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Altermagnetism, known for its non-relativistic spin-split band structures with yet compensated moments, is being
intensively investigated. Discovering new altermagnetic materials with characteristics suitable for practical use remains
an important ongoing task. Recently, a metallic room-temperature altermagnet candidate Rb; _5V,Te,O with a layered
structure and d-wave spin symmetry has been reported based on experimental results from spin-resolved photoemission
spectroscopy and scanning tunnelling microscopy/spectroscopy measurements. Here we report neutron powder diffraction
investigations on the magnetic structure of Rb;_5V,Te;O, which show a G-type antiferromagnetic structure below the
transition temperature of 337 K. The result is different from the original theoretical expectation, which might lead to new

insights on the physics of this altermagnet candidate.
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1. Introduction

Altermagnetism represents one of the typical uncon-
ventional mechanisms for realizing spin-polarized electronic
states, in addition to the Rashba—Dresselhaus effect aris-
ing from the spin—orbit coupling (SOC) in compounds with
inversion symmetry breaking, and Zeeman-type spin split-
ting in ferromagnets with time-reversal symmetry breaking.
While extensive theoretical and experimental efforts have led
to the discovery of a series of altermagnets with typical

1-11

characteristics, '] this field is confronting controversies on

12-14] Exploring new altermagnetic mate-

specific candidates. !
rials with favorable properties for practical use remains an im-
portant ongoing task.

Recently a metallic room-temperature altermagnet can-
didate Rb;_5V,Te,O has been reported, which features a
layered structure and exhibits spin polarization of d-wave
symmetry.l'%l Such d-wave symmetric spin splitting is favor-
able for generating non-relativistic spin currents, meanwhile
the layered structure facilitates the exfoliation from bulk into
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thin films and the integration with other materials in spintronic
device fabrications. With its high transition temperature above
room temperature, Rb;_5V,Te,O serves as one of the most
promising altermagntic material platforms for both fundamen-
tal research and applications in spintronics and valleytronics
devices.

Experimentally, although the angle-resolved photoemis-
sion spectroscopy (ARPES) and scanning tunnelling mi-
croscopy/spectroscopy (STM/STS) measurements!!?! show
opposite spin splitting between crystal-symmetry-paired val-
leys and suppression of intervalley scattering as a conse-
quence of the spin—valley locking, respectively, investiga-
tions on the microscopic magnetic structure in Rb;_sV,Te,O
have not been reported. The calculations based on density
functional theory (DFT) have predicted a ground state of C-
type antiferromagnetic (AFM) structure, whose energy is only
around 1 meV/supercell lower than the G-type AFM struc-
ture in Rb;_5V,Te,0, as shown in Fig. 1.['5 Very recently,
in the sister compound Cs;_5V,Te,0, a G-type AFM struc-
ture has been confirmed based on neutron diffraction investi-
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gations, where similar spin polarization has been observed on
the spin-resolved ARPES measurements.!!%! The concepts of
“hidden altermagnetism” and local altermagnetic order were
adopted to reconcile the obtained magnetic structure and the
spin slittings in momentum space, ' as proposed earlier by
theorists.l!”! Since G-type AFM structure favors altermag-
netism only in a single sector in-plane while C-type AFM
structure is favorable for altermagnetism as a whole, it is rather
important to pin down the microscopic magnetic structure in
Rb;_5V,Te, 0, which imposes strong constraints on the inter-
pretation of the observed d-wave symmetric spin polarization.

As shown in Fig. 1, both G-type and C-type AFM exhibit
an in-plane Néel-type antiparallel configuration and differ only
in the alignment between adjacent layers. In Rb;_gV,Te,
and other compounds in the 1221-family with a quasi-2D lay-
ered structure, the interlayer magnetic coupling is weak, which
leads to a tiny energy difference between the G-type and C-
type AFM ground states. The small interlayer coupling ren-
ders the underlying magnetic structure susceptible to small
perturbations, such as deficiency and/or self-doping effects,
etc., which may vary in different batches of samples. On the
other hand, it is difficult for the DFT calculations to capture ev-
ery detail of a real material. Actually, the DFT calculations on
the 1221-compounds from different groups have led to contra-
dictory results. For instance, a G-type AFM structure has also
been reported as a magnetic ground state for Rb;_ 5V, Te,. 8]
For CsV;Te,O, DFT calculations show that the C-type AFM
is more stable at U = 0 (U is the onsite Coulomb interac-
tion), while for U > 1eV, G-type AFM is the magnetic ground

state.[19

| Therefore, complete and detailed experimental inves-
tigations are really necessary to determine the magnetic struc-
ture in Rb; _5V,Te,O.

In this work, we report detailed neutron powder diffrac-
tion (NPD) investigations on the magnetic structure of
Rb;_5V2Tes0 (0.12 < 6 < 0.18). Pure magnetic peaks in-
dexed by a magnetic propagation vector of (0, 0, 0.5) were
observed below the Néel temperature Ty of 337 K, while no
magnetic peak featuring the C-type AFM structure was ob-
served. Moreover, Rietveld refinements using the FullProf
software suite unambiguously point to a G-type AFM struc-

ture in Rb;_5V,Te;,0.

Fig. 1. The illustration of two typical magnetic structures of
Rb;_sV2Te,0. The G-type and C-type AFM structures are displayed
in panel (a) and (b), respectively.

2. Experimental methods

Polycrystals of Rb;_5V,Te;O were synthesized via a
solid-state reaction method, as reported in Ref. [18]. The as-
prepared sample was characterized by powder x-ray diffrac-
tion (XRD) at room temperature using a PANalytical diffrac-
tometer (Empyrean Series 2) with monochromatic Cu-Ky; ra-
diation. A minor impurity phase of V,03 less than 5 % was
determined from XRD. Magnetic susceptibility was measured
on a Quantum Design physical property measurement system
(QD-PPMS) using a vibrating sample magnetometer (VSM)
insertion. In total, three batches of polycrystalline samples
were prepared for neutron experiments.

Neutron powder diffraction (NPD) measurements were
conducted at the time-of-flight high-resolution neutron diffrac-
tometer (TREND) and the general-purpose powder diffrac-
tometer (GPPD) at the China Spallation Neutron Source
(CSNS).[20-231 The well-ground powder sample was loaded
into a 10 mm VNi holder under a helium atmosphere and
sealed via indium wire. The sample was mounted in a cry-
ofurnace, and the NPD data were collected at temperatures
ranging from 5 K to 350 K, across the Néel temperature. Due
to the air- and water-sensitivity of the sample, all experimental
operations related to the sample were conducted under inert
gases. One batch of sample was measured at GPPD, and the
other two batches were measured at TREND.

The Rietveld refinements of neutron data were performed
using the FullProf software suite,>*! where the Ksgarch pro-
gram was used for determining the magnetic propagation vec-
tor (k-vector), and Baslreps was adopted for the irreducible
representation (Irreps) analysis during the magnetic model
construction. In addition, programs on the Bilbao Crystallo-
graphic Server (https://www.cryst.ehu.es), in particular MAX-
MAGN and k-SUBGROUPSMAG, were adopted to identify
the maximal magnetic space groups.!>! Finally, VESTA was

utilized for structure visualization and presentation. %%}

3. Results and discussion

The polycrystalline sample for neutron study was firstly
checked with magnetic susceptibility x(7') measurement. As
shown in Fig. 2, two transitions have been observed: the mag-
netic transition Ty at 337 K and the metal-to-metal transition
T* at 116 K. The two transitions are both higher than those re-

10181 which are most likely due to the sam-

ported in literature, [
ple dependence, such as the slightly different Rb-occupancy.
Figure 3 shows the FullProf refinement results of pow-
der neutron diffraction data of Rb;_5V,Te,O above and be-
low Tn. As shown in Fig. 3(a), for T = 350 K, a crystal struc-
ture model of Rb;_5V,Te,O with space group (SG) P4/mmm
(No. 123) is adopted for the refinement, together with the high
temperature phase of V,03 (SG: R-3c) as a known impurity

phase. Besides, there is at least one more impurity peak as
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indicated by asterisks in Fig. 3(a). The peaks from impurity
phases show negligible temperature dependence down to 5 K.
The refined crystal structure for Rb;_5V,Te,O is consistent
with that reported in literature.''® The obtained Rb vacancy &
is between 0.12 and 0.18 for three different batches of samples
of Rb] ,5V2T€20.

1.00 T T T s
— Rb0v88V2Te2O
S 0.95F 8
g
= T H=1T
£ 0.90f 1
@ Tn=337T K
o
= 0.85}
=

0.80F ]

100 200 300 400
T (K)

Fig. 2. Magnetic susceptibility x versus 7 of Rb;_5V,Te,O polycrys-
tal under a magnetic field of 1 T, where the positions of two transitions
Ty and T* are noted by the blue and purple arrows, respectively. The
drop at around 150 K is related to the structural transition of V,03.
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Fig. 3. The results of Rietveld refinements of the NPD data obtained
from TREND at (a) 7 = 350 K, and (b), (c) T =5 K, respectively.
Panels (b) and (c) show the 5 K data fitted with the magnetic phase
modeled using two different methodologies, respectively, which result
in the same G-type AFM structure. The asterisks denote the peaks from
a minor impurity phase, while the black arrows in panels (b) and (c)
indicate the positions of two strong magnetic peaks.

Upon cooling, two additional peaks are observed as de-
noted by the arrows in Figs. 3(b) and 3(c). Using KsgarcH, a
k-vector of (0, 0, 0.5) is undoubtedly determined, and the two
magnetic peaks can be indexed as (1, 0, 0.5) and (1, O, 1.5),
respectively. The G-type AFM and C-type AFM structures as
shown in Fig. 1 are indexed by different magnetic propagation

vectors: (0, 0, 0.5) for G-type, and (0, 0, 1) for C-type. Con-
sequently, the G-type AFM structure will generate additional
reflections (magnetic peaks) below the Néel temperature Ty,
while for the C-type AFM structure, the magnetic peaks all
appear on top of the nuclear peaks. Therefore, the observation
of additional magnetic peaks rules out the possibility of the
C-type AFM structure.

Table 1. The G-type antiferromagnetic structure of Rb;_5V,Te,0 is

described under its magnetic space group (MagSG, crystallographic de-

scription), with basic information about its relation to its parent param-

agnetic structure. All items in the table are supported by the magnetic
CIF format (mcif).

Details
Rb1,5V2T620
P4 /mmm (No.123)

Items

Compound
Parent space group

Propagation vector(s) (0,0, 0.5)

Basis transformfltion (a.b.2¢: 0.0, 0)
from parent basis

MagSG symbol (number) P4y /mem (132.456)

Basis transform.ation (@.b.c 0.0, 1/4)
to standard setting of MagSG

a=4.03813(8)
b =4.03724(16)
c=16.8181(4)
a = 90.0000

B =90.0000

Y = 90.0000
1x,y,z,+1

Unit cell parameters (A)

2 —x,—y,—z,—1
3y,—x,z,—1
4yx,—z,—1

5 —y,—x,z,+1
6 —x,y,z,—1

7 y,x,z,+1

. 8x,—y,z,—1
MagSG symmetry operations
9x,y,—z,—1

10 —y,x,z,—1

11 =y, —x,—z,—1

12y, —x,—z,+1

13 x,—y,—z,+1

14 —x,y,—z,+1

15 —x,—y,z,+1

16 —y,x,—z,+1

1x,y,z,+1

2x,y,z+1/2,-1

Tel 0.50000 0.50000 0.13539
V1 0.00000 0.50000 0.25000
01 0.00000 0.00000 0.25000
Rb1 0.00000 0.00000 0.00000

MagSG symmetry centering
operations

Positions of atoms

Magnetic moment (Up)
V1 0.00000 0.00000 1.425(13)
(0,0, m;)
1.425(13)

of magnetic atoms,
symmetry constraints
and moment magnitudes
at5 K

Below 7y, a magnetic model is further considered in
the FullProf refinement through two methodologies: mag-
netic space group (MagSG) and irreducible representation
(Irreps). The maximal magnetic space groups compatible
with a k-vector of (0, 0, 0.5) are analyzed using MAX-
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MAGN on the Bilbao Crystallographic Server. While in to-
tal 12 maximal magnetic space groups are listed, only four
among them allow nonzero magnetic moments for the V-ions:
P 4, /mem (#132.456), P.4 /mcc (#124.360), C.mcm (#63.466)
and P,mma (#51.298). Among them, P.4, /mcm and P.4/mcc
correspond to G-type and A-type AFM structures, respec-
tively, with moments along the c-axis, while the moments
are constrained in the ab-plane for C.mcm and P,mma. We
have tested all four magnetic models in FullProf refinements
and finally concluded that the G-type AFM model of mag-
netic space group P.4,/mem (#132.456) gives the best fit to
the magnetic peaks, as shown in Fig. 3(b). As for the rep-
resentation analysis, three Irreps are obtained: i.e., I» of one
dimension, I3 of one dimension, and 2I¢ of two dimensions
(113 + 111 4 2I9), which correspond to G-type AFM, A-type
AFM, and in-plane noncollinear AFM structures, respectively.
The Rietveld refinement also indicates that the G-type AFM
model of I fits best to the pattern as shown in Fig. 3(c), con-
sistent with the results from the MagSG methodology. The ob-
tained V-moment sizes at 5 K are 1.425(13) ug from MagSG
and 1.449(12) up from Irreps, respectively. The basic informa-
tion of the obtained G-type AFM structure of Rb;_5V,Te;0,
described under its MagSG, is listed in Table 1. Note that the
impurity phase V,03 undergoes a first-order structural tran-
sition at ~ 170 K.[27! Therefore, for the refinements below
170 K, the low-temperature phase of V,03 (SG: C2/c) is in-
cluded in the Rietveld refinement.

Rietveld refinements were performed on all three batches
of polycrystalline samples measured at two different neutron
diffractometers, TREND and GPPD, at CSNS. The results
show that the magnetic ground state remains a G-type AFM
structure despite the Rb vacancy varying from 0.12 to 0.18.
We also notice that samples with larger Rb occupancy (less
vacancy) tend to have a higher transition temperature 7y, indi-
cating a more stable magnetic state. Therefore, the magnetic
ground state of the perfect crystal without Rb-vacancy might
remain the G-type antiferromagnetic structure.

The G-type AFM structure will largely renew the ex-
planation of the previously reported spin-ARPES data. Un-
like C-type AFM, the spin-opposite sublattices of the G-type
AFM structure can be connected by translation or inversion
operations, which is not consistent with a d-wave spin split-
ting observed in the electronic structure. On the other hand,
analogous to that in locally noncentrosymmetric compounds
with local spin polarizations, a G-type AFM could support
local altermagnetism in a single sector along the c-axis, 8]
which has been proposed and termed as “hidden altermag-

netism” or “compensated altermagnetism”.[16-17

! The concept
of “hidden altermagnetism” could reasonably reconcile the
present neutron diffraction results with the previously reported

spin-ARPES data. So far, the experimentally confirmed “hid-

den altermagnetism” examples are still rare. Our results ren-
der Rb;_5V,Te,O as another candidate for “hidden altermag-
netism”.

Figure 4(a) shows the temperature dependence of the two
magnetic peaks, whose intensities increase as temperature de-
creases. The temperature dependence of the magnetic mo-
ment size obtained from Rietveld refinements on data at each
temperature is plotted in Fig. 4(b). An empirical formula
M = My(1—T/Ty)P is adopted to fit the temperature depen-
dence of the ordered moments as shown in Fig. 4(b), where M
is the ordered moment at zero temperature and f3 is the criti-
cal exponent. The obtained 3 value is 0.25+0.007. Note for
two batches of polycrystalline samples with slightly different
Rb vacancy, the reduced value of 8 is robust. One can there-
fore conclude that such a reduced critical exponent is not due
to an effect of vacancy. In the sister compound KV, Te,0, !
B was fitted to be about 0.48+0.02, where the magnetic mo-
ments were derived from the temperature dependent magnetic
peak intensity via scaling. The discrepancy on the f value
might arise from intrinsic difference between Rb;_sV,Te,O
and KV, Te,O.

Integrated intensity (arb. units)

] 1
3.2 3.4 3.6 3.8 4.0
d-spacing (A)

16T T T T T T " 14

* () Rby 5V5Te;0
. 1LOF =
9
= @ Ordered moment |
S M= My(1-T/Tn)?
0.5 -
3 Tn~337 K 4
0 PR T S ST S NS T S| aal
0 50 100 150 200 250 300 350

T (K)

Fig. 4. (a) NPD data obtained from TREND in a selected d-range mea-
sured at a series of temperatures, showing the temperature dependent
magnetic peak intensity. (b) Temperature dependence of the ordered
moment. The red solid line is the fitted result as described in the main
text. The red point is the transition point obtained from the temperature
dependent magnetic susceptibility measurement.

The obtained S of ~0.25 in Rb;_sV,Te;O is much
smaller than that from a mean-field theory prediction
(B = 0.58%), indicating a transition beyond the mean-field
paradigm. Note that for a 2D-Ising model, B is reduced to
0.125,83" and for a 3D-Ising model, B is about 0.326.3?] The
observed 3 of 0.25 sits in between, which is possibly related to
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a dimension-crossover effect, i.e., quasi-2D nature. Theoret-
ically, a special critical point known as the tricritical-Lifshitz
point with unusual critical exponents has been reported to exist
in d-wave altermagnetic metals when altermagnetism coexists
with superconductivity.3*! The physical mechanism underly-
ing the reduced critical exponent observed here in a demon-
strated d-wave altermagnetic metal remains an open question.

4. Summary

In summary, we have performed comprehensive NPD
investigations on the metallic d-wave altermagnet candidate
Rb;_sV,Te,0, and a G-type AFM structure with moments
along the c-axis has been determined to be the magnetic
ground state. The result is different from the original ex-
pectation, where a C-type AFM structure is expected to sup-
port a global d-wave altermagnetism. Potential origins of
the discrepancies are discussed. Since ARPES and STM
data have revealed concrete experimental evidence for the
d-wave spin symmetry, analogous to the recent report for
Cs;_sV2Te20,11% a hidden altermagnetism with alternating
local spin polarization arising from a single stacking layer of
the G-type AFM structure might act as a proper scenario to
reconcile all experimental discoveries.
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