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Magnetoelectric effect
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coupling between magnetic and 
electric degrees of freedom inversion time reversal
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Two magnon spin-quadrupolar 
excitations and their detection in the 
high-field excitations of Sr2CoGe2O7
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Directional dichroism in the 
AFM phase of Ba2CoGe2O7  
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I. FIGURES FOR THE MAIN TEXT
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FIG. 1: E↵ects of positive and negative electric and magnetic

fields on the E!k[001],H!k[100] spectra of absorption coe�-

cient. Spectra at selected magnetic fields are displayed and

shifted up proportionally to the absolute value of the corre-

sponding magnetic field. (a) E↵ect of the electric field on

the spectra: Di↵erential spectra with respect to electric fields

of opposite polarities. (b) Magnetic field e↵ect on the spec-

tra: E↵ect of the electric field is eliminated, as spectra with

electric fields of di↵erent polarities are averaged. Black lines

denote the positions of the modes. The box defines the range

of the Fig. 2, where electric field e↵ect on the 12 T-spectra is

investigated more in detail.
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FIG. 2: E↵ect of electric field and its history on the ME ex-

citation with E!k[001],H!k[100] polarization in B[001]=12T.

Electric field was applied in [100] direction, all experiments

were performed at temperature T=3.5K. (a) Spectra at se-

lected electric fields and di↵erent electric field histories nor-

malized with respect to zero-electric-field virgin spectra in

H=12T. Clear hysteresis of the spectra is observed. (b) Max-

imum peak intensities of the spectra at di↵erent electric fields

with di↵erent electric-field histories. Hysteresis of the spectra

is reflected into the hysteresis curve. The horizontal arrows

connecting panels (a) and (b) show corresponding points in

the hysteresis curve taken from the maxima of the spectral

peaks.
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j Ŝ
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J = 49.1± 0.8 GHz = 2.36± 0.04 K ,

Jz = 45.0± 1.1 GHz = 2.16± 0.05 K ,

⇤ = 49.7± 4.2 GHz = 2.39± 0.20 K .
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Excitations in high field H || [001]
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One-magnon transition H || [001]

these are the perpendicular (H || [001]) 
components, present in the Voigt & 

Faraday geometries

M. Akaki et al PRB 96, 214406 (2017) 

S�
j S�

j

<latexit sha1_base64="FqFHDEeAIy1CfSLFBG94ITk5Ong=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgxjIjBcVVwY3LivaB7VgyaaaNJpkhyQhl6F+4caGIW//GnX9jOp2Fth5IOJxzL/feE8ScaeO6305haXllda24XtrY3NreKe/utXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOHi+nfvuJKs0ieWvGMfUFHkoWMoKNle5u7k/6D9nXL1fcqpsBLRIvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOSr1E0xiTRzykXUslFlT7abbxBB1ZZYDCSNknDcrU3x0pFlqPRWArBTYjPe9Nxf+8bmLCcz9lMk4MlWQ2KEw4MhGano8GTFFi+NgSTBSzuyIywgoTY0Mq2RC8+ZMXSeu06tWqtetapX6Rx1GEAziEY/DgDOpwBQ1oAgEJz/AKb452Xpx352NWWnDynn34A+fzB42WkCs=</latexit>

j

<latexit sha1_base64="b35k+fsHT6i0Nbn7kAgbsQJqB2A=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokUFE8FLx5bsB/QhrLZTtptN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz329nY3Nre2S3sFfcPDo+OSyenLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB1M7ud++wmV5rF8NNME/YgOJQ85o8ZKjXG/VHYr7gJknXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgr9lKNCWUTOsSupZJGqP1sceiMXFplQMJY2ZKGLNTfExmNtJ5Gge2MqBnpVW8u/ud1UxPe+hmXSWpQsuWiMBXExGT+NRlwhcyIqSWUKW5vJWxEFWXGZlO0IXirL6+T1nXFq1aqjWq5dpfHUYBzuIAr8OAGavAAdWgCA4RneIU3Z+y8OO/Ox7J1w8lnzuAPnM8f0N+M7Q==</latexit>

j

<latexit sha1_base64="b35k+fsHT6i0Nbn7kAgbsQJqB2A=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokUFE8FLx5bsB/QhrLZTtptN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz329nY3Nre2S3sFfcPDo+OSyenLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB1M7ud++wmV5rF8NNME/YgOJQ85o8ZKjXG/VHYr7gJknXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgr9lKNCWUTOsSupZJGqP1sceiMXFplQMJY2ZKGLNTfExmNtJ5Gge2MqBnpVW8u/ud1UxPe+hmXSWpQsuWiMBXExGT+NRlwhcyIqSWUKW5vJWxEFWXGZlO0IXirL6+T1nXFq1aqjWq5dpfHUYBzuIAr8OAGavAAdWgCA4RneIU3Z+y8OO/Ox7J1w8lnzuAPnM8f0N+M7Q==</latexit>

=

<latexit sha1_base64="9Il5iZkuKAOSJGCsMt9V1COhAA4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoAhCwYvHFmwttKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi1QmoRsEltgw3AjuJQhoFAh+C8e3Mf3hCpXks780kQT+iQ8lDzqixUvOmX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/yMyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6tWqtWatUr/O4yjCCZzCOXhwCXW4gwa0gAHCM7zCm/PovDjvzseiteDkM8fwB87nD4yrjMA=</latexit>

D1

(a)

H // [001]

(b)
0

0.5

1.0

1.5

Fr
eq

ue
nc

y 
(T

H
z)

0 10 20 30 40 50
0

0.5

1.0

1.5

Magnetic Field (T)

Fr
eq

ue
nc

y 
(T

H
z)

1.4 1.6K
H //k

H k Q1

D0

D1

D0

O

Faraday

Voigt

the operators containing S�
j S�

j

<latexit sha1_base64="FqFHDEeAIy1CfSLFBG94ITk5Ong=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgxjIjBcVVwY3LivaB7VgyaaaNJpkhyQhl6F+4caGIW//GnX9jOp2Fth5IOJxzL/feE8ScaeO6305haXllda24XtrY3NreKe/utXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOHi+nfvuJKs0ieWvGMfUFHkoWMoKNle5u7k/6D9nXL1fcqpsBLRIvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOSr1E0xiTRzykXUslFlT7abbxBB1ZZYDCSNknDcrU3x0pFlqPRWArBTYjPe9Nxf+8bmLCcz9lMk4MlWQ2KEw4MhGano8GTFFi+NgSTBSzuyIywgoTY0Mq2RC8+ZMXSeu06tWqtetapX6Rx1GEAziEY/DgDOpwBQ1oAgEJz/AKb452Xpx352NWWnDynn34A+fzB42WkCs=</latexit>

are

Sx
j

<latexit sha1_base64="UyscfKUyavk/Oe1DW/CP3XZvdo4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVguKp4MVjRbcttGvJptk2NskuSVYsS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNHWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0dXUbz1SpVks78w4oYHAA8kiRrCxkn97/9R76JUrbtWdAS0TLycVyNHolb+6/ZikgkpDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lEguqg2x27ASdWKWPoljZkgbN1N8TGRZaj0VoOwU2Q73oTcX/vE5qoosgYzJJDZVkvihKOTIxmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0nzrOrVqrWbWqV+mcdRhCM4hlPw4BzqcA0N8IEAg2d4hTdHOi/Ou/Mxby04+cwh/IHz+QO6fY6d</latexit>

Sy
j

<latexit sha1_base64="zxi+tzBRf3LUAoFI1p8HdPAY+38=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5JIQfFU8OKxomkLbSyb7aZd3WzC7kYIob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxLBtXGcb1RaWV1b3yhvVra2d3b3qvsHbR2nijKPxiJW3YBoJrhknuFGsG6iGIkCwTrB49XU7zwxpXks70yWMD8iI8lDTomxknd7nw0eBtWaU3dmwMvELUgNCrQG1a/+MKZpxKShgmjdc53E+DlRhlPBJpV+qllC6CMZsZ6lkkRM+/ns2Ak+scoQh7GyJQ2eqb8nchJpnUWB7YyIGetFbyr+5/VSE174OZdJapik80VhKrCJ8fRzPOSKUSMySwhV3N6K6ZgoQo3Np2JDcBdfXibts7rbqDduGrXmZRFHGY7gGE7BhXNowjW0wAMKHJ7hFd6QRC/oHX3MW0uomDmEP0CfP7wDjp4=</latexit>

and

P x
j and P y

j / Sz
j S

x
j and Sz

j S
y
j

<latexit sha1_base64="Ndw+8g+3DzacMxZ+PDub5A0eeCo="></latexit>



Two-magnon transition H || [001]
M. Akaki et al PRB 96, 214406 (2017) 

S�
j S�

j

<latexit sha1_base64="FqFHDEeAIy1CfSLFBG94ITk5Ong=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgxjIjBcVVwY3LivaB7VgyaaaNJpkhyQhl6F+4caGIW//GnX9jOp2Fth5IOJxzL/feE8ScaeO6305haXllda24XtrY3NreKe/utXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOHi+nfvuJKs0ieWvGMfUFHkoWMoKNle5u7k/6D9nXL1fcqpsBLRIvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOSr1E0xiTRzykXUslFlT7abbxBB1ZZYDCSNknDcrU3x0pFlqPRWArBTYjPe9Nxf+8bmLCcz9lMk4MlWQ2KEw4MhGano8GTFFi+NgSTBSzuyIywgoTY0Mq2RC8+ZMXSeu06tWqtetapX6Rx1GEAziEY/DgDOpwBQ1oAgEJz/AKb452Xpx352NWWnDynn34A+fzB42WkCs=</latexit>

j

<latexit sha1_base64="b35k+fsHT6i0Nbn7kAgbsQJqB2A=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokUFE8FLx5bsB/QhrLZTtptN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz329nY3Nre2S3sFfcPDo+OSyenLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB1M7ud++wmV5rF8NNME/YgOJQ85o8ZKjXG/VHYr7gJknXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgr9lKNCWUTOsSupZJGqP1sceiMXFplQMJY2ZKGLNTfExmNtJ5Gge2MqBnpVW8u/ud1UxPe+hmXSWpQsuWiMBXExGT+NRlwhcyIqSWUKW5vJWxEFWXGZlO0IXirL6+T1nXFq1aqjWq5dpfHUYBzuIAr8OAGavAAdWgCA4RneIU3Z+y8OO/Ox7J1w8lnzuAPnM8f0N+M7Q==</latexit>

j

<latexit sha1_base64="b35k+fsHT6i0Nbn7kAgbsQJqB2A=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokUFE8FLx5bsB/QhrLZTtptN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz329nY3Nre2S3sFfcPDo+OSyenLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB1M7ud++wmV5rF8NNME/YgOJQ85o8ZKjXG/VHYr7gJknXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgr9lKNCWUTOsSupZJGqP1sceiMXFplQMJY2ZKGLNTfExmNtJ5Gge2MqBnpVW8u/ud1UxPe+hmXSWpQsuWiMBXExGT+NRlwhcyIqSWUKW5vJWxEFWXGZlO0IXirL6+T1nXFq1aqjWq5dpfHUYBzuIAr8OAGavAAdWgCA4RneIU3Z+y8OO/Ox7J1w8lnzuAPnM8f0N+M7Q==</latexit>

this is the parallel 
component, only 

present in the Voigt 
geometry

Hω and Eω ⟂ or ‖ to H 
can excite

 H
Hω

Eω

k

=

<latexit sha1_base64="9Il5iZkuKAOSJGCsMt9V1COhAA4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoAhCwYvHFmwttKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi1QmoRsEltgw3AjuJQhoFAh+C8e3Mf3hCpXks780kQT+iQ8lDzqixUvOmX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/yMyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6tWqtWatUr/O4yjCCZzCOXhwCXW4gwa0gAHCM7zCm/PovDjvzseiteDkM8fwB87nD4yrjMA=</latexit>

P x
j / � cos 2Sx

j S
z
j �(�1)j sin 2Sy

j S
z
j ,

P y
j / cos 2Sy

j S
z
j �(�1)j sin 2Sx

j S
z
j ,

P z
j / cos 2

h
(Ŝy
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from the Faraday 
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Voigt: 
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Fully saturated 
state

One magnon 
created

hops with 
amplitude J

|D(q)i =
X

j

eiq·rjS�
j |GSi

!1(q) = µBgcHz � 2⇤� 6Jz

+ 3J(cos qx + cos qy)
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Magnon dispersion
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One-magnon excitations in [001] field 
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⇤ = Jz = J

Two magnon can freely hop 
around, interaction arises 
when they are neighbors: 

 2 magnon continuum

2 magnon 
continuum
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Two-magnon excitations in [001] field 

|Q1i =
X

j

(�1)jS�
j S�

j |GSi

Q1 bound states, Sz=-1/2  
exact at q=(𝜋,𝜋)

R. Silberglitt and J. B. Torrance, Jr., 
Phys. Rev. B 2, 772 (1970)

!
[001]
Q1

= 2µBgcHz � 2⇤� 12Jz

B1 bound states
M. Wortis, Phys. Rev. 132, 

85 (1963),  
J. Hanus, Phys. Rev. Lett. 

11, 336 (1963).

!
[001]
B1

= 2µBgcHz � 4⇤� 11Jz



Two-magnon excitations in [001] field 

Two magnon (anti)bound states appear 
in the vicinity of q=(𝜋,𝜋),

 
How can we see it? 

How can we excite two-magnon with 
light?
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y
j ,

Q0 at q=(0,0) Q1 at q=(𝜋,𝜋) 
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⇤ = Jz = J

2 magnon 
continuum
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!Q = 2gzh
z � 12J � 2⇤

<latexit sha1_base64="fj6NTv3x2j22GNq++Bwb9CurO80=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHctCSloAhCwY2IixbsA5oYJpNJOnTyYGYitKF7N/6KGxeKuPUH3Pk3TtsstPXAhcM5987ce9yEUSEN41tbWV1b39gsbBW3d3b39vWDw46IU45JG8cs5j0XCcJoRNqSSkZ6CScodBnpusOrqd99IFzQOLqTo4TYIQoi6lOMpJIcvWTFIQmQk7Uml7XAGcPB/RhWzBq8qdSsW/WOhxy9bFSNGeAyMXNSBjmajv5leTFOQxJJzJAQfdNIpJ0hLilmZFK0UkEShIcoIH1FIxQSYWezWybwRCke9GOuKpJwpv6eyFAoxCh0VWeI5EAselPxP6+fSv/czmiUpJJEeP6RnzIoYzgNBnqUEyzZSBGEOVW7QjxAHGGp4iuqEMzFk5dJp1Y169V6q15uXORxFMAxKIFTYIIz0ADXoAnaAINH8AxewZv2pL1o79rHvHVFy2eOwB9onz8ropkw</latexit>

!O = 3gzh
z � 18J

<latexit sha1_base64="Pdl5aZiG5Mzq6r0q+MMEwfpaV2k=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ZECxZBKLgRN1awD2hjmEwn6dDJJMxMhDYUN/6KGxeKuPUr3Pk3TtsstPXAhcM593LvPV7MqFSW9W3kFhaXllfyq4W19Y3NLXN7pyGjRGBSxxGLRMtDkjDKSV1RxUgrFgSFHiNNr3859psPREga8Ts1iIkTooBTn2KktOSae50oJAFy05vRxWngDmHvfgiP7Qq8ds2iVbImgPPEzkgRZKi55lenG+EkJFxhhqRs21asnBQJRTEjo0InkSRGuI8C0taUo5BIJ528MIKHWulCPxK6uIIT9fdEikIpB6GnO0OkenLWG4v/ee1E+RUnpTxOFOF4ushPGFQRHOcBu1QQrNhAE4QF1bdC3EMCYaVTK+gQ7NmX50njpGSXS+XbcrF6nsWRB/vgABwBG5yBKrgCNVAHGDyCZ/AK3own48V4Nz6mrTkjm9kFf2B8/gAJj5Xf</latexit>

!D0 = gzh
z � 2⇤

<latexit sha1_base64="YSvYx4CVfMbGKkiFs9N1WfqsZjw=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWJJSUAShoAsXLirYBzQxTCaTdugkE2YmQhu6c+OvuHGhiFt/wZ1/47TNQlsPXDicc+/MvcdPGJXKsr6NhcWl5ZXVwlpxfWNza9vc2W1KngpMGpgzLto+koTRmDQUVYy0E0FQ5DPS8vuXY7/1QISkPL5Tg4S4EerGNKQYKS155oHDI9JFXnblWaOLrjeEvfshPKk4N/qNAHlmySpbE8B5YuekBHLUPfPLCThOIxIrzJCUHdtKlJshoShmZFR0UkkShPuoSzqaxigi0s0md4zgkVYCGHKhK1Zwov6eyFAk5SDydWeEVE/OemPxP6+TqvDMzWicpIrEePpRmDKoOByHAgMqCFZsoAnCgupdIe4hgbDS0RV1CPbsyfOkWSnb1XL1tlqqnedxFMA+OATHwAanoAauQR00AAaP4Bm8gjfjyXgx3o2PaeuCkc/sgT8wPn8Ab4qYXg==</latexit>

!D1 = gzh
z � 2⇤� 12J

<latexit sha1_base64="FL83DS5g/gTDTJhShfdJORd+uLE=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTctCSloAhCQRciLirYBzQxTCaTdOjkwcxEaEO/wI2/4saFIm5du/NvnLZZaOuBC4dz7p2597gJo0Iaxre2tLyyurZe2Chubm3v7Op7+20RpxyTFo5ZzLsuEoTRiLQklYx0E05Q6DLScQcXE7/zQLigcXQnhwmxQxRE1KcYSSU5etmKQxIgJ7t0zPF54Ixg/34EKzXrRr3hIViBZg1eO3rJqBpTwEVi5qQEcjQd/cvyYpyGJJKYISF6ppFIO0NcUszIuGilgiQID1BAeopGKCTCzqbnjGFZKR70Y64qknCq/p7IUCjEMHRVZ4hkX8x7E/E/r5dK/9TOaJSkkkR49pGfMihjOMkGepQTLNlQEYQ5VbtC3EccYakSLKoQzPmTF0m7VjXr1fptvdQ4y+MogENwBI6BCU5AA1yBJmgBDB7BM3gFb9qT9qK9ax+z1iUtnzkAf6B9/gCfApnf</latexit>

one-magnon dipolar transition

two-magnon quadrupolar transition

three-magnon octupolar transition



Octupole transition H || [110]

one-magnon dipolar transition

two-magnon quadrupolar transition

three-magnon octupolar transition

!D0 = µBgxh
x + ⇤� 3⇤2

8µBgxhx

<latexit sha1_base64="I2XPJOBhod+C3uO84sbnfWPxMvk="></latexit>

!D1 = µBgxh
x + ⇤� 12J � 3⇤2

8µBgxhx

<latexit sha1_base64="BQ2qeJkv5BjSxOlBVzYY5C/KFNE="></latexit>

!Q = 2µBgxh
x + ⇤� 12J

<latexit sha1_base64="pcSQuBxNBo8vV1jiowlp11Ze8Ns=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCoogFN2IuGjBPqAzDpk0bUOTmSHJSMvQT3Djr7hxoYhbl+78G9N2Ftp64MLhnHuTe48fMSqVZX0bmYXFpeWV7GpubX1jc8vc3qnLMBaY1HDIQtH0kSSMBqSmqGKkGQmCuM9Iw+9fjf3GAxGShsGdGkbE5agb0A7FSGnJMw+dkJMu8pLq6KLo8Ni7hF1vAHv3A3js3Op32ujELsIbz8xbBWsCOE/slORBiopnfjntEMecBAozJGXLtiLlJkgoihkZ5ZxYkgjhPuqSlqYB4kS6yeSgETzQSht2QqErUHCi/p5IEJdyyH3dyZHqyVlvLP7ntWLVOXMTGkSxIgGeftSJGVQhHKcD21QQrNhQE4QF1btC3EMCYaUzzOkQ7NmT50m9WLBLhVK1lC+fp3FkwR7YB0fABqegDK5BBdQABo/gGbyCN+PJeDHejY9pa8ZIZ3bBHxifP96Tmyk=</latexit>

!O = 3µBgxh
x � 18J +

3⇤2

8µBgxhx

<latexit sha1_base64="Zcs4kZID3xuevkDkPcX8dqfC9Y8="></latexit>

Pulsed-field ESR measurements using 
polarized light 

O QVoigt

M. Akaki, Y. Narumi  and M. 
Hagiwara unpublished



Octupole transition H || [110]

three-magnon octupolar transition

!Q = 2µBgxh
x + ⇤� 12J

<latexit sha1_base64="pcSQuBxNBo8vV1jiowlp11Ze8Ns=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCoogFN2IuGjBPqAzDpk0bUOTmSHJSMvQT3Djr7hxoYhbl+78G9N2Ftp64MLhnHuTe48fMSqVZX0bmYXFpeWV7GpubX1jc8vc3qnLMBaY1HDIQtH0kSSMBqSmqGKkGQmCuM9Iw+9fjf3GAxGShsGdGkbE5agb0A7FSGnJMw+dkJMu8pLq6KLo8Ni7hF1vAHv3A3js3Op32ujELsIbz8xbBWsCOE/slORBiopnfjntEMecBAozJGXLtiLlJkgoihkZ5ZxYkgjhPuqSlqYB4kS6yeSgETzQSht2QqErUHCi/p5IEJdyyH3dyZHqyVlvLP7ntWLVOXMTGkSxIgGeftSJGVQhHKcD21QQrNhQE4QF1btC3EMCYaUzzOkQ7NmT50m9WLBLhVK1lC+fp3FkwR7YB0fABqegDK5BBdQABo/gGbyCN+PJeDHejY9pa8ZIZ3bBHxifP96Tmyk=</latexit>

!O = 3µBgxh
x � 18J +

3⇤2

8µBgxhx

<latexit sha1_base64="Zcs4kZID3xuevkDkPcX8dqfC9Y8="></latexit>

one-magnon dipolar transition

two-magnon quadrupolar transition

!D0 = µBgxh
x + ⇤� 3⇤2

8µBgxhx

<latexit sha1_base64="I2XPJOBhod+C3uO84sbnfWPxMvk="></latexit>

!D1 = µBgxh
x + ⇤� 12J � 3⇤2

8µBgxhx

<latexit sha1_base64="BQ2qeJkv5BjSxOlBVzYY5C/KFNE="></latexit>

QO

Voigt

Pulsed-field ESR measurements 
using polarized light 

M. Akaki, Y. Narumi  and M. 
Hagiwara unpublished



Comparing with Ba2CoGe2O7

V. Hutanu et al., PRB 89, 064403 (2014)

Ba2CoGe2O7  
single crystal neutron, @RT 
A. Sazonov et al., J. Appl. Cryst. 49, 556 (2016). 

Co-O length 
1.98Å 
O-Co-O angle  
116.7º 

|�A� = e�i�AŜz
A |�SF�,

|�B� = e�i�BŜz
B |�SF�,

|�SF⇥ =
| 32 ⇥ � i

⇤
3�| 12 ⇥ �

⇤
3�|� 1

2 ⇥+ i|� 3
2 ⇥�

6�2 + 2

with

h=0 the ground state is the planar 
antiferromagnetic state 

hSji =
3⌘(⌘ + 1)

3⌘2 + 1
(cos'j , sin'j , 0)

<latexit sha1_base64="HvW/UpPewYUkYSO/T6vvpo4fJiY="></latexit>

spin length shorter than 3/2⌘ 6= 1

<latexit sha1_base64="q/2mvEVxyFbUJYxGg4ekOFhajcI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoHgqePFYwX5gE8pmO2mXbjZxdyOU0n/hxYMiXv033vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnZBqFFxi03AjsJMqpHEosB2ObmZ++wmV5om8N+MUg5gOJI84o8ZKDz4a6kt8JF6vXHGr7hxklXg5qUCORq/85fcTlsUoDRNU667npiaYUGU4Ezgt+ZnGlLIRHWDXUklj1MFkfvGUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZia6CiZcpplByRaLokwQk5DZ+6TPFTIjxpZQpri9lbAhVZQZG1LJhuAtv7xKWhdVr1at3dUq9es8jiKcwCmcgweXUIdbaEATGEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/5wSQZA==</latexit>

multipole degrees of freedom 
are mixed

Anisotropy large 𝛬/J ≈ 6



Comparing with Ba2CoGe2O7

H||[001] H||[100]

K. Penc et al PRL 108, 257203 (2012)



Directional dichroism Ba2CoGe2O7

K. Penc et al PRL 108, 257203 (2012)

H||[001]
J. Vít and S. Bordács unpublished



Directional dichroism Ba2CoGe2O7

↵± / ImN± / Im(
p
✏zz(!)µxx(!)± �me

xz (!))

<latexit sha1_base64="L16hG/giFr6xIa08pNAPcqyaGoI="></latexit>

H
!k[100]

<latexit sha1_base64="lPWmyZhMwWMIuSZKsuEq1BRu7gI=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIQXFVcNNlBfuAzlgyaaYNzWNIMkqZ9lPcuFDErV/izr8xbWehrQcuHM65N7n3RAmj2njet1PY2Nza3inulvb2Dw6P3PJxW8tUYdLCkknVjZAmjArSMtQw0k0UQTxipBONb+d+55EoTaW4N5OEhBwNBY0pRsZKfbfceAgkJ0MEgyns+Z4X9t2KV/UWgOvEz0kF5Gj23a9gIHHKiTCYIa3tK4kJM6QMxYzMSkGqSYLwGA1Jz1KBONFhtlh9Bs+tMoCxVLaEgQv190SGuNYTHtlOjsxIr3pz8T+vl5r4OsyoSFJDBF5+FKcMGgnnOcABVQQbNrEEYUXtrhCPkELY2LRKNgR/9eR10r6s+rVq7a5Wqd/kcRTBKTgDF8AHV6AOGqAJWgCDJ/AMXsGbM3VenHfnY9lacPKZE/AHzucPXtmSwA==</latexit>

Im�mm
xx (!) /

X

f

| hf |Sx|0i |2�(! � !f )

<latexit sha1_base64="xEw16rvGLRKEFzGr29LTRAFa0gY="></latexit>

Im�me
xz (!) /

X

f

(h0|Sx|fi hf |P z|0i

+ h0|P z|fi hf |Sx|0i)�(! � !f )

<latexit sha1_base64="zaXDYdatDEgt9x7TGP8RqXbyMYY="></latexit>

E!k[001]

<latexit sha1_base64="9PmqyDOomf3YuqDZWX3bCHJ88Rc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRSUFwVRHBZwT4gjWUynbRD5xFmJkpJ+yluXCji1i9x5984bbPQ1gMXDufcy733RAmj2njet1NYW9/Y3Cpul3Z29/YP3PJhS8tUYdLEkknViZAmjArSNNQw0kkUQTxipB2Nrmd++5EoTaW4N+OEhBwNBI0pRsZKPbd889CVnAwQ7E5g4Hl+2HMrXtWbA64SPycVkKPRc7+6fYlTToTBDGkd+F5iwgwpQzEj01I31SRBeIQGJLBUIE50mM1Pn8JTq/RhLJUtYeBc/T2RIa71mEe2kyMz1MveTPzPC1ITX4YZFUlqiMCLRXHKoJFwlgPsU0WwYWNLEFbU3grxECmEjU2rZEPwl19eJa3zql+r1u5qlfpVHkcRHIMTcAZ8cAHq4BY0QBNg8ASewSt4cybOi/PufCxaC04+cwT+wPn8AVobkr0=</latexit>

Im�ee
zz(!) /

X

f

| hf |P z|0i |2�(! � !f )

<latexit sha1_base64="yZvQe3ELc5keG+6O2Vrca22PH+8="></latexit>

↵+ � ↵� / 2Im�me
xz (!)

<latexit sha1_base64="9ouiGwCp9PvITOyIbLL/zR3lydM="></latexit>

E > 0

<latexit sha1_base64="cbDsbPkTZio/AkJkAncl4ShWjY4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9SEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDiiSNSg==</latexit>

B > 0

<latexit sha1_base64="Dz/0K26rxP3QHg+lahInpjrGkHE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9S9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBhZKNRw==</latexit>

B < 0

<latexit sha1_base64="LjNHFDiOHphtS+3yo+/WbqQWWPE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBgoiNRQ==</latexit>

E < 0

<latexit sha1_base64="48bSXyhkXb7GTXMl+ihrkvKaH3U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDhxqNSA==</latexit>

�me < 0

<latexit sha1_base64="kI8NKI1qtAd7CaAYo4bX8rBCIZ0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQBEPAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wf+WJEL</latexit>

�me > 0

<latexit sha1_base64="gERJKSetC2sbxrgLaEHZujnjAIc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQPEgAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wcBcZEN</latexit>

�me > 0

<latexit sha1_base64="gERJKSetC2sbxrgLaEHZujnjAIc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQPEgAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wcBcZEN</latexit>

E > 0

<latexit sha1_base64="cbDsbPkTZio/AkJkAncl4ShWjY4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9SEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDiiSNSg==</latexit>

B < 0

<latexit sha1_base64="LjNHFDiOHphtS+3yo+/WbqQWWPE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBgoiNRQ==</latexit>

E < 0

<latexit sha1_base64="48bSXyhkXb7GTXMl+ihrkvKaH3U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDhxqNSA==</latexit>

B > 0

<latexit sha1_base64="Dz/0K26rxP3QHg+lahInpjrGkHE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9S9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBhZKNRw==</latexit>

�me < 0

<latexit sha1_base64="kI8NKI1qtAd7CaAYo4bX8rBCIZ0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQBEPAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wf+WJEL</latexit>
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E > 0

<latexit sha1_base64="cbDsbPkTZio/AkJkAncl4ShWjY4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9SEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDiiSNSg==</latexit>

B > 0

<latexit sha1_base64="Dz/0K26rxP3QHg+lahInpjrGkHE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9S9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBhZKNRw==</latexit>

�me > 0

<latexit sha1_base64="gERJKSetC2sbxrgLaEHZujnjAIc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQPEgAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wcBcZEN</latexit>

B < 0

<latexit sha1_base64="LjNHFDiOHphtS+3yo+/WbqQWWPE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBgoiNRQ==</latexit>

E < 0

<latexit sha1_base64="48bSXyhkXb7GTXMl+ihrkvKaH3U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDhxqNSA==</latexit>

�me > 0

<latexit sha1_base64="gERJKSetC2sbxrgLaEHZujnjAIc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQPEgAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wcBcZEN</latexit>

�me < 0

<latexit sha1_base64="kI8NKI1qtAd7CaAYo4bX8rBCIZ0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQBEPAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wf+WJEL</latexit>

E > 0

<latexit sha1_base64="cbDsbPkTZio/AkJkAncl4ShWjY4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9SEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDiiSNSg==</latexit>

B < 0

<latexit sha1_base64="LjNHFDiOHphtS+3yo+/WbqQWWPE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBgoiNRQ==</latexit>

E < 0

<latexit sha1_base64="48bSXyhkXb7GTXMl+ihrkvKaH3U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFPFQEMFjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sPttdsrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNLPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0zytetVK9r5ZrV3kcBTiGEzgDDy6gBndQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDhxqNSA==</latexit>

B > 0

<latexit sha1_base64="Dz/0K26rxP3QHg+lahInpjrGkHE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokUFA9S9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eHm2u2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya5xWvWqneV8u1qzyOAhzDCZyBBxdQgzuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBhZKNRw==</latexit>

�me < 0

<latexit sha1_base64="kI8NKI1qtAd7CaAYo4bX8rBCIZ0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKQBEPAS8eI5gHJGuYncwmQ+axzPQKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3RYngFnz/2yusrW9sbhW3Szu7e/sH5cOjltWpoaxJtdCmExHLBFesCRwE6ySGERkJ1o7GtzO//cSM5Vo9wCRhoSRDxWNOCTip26Mj/phJNr3x++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtqUKvW7muV+nUeRxGdoFN0jgJ0ieroDjVQE1Gk0TN6RW8eeC/eu/exaC14+cwx+gPv8wf+WJEL</latexit>
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