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2019
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• Herring criterion of the irreducible representations (irrep) type. 
Complex irreps.

• Alternative symmetries in case of multi-dim irreps

• Neutron diffraction: new much better model for magnetic 
structure of Tb14Ag51
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Initial motivation to study Tb14Ag51 in 
1990…
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Hexagonal P6/m space group

In actinides U14Au51 the f−electrons which 
carry the magnetism can participate in the 
Fermi surface  

complex electronic properties like 
heavy−fermion behaviour, superconductivity 
and antiferromagnetism (AFM). 

                                 ? 
In which extent AFM ordering is different in 
Tb14Ag51 and in particular to investigate 
whether there may be also magnetic order on 
all rare−earth sites?
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Interesting features of geometrically frustrated Tb14Ag51
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• Textbook-like example of VERY complex 
magnetic structure: 27 parameters, 15 if 
M=const. 
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• Textbook-like example of VERY complex 
magnetic structure: 27 parameters, 15 if 
M=const. 

• spontaneous electric polarization induced 
by a noncollinear AFM ordering

Interesting features of geometrically frustrated Tb14Ag51
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The materials hosting the vortex spin configurations in  
in some specific symmetries with exotic multipoles 

★ Satoru Hayami, PHYSICAL REVIEW B 106, 144402 (2022)

Interesting features of geometrically frustrated Tb14Ag51

• Textbook-like example of VERY complex 
magnetic structure: 27 parameters, 15 if 
M=const. 

• spontaneous electric polarization induced 
by a noncollinear AFM ordering 

Vortex spin configuration allows exotic 
multipoles★ (important for spintronics):    
  

• ferroic time-reversal-odd polar-tensor 
quantities, like ferromagnetic toroidicity 
(r x M) 

• ferroaxial moment with time-reversal 
even and space inversion even (r x Q)
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Antiferromagnetic three-sublattice Tb ordering in Tb14Ag51

P. Fischer,1,* V. Pomjakushin,1 L. Keller,1 A. Daoud-Aladine,1 W. Sikora,2 A. Dommann,3,† and F. Hulliger3
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Bulk magnetic, x-ray, and neutron-diffraction measurements were performed on polycrystalline Tb14Ag51 in
the temperature range from 1.5 K to room temperature. Its chemical Gd14Ag51-type structure corresponding to
space group P6/m has been refined at 300 and at 30 K. Combined with group-theoretical symmetry analysis,
we show that the magnetic structure of this intermetallic compound is of a different k= !1/3 ,1 /3 ,0" type with
three magnetic Tb sublattices ordering simultaneously below TN=27.5!5" K according to the combined irre-
ducible representations !4 and !6.

DOI: 10.1103/PhysRevB.72.134413 PACS number!s": 75.25."z, 61.12.Ld, 71.20.Eh

I. INTRODUCTION

Intermetallic uranium and rare-earth A14B51 compounds
with Gd14Ag51 structure1 have interesting physical properties
such as coexistence of antiferromagnetic order and heavy-
fermion behavior in Ce14X51 !X=Au,Ag,Cu",2 and in
U14Au51.3–5 This is related to the fact that there are three
crystallographically distinct A sites in this structure.

Moreover, its particular hexagonal symmetry, due to qua-
sitriangular arrangement of magnetic ions, gives rise to con-
siderable geometric frustrations in the magnetic interactions.
Thus from bulk physical measurements2 it was concluded
that generally not all Ce sublattices order magnetically in the
antiferromagnetic Ce14X51 compounds with Néel tempera-
tures TN#3.2 K. Also in U14Au51 with TN=22 K the !2e"
sites do not exhibit magnetic ordering.

In 1997 the correct antiferromagnetic structure of this
compound had been established by Brown et al. from single-
crystal neutron polarimetric and unpolarized neutron-
diffraction measurements4 and had been later confirmed by
muon spin-rotation !$SR" investigations performed by
Schenck et al.5 The k=0 magnetic structure was found to be
noncollinear according to the Shubnikov group P6/m! with
the U moments confined to the !a ,b" plane. The moments of
U atoms in each of the two sets of sixfold sites are arranged
hexagonally with rotations of 60° between them and the two
sets rotated with respect to one another by 50°.

The above-mentioned interesting magnetic properties mo-
tivated us to start powder x-ray and neutron-diffraction in-
vestigations as well as bulk magnetic measurements on the
similar antiferromagnetic rare-earth compound Tb14Ag51 in
order to determine to which extent magnetic ordering is dif-
ferent and in particular to investigate whether there may be
also magnetic order on all rare-earth sites. Because of the
larger magnetic Tb moments powder neutron diffraction is
more appropriate to obtain first information on magnetic or-
dering than in U14Au51,3 with rather small magnetic U mo-
ments and k=0 magnetic structure. Indeed neutron-
diffraction experiments performed by Dommann et al.6

revealed k= !1/3 ,1 /3 ,0" in the case of Tb14Ag51. In the
present work we obtained considerably improved neutron-

diffraction data and performed a careful analysis of both the
chemical and magnetic structures of Tb14Ag51. In particular
we shall prove that in Tb14Ag51 the magnetic ordering is of a
different type in the important class of intermetallic A14B51
compounds with remarkable variation of physical properties.
In contrast to the heavy fermion system U14Au51,4 in
Tb14Ag51 all three A sublattices are shown to order magneti-
cally below TN=27.5!5" K.

We also measured zero-field $SR spectra of the powder
sample of Tb14Ag51 at the GPS spectrometer of Paul Scherrer
Institute at 5, 20, and at 30 K. Unfortunately, in contrast to
U14Au51,5 they do not provide much additional information
on the magnetic Tb ordering, either because of the large
magnetic Tb moments, the different kind of magnetic order-
ing, and/or magnetic frustration effects. Therefore we do not
include these $SR results in the present work.

II. EXPERIMENT

Polycrystalline samples of Tb14Ag51 were prepared in a
similar way as described for U14Au51 in Ref. 7. Under the
microscope the specimens appeared to be single-phase mate-
rials. Also no lines due to foreign phases were detectable on
the x-ray-diffraction patterns. The measured magnetic sus-
ceptibility of the sample is illustrated in Fig. 1. It exhibits a
strong peak at 27.9 K, indicating antiferromagnetic ordering.
The measured effective magnetic moment pobs=9.67$B/Tb
was found to be close to the free ion value pcal
=9.72$B/Tb of Tb3+ with 7F6 ground state. The observed
value had been determined from the slope of the straight line
of the corresponding inverse magnetic susceptibility.
Specific-heat data also revealed a small anomaly at 27 K.

Neutron-diffraction investigations6 were initially per-
formed on diffractometer DMC at the reactor Saphir at tem-
peratures T=30 and 1.6 K !scattering angle range 3° to
82.9°, step 0.1°" and short measurements also during cool-
ing, using the neutron wavelength %=1.7 Å. For these mea-
surements the sample was enclosed under He gas atmosphere
into a cylindrical V container of diameter 8 mm and approxi-
mately 5 cm height and had been mounted into an ILL-type
cryostat. From transmission measurements the product of

PHYSICAL REVIEW B 72, 134413 !2005"

1098-0121/2005/72!13"/134413!10"/$23.00 ©2005 The American Physical Society134413-1

New experiments at SINQ/DMC&HRPT 2003−2004
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magnetic susceptibility and I(T)
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9.67︎B / Tb was found to be close to the free ion value 
9.72︎B / Tb of Tb3+ with 7F6 ground state.

k−vector:  kK=[1/3, 1/3, 0]
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2k magnetic structure was missed using RA

Zeroth cell contains 13 spins of Tb3+. 
Conventional magnetic unit cell contains 126 
spins of Tb3+!!

Antiferromagnetic (à la cycloidal spiral) three sub−lattice ordering in 
Tb14Ag51

PHYSICAL REVIEW B 72, 134413 (2005) P6/m → Pm’ (lowest monoclinic symmetry)
k−vector:  kK=[1/3, 1/3, 0]
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Tb2

Tb1 Tb3

Manuel Perez Mato

Only three of 13 independent 
sites are “wrong” => Pm’

99 spins in the 3 ︎x 3 x︎ 1 cell of the 
published model comply with the 
MSG P-6’, while 27 do not. 

Tb2

2k magnetic structure was missed using RA

Zeroth cell contains 13 spins of Tb3+. 
Conventional magnetic unit cell contains 126 
spins of Tb3+!!

Antiferromagnetic (à la cycloidal spiral) three sub−lattice ordering in 
Tb14Ag51

PHYSICAL REVIEW B 72, 134413 (2005) P6/m → Pm’ (lowest monoclinic symmetry)
k−vector:  kK=[1/3, 1/3, 0]
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Antiferromagnetic (à la cycloidal spiral) three sub−lattice ordering (irrep 
K4K6) in Tb14Ag51
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P6/m → Pm’ (lowest monoclinic symmetry) PHYSICAL REVIEW B 72, 134413 (2005) 

k−vector:  kK=[1/3, 1/3, 0]

Acta Cryst. (2022). B78, 172-178

k−vectors:  kK=[1/3, 1/3, 0] 
and   3kK=[0,0,0]

P6/m → P-6’

maximal possible symmetry 
for 4D irrep 

2k magnetic structure was missed using RA

Zeroth cell contains 13 spins of Tb3+. 
Conventional magnetic unit cell contains 126 
spins of Tb3+!!

https://journals.iucr.org/b
https://journals.iucr.org/b/contents/backissues.html
https://journals.iucr.org/b
https://journals.iucr.org/b/contents/backissues.html
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C. Herring PhD thesis: “On Energy Coincidences in the Theory of Brillouin Zones”  (1937) 
under supervision of Eugene Wigner

Herring criterium for classification of irreducible representations (irreps) of the 
space groups 

E. Wigner suggestion based on the fact that 

if Hamiltonian H is real:  E(ψ) = E(ψ*)


ψ → ψ* interpretation is − an operation that 

               x,y,z  → x,y,z 

                t       → −t

Energy Bands of Crystals and Types of irreps.

if H is real:  

E(ψ) = E(ψ*)


          ψ →   ψ* 

  is to be interpreted as

        |same state>

     x,y,z  →        x,y,z 

      t       →         −t

Alice                Bob

E. Wigner: The degeneracies, such as touching or crossing the 
branches, are connected with the properties of the irreps of the 
spatial symmetry group of the Hamiltonian.

Three types of irreps − real & two complex.

PhysRevB.89.134302

Wigner in 1963
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Herring criterium is routinely used in crystallography 
for analysis of magnetic and crystal structures

12
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real, type 1

pseudoreal, type 2

complex, type 3

Herring criterium for classification of irreducible representations 
(irreps) of the space groups

g={h|τh}

      h  
hk ∾	−k

the irreducible representation matrices dkν 

character

“die Darstellung”
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real, type 1

pseudoreal, type 2

complex, type 3

Herring criterium for classification of irreducible representations 
(irreps) of the space groups

Type3: Making use of the condition that quantities of physics must 
be real, the basis ψkν of the representation dkν must be joined with the 
basis (ψkν)* of the representation (dkν)* Such a reducible  
representation dkν ⊕ (dkν)* is termed irreducible in terms of physics. 

g={h|τh}

      h  
hk ∾	−k

the irreducible representation matrices dkν 

character

“die Darstellung”
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Space group G: 175 P6/m C6h−1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 
irreps of the of the little group of propagation vector Gk

representation approach to the magnetic structure in Tb14Ag51

η=0 η=0η=1 η=1 η=0 η=0
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Space group G: 175 P6/m C6h−1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 
irreps of the of the little group of propagation vector Gk

representation approach to the magnetic structure in Tb14Ag51

η=0 η=0η=1 η=1 η=0 η=0
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Space group G: 175 P6/m C6h−1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 
irreps of the of the little group of propagation vector Gk

representation approach to the magnetic structure in Tb14Ag51

complex conjugated c.c 
η=0 (type=3)

η=0 η=0η=1 η=1 η=0 η=0
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For complex irrep (η=0) we mix basis functions on the same arm

15

Hexagonal P6/m space group
P6/m (175) k=[⅓⅓0] 


only irrep K4 for Tb1

m1 = (mx, my, mz) = C1·(1, exp(i𝜋/3), 0) 


in hex−coordinates is an ideal constant moment M(r) 
cycloid 

M(r)                = Re [ m1·exp(i2𝜋(k·r)) ]

(Mx, My, Mz) = C1·(cos(k·r), cos(k·r+𝜋/3), 0)
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For complex irrep (η=0) we mix basis functions on the same arm

15

Hexagonal P6/m space group
P6/m (175) k=[⅓⅓0] 


only irrep K4 for Tb1

m1 = (mx, my, mz) = C1·(1, exp(i𝜋/3), 0) 


in hex−coordinates is an ideal constant moment M(r) 
cycloid 

M(r)                = Re [ m1·exp(i2𝜋(k·r)) ]

(Mx, My, Mz) = C1·(cos(k·r), cos(k·r+𝜋/3), 0)


full irrep irrep K4K6


we have to mix two basis functions:

m1 = (mx, my, mz) = C1·(1, exp(+i𝜋/3), 0) 

m2 = (mx, my, mz) = C2·(1, exp(−i𝜋/3), 0)


BUT…


we do not know how?
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One does not need to know technicalities to determine 
the magnetic structures and one can use advanced 

software tools as a black box.

16
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Web/computer resources to perform group theory 
symmetry analysis, in particular magnetic structures. 

17

General tools for representation analysis, Shubnikov groups, 3D+n, and much more...  
  
Two main web sites with  a collection of software which applies group theoretical 
methods to the analysis of phase transitions in crystalline solids.

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell 

ISODISTORT: ISOTROPY Software Suite   http://iso.byu.edu 

M. I. Aroyo, J. M. Perez−Mato, D. Orobengoa, E. Tasci, G. de la Flor, and A. Kirov 
 Bilbao Crystallographic Server    http://www.cryst.ehu.es/

http://iso.byu.edu
http://www.cryst.ehu.es
http://iso.byu.edu
http://www.cryst.ehu.es
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Space group G: 175 P6/m C6h-1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 

Four dimensional irrep that generate the magnetic structure in Tb14Ag51

little group Gk IR

  K4      K6 

Pair of conjugated 
non−equivalent irreps for
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Space group G: 175 P6/m C6h-1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 

Four dimensional irrep that generate the magnetic structure in Tb14Ag51

little group Gk IR

  K4      K6 

Pair of conjugated 
non−equivalent irreps for

G IR

  K4 
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mK4K6 PIR=IRmK4K6 PIR=IR

Space group G: 175 P6/m C6h-1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 

Four dimensional irrep that generate the magnetic structure in Tb14Ag51

little group Gk IR

  K4      K6 

Pair of conjugated 
non−equivalent irreps for

G IR

  K4 
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mK4K6 PIR=IRmK4K6 PIR=IR

Space group G: 175 P6/m C6h-1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 

Four dimensional irrep that generate the magnetic structure in Tb14Ag51

<latexit sha1_base64="aTyhXV1HVCv+AQPciIakctu0RNc="></latexit>0

BB@

a
b
c
d

1

CCA

Order Parameter direction  
OPDlittle group Gk IR

  K4      K6 

Pair of conjugated 
non−equivalent irreps for

G IR

  K4 

This OPD vector should stay invariant under 
action some of  some of the matrices. Those 
group elements, whose matrices leave the vector 
invariant form isotropy magnetic subgroup. 
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mK4K6 PIR=IRmK4K6 PIR=IR

Space group G: 175 P6/m C6h-1  
Propagation vector K−point of BZ, k=[1/3,1/3,0] 

Four dimensional irrep that generate the magnetic structure in Tb14Ag51
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(2a+b,'a+b,c;1/3,'1/3,0)/ (2a+b,c,a'b;0,0,0)/ (2a+b,c,a'b;0,0,0)/

(2a+b,c,a'b;0,0,0)/
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OPD New Solution!

Old lowest symmetry 
solution in RA
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k=[1/3,1/3,0]

Possible alternative magnetic symmetries if the spin  

arrangement transforms according to the four-
dimensional physically irreducible representation mK4K6.
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Possible alternative magnetic symmetries if the spin  

arrangement transforms according to the four-
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One mode mGM1- for Tb3 with M || c-
axis, and modes of mGM1- and mGM2+ 
with M ⊥ c-axis for Tb1 and Tb2.
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A note on the relations between irreps and magnetic 
symmetry 

20

irrep: only mK4mK6 k=[1/3,1/3,0] as a primary mode, no k0=[0,0,0]-contribution. It is 
possible to introduce 3rd harmonics k0 = 3k, but respective irreps need to be selected, 
which is not trivial without symmetry. 


magnetic symmetry MSG: the modes of primary irrep k and and the secondary ones k0 
are ‘entangled’ and add up. 


TB1_1 -0.88942 -2.72166 0.00000 Mx,My,0   
TB1_2  1.04243  4.18925 0.00000 Mx,My,0   
TB1_3 -0.15301 -1.46760 0.00000 Mx,My,0  
…
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An artificial example: if the irrep is pseudo-real (−1) the number of 
alternative symmetries is smaller than for complex one.

21
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Neutron diffraction experiments

22
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obs.
calc.
diff.

Old solution (2006): only k-point, but Pm’

Difference neutron powder diffraction pattern between at T = 1.5 and 30 K.

λ=2.567 Å 

Rp = 7.98, Rwp = 11.2, Rexp = 1.31 and χ2 ︎ = 73.0
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Old fit (only k-point irrep but arbitrary irrep mix)

24

k0=[0,0,0]

Neutron powder diffraction pattern measured at T = 1.5K with wavelength 2.567 Å. 
Blue − magnetic contribution.

nuclear [0,0,0]
magnetic [⅓⅓0]
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Le Bail vs. new model

25
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obs.
calc.
diff.
k=0

6 sites 3k 

6 sites 3j

1 site 6l 

27 parameters, which reduce to 15 
assuming constant moment 

Rp = 3.14, Rwp = 4.19, Rexp = 1.29 and χ2︎ = 10.6 Rp = 3.48, Rwp = 4.56, Rexp = 1.30 and χ2︎ = 12.3

P-6’

78 if only irreps without symmetry
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P-6’ AFM structure of Tb14Ag51

26

View of the magnetic structure (a) in projection on the xy plane and (b) along the a axis 
corresponding to the refined model with P6’ symmetry. The unit cell is indicated by a black 
solid line. The dotted line shows a 3a x 3b supercell of the parent space group P6/m. Tb1 atoms 
are in green forming the triangles and Tb3 atoms are in black at the centres of hexagons. 
Tb2a_1, Tb2a_2 and Tb2a_3 are in red, and the remaining three atoms derived from the Tb2 site 
are in blue.
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P-6’ structure

k=[1/3,1/3,0] component

k=[0,0,0] component

Decomposition of P-6’ AFM structure of Tb14Ag5 into harmonics

x 3.333

It is remarkable that the two modes separately do not maintain a 
common moment magnitude for all atoms, and this is only attained 
through the combination of the two contributions

One mode mGM1- for Tb3 with M || c-
axis, and modes of mGM1- and mGM2+ 
with M ⊥ c-axis for Tb1 and Tb2.
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Conclusions

• The antiferromagnetic structure of Tb14Ag51 was determined using both 
magnetic symmetry and irreducible representation arguments.


• The structure given by propagation vector kK=[1/3,1/3,0] in P6/m is 
hexagonal magnetic space group (MSG) P-6’: maximal possible symmetry 
for 4D irrep mK4K6.


• P-6’ constrains the possible mK4K6 ordering that can be present in the 
structure and implicitly introduces third harmonic secondary degrees of 
freedom associated with propagation vector k = 0 (with weight 34% of kK ) 
− the modulation is not sinusoidal


• 13 independent Tb magnetic moments, all having the same absolute 
moment value 8.48 (2) ︎ μB. 12 Tb − pure cycloid in ab-plane and one with 
substantial additional helical contribution.

28

P-6’ structure

(2a+b,'a+b,c;1/3,'1/3,0)/ (2a+b,c,a'b;0,0,0)/ (2a+b,c,a'b;0,0,0)/

(2a+b,c,a'b;0,0,0)/
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Thank you!

29
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finding unknown complex conjugated (c.c) irrep

30

c.c is  NOT always literal c.c of d(g) 
complex conjugated irrep is

<latexit sha1_base64="lQzSL4FiVGs1KXQtkB+SPlR34WA="></latexit>

dc.c(g) = [d(g0gg
�1
0 )]⇤

where g0 is element which transforms 
the arm k into the arm −k, 

irreps of Gk
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finding unknown complex conjugated (c.c) irrep

30

c.c is  NOT always literal c.c of d(g) 

P4/nmm (129) k1=[0½w] 

symop (g)   W1(0★)     W3(0) 
1(t1,t2,t3)    ei𝜋(t2+2t3·w) ei𝜋(t2+2t3·w) 
{2_z|½½0}  1           −1   
{m_x|½00}  1            1 
{m_y|0½0}  1           −1 

W3 is c.c for W1, η=0, type=3 
g0 is −1

complex conjugated irrep is
<latexit sha1_base64="lQzSL4FiVGs1KXQtkB+SPlR34WA="></latexit>

dc.c(g) = [d(g0gg
�1
0 )]⇤

where g0 is element which transforms 
the arm k into the arm −k, 

irreps of Gk

★η=-1,0,1: pseudo-real, complex, real
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finding unknown complex conjugated (c.c) irrep

30

c.c is  NOT always literal c.c of d(g) 

P4/nmm (129) k1=[0½w] 

symop (g)   W1(0★)     W3(0) 
1(t1,t2,t3)    ei𝜋(t2+2t3·w) ei𝜋(t2+2t3·w) 
{2_z|½½0}  1           −1   
{m_x|½00}  1            1 
{m_y|0½0}  1           −1 

W3 is c.c for W1, η=0, type=3 
g0 is −1

P6_5 (170) k1=[⅓⅓½] 

symop (g)    H1(-1)   H2(0)  H3(0) 
1                   1          1 
{3+|00⅔}       1         ei2𝜋/3    e−i2𝜋/3 
{3− |00⅓}      −1       ei𝜋/3      e−i𝜋/3 

H1 is complex but identical to its 
c.c. 
H2 is c.c. for  H3 
g0 is 2001

P3c1 (158) k1=[⅓⅓½] 

symop (g)    H1(-1)  H2(-1) H3(-1) 
1                   1          1           1 
{3+|000}       1         ei2𝜋/3     e−i2𝜋/3 
{3− |000}       1         e−i2𝜋/3  e i2𝜋/3 

All three irreps are complex but 
identical to themselves η=−1, 
type=2. 
g0 is m110

complex conjugated irrep is
<latexit sha1_base64="lQzSL4FiVGs1KXQtkB+SPlR34WA="></latexit>

dc.c(g) = [d(g0gg
�1
0 )]⇤

where g0 is element which transforms 
the arm k into the arm −k, 

irreps of Gk

★η=-1,0,1: pseudo-real, complex, real
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A note: If we use only magnetic symmetry without 
irreps

31

 0
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 25
P1

P 1̄ P 1̄′ P2P2′ PmPm′

P2/mP2′/m P2/m′P2′/m′

P3P3

P 3̄ P 3̄′ P6P6′ P 6̄P 6̄ P 6̄′P 6̄′

P6/m

P6/m1′

P6′/m P6/m′P6′/m′

too many subgroups to consider and we loose the concept of single irrep active at the transition
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combined fit of 
both nuclear and 
magnetic phase

P-6’ and P6/m

The combined fit with the crystal structure in the space group 
P6/m converged well, with the atomic positions (19 parameters 
in total) within less than 1.5 standard deviations from their 
values in the paramagnetic phase at 30 K for all parameters 
except four, i.e. 2.3 for x-AG1, 1.9 for y-AG2, 2.0 for y-AG3 
and 1.6 for y-AG4. We find these deviations insignificant.



V. Pomjakushin, IUCr, 22–29 August 2023, Melbourne, Australia, Tb14Ag51: Distinguishing alternative symmetries…

https://en.wikipedia.org/wiki/Electro–optic_effect

https://en.wikipedia.org/wiki/Optical_rotation

https://encyclopedia.pub/entry/36944

https://en.wikipedia.org/wiki/Spin_pumping

https://en.wikipedia.org/wiki/Spintronics
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Finally, we discuss an intriguing feature of the spin cur- rent under the nonzero ferro-axial moment. Figure 4(a)
z(s)
represents ne dependence of σxx at V = 0.7 for θ = π/3
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classification of HE

35
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The Faraday effect or Faraday rotation, sometimes referred to 
as the magneto-optic Faraday effect (MOFE),[1] is a physical 
magneto-optical phenomenon. The Faraday effect causes a 
polarization rotation which is proportional to the projection of the 
magnetic field along the direction of the light propagation. 
Formally, it is a special case of gyroelectromagnetism obtained 
when the dielectric permittivity tensor is diagonal.[2] This effect 
occurs in most optically transparent dielectric materials (including 
liquids) under the influence of magnetic fields.

https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Magneto-optic
https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/w/index.php?title=Gyroelectromagnetism&action=edit&redlink=1
https://en.wikipedia.org/wiki/Dielectric_permittivity
https://en.wikipedia.org/wiki/Tensor
https://en.wikipedia.org/wiki/Transparency_(optics)
https://en.wikipedia.org/wiki/Dielectric
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Magneto-optic
https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/w/index.php?title=Gyroelectromagnetism&action=edit&redlink=1
https://en.wikipedia.org/wiki/Dielectric_permittivity
https://en.wikipedia.org/wiki/Tensor
https://en.wikipedia.org/wiki/Transparency_(optics)
https://en.wikipedia.org/wiki/Dielectric
https://en.wikipedia.org/wiki/Magnetic_field
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