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We present the magnetic structure of TmMn3zQOg, solved via neutron powder diffraction — the
first such study of any RMn3Og A-site columnar-ordered quadruple perovskite to be reported. We
demonstrate that long range magnetic order develops below 74 K, and at 28 K a spin-flop transition
occurs driven by f-d exchange and rare earth single ion anisotropy. In both magnetic phases the
magnetic structure may be described as a collinear ferrimagnet, contrary to conventional theories of
magnetic order in the manganite perovskites. Instead, we show that these magnetic structures can
be understood to arise due to ferro-orbital order, the A-, A’- and A”-site point symmetry, mm2,
and the dominance of A-B exchange over both A-A and B-B exchange, which together are unique

to the RMn3Og perovskites.

I. INTRODUCTION

The ordering of charges, orbitals, and spins in the per-
ovskite manganites (general chemical formula ABO3, B =
Mn) gives rise to a multitude of different electronic phases
[1]. For example, the RMnOg simple perovskite mangan-
ites (R = rare earth or yttrium) and their derivatives are
known to support ferromagnetism [2], 3], collinear anti-
ferromagnetism [4], and complex non-collinear magnetic
structures [5], which can couple to charge and structural
degrees of freedom giving rise to technologically impor-
tant materials properties such as metal-to-insulator tran-
sitions [6], multiferroicity [7] and colossal magnetoresis-
tance [8]. The variety of magnetic structures found in the
simple perovskite manganites are primarily established
via magnetic interactions between the d electrons of B
site manganese ions (B-B exchange), and understood in
terms of the Goodenough-Kanamori-Anderson rules [9].
In addition, low temperature magnetic phase transitions,
such as spin reorientation transitions [I0HIZ], can occur
due to lower energy f-d (A-B exchange) and f-f (A-
A exchange) interactions if a magnetic rare earth ion is
present.

Equally, the AMn;O15 quadruple perovskite family
(general chemical formula AA’3B4Oq2, A’ = B = Mn)
support charge, orbital, and spin long range order [13-
15] and host properties of low field magnetoresistance [16]
and multiferroicity [I'7, [I8]. However, compared to the
simple perovskites the introduction of manganese onto
the A site sublattice via a pattern of large ataTa™ oc-
tahedral tilts (in Glazer notation [19]) has a profound
effect on the magnetic exchange interactions. Firstly,
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the average A-A and A-B exchange interactions can be
greatly enhanced due to the inclusion of 3d transition
metal ions onto the perovskite A sites, as well as cre-
ating new exchange pathways for geometric frustration.
Secondly, the B-B exchange interaction can be dimin-
ished as a result of the severe octahedral tilting [20]. It
has been shown that such complexity leads to members
of this family adopting rather unique magnetic ground
states, for example, where an incommensurate magneto-
orbital coupling gives rise to a constant moment mag-
netic helix but with a modulated spin helicity [21], 22],
classic pseudo-CE-type magnetic structures that develop
an incommensurate spin rotation [23], and commensu-
rate ferrimagnetism that supplants conventional B site
antiferromagnetism [20].

The newly synthesised RMn3Og series (R = Gd-Tm
and Y have been synthesised to date [24]) belong to the
wider family of triple A-site columnar-ordered quadruple
perovskites of stoichiometry AsA’A”B4O15. Here, the
triple order of A site cations affords a new paradigm in
the study of magnetism and structure-property relation-
ships in the perovskite manganites. As in the AMn;014
quadruple perovskites, B-B exchange is likely to be sup-
pressed due to large octahedral tilts, but so too are A-A
exchange interactions owing to a fundamentally different
bonding geometry. Hence, novel magnetic ground states
are expected to arise, primarily established by A-B ex-
change interactions, and selectively tuned by choice of A,
A’ and A" cations (N.B. ‘A-A’ and ‘A-B’ denote average
exchange interactions involving all A; A’ and A” ions).

The crystal structure of RMnzOg has orthorhombic
symmetry with space group Pmmn and a large atatc™
tilting pattern (in Glazer notation [19]), which gives B-
O-B bond angles between ~135 and 150° [24], and ac-
commodates the triple A site order by which half (A)
are occupied by R3T, a quarter (A’) by Mn3T, labeled
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FIG. 1. The crystal structure of RMn3Os¢ in the Pmmn space
group a) - d) a projection of the crystal structure as seen from
the a axis. a) The Mnl (A’) and Mn2 (A”) sites in their
square planar and tetrahedral oxygen coordinations, respec-
tively. b) The 10-fold coordinated R sites. c) The unit cell
with MnOg octahedra drawn to illustrate the a™a™c™ tilting
pattern. d) The Mn3 and Mn4 ions (B sites) with the oc-
cupied ds,2_,2 orbitals drawn in purple. e) A section of the
crystal structure as viewed from the c-axis showing a plane
of Mn4 ions and a single Mn2 site. The orange dashed lines
represent the A-B exchange interactions which are equivalent
by the mm?2 symmetry of the Mn2 site.

Mn1, and the remaining quarter (A”) by Mn?*, labeled
Mn2. R ions occupy two 10-fold coordinated, symmetry
inequivalent sites labeled R1 and R2 (shown in Figure
11p), which form columns along ¢. The Mn A’ and A”
sites form ¢ axis chains alternating between square pla-
nar and tetrahedral oxygen coordinations, as shown in
Figure [Th. This difference in the coordination environ-
ment of the Mnl and Mn2 ions requires them to have +3
and +2 oxidations states, respectively. Furthermore, the
formation of alternating square planar and tetrahedral
coordinations removes nearest-neighbour magnetic super
exchange pathways between manganese A’ and A’ sites,
thus suppressing A-A exchange interactions. The B sites
are equally occupied by alternating layers of Mn in the
+3 and +3.5 oxidation states [24], which we label Mn3
and Mn4, respectively. The isocharge layers are stacked
along the ¢ axis, as shown in Figure [T, which gives rise
to an unusual form of ferro-orbital order, where the half
occupied, Mn3 ds,2_,2 orbitals are all aligned approx-
imately parallel to ¢ [25], mediated by the cooperative
Jahn-Teller effect.

In this paper, we show that below 7T, = 74 K
TmMn3Og develops long range ferrimagnetic order of

the A’, A” and B site Mn spins. On further cooling,
the system undergoes a spin flop transition at Thop, = 28
K where all Mn spins spontaneously rotate by 90° from
parallel to the c¢ axis, to parallel to the b axis, concomi-
tant with the development of a polarised moment on
the Tm ions — similar to the low temperature spin re-
orientation transition observed in the columnar-ordered
double perovskite MuNdMnSbOg [26] and the supercon-
ducting NdaCuOy cuprates [27]. Through model spin
Hamiltonian calculations of the Tm sublattice that in-
clude a point-charge approximation of the Tm crystal
electric field, we show that the spin reorientation transi-
tion is driven by f-d exchange and an Ising-like single-ion
anisotropy of Tm. Remarkably, in both magnetically or-
dered phases of TmMn3Og, the ferrimagnetic structure
is in contradiction with theoretical predictions based on
the Goodenough-Kanamori-Anderson rules. Instead, we
show that these magnetic structures can be understood
to arise due to the ferro-orbital order, A, A’ and A" site
symmetry, and the dominance of A-B exchange over both
A-A and B-B exchange, which taken together are unique
to the RMn3Og perovskites. The paper is organised as
follows. We present the experimental details in Section
[0 the results of neutron powder diffraction data anal-
ysis, crystal electric field, and single ion anisotropy cal-
culations in Section [[TT} a discussion on the formation
and thermal evolution of the TmMn3QOg magnetic struc-
tures in Section [[V] and we summarise our conclusions
in Section [V1

II. EXPERIMENTAL DETAILS

Polycrystalline samples with nominal composition
Tmg 91 Mns 09Og (hereafter referred to as TmMnsOg)
were prepared from stoichiometric mixtures of MnyOg
and TmyO3 (99.9%). Single-phase MnyO3 was prepared
from commercial MnO2 (99.99%) by heating in air at
923 K for 24 h. The mixtures were placed in Pt cap-
sules and treated at 6 GPa and ~1670 K for 2 h (the
time required to heat the sample to the desired tempera-
ture was 10 min) in a belt-type high-pressure apparatus.
After the heat treatments, the samples were quenched
to room temperature, the pressure was slowly released,
and a black pellet of loosely packed powder was obtained.
The temperature of the high-pressure apparatus was con-
trolled by the heating power with a calibrated relation-
ship between power and temperature. We emphasize that
a sample with nominal composition TmMn3zOg contained
a large amount of Tmj_,Mn,MnOs impurity (approxi-
mately 28 wt. %). Shifting the nominal composition
to Tmg.g1 Mn3 g9Og was found to significantly reduce the
impurity content.

DC magnetisation measurements were performed using
a SQUID magnetometer (Quantum Design, MPMS-XT.-
7T) between 2 and 400 K in different applied fields under
both zero-field-cooled (ZFC) and field-cooled on cooling
(FCC) conditions.



Neutron diffraction measurements were performed us-
ing WISH [2§], a time of flight diffractometer at ISIS. A
1.5 g powder sample of TmMn3Og was loaded into a 6
mm diameter vanadium can, and mounted within a *He
cryostat. The sample was cooled to 1.5 K and diffraction
data with good counting statistics were collected upon
warming at 5 K intervals, except between 70 and 80 K
where measurements were taken every 2 K. Data were
also collected with high counting statistics within each
magnetic phase including the paramagnetic phase for ref-
erence (85 K, 40 K and 1.5 K). Symmetry analysis was
performed using the ISOTROPY software suite [29], and
the diffraction data were fit using FULLPROF [30].

III. RESULTS
A. Crystal and Magnetic Structures

Variable temperature ZFC and FCC DC magnetisa-
tion measurements are shown in Figure 2h, which are
consistent with previously reported AC magnetic suscep-
tibility data [24]. Two magnetic phase transitions were
observed, one at 74 K, below which a rapid increase in
the susceptibility indicates the presence of ferromagnetic
sublattices, and a second at 28 K, marked by a cusp-
like increase in the susceptibility, followed by a gradual
decrease that persists down to the lowest temperatures
measured. This behaviour can be fully understood in
light of the magnetic structures determined by neutron
powder diffraction, and will be discussed at the end of
this section.

A Pmmmn crystal structure model based upon the pub-
lished structure of DyMn3Og [24] was refined against
neutron powder diffraction data measured in the para-
magnetic phase at 85K (Figure ) The occupation
of all atomic sites was set to one, but Mn was free to
substitute Tm — as expected for the RMn3zOg phases
[BI]. An excellent fit was achieved (R = 3.32%,
wR = 2.68%, RBrags = 4.57%), and the refined crys-
tal structure parameters are given in Table [l Also tabu-
lated are the cation bond valence sums, calculated us-
ing bond lengths given in Tables [[TI] and [[V] of Ap-
pendix [A] which correspond well to the cited oxida-
tion states. Approximately 15% of the Tm sites were
found to be randomly substituted by Mn, giving the
chemical formula TmggsMng3 150¢6. Five weak diffrac-
tion peaks, labeled by asterisks in Figure[3h, could not be
accounted for using the Pmmn crystal structure model
of TmMn30Og4. Instead, they were found to originate in
two impurity phases, a TmMnOgs-related phase (8.1(7)
wt%) and MnCOjs (0.5(1) wt%). The TmMnOs re-
lated impurity phase was determined to have composition
Tmg.59Mng.41 MnOs3.

Below T, = 74 K four new diffraction peaks appeared,
which could be indexed as (011), (101), (121) and (211)
with respect to the parent, Pmmn crystal structure re-
fined above, concomitant with changes in the sample’s
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FIG. 2. Temperature dependence of a) ZFC and FCC mag-
netisation measurements under an applied DC field of 100 Oe,
b) single ion moment magnitudes given for each of the mag-
netic sublattices. N.B. refined standard errors are smaller
than the data points. c¢) The direction of magnetisation,
where (2 is the angle that describes a rotation from the c axis
to the b axis. The black dashed lines are drawn at Tc = 74 K,
and at Thop = 28 K. The inset in a) shows the temperature
dependence of H/M up to 400K.

magnetisation and hence magnetic in origin. The inten-
sities of the (002), (020) and (200) diffraction peaks, al-
ready present in the paramagnetic phase, were observed
to grow below 74 K. These additional diffraction intensi-
ties were also determined to be magnetic, as their tem-
perature dependence was the same as the first family of
purely magnetic intensities listed above. All observed
magnetic diffraction intensities are uniquely consistent
with a k=(0,0,0), I'-point magnetic propagation vector.

The magnetic I'-point representation for the relevant
Wyckoff positions decomposes into seven irreducible rep-
resentations, as given in Table [V| of Appendix [Bf (Miller
and Love notation is used throughout). Magnetic struc-
ture models constructed from linear combinations of
the tabulated symmetry adapted basis functions (Table
were systematically tested against neutron powder
diffraction data measured at 40 K. It was conclusively



TABLE I. Crystal structure parameters of TmMnsOs (Z = 4, space group Pmmn) refined at 85 K. The lattice parameters
were determined to be a = 7.22944(7) A, b = 7.41079(7) A, and ¢ = 7.72580(9) A. Both Tml and Tm?2 sites were found to
have an occupation of 15% Mn and 85% Tm. The occupations of all other atomic sites were fixed to one. Excellent reliability
parameters of R = 3.32%, wR = 2.68%, RBrage = 4.57% were achieved in the refinement. Bond valence sums were calculated

using the bond valence parameters, Ro(Tm*") = 2.00(1), Ro(Mn?") = 1.79(5) and Ro(Mn*") = 1.76(5) [32].
Atom Site Sym. x y z Uiso (AQ) B.v.s. (Je])
Tml 2a mm2 0.25 0.25 0.7844(5) 0.0082(7) 2.975(9)
Tm?2 2a mm2 0.25 0.25 0.2859(5) 0.0082(7) 2.947(9)
Mnl 2 mm2 0.75 0.25 0.7227(7) 0.0098(9) 2.72(4)
Mn2 2b mm2 0.75 0.25 0.2375(7) 0.0098(9) 1.97(3)
Mn3 de i 0 0 0 0.008(1) 3.20(4)
Mn4 4e 1 0 0 0.5 0.006(1) 3.73(5)
01 8g 1 0.4355(2) -0.0681(2) 0.2671(2) 0.0127(4) -
02 Af m. 0.0582(3) 0.25 0.0451(3) 0.0129(6) -
03 de m.. 0.25 0.5281(3) 0.9202(3) 0.0087(6) -
04 Af m. 0.5403(3) 0.25 0.4177(3) 0.0147(7) -
05 de m.. 0.25 0.4307(3) 0.5408(3) 0.0109(6) -
a) 85K TABLE II. Magnetic moments of TmMn3zOg refined at 1.5
104 1 and 40 K. Symmetry equivalent atoms have the same mag-
’ netic moment.
0.5 A T Atom 1.5 K mlly (uB) 40 K m||z (uB)
e Tml 0.77(2) 0
0.0_EII-III..IIIII|IhII|”"||I|I| TR ! TR Tm2 -3.70(3) 0
r" Hor o P e Mnl 2.003(9) 1.957(9)
F Mn2 -3.17(1) -3.10(1)
e Y — } } T — Mn3 1.91(1) 1.89(1)
= b) 40K Mn4 1.59(1) 1.58(1)
£ o ||
=
. (101)(011)
= | 1
= AM determined that between 74 and 28 K a magnetic struc-
2 VA==  ture involving A’, A” and B manganese moments, which
% Hi ::1 transformed by the F; representation, was uniquely con-
= o sistent with the diffraction data. Specifically, a model
= ] i — in which all moments were aligned parallel to z (c axis),
with the Mnl, Mn3 and Mn4 sublattices ferromagnet-
J\\J\‘ | ically aligned, and with the Mn2 sublattice moments
A antialigned (a net ferrimagnetic structure), Figure [4p,
+ had the best fit to the 40 K data shown in Figure [3b
1] (R = 3.90%, wR = 3.09%, Ryiag = 4.90%). The refined
—_— | moment magnitudes are given in Table [[I The fit was
1l 0 . L. . . .
\ o found to be insensitive to simultaneously interchanging
1 o the Mn1 and Mn2 moments, and the Mn3 and Mn4 mo-
——————F———F—F— ments, and we present the model most consistent with
30 35 40 45 50 55 the respective oxidation states. It is noteworthy that the
d (A) magnetic structure factor of the Mn B sites is exactly

FIG. 3. Neutron powder diffraction data taken on WISH at
temperatures of a) 85 K b) 40 K and c) 1.5 K. The refinement
is given by the black line and the raw data by the red circles,
peaks labeled with an asterisk are from the impurity phases.
The green tick marks indicate, from top to bottom, the nu-
clear and magnetic reflections from TmMn3Og, labeled (1),
the TmMnOs-related impurity, labeled (2), and the MnCOg3
impurity, labeled (3).

zero for the (h11) and (1k1) reflections, which therefore
only have magnetic scattering contributions from the Mn
A’- and A”-sites.

On cooling below 28 K, the magnetic diffraction peaks
undergo an approximately discontinuous change in their
relative intensities. For example, the magnetic contri-
bution to the (020) peak disappears, a large (002) mag-
netic intensity appears, and the (200) magnetic peak re-
mains approximately the same. Given that the magnetic
neutron diffraction intensity is proportional to the com-
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FIG. 4. The refined magnetic structure of TmMn3Os at a)
1.5 K and b) 40 K. The crystallographic unit cell is drawn in
black.

ponent of the spin perpendicular to the scattering vec-
tor, these changes are qualitatively consistent with a 90°
flop of magnetic moments from the ¢ axis to the b axis.
Indeed, testing each of the irreducible representations
against the neutron powder diffraction data conclusively
revealed that the magnetic structure below Tqo, = 28 K
transformed by I'f. This single irreducible representa-
tion solution for the low temperature magnetic structure
comprises the same ferrimagnetic structure found above
Thop, but with moments aligned parallel to y (b axis) in-
stead of z (c axis), as shown in Figure [dh. In order to
accurately fit the 1.5 K diffraction data shown in Fig-
ure Bk, (R = 3.82%, wR = 3.53%, Rmag = 5.37%),
it was necessary to include a finite, symmetry allowed
moment on the Tm1 and Tm?2 sublattices, both aligned
antiparallel to the net magnetisation. We note that, the
Tm site magnetic moments discussed throughout refer to
the average magnetic moment of the A sites occupied by
85% Tm and 15% Mn. The thulium contribution to the
diffraction pattern is particularly apparent at d-spacings
of 1.70-1.72A. Here the magnetic form factor of man-
ganese is greatly reduced, and thus the observed growth
in magnetic intensity below T, is principally represen-
tative of the evolution of magnetic moments on the Tml
and Tm2 ions. The moment magnitudes for all symme-
try inequivalent cations refined at 1.5 K are given in Ta-
ble [[Il Again, the ratios between the Mn1:Mn2 moments
and the Mn3:Mn4 moments were chosen to be consistent
with their oxidation states (these ratios were fixed in the
variable temperature data analysis presented below). We
note that the Tm1l and Tm2 moments were found to be
significantly smaller than their theoretical free ion values
(7us), which is consistent with a polarised singlet ground
state as discussed in Section [[ITCl

As shown in Table |[V|of Appendix (B} both the T' and

FI irreducible representations allow for a canted mag-
netic structure of the B sites, i.e. the orthogonal super-
position of antiferromagnetism onto the nominally fer-
romagnetic sublattice. However, the inclusion of these
additional degrees of freedom into the refined magnetic
structure model did not improve the fit, thus the collinear
ferrimagnetic structures can be considered minimal mod-

els of TmMn3Og.

Both impurity phases adopt long range magnetic or-
der at low temperatures. Tm deficient TmMnQO3 under-
goes two magnetic phase transitions at 110 K and 15
K [33], and MnCO3 magnetically orders below 34.5 K
[34]. The Tm-poor TmMnOj; magnetic structures are
yet to be fully determined, so the respective intensities
were fit using the Le Bail method. The MnCOj3 mag-
netic diffraction peaks were fit using a G-type antiferro-
magnetic structure that well reproduced the diffraction
intensities.

The temperature dependence of all symmetry inequiv-
alent moment magnitudes was evaluated by fitting the
above magnetic structure models to variable temperature
neutron powder diffraction data, and is plotted in Figure
[2b. Critical behaviour is observed at T that is consistent
with a second order phase transition. To reliably extract
the Tm moment dependences the magnitudes of the Mn
moments were assumed to remain constant below 30 K.
Figure shows the direction of the net magnetisation
(moment axis) as a function of temperature, where Q
describes a rotation from the ¢ axis towards the b axis.
Q) was allowed to freely vary close to the spin-flop re-
orientation transition, but was fixed to the directions of
the single irreducible representation magnetic structures
deep into their respective phases.

Finally in this section, we revisit the ZFC and FCC
DC M /H measurements shown in Figure , and demon-
strate that they are in full agreement with the results of
the neutron powder diffraction data analysis. One can
consider three primary contributions to the temperature
dependence of M /H; i) changes in the magnetic suscepti-
bility of the manganese ions, which is peaked at the two
phase transitions [24], ii) the Van-Vleck magnetic sus-
ceptibility of the thulium ions, which is small at all tem-
peratures, and iii) the saturated magnetisation, domain
effects, and powder averaging. Having ZFC to the low-
est measured temperature both manganese and thulium
susceptibilities are small, and approximately equal popu-
lations of ferrimagnetic domains cancel the sample’s net
magnetisation. As Tqop, is approached on warming, the
coercive field reduces [24] allowing for an increasing im-
balance in ferrimagnetic domains induced by the small
measuring field, giving rise to an increase in the sample’s
net magnetisation that is further enhanced by the reduc-
tion in the Tm1 and Tm2 moments aligned antiparallel
to the net magnetisation. At the spin-flop transition the
system becomes magnetically isotropic and the suscep-
tibility is peaked, giving rise to a cusp in the powder
averaged magnetisation. On further warming the sam-
ple maintains a net magnetisation, which decreases as



T. is approached, in accordance with the temperature
dependence of the ordered magnetic moments (Figure
2b). Above T, the susceptibility follows a Curie-Weiss-
like dependence of a paramagnet as show in the inset of
Figure [2h. We note that the contribution of the 8.1 wt%
TmMnOj related impurity phase to the magnetic suscep-
tibility, as characterised in reference [33], is negligible.

B. Thulium Crystal Electric Field

Tm3* has electronic configuration [Xe] 4f'2, and
Hunds rules give S=1, L =5, and J = 6 for the lowest en-
ergy 13-fold multiplet of states. Tm?* is a non-Kramers
ion, and its local crystal electric field (CEF) that trans-
forms by the abelian point group mm2 (Cs,) can lift in
full the multiplet degeneracy of the free ion. The CEF
Hamiltonian for a single Tm ion can be written,

Hcef = Z Z B'TO'T (1)

n m=-—-n

where O are the Stevens operator equivalents tabulated
in reference [35], and B} are the CEF parameters. For
point group mm2, only terms with n = 2, 4, and 6, and
m a positive even integer, are non zero by symmetry,
giving 9 CEF parameters to be determined. The CEF
parameters can be written as the product of three terms,

By = AR (r")On (2)

where (r") is the expectation value of the n'® power of
the radial distance of the Tm3* 4f electrons, given in
reference [36], and ©,, are the Stevens factors, given in
reference [35]. A7 is the material specific part that de-
scribes the local CEF. Here, we estimate all 9 unknown
values of A" by a point charge model of the form,

ar = L oms~ 4 g 6y )
(2n+ 1)eg - r;wrl

where the summation is taken over i nearest neighbour
anions, q;, 7;, 0;, and ¢; are the charge in units e, and the
position in spherical coordinates of the i*® anion, Z™ is a
tesseral harmonic, C}* is the numerical factor occurring
in Z*, and € is the permittivity of free space.

The CEF parameters, B;", were calculated for Tml
and Tm2 using atomic fractional coordinates and lattice
parameters determined at 1.5 K. The obtained values are
given in Table [VI] of Appendix [C} Similar magnitudes
were obtained for the CEF parameters of the two Tm
sites, but the sign of B3, B3, B2, and Bf are opposite,
which can be understood based on the presence of a 45
screw pseudosymmetry relating the two Tm sites. The
eigenvalues and eigenfunctions of Equation [I] are given
in Table As expected, the Tm3* multiplets are split

into 13 singlet states.

C. Thulium Single Ion Anisotropy

The 0 K singlet ground state is non-magnetic. How-
ever, there does exist an instability towards a polarised
magnetic state when under a magnetic field, B [37]. The
polarising field may originate in f-d magnetic exchange
interactions between Tm and the Mn sublattice, the dipo-
lar field of the Mn sublattice, or an externally applied
magnetic field. The dipolar field of Mn can be ruled out,
as it gives moment directions inconsistent with the exper-
imentally determined magnetic structure. We therefore
extend the single ion Hamiltonian;

H = Hcef + QJMBJ ° de (4)

where Byq represents an effective f-d exchange field.
The sum of expectation values, (J;), (Jy), and (J.), for
all eigenstates, weighted by the Boltzmann distribution
(T = 10 K), was evaluated for numerous magnetic field
directions covering a full hemisphere, in the limit of small
B;4. A strong Ising-like single ion anisotropy (SIA) was
found for both Tm ions, with the Ising directions of Tm1
and Tm2 parallel to the crystallographic a and b axes,
respectively, as illustrated by the stereographic projec-
tions shown in Figure |5} We note that the 90° rotation
of the Ising axis from Tm1 to Tm?2 is consistent with the
tetragonal 45 screw pseudo-symmetry discussed above.

The magnetic moments of the Mn B site sublattice,
which provides the uniaxial polarising field for both Tm
ions via f-d exchange, were found to be aligned parallel
to the b axis in the ground state. In this case one would
expect a large moment to be induced on Tm2, and a
very small moment to be induced on Tm1. The former
is fully consistent with our neutron powder diffraction
results. However, the sizeable magnetic moment of Tm1
found perpendicular to its Ising axis cannot be explained
by f-d exchange alone, at least from the results of our
calculations. We suggest that either the larger Tm1 mo-
ment could naturally occur due to finite, ferromagnetic
f-f exchange interactions, or because the magnitude of
the STA has been overestimated.

Finally in this section we note that the point charge
model used above does not fully describe the true crystal
electric field as it omits orbital considerations. However,
one can show that such a model is sufficient to robustly
determine the Tm single ion anisotropy in TmMn3QOs.
The sign of BY determines the single ion anisotropy to
be Ising-like parallel to z (negative), or easy plane per-
pendicular to z (positive). In the latter case, large B3
then imposes Ising-like anisotropy in the xy plane, the
direction of which is determined by the sign of B? (neg-
ative makes it parallel to « and positive parallel to y).
Given the dominance of these terms (Table in our
approximation of the CEF, any perturbation away from
this model will not affect the qualitative determination
of the Ising-like STA and its direction.



FIG. 5. Stereographic projections of the Tm1 and Tm2 mag-
netic susceptibility calculated in the limit of small applied
magnetic fields. The crystal electric field induced Ising-like
single ion anisotropy of Tml and Tm2 lies parallel to a and
b, respectively.

IV. DISCUSSION

First, we consider the role of B-B exchange interac-
tions. The Jahn-Teller active, octahedral oxygen coor-
dinations of the B site Mn3* ions (Mn3) are elongated
along z, lifting the degeneracy of the e, states and giv-
ing preferential electronic occupation of the ds,2_,2 or-
bitals — a ferro-orbital order. Thus for Mn3 ions, all
orbitals are half occupied except for the d,2_,> orbital
which is empty. In comparison, the B site Mn35* oc-
tahedra (Mn4) do not have a strong Jahn-Teller dis-
tortion, and can be considered to have singly occupied
tag orbitals and a fractional electronic occupation of the
eg orbitals. According to the Goodenough-Kanamori-
Anderson (GKA) rules, if exchange is mediated between
180° cation-anion-cation bonds that have po and prm su-
perexchange, which can be considered an approximation
of the bonds in the Mn3 and Mn4 layers, then one ex-
pects the exchange interactions to be antiferromagnetic.
The GKA rules further predict that the exchange inter-
action between Mn3 and Mn4 layers, which is mediated
by ~180° cation-anion-cation interactions between half-
occupied and empty e, states through po superexchange,
will be ferromagnetic. The result is a so-called C-type an-
tiferromagnetic structure, in contradiction with the ex-
perimentally determined ferromagnetic B site sublattice.

As a direct consequence of the mm2 point symmetry
of the A, A’ and A" sites, all four nearest neighbour A-
B exchange interactions must be equivalent (see Figure
11e), and hence can only lower the energy of the system if
ferromagnetism resides in the B site layers. To the con-
trary, the antiferromagnetic order favoured by B-B ex-
change exactly frustrates the A-B exchange. Given the
experimentally determined ferrimagnetic structure, it is
apparent that in TmMn3Og A-B exchange dominates B-
B exchange — an unexpected scenario that is emerging in
the study of quadruple perovskites [20], where large devi-
ations from 180° B-O-B bond angles significantly weaken
the respective superexchange interactions (in TmMnsOg
these bond angles are ~140°, as given in Table [[V] of Ap-

pendix . One might expect that the RMn3Og system
could be tuned from ferrimagnetic to antiferromagnetic
by modifying the critical balance between A-B and B-
B exchange. In the absence of significant A-A exchange
the stability of these two magnetic structures does not, in
principle, depend upon long range magnetic order of the
A, A’ or A” ions. Rather the presence of magnetic im-
purities on the A sites, i.e 15% Mn on the nominally Tm
sites, can effect the net A-B exchange interaction. Hence
this tuning can be achieved at the local level, where indi-
vidual spins contribute on average to a net A-B exchange
interaction.

We now consider the microscopic origin of the spin-
flop transition. Above Tgop, the direction of the mag-
netic moments is determined by the average Mn single
ion anisotropy, which is likely dominated by the elec-
tronic configuration of the Jahn-Teller active Mn3 ions
placing the moments along ¢ [38]. However, the ¢ axis is
a magnetically hard axis for both Tm1l and Tm2, whose
Ising-like STA was calculated to be along the a and b axes,
respectively (Section[[IIC)). Hence, as the system temper-
ature reaches the energy scale of the f-d exchange field
[39, [40], it becomes energetically favourable for the man-
ganese magnetic moments to flop into the ab-plane such
that the Tm ions adopt a polarised magnetic moment (at
the expense of the weaker manganese SIA). The magni-
tudes of the polarised Tm moments, and the global in-
plane magnetisation direction, are then respectively de-
termined by the absolute and relative magnitude of the f-
d exchange field at the Tm1 and Tm?2 sites. In TmMn3Og
the Tm2 moment dominates below Tfg,p, imposing its b
axis STA on the system. Hence we conclude that the f-d
exchange fields in TmMn3Og are significantly larger at
the Tm?2 site than at the Tml site. In this regard, it is
interesting to consider the 45 screw pseudo symmetry dis-
cussed in the theoretical sections above. If the 45 screw
is present, the Tm sites still have mm2 point symmetry,
but their crystal electric field and single ion anisotropy
become equivalent, related by a 90° rotation in the ab
plane. In this case one can show that a spin-flop transi-
tion will still occur, but the Tm sites adopt orthogonally
polarised moments with Mn moments bisecting the two.
In TmMn3Og the 45 screw symmetry is broken by charge
and orbital order [24], and it is exactly this charge and
orbital order that gives rise to significantly different near-
est neighbour Tm-O-Mn bonding conditions for Tm1 and
Tm2, resulting in different f-d exchange fields at the two
sites, and hence allowing a collinear ground state ferri-
magnetic structure.

V. CONCLUSIONS

In TmMnzQOg, all A’, A” and B site manganese
ions develop a collinear ferrimagnetic structure below
74 K, with moments orientated along the ¢ axis. Re-
markably, the ferrimagnetic order is in contradiciton
to that predicted by Goodenough-Kanamori-Anderson



rules, whereby ferro-orbital order favours C-type anti-
ferromagnetism instead. In TmMn3Og, the average A-B
exchange, together with the mm2 A, A’ and A" site sym-
metry, wins over B-B exchange and gives rise to ferrimag-
netism. This offers the possibility of tuning the magnetic
structure of RMn3QOg oxides from ferrimagnetic to anti-
ferromagnetic through a modification of the competition
between A-B and B-B exchange, for instance through
doping of the A, A’ or A” sites. Below 28 K, the Mn
moments flop through a spin reorientation transition, re-
taining the higher temperature ferrimagnetic structure
but with moments aligned along the b axis, and with a
finite moment developing on both Tm sublattices aligned
antiparallel to the net Mn magnetisation. Point charge
calculations show that the Tm1l and Tm?2 sublattices can
adopt a polarised magnetic moment lying within the ab-
plane, induced by a uniaxial f-d exchange field created
by the ordered Mn B site sublattice, which motivates the
spin flop transition at low temperature. The magnetic
behaviour of TmMn3Og is strikingly similar to that of
the rare-earth orthoferrites (RFeO3), which crystallise in
the orthorhombic Pbnm space group, and feature spin re-

orientation transitions driven by the single ion anisotropy
of the rare earth ions. It is therefore not far to imagine
that the novel RMn3Og compounds, like the rare-earth
orthoferrites, may feature laser [41], temperature [42] and
or applied magnetic field [43], spin-reorientation transi-
tions for applications in spintronics, and also possibly
magnonics [44].

VI. ACKNOWLEDGEMENTS

R. D. J. acknowledges financial support from the Royal
Society. P. G. R. and R. D. J. acknowledge support
from EPSRC, Grant No. EP/M020517/1, entitled Ox-
ford Quantum Materials Platform Grant. This study was
supported in part by JSPS KAKENHI Grant Number
JP16H04501, and a research grant from Nippon Sheet
Glass Foundation for Materials and Engineering, and In-
novative Science and Technology Initiative for Security,
ATLA, Japan.

1] J. M. D. Coey, M. Viret,
Molnér, |Advances in Physics 48, 167
https://doi.org/10.1080/000187399243455.

[2] G. H. Jonker and J. H. V. Santen, Physica 16, 337
(1950).

[3] G. H. Jonker, Physica 22, 707 (1956).

[4] E. O. Wollan and W. C. Koehler, |Phys. Rev. 100, 545
(1955).

[5] C.H. Chen and S.-W. Cheong, Phys. Rev. Lett. 76, 4042
(1996).

[6] P. Ganguly, N. Vasanthacharya, C. Rao, and P. Edwards,
Journal of Solid State Chemistry 54, 400 (1984).

[7] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima,
and Y. Tokura, Nature 426, 55 (2003).

[8] M. McCormack, S. Jin, T. H. Tiefel, R. M. Fleming,
J. M. Phillips, and R. Ramesh, Applied Physics Letters
64, 3045 (1994), [https://doi.org/10.1063/1.111372.

[9] J. B. Goodenough, Magnetism and the Chemical Bond,
edited by F. A. Cotton (John Wiley & Sons, 1963).

[10] W. C. Koehler, H. L. Yakel, E. O. Wollan, and J. W.
Cable, Physics Letters 9, 93 (1964).

[11] M. Bieringer and J. Greedan, Journal of Solid State
Chemistry 143, 132 (1999).

[12] A. Munoz, J. A. Alonso, M. J. Martinez-Lope,
M. T. Casais, J. L. Martinez, and M. T.
Ferndndez-Diaz, Chemistry of Materials 13, 1497 (2001),
https://doi.org/10.1021 /cm0012264.

[13] A. Prodi, E. Gilioli, A. Gauzzi, F. Licci, M. Marezio,
F. Bolzoni, Q. Huang, A. Santoro, and J. W. Lynn,
Nature Materials 3, 48 (2004).

[14] A. N. Vasilev and O. S.
Temperature Physics 33, 895
https://doi.org/10.1063/1.2747047.

[15] E. Gilioli and L. Ehm, TUCrJ 1, 590 (2014)!

and S. V.
(1999),

Volkova, |Low
(2007),

[16] Z. Zeng, M. Greenblatt, M. A. Subramanian, and
M. Croft, Phys. Rev. Lett. 82, 3164 (1999).

[17] F. Mezzadri, G. Calestani, M. Calicchio, E. Gilioli,
F. Bolzoni, R. Cabassi, M. Marezio, and A. Migliori,
Phys. Rev. B 79, 100106 (2009).

[18] R. D. Johnson, L. C. Chapon, D. D. Khalyavin,
P. Manuel, P. G. Radaelli, and C. Martin, [Phys. Rev.
Lett. 108, 067201 (2012).

[19] A. M. Glazer, Acta Crystallographica Section B 28, 3384
(1972).

[20] R. D. Johnson, D. D. Khalyavin, P. Manuel, L. Zhang,
K. Yamaura, and A. A. Belik, Phys. Rev. B 98, 104423
(2018)!

[21] R. D. Johnson, D. D. Khalyavin, P. Manuel, A. Bom-
bardi, C. Martin, L. C. Chapon, and P. G. Radaelli,
Phys. Rev. B 93, 180403 (2016).

[22] R. D. Johnson, D. D. Khalyavin, P. Manuel, P. G.
Radaelli, I. S. Glazkova, N. Terada, and A. A. Belik,
Phys. Rev. B 96, 054448 (2017).

[23] R. D. Johnson, F. Mezzadri, P. Manuel, D. D. Khalyavin,
E. Gilioli, and P. G. Radaelli, Phys. Rev. Lett. 120,
257202 (2018)!

[24] L. Zhang, Y. Matsushita, K. Yamaura, and A. A. Belik,
Inorganic Chemistry 56, 5210 (2017), pMID: 28425715,
https://doi.org/10.1021 /acs.inorgchem.7b00347.

[25] A. A. Belik, D. D. Khalyavin, L. Zhang, Y. Mat-
sushita, Y. Katsuya, M. Tanaka, R. D. Johnson,
and K. Yamaura, ChemPhysChem 19, 2449 (2018),

https://onlinelibrary.wiley.com/doi/pdf/10.1002/cphc.201800593.

[26] E. Solana-Madruga, A. M. Arévalo-Lépez, A. J.
Dossantos-Garcia, C. Ritter, C. Cascales, R. Sdez-Puche,
and J. P. Attfield, Phys. Rev. B 97, 134408 (2018)!

[27] S. Skanthakumar, H. Zhang, T. W. Clinton, I. W.
Sumarlin, W. Li, J. W. Lynn, Z. Fisk, and
S. Cheong, Journal of Applied Physics 67, 4530 (1990),


http://dx.doi.org/10.1080/000187399243455
http://arxiv.org/abs/https://doi.org/10.1080/000187399243455
http://dx.doi.org/https://doi.org/10.1016/0031-8914(50)90033-4
http://dx.doi.org/https://doi.org/10.1016/0031-8914(50)90033-4
http://dx.doi.org/https://doi.org/10.1016/S0031-8914(56)90023-4
http://dx.doi.org/10.1103/PhysRev.100.545
http://dx.doi.org/10.1103/PhysRev.100.545
http://dx.doi.org/10.1103/PhysRevLett.76.4042
http://dx.doi.org/10.1103/PhysRevLett.76.4042
http://dx.doi.org/https://doi.org/10.1016/0022-4596(84)90171-3
http://dx.doi.org/ 10.1063/1.111372
http://dx.doi.org/ 10.1063/1.111372
http://arxiv.org/abs/https://doi.org/10.1063/1.111372
http://dx.doi.org/https://doi.org/10.1016/0031-9163(64)90089-7
http://dx.doi.org/https://doi.org/10.1006/jssc.1998.8127
http://dx.doi.org/https://doi.org/10.1006/jssc.1998.8127
http://dx.doi.org/10.1021/cm0012264
http://arxiv.org/abs/https://doi.org/10.1021/cm0012264
http://dx.doi.org/10.1063/1.2747047
http://dx.doi.org/10.1063/1.2747047
http://arxiv.org/abs/https://doi.org/10.1063/1.2747047
http://dx.doi.org/10.1107/S2052252514020569
http://dx.doi.org/10.1103/PhysRevLett.82.3164
http://dx.doi.org/10.1103/PhysRevB.79.100106
http://dx.doi.org/ 10.1103/PhysRevLett.108.067201
http://dx.doi.org/ 10.1103/PhysRevLett.108.067201
http://dx.doi.org/10.1107/S0567740872007976
http://dx.doi.org/10.1107/S0567740872007976
http://dx.doi.org/ 10.1103/PhysRevB.98.104423
http://dx.doi.org/ 10.1103/PhysRevB.98.104423
http://dx.doi.org/ 10.1103/PhysRevB.93.180403
http://dx.doi.org/ 10.1103/PhysRevB.96.054448
http://dx.doi.org/ 10.1103/PhysRevLett.120.257202
http://dx.doi.org/ 10.1103/PhysRevLett.120.257202
http://dx.doi.org/10.1021/acs.inorgchem.7b00347
http://arxiv.org/abs/https://doi.org/10.1021/acs.inorgchem.7b00347
http://dx.doi.org/10.1002/cphc.201800593
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/cphc.201800593
http://dx.doi.org/10.1103/PhysRevB.97.134408
http://dx.doi.org/10.1063/1.344859

https://doi.org/10.1063/1.344859.

[28] L. C. Chapon, P. Manuel, P. G. Radaelli, C. Ben-
son, L. Perrott, S. Ansell, N. J. Rhodes, D. Raspino,
D. Duxbury, E. Spill, and J. Norris, Neutron News 22, 22
(2011), [https://doi.org/10.1080,/10448632.2011.569650

[29] B. J. Campbell, H. T. Stokes, D. E. Tanner, and
D. M. Hatch, Journal of Applied Crystallography 39, 607
(2006).

[30] J. Rodriguez-Carvajal, Physica B: Condensed Matter
192, 55 (1993)!

[31] A. A. Belik, Dalton Trans. 47, 3209 (2018).

[32] N. E. Brese and M. O’Keeffe, Acta
tallographica Section B 47, 192

Crys-
(1991,

Appendix C: Thulium crystal electric field
parameters, eigenvalues, and eigenstates

We give the crystal electric field parameters for Tm1
and Tm?2, calculated using the point charge model de-
scribed in the main text (Table 7 and the eigenstates
and respective energy eigenvalues for the 13-fold mani-
fold of states (Table [VII).

https://onlinelibrary.wiley.com/doi/pdf/10.1107/S010876819001104 1.

[33] L. Zhang, D. Gerlach, A. Donni, T. Chikyow, Y. Kat-
suya, M. Tanaka, S. Ueda, K. Yamaura, and A. A. Belik,
Inorganic Chemistry 57, 2773 (2018), pMID: 29431431,
https://doi.org/10.1021 /acs.inorgchem.7b03188.

[34] 1. Maartense, Phys. Rev. B 6, 4324 (1972).

[35] M. Hutchings (Academic Press, 1964) pp. 227 — 273.

[36] A. J. Freeman and J. P. Desclaux, Journal of Magnetism
and Magnetic Materials 12, 11 (1979).

[37] Cooper, B. R. and Vogt, O., J. Phys. Colloques 32, C1

(1971),

[38] M.-H. Whangbo, E. E. Gordon, H. Xiang, H.-
J. Koo, and C. Lee, Accounts of Chemical
Research 48, 3080 (2015), pMID: 26616364,

https://doi.org/10.1021/acs.accounts.5b00408|

[39] V. Y. Pomjakushin, M. Kenzelmann, A. Donni, A. B.
Harris, T. Nakajima, S. Mitsuda, M. Tachibana,
L. Keller, J. Mesot, H. Kitazawa, and E. Takayama-
Muromachi, New Journal of Physics 11, 043019 (2009).

[40] H. A. Salama and G. A. Stewart, Journal of Physics:
Condensed Matter 21, 386001 (2009).

[41] A. V. Kimel, A. Kirilyuk, A. Tsvetkov, R. V. Pisarev,
and T. Rasing, Nature 429, 850 (2004).

[42] S. Cao, H. Zhao, B. Kang, J. Zhang, and W. Ren, Sci-
entific Reports 4, 5960 (2014).

[43] C. Johnson, L. Prelorendjo, and M. Thomas, |Journal of
Magnetism and Magnetic Materials 15-18, 557 (1980).

[44] K. Grishunin, T. Huisman, G. Li, E. Mishina, T. Rasing,
A. V. Kimel, K. Zhang, Z. Jin, S. Cao, W. Ren, G.-H.
Ma, and R. V. Mikhaylovskiy, ACS Photonics 5, 1375
(2018), |https://doi.org/10.1021/acsphotonics.7b01402.

Appendix A: Selected bond lengths and angles for
TmMn;;OG

We give selected cation-anion bond lengths for the A,
A’, A" cations in Table and selected cation-anion
bond lengths and cation-anion-cation bond angles for the
B site cations in Table [V]

Appendix B: Irreducible representations and their
symmetry adapted basis functions

We give the basis functions of the I'-point irreducible
representations used to describe the TmMn3Og magnetic
structures (Table [V]). The symmetry analysis was per-
formed using the ISOTROPY suite [29].


http://arxiv.org/abs/https://doi.org/10.1063/1.344859
http://dx.doi.org/ 10.1080/10448632.2011.569650
http://dx.doi.org/ 10.1080/10448632.2011.569650
http://arxiv.org/abs/https://doi.org/10.1080/10448632.2011.569650
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/ https://doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/ https://doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1039/C7DT04490A
http://dx.doi.org/10.1107/S0108768190011041
http://dx.doi.org/10.1107/S0108768190011041
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1107/S0108768190011041
http://dx.doi.org/10.1021/acs.inorgchem.7b03188
http://arxiv.org/abs/https://doi.org/10.1021/acs.inorgchem.7b03188
http://dx.doi.org/10.1103/PhysRevB.6.4324
http://dx.doi.org/10.1016/0304-8853(79)90328-7
http://dx.doi.org/10.1016/0304-8853(79)90328-7
http://dx.doi.org/ 10.1051/jphyscol:19711343
http://dx.doi.org/ 10.1051/jphyscol:19711343
http://dx.doi.org/ 10.1021/acs.accounts.5b00408
http://dx.doi.org/ 10.1021/acs.accounts.5b00408
http://arxiv.org/abs/https://doi.org/10.1021/acs.accounts.5b00408
http://stacks.iop.org/1367-2630/11/i=4/a=043019
https://doi.org/10.1038/nature02659
https://doi.org/10.1038/srep05960
https://doi.org/10.1038/srep05960
http://dx.doi.org/https://doi.org/10.1016/0304-8853(80)90662-9
http://dx.doi.org/https://doi.org/10.1016/0304-8853(80)90662-9
http://dx.doi.org/ 10.1021/acsphotonics.7b01402
http://dx.doi.org/ 10.1021/acsphotonics.7b01402
http://arxiv.org/abs/https://doi.org/10.1021/acsphotonics.7b01402

10

TABLE III. Bond lengths for the A, A" and A" sites refined at 85K, for TmMn3Og in the Pmmn space group.

2.672
2.445
2.313
2.310

(2)
(4)
(3)
(

A
A
A
4) A

Tm2-01 (x4)
Tm2-02 (x2)
Tm2-04 (x2)
Tm2-05 (x2)

2.716(2) A Mn1-O1 (x4) 1.903(2) A
2.320(4) A

2.333(3) A Mn2-03 (x2) 2.047(4) A
2.381(4) A Mn2-04 (x2) 2.058(5) A

TABLE IV. Bond lengths and selected bond angles for the B-sites refined at 85K, for TmMn3QOg in the Pmmn space group.

Mn3-O1 (x2)
Mn3-02 (x2)
Mn3-03 (x2)

2.1748(2) A
1.9316(7) A
1.9209(8) A

Mnd-O1 (x2)
Mn4-O4 (x2)
Mn4-05 (x2)

1.9259(2) A Mn3-02-Mn3 (x2) 147.1(1)°
1.9803(9) A Mn3-03-Mn3 (x2) 140.4(1)°
1.9052(8) A Mn3-O1-Mn4 (x2) 140.7(8)°
Mn4-04-Mn4 (x2) 138.6(1)°
Mn4-05-Mn4 (x2) 143.1(1)°

TABLE V. Basis functions of the seven, one dimensional I'-point irreducible representations that appear in the decomposition of
the full magnetic representation for the relevant Wyckoff positions of TmMn3zOg. The + and — symbols denote the relative sign
of magnetic moment components, x, y, z, on every sublattice of symmetry equivalent atoms. The symbols in bold highlight the
magnetic moment components used to fit the magnetic structures in section I'J for the first magnetic phase and T’} for the
second magnetic phase (T'<Tfop). The moment components of the symmetry equivalent atoms have the same magnitude. The
relative signs and magnitudes of orthogonal components, or of moments on inequivalent atomic sublattices, are not determined
by symmetry. The absence of a + or — sign indicates that that component is zero by symmetry.

Atom| Frac. coords.

xT

Ly
y oz z

ry
y

ry
y oz

ry Iy
x Y z r Yy

Iy
Yy oz

Ly
Yy oz

183
8
8

Tml 0.25, 0.25, #

0.75, 0.75, —z
Tm2| 0.25, 0.25, 2
0.75, 0.75, —2
Mnl | 0.75,0.25, 2
0.25, 0.75, —2
Mn2 | 0.75,0.25, 2
0.25, 0.75, —z
Mn3 0.5,0,0
0, 0.5, 0
0,0, 0
0.5, 0.5, 0
Mn4 0, 0.5, 0.5
0.5, 0, 0.5
0.5, 0.5, 0.5
0,0, 05

+
+

[ 4+
' +
[ + 1o

_|_
+

++++ ++++ ++ ++ ++
44+ FH++ ]

+

T+ +

+ +

++++ ++++ A+ A+t

TABLE VI. Crystal electric field parameters for Tm1 and Tm2, evaluated by the point charge model, and given in units peV.

Atom | BY B2 BY B? B} BY B2 B B
Tml 1250 -915 -0.445 -3.70 2.53 0.00299 -0.0185 -0.0522 0.0495
Tm?2 1252 741 -0.391 3.12 3.12 0.00353 0.0254 -0.0521 -0.0468
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TABLE VII. Energy and eigenfunctions of the 13 singlet states of both Tm ions, as calculated using the crystal electric field

Hamiltonian.
Atom Energy (meV) Eigenfunction
Tml
0 0.005 |6,+6) + 0.056 |6, +£4) + 0.390 |6,+2) + 0.831 |6,0)
0.20 0.018 |6,+5) + 0.167 |6, +3) 4+ 0.687 |6, £1)
22.90 F0.076 |6, £5) F 0.405 |6,+3) F 0.574 |6,+1)
24.52 F0.027 |6, £6) F 0.211 |6, £4) F 0.674 |6, £2)
46.79 —0.040 |6, £6) — 0.262 |6, +£4) — 0.535 |6, +2) + 0.537 |6,0)
55.42 0.176 |6,+5) + 0.665 |6,+3) — 0.166 |6, £1)
63.20 F 0.156 |6, +5) F 0.554 |6, £3) £ 0.411 |6, +1)
84.42 +0.118 |6, +6) + 0.664 |6, +£4) F 0.212 |6, +2)
84.88 0.113 |6, £6) + 0.643 |6, £4) — 0.250 |6, £2) + 0.147 |6,0)
116.24 + 0.685 |6,+5) F 0.171 |6,+3) £ 0.030 |6,£1)
116.40 0.685 [6,£5) — 0.175 |6, £3) + 0.024 |6, +1)
153.17 0.697 |6,+6) — 0.120 |6, £4) + 0.007 |6,+2) + 0.001 |6,0)
153.18 F0.697 |6, £6) + 0.121 |6, £4) F 0.010 |6, £2)
Tm?2
0 —0.002 |6, £6) + 0.032 |6,4+4) — 0.357 |6, +£2) + 0.862 |6, 0)
0.32 +0.009 |6, £5) F 0.130 |6,+3) £ 0.695 |6,+1)
19.49 0.057 |6,+5) — 0.363 |6, +3) 4+ 0.604 |6, £1)
21.65 + 0.021 |6, £6) F 0.176 |6, +4) + 0.685 |6, +2)
40.91 0.029 |6, +6) — 0.215 |6, +4) + 0.576 |6,+2) + 0.493 |6,0)
50.91 +0.146 |6, +5) F 0.680 |6,+3) F 0.129 |6,+1)
56.45 —0.131 |6, £5) + 0.590 |6, £3) + 0.367 |6, £1)
78.69 F 0.100 |6,+6) + 0.677 |6, £4) £+ 0.177 |6, £2)
78.84 —0.097 16, £6) + 0.665 |6,+4) + 0.203 |6, £2) + 0.118 |6, 0)
110.48 0.693 |6, £5) + 0.141 |6, £3) + 0.020 |6, £1)
110.60 F0.692 |6, +5) F 0.145 |6,+3) F 0.018 |6,+1)
149.07 0.700 |6, +6) + 0.102 |6, 4) + 0.003 |6,+2) — 0.002 |6,0)

149.08

+0.700 |6, £6) £+ 0.102 |6, +£4) £ 0.005 |6, +2)
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