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ftrmeUE O IRE O E KSR ORER A Z AT, EXIEIURIT 1.7 K UF CRBIciEd L, #2 ik
15 K LT TRtz nd, #1, #2 & LICHIGEHIINT 5 2 & CEREIOBDBEENME T 572
W, BEIEHROBWD ISR LD L BEZHONRHRTH D, #2 LR USMETAR L Pd Bt
B D BB BB IS T 2 BB T, ZORBBEENEMA V7 BIRETRNWD L&
RET %, BRI HBADRLIBNEBAT LTI AL LT, O/ —FNTA LD bR Y
T VIR R R BEICEE N 2 R EHBRE, OO NS WEFLEREE b ORIC L D300 7 BiniE,
QOFRMIZ L DBEED ZONEZBND, ChA:CTaAs DL IR ) —RDOT 4T v 7 - T ALY
BROGEEFEIRY CaAgP DX O 7 ) —HXNT A U E B OWE TR, RERENR 77 v bV RE
L TR ENGED 20, BEEORBICE > THTHIREIIIREBEELZ L O RENENH D, Pd Bt
AETIE, DTVRIMFET 2B T v ) TR T ARERENR Y 2 L I =L F—fHEICER S
TWAHHREEMERH VY . ZNPBEEEBE > TV A s LitZewy, Pd R—73EHZ B W TEII S
TBEENEDO VT ) FILDBIRETHD DN, SRENODDLERD D,
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Magnetoelectric-coupling mechanism in a room-temperature hexaferrite revealed in
magnetic-domain scale by using resonant x-ray microdiffraction technique

AO01 Tsuyoshi Kimura

The transverse-conical spin-spiral system is a rare “multiferroic” system in the original framework and possesses
both macroscopic magnetization and electric polarization of spin origin. In such a system, the clamping of
ferromagnetic and ferroelectric domain walls can be expected. The non-trivial and strong coupling between
magnetism and dielectricity is the major attractiveness of multiferroic materials. However, the direct observation
of the domain clamping has less been demonstrated due to the difficulty in visualizing the domains formed by a
non-trivial spin-spiral order. We examined the coupling of ferroic domains ascribed to the transverse-conical order
in a multiferroic material with use of a resonant x-ray microdiffraction technique. The material focused on in this
study is a room-temperature magnetoelectric Z-type hexaferrite, SrsCozFe24041, Showing a transverse conical
magnetic structure (See illustrations of Figure) [1]. The complex crystallographic and magnetic structure of the
magnetoelectric hexaferrite makes it difficult to understand its magnetoelectric-coupling mechanism. Thus,
magnetoelectric-coupling mechanism in the hexaferrite has been discussed based on their macroscopic properties
such as magnetization and electric polarization. These macroscopic properties can show the presence of
magnetoelectric coupling but provide indirect information of the microscopic coupling such as the clamping of
ferromagnetic and ferroelectric domain walls. In fact, the clamping of the domain walls was predicted in the early
stage of the research on magnetoelectric multiferroics but has been less demonstrated.

The purpose of this study is to provide insights into the magnetoelectric-coupling mechanism in the room-
temperature multiferroic SrsCozFe24041 from the viewpoint of microscopic magnetic domains rather than its
macroscopic magnetoelectric properties. We examine magnetic-field responses of two-types of magnetic domains
formed by the evolution of coexisting order parameters inherent in the transverse conical magnetic structure by
adopting a resonant x-ray microdiffraction technique using circularly-polarized incident x rays. This technique
enables us to separately observe domain structures ascribed to the coexisting order parameters. Resonant x-ray
microdiffraction measurements on a single crystal of Sr3CozFe24041 with a flat face parallel to the (001) plane were
performed at the beamline 17SU, SPring-8. Highly-focused circularly-polarized soft x rays whose beam size and
photon energy were approximately 30 x 15 pm? and in the vicinity of the Fe Ls edge (= 710 eV), respectively,
were utilized. The crystal was mounted with the [001] direction along the scattering vector. To observe the spatial
distribution of magnetic domains, two-dimensional scans of the focused x-ray beam on the cleaved face were
carried out.

In this report, we omit the details about the results of the scanning diffraction measurements which is provided
in ref. [2]. Here we only show obtained spatial distributions of the two order parameters: ferromagnetic component
and ferroelectric cycloidal spiral component, that is, ferromagnetic and cycloidal spiral domains. One of the
representative results is shown in Figure. This figure shows the respective magnetic domain structures. The domain
states before magnetic-field reversal are single-ferromagnetic and multi-cycloidal ones, as seen in the maps shown
in Figures (a) and (c), respectively. After the magnetic field is reversed, the ferromagnetic domain is completely
reversed [compare Fig. (a) and (b)]. In addition, the cycloidal spin-spiral domain pattern is perfectly intact but is
reversed in its contrast by the magnetic-field reversal [compare Figs. (c) and (d)]. The simultaneous inversion of
the two-types of domains by magnetic-field reversal means that a reversal of magnetization always accompanies
that of spin-helicity in the cycloidal component. In other words, the domain walls of the cycloidal domains are
completely clamped with ferromagnetic ones. This observation directly reveals the process of magnetization
reversal in the transverse conical phase, that is, a 180° rotation of the cone axis around [001].
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The reversal process of the magnetic structure, together with experimental results of the magnetoelectric effect,
leads us to the conclusion that the magnetoelectricity in the Z-type hexaferrite originates mainly from the spin-
dependent metal-ligand orbital hybridization with minor contribution from the asymmetric spin exchange
interaction. Furthermore, such a mechanism is discussed by the symmetry analysis based on the Landau theory
and is well described in terms of couplings among the coexisting order parameters included in the free energy.
Thus, observations on field responses of multiple domains in multiferroics provide insights into underlying
microscopic magnetoelectric-coupling mechanisms.

This work has been done in collaboration with Hiroki Ueda, Yoshikazu Tanaka, and Yusuke Wakabayashi.

+B -B

(a)

Figure | The magnetic-field B reversal effect on spatial distributions of multiferroic domains. (a),(b) The in-
plane ferromagnetic [(c),(d) cycloidal spin-spiral] domains before (a) [(c)] and after (b) [(d)] B reversal. Schematics
represent the corresponding transverse-conical magnetic structures. The data were obtained at room temperature

by resonant x-ray microdiffraction measurements.
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BFRS—AXBBIEEE Mg21r:Si DFER

AOL BF TRk —&

—ix ABy TREIND T — AL, HEx 2fatEEZ L, WERB OB BE %2 52 T
N5, RFEAFEEEEIL C14, C15, C36 AU TH Y | T EH. ASHd MgZn, % (P63/mme, Den?, No.
194), SZJ7 8k MgCup 2 (Fd3m, On', No. 227), /SJ7dh MgNix L (P6s/mmc, Den?, No. 194)iZxtitd" 5, 5
ZONTETHEA L BIZKLTEOEENLZET 2N OWVTE, FEEEICITEHME I TWHARY, F
— N2 O FEAREIL, MgZn Bl & MgCu BT 5, MgzZn, B ClE, Ba PUERZDS ¢ filllzyy» CTIEA &
[ 2 AR HAZHAT U7 2 p L, MgCup U CiE, By AN ETOESGEZIF L TM v/ a7 Ry
T —27 R LTV D, MgZn Bl e MgCu, 2 il &t 5 &, MgNip B3 CTX 5,

ZIERD T —_RAATIE, WEOREIEN S HICEEIZ/25[1], F—I2, trueternary Laves #H & FE(EU
LEREANTZARR BT %, true ternary Laves FHDL G RS 2 nRE DD It RO T — X2k E
WNIAFEAE L7220, 5 212, Ta(Ni, Al)2 & Nb(Ni,Al)2 1% C14 B D 2 B 5 23, —I65% 7 — X AAHD TaNiy,
TaAl,, NbNiz, NbAL IXTEIE L7232V, 10, BRFFRIOMAHELT 5, 2O T, 2FEOITHEN By
MU AR 2 AN S35, B2 1E. Mg2NisSi, CaPd;Ge (R3m, Dse®, No. 166). Mg2CusSi (P6s/mmc, Den?,
No. 194)TiZ, EBEEILHETM) & HATHRX)2S, B ¥4 MIBWT TMauXys O X 5 IZEIFELSI L |
™M DTV =V 7 HIAFy NT—7 L X O=ZfAFry hT—27 EZFRL TS, b9 —2DFM
Li2lIrSis (P31c, Ca*, N0. 159) [2,3] TH D, Z DILEWIX. B YA b T IruSian OFLFELSIZHLY | Si D~
V=T T HAARy NT—=2 I O=AFy NT—T R L TODH(X1A), BRI, otk
Z—_XZFHD Lilry & LiSip 1ZFFE L7272, LialrSis i3 true ternary Laves fHOLEMTH H 5,

KAERE FAeBlE, =0t R 7 —_ZMEWNE T H2BEO RV EHEICER L, S E ORRE 21T
ST, FTORER, BT — X ZAEBRE IR Mg2lrsSi (P6s/mme, Den?, No. 194) 2 % 7, L 72[1], Y — kX
v MEATIZ KD RE LI i 2 X 1 E10R T, ZO/EW T, Ir & Si A B ¥ A kT IrauSiys D
EOCRFESI L r DT V=T T HIARy NT—7 L SiO=ZAFERy NT—27 ZFR LTS,
A =Mg D MglrsSi (K1 7)E A=Li @ LiarSis (K1 A)Z DL, MEBDOHTIr & Si oA FAA
NREDS TS ZENnNnD, ZHET, By WEIKIZKT 2 2 FOTLHEORIFES ZHE TE L0 E
IMIIARHATH 7208, ZOfERIL, B
A b OBRFESND A I A bDOTHEITKLF
LCETHZLEERRBLTVD,

4 212, MgalrsSi I23 1) 2 B IEHTER,
Wit FEEADIR AR EZ 7R3, MO2lrsSi
X, EBIEE T.=7TK OBEEE2 BRI L
[1], X 2 ()T RT B DR O, v 7 i
fRETHDZ L ERLTWD, EORW
DREZACHT T 178 THHoT-, FEiLFE
TOEKIHTR O K A7 (not shown) 73
STFHTHLZ L LEDED L, ROV
HOBIRELEF XD,

LiolrSiz ICOWTIX  EE L EZEFT 200D
TN—TFMN, Te = 3.8 K OBREZHE L
TEV[23]. ZhFETIT, BOERNS
PREAOBIEETHD &, H—FMAE Mg.lrsSi LiIrSis
26 EIT Si 3p AT = b R HENL D IRRER JE
CHET D EBMOMNITEoTN D, [ 1:MgalrsSi (Pe/mme, Dert, No. 194) [1]& LialrSia (P3Le, Cad,
Mg2lrsSi @ T = 7 K&, LialrSis® Tc = 3.8 No. 159) [2]DfGaAEE. Ir & Si OFARH, WilLAEHORTA
KIZHARTELL &V, K2@0mARIC Do THS.
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IZBWT 60 kOe THh 72, MgalrsSi Tik, B ¥ A hd
FRRRECSI DAL, BB ERRE <MLL T
WD,

DlEFEEDD L R HiE, = RORFR T — <R
FAE G M@alrsSi 258 7 LTz, Zo/bEix, Ir o7V
=T HIAR Yy FU—=7 L SiDZ ARy b U —
7R, Te=TK OBEEEZ R LT, 2O T lx, Si D
TV T HIAARy NT—7 L Ir D=AFF > K
U — 7 &2 LirSis ® 38K LV HELL A&V,
MgalrsSi (2 W\ TR RFPE D ) b U 72 iR 2 B & 7
T B0 5% kDT V=V T hI ARy FU
— 7 OMEZFE LS ARDBERD D, S HIT, BFPA
T —RAMOEEZHIET 5 /87 A —2 —%EFH AW
A FOFTERIEF LT B A4 N OBRFESINE(LT S
Bl ZH LI T IR, BRFRLT — ARG A7
MW OSZ D LB 2 B Db,

ARFZEIE, WILRFOBF I, ¥, ARHEEH, ER
— i, HHZEEORK L OEFEIIZEICL LD TH D,
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CaFesTisOn TH D, Z OWE CIHRIE F THABRFN M ST Rho 7o, i, Tn=2.8K TK
TR RIFRERE ST 2R L, TNEA T Tl R emxmiE L 705 2 & 2 i L7z, CaCusTisOp, T
D Cu? (S=1/2) ® Ty=25K, YMnzAls01 TD Mn¥* (S=2) ® Tn=37TK DM 2525 &, W
[E—AL FOREZW Fe? (S=2) TOZ DKW TniE, ZORTOHR T 7 A ML —a rEZER
g5,

HEF- R CIE TN EA R Tk = (12, 12, 0)OREEIHT B — 27 BBl S L, BT D 3 2D A Rk
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DRAA=DV T EBRN O RIIVEREBICLIEFRBDHE

BO1 BE FEZE  #ER

FxDF—2iF, BETIREOEREMAOMEFTARDLERTIETH DA A -V TEEM N 2V
TFf% 45 (Spectroscopic-Imaging Scanning Tunneling Microscopy: SI-STM) % FIVN T, k& 7 B 0O 22
i E BRI AR MVEMAT L L2 BREL VD, REET, ETHRAO—HETHD
Fulde-Ferrell-Larkin-Ovchinikov (FFLOYIRRE D RTEENEN & 2 $k BRI E IR FeSe DKIR B BLEAR DRFIE %
119 LEBIT, AFRAIFURFEIILD & T DERA RBBRT 2 -7 EREIR GdRu2SI, &2 A B
mE L LT b2, BRBENMEEE I 2 2B,

FeSe IZH T AIKIBEMBHDO GHA A - T

PRMBIEAR FeSe 13, WLERRFICBIE Lz R~ T ¢ v 7 IRIE TR 2 /R IR 20 BB AT Al
THHMN, BEFARBOBEHWE L LTHHEIITH D, FeSe 1E, Fermi =% /LX —Er 734 meV ~ 10 meV
RO T/NEN—T7, BEEX v v 7ARE meV &g RE < 995 AR BCS B&E & ks &
FRER D BEC BARE D 7 v A4 — "—FkiIC 5D B 2 5D [1], Er &L ADHAER 1T, BuEhRIC X D
REEE RS & . A UBHMEIC L D BRI OICBB L ERIGT D, Thbb, K& ARAE: &
B oMERTIL, A UBHEOMENEE /RS ZEZEKR LTS, 20Xk ) RIEE. MG Hh T
RBIRE S v 7 DSEINEESS 0 07 BN JE ISR Eh 9~ 5 FFLO REBICHESE 32 Z E A IF S LD [2]. #
fRE %05 Cooper %1% N IEH B e ZE i E 2 FFD 2 L 20D, FFLO MRREIXE 7-xHldh O —F & 72
JZENTE D, FeSe TIL, cHlFM~BSEZEN L7254, L5K LLTFOKIR, £ 14T LI EOaiEs
HCIRREYS & 1SR e 2 BREME A~ OB N BMREEREN DR STV [1], Z OEBGEBRE
FIDMEBEAR & E DX 9 IR DB IRBEZ FF oD, FFLOIRRE L YD X 5 eBIRICH 2 D>, LR
MHT-NDB, ZO XD RSt T CONNERNPKETH 2720, B-REOFEMIZY > T
o,

Fexix, 90 mK DL FOMBIKIR, 17.5 T OMEBLGIZRECTE 5 EBR b o R VB E HV >, FeSe
BRIEZ AT, X 11289 90 mK 2R\ T ¢ Bl [ OFk & 75 h T ERlcB T D hrrra v
R ATy TR T, 8T O CIEMIBE 2R/ 0B Sz, kIR~ T 47T 4 %
ML CRERENR G ZFD, WO ER & & HITIRBITRHARICRY . SEEHEBEND 14
T DL E TR 3Bl S e oo 7o, F—i BN B T 2 BREPLOWEN S, Z OREE BT 5 B
BRI 16 TUL L E RS 55D T, ik M T 2 M OWMRITFEGEREICER L2720 Tl
72, b LESARN FFLOREECTHILE, 22 M T A FOERIIKRO X 5 ICHfiE <D, FFLO JRRE
UL, B 7 NI B W 72 BARE X Y » T ORINBN D, BRI CBEENIHO b TWAHIEE, f
NEEICE V1D SN T NRRERE = R VX —DEND7R\, LB -> T, BIEERETH > T
H. SI-SSTM THEII SN D2 REOE TIRREIX, HRELEDLLRRbEEEZXBND, FFLO RiED X
D EER RO DX, BUIREIATRESG T COERNBLETH D,

AAFRIE, BOL BEDAEH 7 L—7F BN N—T | WRWHEOME 7 —7 L OILRFETH 5,

1: %990 mK OBIKIREMKS H TSz FeSe D Er Bt 5 ar ¥ 7 # A~ v~ (100 nmX100 nm) .
e d c W MICEII, /NA 7 AEJE : +20mV, kU RVER : 0.1nA,
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GARU,Six IZ 1) HIREE -5/ L IR EA A — v 7

GdRu,SIy 1X, BMEEH S Gd Jg L (x84 5 RuSi JEOHEE L& BMEARThHY . F45K LLFT
Gd D JHTERIRT — A > ML Qi = (0.22,0,0) TR ST BN D MRIERLFF 2 773 [3], ¢ Hl5 1A R4S
ZEHUNT 2 &, 85021 T 2258 0.26 T OFRVVELGHIFH T Q1 & ZALICHEE 2 Q; = (0,0.22,0) & DENE
DOHEIZ X D double-Q AF /LI AU IEFMTRBND [3], LV EBE T, Gd E— 2 2 NRTIZHS
JFa & [N 7= Fan AR BN S 28, A single-Q T& 57>, double-Q TH 5 MIHH BT/ - Tz
W3], 10T BLEDFRREE TIE, £ T 0 Gd T— A > M ARGE T N2 miid 5 [38l, 2D X 9 Rk
PRRE R AREE - 2 L 72Kk @ Ruderman-Kittel-Kasuya-Yosida FH EAEFICIENT 5 & E 2 b
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Studying charge/spin dynamics by time-resolved x-ray measurements

BOL B  FrszE KA

Ultrafast optical control of valence and spin states in materials is one of the hottest topics of spintronics and
information processing technologies. A lot of studies on such control with a high intensity femtosecond visible-
infrared laser have been reported. One example is all-optical helicity-dependent switching (AO-HOS), where the
magnetization is selectively reversed by the irradiation of circularly polarized laser. AO-HOS was reported on
ferrimagnets such as Gd-Fe-Co intermetallics.

First, we present time-resolved x-ray absorption study (TR-XAS) of mixed valence transition in EUNi2(Si1-xGeéx)2.
Valence transition phenomena originating from the hybridization between 4f and conduction electrons are strongly
related to the quantum critical phenomena of the strongly correlated rare-earth compounds. These materials exhibit
a valence transition induced by temperature, magnetic field and/or pressure. We performed TR-XAS study of
EuNix(Sio21Geo 79)2 to observe photoninduced valence transition between Eu?* (4f7, J = 7/2) and Eu®* (4f%, J = 0)
[1]. The schematic diagram of the experimental setup is shown in Fig. 1 (a). We used a Ti:sapphire laser (800 nm,
repetition rate = 1 kHz, width = 50 fs) as a pump and SPring-8 BLO7LSU soft x-ray pulse at the Eu Ms edge.as a
probe.

Figure 1 (b) shows the Eu Ms-edge XAS spectrum at 40 K. The peaks at 1129.6 and 1131.5 eV originate from the
Eu?* and Eu®* components, respectively. Figure 1 (c) shows the TR-XAS results obtained at the energy for Eu?*
(1129.6 eV) and Eu* (1131.5 eV). An increase of Eu?* was observed by about 10%, suggesting an increase in the
ratio of Eu?* by the laser irradiation. The intensity of Eu®* decreased by about 10% just after the laser irradiation.
These results suggest the mean valence of Eu becomes closer to Eu?* by laser irradiation, indicating

a photoinduced valence transition between Eu 4f and its conduction electrons. Faster timescale measurements
using x-ray free electron laser will lead to give more insight into the photoinduced state within 1 ps.

(a) Experimental setup (top view)
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Figure 1: (a) Schematic diagram of the TR-XAS experimental setup in SPring-8 BLO7LSU. (b) Eu Ms-edge XAS
spectrum of EuNiz(Sio 21Geo79)2. (€) TR-XAS results for Eu?* (1129.6 eV) and Eu®* (1131.5 eV).
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The next topic is time-resolved x-ray magnetic circular dichroism study (TR-XMCD) of L1,-FePt thin films [2].
AO-HOS was recently observed in ferromagnetic materials such as Co/Pt thin films and granular L1,-FePt
recording medium, so observing ultrafast demagnetization of Pt magnetic moment is essential for understanding
the mechanism of AO-HOS. The schematic diagram of the experimental setup is shown in Fig. 2 (a). We used a
Ti:sapphire laser (800 nm, repetition rate = 1 kHz, width = 50 fs) as a pump and SACLA BL3 hard x-ray pulse at
the Pt L3 edge.as a probe.

Figure 2 (b) shows the TR-XMCD results plotted together with the laboratory time-resolved magneto-optical Kerr
effect (TR-MOKE). Fe magnetic moment dominates the total magnetic moment in FePt, so one can conclude that
Fe demagnetizes much faster than Pt. We propose that this time-scale difference is a key to realize AO-HOS in Pt-
containing ferromagnetic materials. We also performed further TR-MOKE experiments on both the Fe and Pt
edges in SACLA BL1 and found a similar time scale of demagnetization [3].

(a) MPCCD [
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Figure 2: (a) Schematic diagram of the TR-XMCD experimental setup in SACLA BL3. (b) TR-XMCD results
plotted together with TR-MOKE.
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AMEIZEIVZFELIHERLT, EFHFRNCHBED s IWBRENESRTL L2 /ML E L[],

DIZHAIL, N—=T v 7 AHIEICLY 74 ) VKRG T L b ESNSM AR O ENBET LI L&
L, B 16 W47 D KRBT 5 s IEBEHE A 528 L £ L7-[8].

WAT L THA I, BOVETRORFETH 5. MRS ORTHEME 272 L E Lz, HUWFE TR CeBs

IR LT v 7 AMIEOH IR AT L, 8722 2756 KN EF PRI T LT, CeBs D3
?ﬁ AHTIEXRAMTRFENELDZ 2R LELED], 2 OmRERIIC 5D < 17 Frikts
X, SE%EL REVWETFR~OBEANIRSNET,
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Quantum Liquid Crystals

CO01 BE Nic Shannon

Introduction

The possibility that magnets could exhibit phases analogous to liquid-crystals has been discussed for a little over
50 years [1], and the “quantum spin nematic”, a phase in which magnetic ions spontaneously form quadrupole
moments on the sites or bonds of lattice [2], is one of the earliest examples of a quantum liquid crystal (QLC).
For a long time this novel phase was viewed as theoretical curiosity, but in the last few years, strong candidates
have been identified in a range of different materials [3-6]. This provides a strong maotivation to return to the
models found in the theoretical literature, to properly characterise their properties, and to try to bridge the gap
between theory and experiment.  Our research within the QLC project will address both of these issues, using a
range of different analytic and numerical techniques.

Quantum spin nematics in high magnetic field

The best prospects for observing a quantum spin-nematic are in magnets with competing ferromagnetic (FM) and
antiferromagnetic (AF) interactions, in high magnetic field, where magnons can condense as bound pairs, leading
to a state which breaks (spin-)rotation symmetry in the same way as a nematic liquid crystal [7, 8].  Several such
materials are now under discussion as potential quantum spin nematics, including the linear spin-chain compound
LiCuVO.[3], the mineral Volborthite [4] and the (approximately) square-lattice frustrated FM, BaCdVO(PO.). [5,
6].

1.7%

rrrrrrrr 1-magnon ] SU
In the case of 1D spin chains, detailed numerical results are 1.50 1 Polartzed (2, ) Nedl
available through DMRG calculations [9-12]. But 1251 = (“[')emjt('c ) AHF
unfortunately the high values of magnetic field H ~ 45 T required — ; o5 |
to saturate the magnetization of LiCuVO.make experiment very f —
challenging. More data is available in the case of Volborthite,
and the experimental situation is very promising in the case .
BaCdVO(PO.), where the saturation field is only H ~ 5T. But %] I

in these cases, theoretical predictions are lacking, because of the 0.00 ol . 0 35
challenge of carrying out numerical simulations in 2D. K/1ds]

Fig.1 Phase diagram of a two-dimensional
To address this problem, we have brought modern numerical ~ frustrated ferromagnet as a function of magnetic
techniques to bear on 2D models of spin-1/2 frustrated 16/ Showing a quantum spin-nematic state
ferromagnets, starting with the paradigmatic “J-K model” [2, 8]. ggf{:&ﬁ:g?%ﬁu&fﬁ C?r:sizegga:asrig?:_;;
Our preliminary results are consistent with a broad domain of  oments on a square lattice where ferromagnetic
spin-nematic order [Fig. 1]. And since this is the same type of  1.-neighbour exchange, J, < 0, competes with
QLC as predicted for LiCuVO,, Volborthite and BaCdVO(PO,).  antiferromagnetic 4-spin exchange, K > 0.

results will also inform how we think about these systems.

Simulating the semi-classical dynamics of quantum liquid crystals

The analogy between QLC and magnets is particularly strong in the case of spin-1 moments, which can support a
quadrupole moment on a single site, with symmetry equivalent to a molecule in a nematic liquid crystal. To learn
more about these systems, we have developed a novel (semi-)classical Molecular-Dynamics (MD) simulation
technique, based on equations of motion written for U(3) matrices, which is capable of accessing both Goldstone
modes [13, 14], and topological excitations [15].

As a test case, we have looked the dynamics of the ferro-quadrupolar (FQ) state in the spin-1 bilinear-biquadratic
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model on a triangular lattice — a canonical model originally motivated by the unconventional magnetic behavior
of NiGaAs, [16, 17, 18]. Our results perfectly reproduce the earlier flavour-wave calculations [18], once
corrected for the classical statistics of the simulations [see Fig. 2]. These results provide a starting point for a wider
exploration of dynamics in spin-1 models.

5 Fig. 2 Comparison of results for the equal-time structure
5™ (T=0) factor S(q) of a ferro-quadrupolar state, obtained in
= —

4 2T (T=0) o T=0.05J flavour wave theory at zero temperature (cf. Ref. 18), and

’ in molecular dynamics simulation carried out at finite
£l 3 T=0.1J temperature T. The model considered is the spin-1
5@ = T=0.2J bilinear-biquadratic (BBQ) model on a triangular lattice.
ol 2 e T Simulation data has been collapsed in such a way as to
T=0.3J eliminate the effect of classical statistics, and shows
! ‘—/\\ perfect agreement with analytic results at T=0.
0 r K M r
q
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2 & o THRED GBI E~REER 3 2 6 BRSO FTREME IR L) 72 £ CTigin STV 525,
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L — W — % H oIk - A B RO 153 G (Re i 40 i ARPES)ITE 217 - 72[2],
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A1 & AR — VI CHRE O AR 5CliE LT /23], — 7. FeSe Tl BaFeAsp & 13572 V) [RINLFH
‘G%é:kﬁﬁmmoto

ab—L Yy b7 U E L, EEIC o TR EZRIZ 727 4/ U B S HBR TH 573,
ZOREN AT =L E LT, BRENFEE T ~ o HEL(impulsive stimulated Raman scattering) & 2837 7!
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=LY b7+ VIR, TR THDL A LT Ay 74/ P ORBFIESND B XS
NTWDH, BaFeAs, R° FeSe ICBITHDab—L v h 74/ VIEIZBW T L ZOIREIEN S, Ay 7
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+ \

=22 ground state

-

e u] QDJ

1 BALEFEAEDECPC LB ae— L b7 4/ VEED A B =X & FeSe (Zk17 5 DECP =2t —1L v
N7 % /v, FeSe TIL, JehEic i@%@fﬁﬂ%ﬂ&@%&@ﬁ%ﬁﬁ%<@éu% IIRBTET, Sed
EENckprae—L o b7/ UREIZENS,
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