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Abstract: By means of neutron scattering measurements, we have observed magnetic fragmentation in the pyrochlore oxide Nd2Zr207, in which the
Nd3+ ion has a strong Ising character and ferromagnetic interactions are inferred from the positive Curie-Weiss temperature | CW = 195 mK [2]. In
this system, an &cedl in - all out&€e ordered state, with a reduced magnetic moment, coexists below TN = 285 mK with a fluctuating state [3].
Experimentally, the fragmentation manifests itself via the superposition of magnetic Bragg peaks, characteristic of the antiferromagnetic ordered
phase, and a pinch point pattern, characteristic of the Coulomb phase [4]. The finite energy of the pinch point pattern and the dispersive modes that
emerge from it, points out the quantum origin of the fragmentation in Nd2Zr207 [5], which comes from the very peculiar &aoedipolar-octopolaré€s
nature of the Kramers Nd3+ doublet.
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Introduction to magnetic fragmentation
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observation of magnetic fragmentation

pseudo spin 1/2 Hamiltonian and quantum effects

field induced properties
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. . .. Magnetic fragmentation
Emergent field in spin ice 7 I

Ice-rule : “2in - 2out”
can be associated with an emergent field

with a flux conservation law V. B = ()
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from Jaubert et al., JPCM 23 (2011)

Local constraint mapped to a divergence-free field
=> Coulomb phase
Henley, Ann. Rev. Condens. Matter Phys. 1(2010)
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. . .. Magnetic fragmentation
Emergent field in spin ice 7 I

Ice-rule : “2in - 2out” Excited state:
can be associated with an emergent field . Spin-flip => “3in -lout” / “lin - 3 out”
with a flux conservation law V.3 = () ’-3 '3-_‘ charged field=> V.B = ), # 0

° &

o 7/ o
®/ i.s-.-...—u °® | i:,.—f)
® \ g o/r \ 2 8 = 42

from Jaubert et al., JPCM 23 (2011) _

Presence of a magnetic charge

Local constraint mapped to a divergence-free field :
=> Magnetic monopole

=> Coulomb phase
Henley, Ann. Rev. Condens. Matter Phys. 1(2010)
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. . .. Magnetic fragmentation
Emergent field in spin ice 7 I

Ice-rule : “2in - 2out” Excited state:
can be associated with an emergent field . Spin-flip => “3in -lout” / “lin - 3 out”
with a flux conservation law V.3 = () ’-3 '3-_‘ charged field=> V.B = ), # 0

° &

/
o @ i =0 ’ ® @4
0/ \ = s; = ( o/ \ ;s, = 49

from Jaubert et al., JPCM 23 (2011) _

Presence of a magnetic charge

Local constraint mapped to a divergence-free field :
=> Magnetic monopole

=> Coulomb phase o2 46
I

Henley, Ann. Rev. Condens. Matter Phys. 1(2010)
Another spin-flip => “all in - all out”
;: _.;1
o
E S; — +4
1 0 1 2 =1

Fennell et al., Science 326 (2009) nho
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L Magnetic f}agmenration
Helmholtz decomposition

Brooks-Bartlett et al, Phys. Rev. X 4 (2014)

—

Consider an emergent “field” I3

it can be written through Helmholtz decomposition:

B= V@ D

Divergence full part Divergence free part
=> carries the charge 6(\:' X #) =0
Vb = Al/‘ keeps fluctuating

The two parts can behave independently
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: .. . Magnetic fragmentation
Magnetic fragmentation in spin ice

In the presence of a monopole crystal: all the tetrahedra carry a charge
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: .. . Magnetic fragmentation
Magnetic fragmentation in spin ice

In the presence of a monopole crystal: all the tetrahedra carry a charge

Consider a spin configuration :

m=11,1,1,—1}
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: .. . Magnetic fragmentation
Magnetic fragmentation in spin ice

In the presence of a monopole crystal: all the tetrahedra carry a charge

Consider a spin configuration :
m=11,1,1,—1}
It can be decomposed as :

m = *l; L1115+

———

~panehl h 4 1
W 2 H\\
o . q '.‘_\\ q
N ; =Y

R X\

Divergence FULL part
Carries the charge
All in - All out
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Magnetic fragmentation in spin ice

Magnetic fragmentation

m = -ﬁ- {1,1

¥

Predicted in dipolar spin ice

for certain ratio between coulomb / exchange interactions

with reduced amplitude

1,1} +4{1,1,1,-3}

Crystal of charges Coulomb phase
(monopoles) Divergence free
Divergence FULL part emergent field

\ 4

New Bragg peaks Specific diffuse
scattering

(0,0,)

(h,h,0)
Brooks-Bartlett et al., Phys. Rev. X 4 (2014)

Page 12/31



; ) Nd22r-07
Characterization

Lhotel et al., Phys. Rev. Lett. | 15 (2015)
Ciomaga Hatnean et al, Phys. Rev.B 21 (2015)

Nd3*: 4 -J=9/2, L=6, S=3/2 , g,= 8/11

Nd2Zr;07: a=10.66 A see also Xu et al. Phys. Rev. B 92 (2015)
Yy
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* Nd?**: ground doublet: dipolar-octupolar doublet => Ising anisotropy along the local <I | 1> axes
magnetic moment m ~2.3 U

» T<10 K: positive Curie-Weiss temperature: Ocw=200 mK

=> small effective ferromagnetic interactions

* Antiferromagnetic transition T ~ 300 mK

=> all in - all out order with a reduced moment
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Spin ice correlations

Nd>2r-07
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Petit et al, Nature Phys. |2 (2016)

Spin-ice like correlations below 700 mK
involve all the missing ordered moment

Coexistence of
AIAO (divergence full)
+ Coulomb phase (divergence free)
= Evidence for fragmentation
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Spin ice correlations
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Spin-ice like correlations below 700 mK
involve all the missing ordered moment

Int. intensity (arb. units)

The two fragments look independent

Coexistence of

AIAO (divergence full)
+ Coulomb phase (divergence free)
= Evidence for fragmentation
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. , . Nd22r-07
Dynamic spin-ice pattern

BUT the spin ice pattern is shifted to finite energy

INS - ILL pd
--‘0'4 b T T L B E S S S S 3 . | .r 53 ;T=6(T) mK:. W 04 g-
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. . . Nd:>Zr-07
Pseudospin 1/2 Hamiltonian

Huang et al, Phys. Rev. Lett. | 12 (2014)
Pyrochlore lattice + Dipolar - octopolar doublet

x and z: dipolar components

Y: octopolar component
1/ €T Yy _Yy z .z . - A
H = g [J,,_.cr_,; a; + Sy O oy + J.o; a; + Hepmk o; +0;0; )]
i,J

can be written after a global pseudo spin rotation
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. . . Nd:>Zr-07
Pseudospin 1/2 Hamiltonian

Huang et al, Phys. Rev. Lett. | 12 (2014)
Pyrochlore lattice + Dipolar - octopolar doublet

x and z: dipolar components

Y: octopolar component
1/ €T Yy _Yy z .z . - A
H = g [J,,_.cr_,; a; + Sy O oy + J.o; a; + Hepmk o; +0;0; )]
i,J

can be written after a global pseudo spin rotation

Nd;Zr;07: Crystal field Hamiltonian = Pseudospin Hamiltonian

first approximation: small values of Jy and J.,

Weassume J, =0 , J,.=0

= § y Yo z 2
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Spin excitations

NdoZroOﬁ
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J.=12K , J,=-055K
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. . . Nd22r-07
Spin excitations

. . : : m 0.4
RPA calculations 3 -
2 i 03 <
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Inelastic scattering well reproduced with:

J.=12K , J,=-0.55K

BUT predicts an incorrect ground state
Does not capture the fragmentation !
Only describes the divergence free fragment
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, Nd22Zr:0;
Quantum fragmentation

. ] 1.2 K _ J, 0.55 K Benton, Phys. Rev. B. 96 (2016)

BUT observed dispersion can be described by other sets of parameters

H=) {f 67 6% + Jy 6¢ 6Y + J, 67 &3

V]

Parameters proposed by Benton,

Jy==055K , Je=12K , J

z oy

= ()

* give the correct dynamic features: flat mode + dispersion
* give the correct ground state: the AIAO ordering
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, Nd22Zr:0;
Quantum fragmentation

. ] 1.2 K _ J, 0.55 K Benton, Phys. Rev. B. 96 (2016)

BUT observed dispersion can be described by other sets of parameters

H=) {f 67 6% + Jy 6¢ 6Y + J, 67 &3

V]

Parameters proposed by Benton,

Jy==055K , Je=12K , J

z oy

= ()

* give the correct dynamic features: flat mode + dispersion
* give the correct ground state: the AIAO ordering

Can be viewed as a quantum fragmentation, carried by different degrees of freedom
=> Helmholtz decomposition for each pseudo spin component

B = —Vy* +V x A®
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, Nd22Zr:0;
Quantum fragmentation

. 1.2 K . I 0.556 K Benton, Phys. Rev. B. 96 (2016)

BUT observed dispersion can be described by other sets of parameters

H = E : [']:r‘ 0 (}; +Jy (}:J (}.f;"’ +J, 070

V]

Parameters proposed by Benton,

Jy==055K , Je=12K , J

z “Y

= ()

* give the correct dynamic features: flat mode + dispersion
* give the correct ground state: the AIAO ordering

Can be viewed as a quantum fragmentation, carried by different degrees of freedom
=> Helmholtz decomposition for each pseudo spin component

B = —Vy* +V x A®

Parameters in the non rotated frame:
Jpy=-03K , J,=0 , J,=10K , J,,=-055K

Consistent with field induced behavior ?
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. . Nd>Zr-07
Phase diagram from magnetization
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Phase diagram

Hysteretic behavior similar to Nd2lr2O7

Ueda, Phys. Rev. Lett. 115 (20135)
ettt 1.25 104
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Z j= 1 1 104
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9
= 2
o] L
ol 5000 L
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What happens to the magnetic structure as a function of field ?

Bragg peaks: signature of the metamagnetic field
+ hysteresis in the field sweeping of the Bragg peaks
= change of the magnetic structure

Does quantum fragmentation describe these features ?
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L . Nd>Zr-07
Magnetic diffraction '

data collection as a function of field starting from a saturated state in negative state poH=-1 T

B T T T T T

CLH 1]
E——

sign convention :in moment < 0
out moment > 0

® ‘“kagomé" ]

® apex
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Magnetic diffraction

Nd>2r-07
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data collection as a function of field starting from a saturated state in negative state poH=-1 T
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L . Nd>Zr-07
Magnetic diffraction '

data collection as a function of field starting from a saturated state in negative state poH=-1 T
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L . Nd>Zr-07
Magnetic diffraction '

data collection as a function of field starting from a saturated state in negative state poH=-1 T

B T T T T T

CLH 1]
E——

first tests with Benton parameters:
do not reproduce the low field metamagnetic transition
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L . Nd>Zr-07
Magnetic diffraction '

data collection as a function of field starting from a saturated state in negative state poH=-1 T

B T T T T T

Hopy
S

first tests with Benton parameters:
do not reproduce the low field metamagnetic transition

® ‘“kagomeé" ]

® apex

=> Phenomenological approach:

consider two independent fragments

y - the octopolar fragment with our parameters from INS
!};(: I .2, K, !I”:‘{}.SS K
the AIAO fragment with antiferromagnetic J,=-0.05 K

=allows to reproduce the field induced magnetic structures
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Magnetic fragmentation in Nd2Zr.07

* Nd,Zr,0;: Ising system with effective ferromagnetic interactions

*» Coexistence of AIAO ordering with a reduced moment and inelastic Coulomb phase

= experimental realization of the quantum magnetic fragmentation

consequence of the specific dipolar-octopolar nature of the doublet

* Two fragments can be described by two separate Hamiltonians as a function of field

= Hamiltonian parameters need to be refined to get a unified description
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