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CKpBITOE MYJIBTUIIOJIbHOE MArHUTHOE
YHOPSJIOUYCHUE B AKTYaJIbHBIX
CTPYKTypax: CAMMETPUUHBIA aHAINU3 U
[IEPBONPUHIIMIIHBIE BHIYUCICHUSA
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Jlarmay mn JIndmmiy, DnekTpoguHaMuKa CIUIOIITHBIX CPE;: |

Mexay SJIeKTpUYeCKUMA U MATHUTHBIMA |
CBOMCTBAMH KPHCTAIIOB CYIIECTBYET '
I71yOOKO€ OTIIMYKME, CBSI3aHHOE C pa3HUIICH
B IOBEACHUH 3apsg0B M TOKOB IIO

- . T

OTHOIMICHHUIO K USMCHCHHNIO 3HAKd BPCMCHH.

3ameHa ¢ Ha —f MEHSIET 3HAK IUIOTHOCTH ToKa j(X,),2)
¥ IUIOTHOCTH MarHUTHOTO MOMEHTA

| M(x,),2) = [rxj(x,,z)] BHyTpH 51eMeHTapHOK
B S1uciiKil, HO He MEHSET IUIOTHOCTD 3apaoB P(X,),2).
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1. CkpsoiToiii nopssaok B URu,S1,
- |2. HexonnuHeapHbIM MarHeTyusM B
UO, n USb,
3. CKpBITbIA MAarHETHU3M B
CBEPXIIPOBOJISAIIEM PEHUH




| URu, Si,: tetragonal body-centered crystal
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e Antiferromagnetic?
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e Superconductor
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FIG. 5. Left: Crystal structure of body-centered-tetragonal
URw,Si, (space group: I4/mmm:; lattice constants at 4.2 K
a=4124 A and ¢=9.582 A after a 0.1% contraction from
300 K). Right: The type-1 antiferromagnetic c-axis spin alignment
of U moments.
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URu,Si,: Specific hea‘r

T= (k=) e
T g T o SpeC|f|c heat jump is
% aoc too strong for the
£ observed magnetic
%E‘“’ moment (~0.01 ug)
E

T (K)

FIG. 1. Specific heat of URu,Si, plotted as C/T vs T?
(above) yielding y and ®p, and as C/T vs T (below) show-
ing the entropy balance.
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URu,Si,: experimental

Table 1. Summary of ongoing contemporary experiments to characterize
the HO transition and the HO and superconducting states of URu»Si».

Angular resolved photoemission (ARPES) [7—11]

Quantum oscillations (QO) [12—-14]

Elastic and inelastic neutron scattering [ 15—19]| mmm

Nuclear magnetic and quadrupolar resonance (NMR. NQR) [20—-22 |l
Scanning tunneling microscopy (STM) and spectroscopy (STS) [23.24]
Ultrafast time-resolved ARPES and reflection spectroscopy [25.26]
Phononic Raman [27] and electronic Raman spectroscopy [28]

Optical spectroscopy [29-31]

Polar Kerr effect [32] 1IN

Magnetic torque measurements [5.33 | Il

Cyclotron resonance [34]

X-ray diffraction [35.36 | pmm

X-ray resonant scattering (XRS) [37.38] Il

Point contact spectroscopy (PCS) [39—41]

Resonance ultrasonics [42]

Core-level spectroscopy (XAS., EELS) [43]

Elasto-resistivity [44]
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URu,Si,: theoretical. Time-odd or time-eve

Table 2. Summary of analytic theories and models proposed to explain the HO, with an emphasis
on the recent contributions. For proposals of specific multipolar magnetic order on the U ions, see

Table 3.

Barzykin and Gorkov (1995)
Kasuya (1997)

Ikeda and Ohashi (1998)
Okuno and Miyake (1998)
Chandra et al. (2002)
Viroszek et al. (2002)
Mineev and Zhitomirsky (2005)
Varma and Zhu (2006)
Elgazzar et al. (2009)
Kotetes et al. (2010)

Dubi and Balatsky (2011)
Pepin et al. (2011)

Fujimoto (2011)
Riseborough et al. (2012)
Das (2012)

Chandra et al. (2013)

Hsu and Chakravarty (2013)

three-spin correlations [45]
uranium dimerisation [46]

d-spin density wave [47]

CEF and quantum fluctuations [48]
orbital currents [49]

unconv. spin density wave [50]
staggered spin density wave [S1]
helicity (Pomeranchuk) order [52]
dynamical symmetry breaking [53]
chiral d-density wave [54]
hybridization wave [55]

modulated spin liquid [56]

spin nematic order [57]

unconv. spin-orbital density wave [58]
spin-orbital density wave [59]
hastatic order [60]

singlet-triplet d-density wave [61]
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URuzéiZ: multipolar magnetic ordering

Table 3. Surhmary'of proposals for a specific multipolar magnetic ordering on the uranium ion to

explain the HO, with an emphasis on the recent contributions. Note that different symmetries are
possible for high-rank multipoles, therefore some kind of multipoles appear more than once.

Nieuwenhuys (1987)

Santini and Amoretti (1994)
Kiss and Fazekas (2003)
Hanzawa and Watanabe (2005)
Hanzawa (2007)

Haule and Kotliar (2009)
Cricchio et al. (2009)

Harima et al. (2010)
Thalmeier and Takimoto (2011)
Kusunose and Harima (2011)
Ikeda et al. (2012)

Rau and Kee (2012)
Ressouche et al. (2012)

dipole (2' ) order [62]
quadrupolar (22) order [63]
octupolar (2%) order [64]
octupolar order [65]
incommensurate octupole [66]
hexadecapolar (24) order [67]
dotriacontapolar (25 ) order [68]
antiferro quadrupolar order [69]
E(1, I)-type quadrupole [70]
antiferro hexadecapole [71]

E™ -type dotriacontapole [72]
E-type dotriacontapole [73]
dotriacontapolar order [16]
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| Magnetic symmetry 4/mmm: another view




Characterization of the magnetization density

el | N S W= "

1) <M>=0; <Mx,>=0 owing to the 4/mmm symmetry
The dipole, quadrupole, and toroidal moments are zero!
The first non-zero tensor moment of the 4/mmm ATV |
structure 1s the third-rank tensor M, = <erkx

toroidal quadrupole: M ,,;, =M ,;,=-M,;, = M213
It can be used as the order parameter 1n the Landau-type
theory.
2) Simple characterization: the absolute value <|M|>#0
3) Another interesting possibility gives magneto-electric
o tensor <M .E,x>. It contains the time-odd scalar “
# [MXE]-r which is non-zero even in the isotropic phase.

1<t :—_u;gs._t:.__.
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| Magnetic symmetry of Uranium in Ul_iuziz

Uranium
atom

4/mmm symmetry, T > T

[,



Uranium
atom

Skyrmion?
P-even, t-odd 8

 ‘ /mmm symmetry of the Hidden Order, T<T5

V. E. Dmitrien]

<o, V. A. Chizhikov, Phys. Rev. B 98, 165118 (2018)
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I4/mmm magnetic symmetry: P4/mmm magnetic §§ry:
The ferro-vortex structure The antiferro-vortex structure

: Magnetic space groups in_QRu

clockwise

anticlockwise
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[xx.0], A |xx,0], A

x,xl]] °
ferrovortex antiferrovortex electron density

FIG. 2: (Color online) The calculated magnetization distribution M,(r) within the diagonal mirror plane formed by vectors
[1,1,0] and [0,0,1] in the unit cell of the ferrovortex (a) and antiferrovortex (b) phases; (c) the calculated valence electron

density which is almost equal for both phases. In this plane, My(r) = —M,(r) and M,(r) = 0. Two uranium atoms are at
111,093 33

e =, 7,7 bositions with Si atoms surrounding them; Ru atoms are out of the plane. The straight lines are intersections
with vertical and horizontal mirror planes where M, and M, change theirs signs.
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The ferro-vortex structure

- magnetic reflections

coincide with
nuclear reflections,

h+k+l =2n

Careful monitoring
of the reflection
intensities across

. the phase transition
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Broholm et al. Phys.Rev. B. 43. 12809 (1991)
' | HeutpoHHas anoppakums B URU S|

[ E, =3.52 THz

w-INTEGRATED DIFFERENCE INTENSITY (arb.units)

(201) —o——f
(203) ——o0—

1
0.00 0.10 0.20 0.30 Q40

sin@/x (A™)

FIG. 3. Integrated difference of elastic scattering between
I'=5 and 30 K at forbidden nuclear reflection (h0!),
h +1=2n +1, h =0. The difference intensity has been divided
by a polarization factor as discussed in the text. Half the
cattering angle is denoted by 6, and A is the neutron wave-

scattering data (Ref. 18) measuring the form factor of UQ,.

HOJIZKHBI OLITH HYJICBbIMH

length. The solid line is a smooth interpolation of neutron-

B Hamen MOI[eJII/I
pediexcnr 100 u 300

MN3-32 MATHUTHOU
cumMMeTpuu 4/ mmm.
IloaTOMy 3TH
IKCIIEPUMEHTAJIbHbIE
JTAaHHbIC HCKJIIYAKOT

aHTH(EPPO-BUXPEBYI0O
CTPYKTYPY.
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Magnetic Order in the Pseudogap Phase of High-T Superconductors

B. Fauqué.' Y. Sidis.' V. Hinkov.? S. Pailhés,'” C.T. Lin,? X. Chaud.* and P. Bourges'*
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URW,Si, - double unit cell, cx2
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Even more hidden order:

the acca superstructure.

1) there is no magnetic contribution to
nuclear reflections.

2) reflections 00(2n+1)/2 are forbidden.
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ZrZn, - ab initio calculations vs. experiment
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Fig. 2. A section of the magnetisation distribution in ZrZn, at

1 5 K perpendicular to [110] and passing through the origin. The
an V V e re y On X-axis runs from 0, 0, —0.5 to 1, 1, 0.5 and the Y axis from 0,
0, =0.5 to 1, 1, 0.5. The contour intervals are 0.004p A ?and
the level at the zirconium site is = 0.02p, A2 The positions

| ' uantum E Spre S S O ? of atoms whose centres lie in the section are marked. |
i Brown, Zieback, Mattocl

IMMM, 42, 12 (1984
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e BbiCOKas MarHMTHasa cummeTpusa kpuctamia URu,Si, O'bFICHFleT
NOYEMY €ro «CKpbITbI NOPAOOK» OCTAETCS CKPbITbIM HA MPOTAXKEHUN
MHOrMX net. B Touke pa3oBOro nepexona HapyLlaeTcs TONbKO

| cummeTpusa obpalleHns BpeMeHn, HO COXpaHAETCS NPOCTPaAHCTBEHHAS
CUMMETPUSA, KOTOopas NPUBOAUT K BUXPEBON MarHUTHON CTPYKTYpE.

e bnaropaps cBoen 4/mmm CUMMETPUU, aTOMbl ypaHa MMET HyneBble
OVnonbHbIE U KBagpynonbHble MarHUTHbIE MOMEHTbI, 1 MEPBbLIM
HEHYsIeBbIM MOMEHTOM aHTU-TOPOUOHbLIX BUXPEN SBNAETCSA
KBaApynosibHbI TOPOUAHBLIM MOMEHT, KOTOPLIM MOXXHO MCMNOMNb30BaTb Kak
napameTp nopsgka B Teopuu JlaHgay ons atoro oasoBoro rnepexoana.

e [lepBONPUHLMMNHBIE pacYEThI NOKa3anu, YTo Takasi BUXpeBasi CTPYKTypa
9HepreTn4yeckn BbIrogHa.

A 4TO CO CBEPXNPOBOAMMOCTLIO? A YTO C aHTUEeppoOMarHeETU3MoM?
CMm. nogpobHee:

V.E.Dmitrienko, V.A.Chizhikov, Phys. Rev. B98, 165118 (2018
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| TlepBONpHHUMIIHBIC PACYETHI
HEKOJJIMHEAPHOT0 MATHETH3MA B
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e 4 units per
cubic cell

e Space
group Pa3

o Antiferro

e T\,=30.8 K
e M=1.74 g
* M=1.6 pg

Fig. 2. The 3-k magnetic ordering in UO, below T, = 30.8 K. The magnetic moments of
U** are directed along one of the space diagonals (111) of the cubic unit cell, as described by
equation (1).
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J. LECIEJEWICZ, R. TROC, A. MURASIK A. ZYGMUN
phys. stat. sol. 22, 517 (1967)

.USb,

e 4 units per
tetragonal cell
e Space
group P4/nmm
e Antiferro ||c
e Ty=203 K

e M=1.88 5

* M=2.25
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PesynbTtater no UO, 1

]

USb,

e B kpuctannax UO, n USb, “00bl4HOE™ MarHUTHOE
yrnopagovyeHme conpoBOXOaeTCcAa CyLLEeCTBEHHOU

HeKONNMHeapHON KOMMNOHEHTOWN, BO3HUKAIOLLIEN U3-
3a CUIbHOro CNUH-0pPBUTaNbHOIro B3aMMOOENCTBUA.

e [lepBOnNpUHLMMHbIE pacYEeTbl XOPOLLO
BOCMNPOM3BOAAT U3BECTHbIE NAPaAMETPbI, TaK YTO
eCTb HageXaa noaTeBepanuTb npeackasblBaemMyto
HEKONMMHeapHOCTb HENTPOHHON aAndopakymen.
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N3y4yeHne BO3MOKHBIX
MATHUTHBIX CTPYKTYP B
CBEPXIIPOBOSIILIEM PEHUH

NpU HAPYLIeHHH CHMMETPHH
oOpanieHus BpeMeHH |
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Intrinsic Nature of Spontaneous Magnetic Fields in Superconductors
with Time-Reversal Symmetry Breaking

B.M. Huddart®."" I.J. Onuorah®,”" M. M. Isah®.” P. Bonfa.” S.J. Blundell,”
S.J. Clark®,' R. De Renzi®,” and T. Lancaster®'’
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4 | rekcaroHasibHaa NAOTHOYNAKOBAHHAA

CTE

T T
1

KpHCTaJIJIHﬁeca;I
IIPOCTPAHCTBEHHAS
rpymna P6;/mmc,

B STYCHKE JIBA aTOMa
C CUMMETPUEH 6 m2,
CBSI3aHHBIE OChIO 2

DJIEMEHTapHas STYECHKa: |
3€JIEHBIE CTPEIIOYKU —
MAarHuTHbIE MOMEHTEI
aTOMOB JIJI1 HAUBHOU
AHTUDEPDOMATHUTHOM

it




| Bo3moxHOe ckpbIToe MynbTUNOMBHOE
| MarHUTHOe ynopsaoueHue

»*

KakIpIH at
NMEET MAarHUTHYK
CUMMETPHUIO 6 m?2
KOTOpas JacT |
AHTUTOPOUTHYIO |
KOH(PUTYypaLHIO
MArHHTHDI MYJLTHIONE: BOKDYT aTOMA. JIOKAJIbHBIX
gprcnie expensn - opomunmenonenrs.  MOMEHTOB, M| =




I MynbTUNONbHOE MArHUTHOE ynopaaoUeHUe

B AveukKe
L JIBa aTroma B STUCHKE,
T J? CBSI3aHHBIE OCBIO 2,
-~ T ° | Bo3HuKaroT 4uCTO

MarauTHble MYJLTHIIONH BOKPYT ATOMOB. M —

Cunue CTPCJIKH — JIOKAJIBbHbBIC MOMCHTLI.

KpacHble CTpeJIKH — TO

DOM /I

HbIC MOMCHTbLI.

MarHUTHBIE PEPIICKCE
B HEUTPOHHOU |
nudpakaum!!!
Jliist xaskmoro aroma |
[OJIHBIA MOMEHT |



z, atomic units

| 012 3 45 6 7 89
y, atomic units

~ 3 margetToHa bo
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y, atomic units
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3 BeraMcIieHHo# ab initio mnorHoctd HamaranyenHoctr M (X,y,z)
IpOaHAIN3UPOBAHBI MHTECHCUBHOCTH OPATTOBCKUX PE(ICKCOB.
1. HeoObruHbIl (hopMPaKTop.

2. CTaHOBSITCS pa3pelIEHHBIMU JIBA TUIIA 3alPEIIEHHBIX PE(ICKCOB,
CBSI3aHHBIX (a) C HAIMYHUEM IIJIOCKOCTEM CKOJIB3SIIErO OTPAKECHUS 1
(0) co crienuanbHBIM MOJI0KEHUEM aTOMOB PEHHUS B SYCHKE, HO UX
AU(PPaKIIMOHHBIE AMILIATYAbI JJOBOJIBLHO MaJIbl,

MakcumyM ~ (.2 marmetona bopa.



COBIIAIAIOIIYIO C KPUCTAINYECKOM, U ONIPEIeIsAeTCS
MYJILTHIOILHBIMH MOMEHTAMH aTOMOB, TaK 4TO HOJIHBIH MOMEHT U
MEHT Ka)KJIOTO aTOMa PaBHBI HYJIIO (CKPBIThIM MAarHETHU3M).

pEIHUN MOAYJb MATHUTHOIO JUIIOJIbHBIMA MOMEHTA, BHIYMUCJICHHB
initio, TOBOJIHO BEJHUK, ~3 Lz HA STYCHKY.

03MOKHO HAOJIIOCHHUE JIBYX TUIIOB 3alPEIIEHHBIX PE(IIECKCOB, |
3aHHBIX (2) C HAJIMYKMEM TUIOCKOCTEN CKOJIB3AIIETO OTpakeHus u (0)
CIICLIMAJIbHBIM MOJI0KEHUEM aTOMOB PEHHUS B IYCHKE, HO UX |
(bpaKIHMOHHBIC AMILIATYABI JOBOJBHO MaJIbl, MAKCUMYM ~ 0.2 L .
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