)

mpPy ( 8)  0:0 0:0 0:0063(8) 0:0033(5)
MvnP2—2 ( 8)  0:0 0:0 0:0135(8) 0:0
MvnPs 2 ( B8) 00 0:0 0:0 0:0648(23)
2=Npeax (0dd)  5:85 5:80 5:78 5:79
2=Npcax (eVen) 101:97 9:03 3:42 1:64

Consistently with the initial ts, re nement of the even re ections requires inclusion of
the uorine monopole term, Py, (Model 2), demonstrating that a nite magnetic moment
on the uorine atoms is essential for reproducing the observed intensities.

Further improvement in the description of the even re ections is achieved by introduc-
ing aspherical magnetization densities. For the magnetic point group, the lowest-order

symmetry-allowed basis functions up to [ = 2 are 2% and zy, corresponding to the spherical
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harmonics Y3, and Y;_,, respectively. Including the theoretically predicted Mn P,_, coe -
cient (Model 3) reduces the discrepancy for the even re ections by nearly a factor of three,
while the additional uorine P, term provides only a modest further improvement.

Motivated by the MEM reconstruction, which exhibits a magnetization-density defor-
mation resembling a hexadecapolar pattern, we also tested the fourth-order harmonics Y,
Y1 o, and Y;_4. Among these, inclusion of the Mn P, _, coe cient (Model 4), associated with
the rank-5 magnetic multipole Oss, yields the best agreement with experiment, reducing the
mis t for the even re ections to x*/Npeax = 1.64.

To qualitatively assess the origin of the improved agreement, we estimated the observed
and calculated Fourier components of the magnetization density using the approximate
relation

FNA ;obs(calc
FM;obs(calc) ~ +Hu (8)

which applies to even re ections with ipping ratios close to unity. For the odd re ections,

for which R > 1, we instead used

FM;obs(calc) ~ Fn As;obs(calc)' (9)

The observed and calculated magnetic Fourier components for the odd re ections are
compared in Fig. 3a,c, where the area of each circle is proportional to the magnitude of
the corresponding Fourier component. The excellent agreement between experiment and
Model 4 con rms that the spherical component of the Mn magnetization density is accurately
reproduced. Consistent with the symmetry of the antiferromagnetic structure, the odd
Fourier components preserve fourfold rotational symmetry.

By contrast, the Fourier components of the even re ections (Fig. 3b,d), which probe
the aspherical component of the magnetization density, change sign under a (90°) rotation.
This alternating sign pattern is the reciprocal-space ngerprint of altermagnetism. Model 4
guantitatively reproduces both the amplitudes and the sign reversal observed experimen-
tally, providing direct evidence for the anisotropic spin density associated with the ferroic
multipolar order.

The respective roles of the ligand and multipolar contributions are illustrated in Fig. 4,
where the Fourier components arising from the uorine magnetic moment and the Mn P, ,
multipole are shown separately. The uorine contribution accounts remarkably well for the

low-index re ections but rapidly decreases with increasing scattering vector and therefore
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FIG. 3. Fourier components of the magnetization density. (a,b) Experimental Fourier components
derived from the 1 T polarized-neutron di raction data for the odd (a) and even (b) re ections.
(c,d) Corresponding Fourier components calculated using Model 4 for the odd (¢) and even (d)
re ections. The area of each circle is proportional to the magnitude of the corresponding Fourier
component. Blue and red circles denote positive and negative Fourier components, respectively.

Circle size scale factor 40 is applied to the even Fourier components for visibility.

cannot reproduce the high-index re ections. This behavior re ects the rapid decay of the
ligand p-orbital radial function, further enhanced by Mn{F hybridization. In contrast, the
Mn P,_, multipole contributes only weakly at low ¢ but becomes the dominant anisotropic
contribution at large scattering vectors, where it is essential for reproducing the observed
intensities.

We also tested the other symmetry-allowed m = 0 multipoles (P, and Pj,), but their
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FIG. 4. Fourier components of calculated magnetization density (Model 4) of the even hkl from 1 T
dataset projected onto the (001) plane. (a) Fluorine mg(Pyy + P2) and (b) manganese my, P4 o

components of the density respectively.

inclusion did not improve the re nement, e ectively ruling out signi cant contributions from
m = 0 magnetic multipoles.

The resulting spin-density distribution (Model 4) is shown in Fig. 2d,e. Subtracting from
the re ned model of the spin density the dominant spherical Mn term of —5.17(4) g isolates
the deformation spin density shown in Fig. 2f. The maps reveal ferroic order of the Os, rank-
5 magnetic multipole (or magnetic triacontadipole) and an imbalance of spin density on the

uorine sites, re ecting time-reversal symmetry breaking of the four-fold screw axis. A
close correspondence between this model density and the deformation map obtained from
the MEM reconstruction is clearly visible. The uorine density exhibits a p,-like character,
although this feature should be interpreted cautiously given the small magnitude of PJ.

While the contribution of the P,_, multipole cannot be totally excluded, beyond the
improvement in the t and the indications from the MEM reconstruction, the advantage
of the P,_, model is also re ected in the orientation of its density lobes. In the P, ,
case, the lobes point toward the strongest uorine bonds (Fig. 5), whereas in the P, ,
model they lie in the basal plane, where the basal plane exchange pathway including two

uorine ions is comparatively weak. Experimentally distinguishing between the P, , and
P, Mn multipoles would require measurements of re ections with indices [ > 1, which

were unfortunately not accessible on the D3 di ractometer.
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FIG. 5. Spin density distribution within the uorine cluster combined with Py_o.\,m and Py_o:nn
multipoles from models 3 and 4, respectively after subtracting the dominant spherical Mn contri-
bution. Top and bottom gures represent projection onto the ab plane and three dimensional spin

density distribution, respectively. The isosurface level of 0:02 B=A3 is shown.

A similar re nement performed for the 6 T dataset, has shown that within experimental

uncertainty, the multipolar decomposition remains essentially unchanged (SI).

Thus, both re nements provide clear evidence for multipoles on the manganese sites
incorporating the altermagnetic symmetries. The small but robust uorine spin density,
antiparallel to the nearest neighbor (nn) Mn moment, is likewise con rmed. The absence
of signi cant eld-induced changes up to 6 T indicates that the ferro-octupolar order is

governed primarily by the Mn molecular eld.
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IV. CONCLUSION

Polarized-neutron di raction provides direct real-space evidence of altermagnetic order
in MnF,. The measurements reveal a robust covalent spin polarization on the uorine lig-
ands, (up = 0.029(1), ug), antiparallel to the nearest-neighbor Mn moments, and a Mn
magnetization density that cannot be described by a purely spherical magnetic form fac-
tor. Maximum-entropy reconstructions and symmetry-constrained multipole re nements
consistently identify the leading magnetic multipoles permitted by the (Dsy) site symme-
try, including the triacontadipolar component (O5,). The absence of measurable changes
in the spin density up to 6 T indicates that the ferroic multipolar order is dominated by
the internal exchange eld rather than by the applied magnetic eld. More broadly, our
work demonstrates that polarized-neutron di raction can directly resolve the microscopic
real-space signatures of altermagnetism, providing a powerful approach for identifying and

quantifying ferroic multipoles in altermagnetic materials.
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SUPPLEMENTARY INFORMATION
Polarized Neutron Cross Section

The scattering intensity for polarized neutrons in the elastic channel is given by

h i
IF(K) o< [IN(K)]? + M L(K)]* + 2R N(K)Py- M (K) , (10)
where the nuclear structure factor is
>x<
N(K) = bje*n, (11)
i
and the magnetic interaction vector is
>< ~h i
M, (K) = % e T Rx myxR . (12)

J
Here K = k/|K|, fj(k) is the magnetic form factor, and m; is the magnetic moment of
atom j. This general expression allows re nement of the magnetic structure using either
spherical or multipolar form factors, provided that nuclear and magnetic scattering occur
at the same reciprocal-lattice positions, as is the case for MnF,. In Eq. 10 we have omitted
the polarization dependent chiral term because it vanishes in MnF, in the elastic channel
as a consequence of the reality of M, (k) which, in turn, comes from the existence of an

inversion center.

Data Re nement

Prior to the polarized-neutron measurements, the nuclear and magnetic structures were
characterized on the four-circle di ractometer D9 at the Institut Laue{Langevin (ILL) us-
ing neutrons of wavelength A\ = 0.82 A. MnF, crystallizes in the tetragonal space group
P4, /mnm with lattice parameters « = b = 4.87 A and ¢ = 3.30 A. The Mn ions occupy the
2a sites and the uorine ions the 4f sites. The re ned structural parameters, xr = 0.3049(2),
Biso.r = 0.388(16), Bisonm = 0.155(35), and Occr = 0.992(5), were used in the subsequent
polarized-neutron analysis.

Polarized-neutron di raction re nements for the 2 K, 1 T data set were based on the

measured ipping ratios. The odd re ections, dominated by the spherical part of the Mn
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form factor, exhibit extremely large variations in ipping ratio, ranging from 0.02 < R < 50.

To stabilize the re nement, we used the asymmetry parameter

R—-1
As=——
S R+1’

which balances the weight of re ections with ® > 1 and R < 1 in the agreement factor.
With an exposure time of 5 minutes per re ection, about 70% of the measured asymmetries
exceeded the 30 threshold for As(hkl).

In contrast, the ipping ratios of even re ections || sensitive to uorine covalence and Mn
asphericity | di ered from unity by only a few percent. For this reason, an exposure time
of 30 minutes per re ection was required. Because a complex spin-density distribution was
anticipated, all symmetry-allowed even re ections in four unique sets were measured up to
sind/)\ < 0.8 A~%. This yielded a 1 T data set consisting of 140 re ections, of which 57
exceeded the 20 threshold for As(hkl). The multipolar re nements were performed using
the full odd-re ection data set and a threshold- Itered subset of even re ections selected for
their high sensitivity to variations in the model parameters. The resulting parameters for

1 T data set are reported in the main text.

TABLE II. Multipolar re nement models for the 2 K, 6 T data set using Slater-type radial functions.

Agreement factors are given separately for all odd (Npcax = 47) and observed even re ections

(Npeake = 32).
Model 1 2 3 4
MymPoo ( B)  5:17(5) 5:17(5) 5:17(5) 5:17(5)
mpPg ( 8)  0:0 —0:0275(10) —0:0301(10) —0:0277(12)
mpPy ( 8)  0:0 0:0 —0:0064(8) —0:0028(5)
MyP2_2 ( B) 00 0:0 —0:0167(20) 0:0
MyinPs_2 ( B) 0:0 0:0 0:0 —0:082(8)
2=Npeax (0dd) 5:14 5:14 5:14 5:14
?=Npeax (eVen)  56:45 5:90 4:81 3:45

Re nement of the 6 T data set (Table Il), comprising 47 odd and 83 even re ections

measured with a 20-minute exposure time, yielded 32 observed even re ections. As for the
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