Title: Recent measurements of dipolar-octupolar rare earth pyrochlores
Date: Jun 08, 2017 10:30 AM
URL: http://pirsa.org/17060041

Abstract: This talk will outline recent measurements on the dipolar-octupolar rare earth pyrochlores Nd2Zr207 and Nd2Hf207. Measurements of
their crystal field excitations allows the wavefunction of their ground state Kramer&€™s doublet to be determined. Both compounds develop
long-range magnetic order and their Hamiltonians are extracted by comparing inelastic neutron scattering data to spin-wave theory at low
temperatures. The Hamiltonians are used to qualitatively explain AC magnetization measurements as well as neutron data collected in an applied

magnetic field. Both system as predicted to lie close to a U(1) spin liquid and the excitation spectrum above the NA©el temperature is compared to
calculations for bosonic many body quantum spin ice.
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Ground state
Nd3* 4Jy, S=3/2; L=6; J=9/2

Crystal Field

Local uniaxial symmetry short Nd-O oxide bond along <111>
D4 symmetry about local <111>
dipolar — octupolar doublet
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Nd Based Pyroc HZB.....
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Ground state
Nd3* 4Jy, S=3/2; L=6; J=9/2

Crystal Field

Local uniaxial symmetry short Nd-O oxide bond along <111>
D4 symmetry about local <111>
dipolar — octupolar doublet

Interactions

Exchange Interaction: Short range, Antiferromagnetic
Dipolar Interaction: Long range, Ferromagnetic

balance between dipole interaction exchange interaction.

,_ l : po\ (gLps)? ~— (i - J; =3J; - Fijfij - Jj)
£ 2 T di b+ (-hr) 2700 2 (rij/Tan)’
(r.7) (i.7) :

Ratio of exchange to dipole interaction is stronger in light than heavy RE
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* Nd,Zr,O; - Sample Preparation

« Crystal field excitations - dipolar/octupolar doublet

* Magnetic interactions and order — T=0.4K

* Magnetic structure — all-in-all-out order

« Excitation — gapped flat pinch point mode & dispersive excitations
* Spin-wave theory — Hamiltonian

« Excitations above Ty

« Some results for Nd,Hf,0,

317
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Powder: Solid State Reaction
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Crystal Field

5 Kramers doublets expected for J=9/2 ground multiplet
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Powder Neutron Inelastic Scattering
9 57A ARCS, ORNL, 150meV, 5K

Intensity (arb. urits)

Big gap: 23.5meV~270K — well isolated ground state
3 magnetic excitations observed - 23, 35, 106 meV
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ok

5 Kramers doublets expected for J=9/2 ground multiplet
Powder Neutron Inelastic Scattering - r§‘
ARCS, ORNL, 150meV, 5K § .
w g
Big gap: 23.5meV~270K — well isolated ground state
3 magnetic excitations observed - 23, 35, 106 meV
I,(“.'(‘]H [':(aba []ll(‘\'} ]';‘('ui [I]l('\:’) [u[m ]f'ulr 8k ’ﬁ |'Q‘3 - C;:Jawl”ar"i'n |
A — || E,=50mav
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| ona | oae | ]ajeml B ANATY
1 ). 39.1 540 dnég towsd %y, RN
r} 106.2(5) 106.28 | 0.60(8) | 0.525 gl iR RRS v sl

CEF Hamiltonian (z//<111>): D54 symmetry (tensor operators)

Hoer =BC3 + BYCH + BY(CLy + Cf) + BSC§ + B§(CS,3 + CF) + BY(C6 + CF)

CEF Ground State: Kramers’ Doublet
36 =0.899|*Ig/2,+9/2) F 0.252|*Iy/2, £3/2) + 0.330|*Ly /2, F3/2) F 0.112|*I}; /5, £9/2)
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CEF Ground State: Kramers’ Doublet
['ds =0.899|"Iy/2,+9/2) F 0.252|*Iy/3, £3/2) + 0.330|*Ly /2, F3/2) F 0.112|*I}; /5, £9/2)
Mostly J = 9/2, small mixing of J = 11/2 multiplet; m, = 9/2,3/2 terms only

Dipolar Moment n, = <GS|J,|GS> = 2.65 free ion value of 3.27 g
By = <GS|Uy|GS> = 0pg;  py = <GS|J,|GS> = Opg;

Pseudo spin-1/2 model  p, = g,;1gT;; 9,; = 5.30; g = 0; g,y = 0; = Ising!
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CEF Ground State: Kramers’ Doublet
36 =0.899|Ig/2, +£9/2) F 0.252|*Ig/3, £3/2) + 0.330|*Iy 2, F3/2) F 0.112[*I}; 5, £9/2)
Mostly J = 9/2, small mixing of J = 11/2 multiplet; m, = 9/2,3/2 terms only

Dipolar Moment n, = <GS|J,|GS> = 2.65 free ion value of 3.27 g
By = <GS|Uy|GS> = 0pg;  py = <GS|J,|GS> = Opg;

Pseudo spin-1/2 model  p, = g,;1T;; 9,; = 5.30; g = 0; g,y = 0; = Ising!
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CEF Ground State: Kramers' Doublet

['fs =0.899|*Iy/2,+9/2) F 0.252|*Io/3, £3/2) + 0.330|*Ly /2, F3/2) F 0.112|*I}; /5, £9/2)
Mostly J = 9/2, small mixing of J = 11/2 multiplet; m, = 9/2,3/2 terms only

Dipolar Moment n, = <GS|J,|GS> = 2.65 free ion value of 3.27 g
By = <GS|A|GS> =0pg;  py = <GS|J,|GS> = Opig;

Pseudo spin-1/2 model  p, = g,;1T;; 9,; = 5.30; g« = 0; g,y = 0; = Ising!
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T K)

Octupolar moment T = i(J,3-J3) Hoct = <GS|i(J,3-J3)|GS>= 0 .,

Pseudo spin-1/2 model 1, & 1, transform as magnetic dipole
1, transforms as octupolar moment

Y.-P. Huang, G. Chen, M. Hermele Phys. Rev. Lett. 112 167203 (2014) 6/17
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Powder neutron diffraction
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J. Xu, Phys. Rev. B 92, 224430 (2015).
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Powder neutron diffraction
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Powder neutron diffraction
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General Hamiltonian for Nd** ions on a pyrochlore lattice (local frame) given by
Y.-P. Huang, G. Chen, M. Hermele Phys. Rev. Lett. 112 167203 (2014)

/DO z : XX y.Ly z Xl kT A ]

i)

: e Ao T 2X=% 1 2V=) 1 =7z2
Rotation about the y-axis gives Hyy, = E [‘Jx 5T+ T+ T 1",']-
~X c AN X Qi ? ~y y ~3F uj) . T, X ; - EJ*‘""
T = cos(?) )T’ + 5][](19 )rl.". I)=1, 1= C()S(r?)ti" - SlT]('ﬁ)TI- : tan(29) = —..J
X 3
10/17
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General Hamiltonian for Nd** ions on a pyrochlore lattice (local frame) given by
Y.-P. Huang, G. Chen, M. Hermele Phys. Rev. Lett. 112 167203 (2014)

24DO _ 2 : pX X Yy, Y z Xl i ]

@)
: e Ao T 2X=% 1 2V=) 1 =7z2
Rotation about the y-axis gives Hyy, = E [‘Jx LT + JyT; = J. 7, 1",']-
_ : | . (ij} 2.
f;‘ = Cos(?) )"r;1 + sin(?) )rr_."'. § = -r:;\’, £ = cos(P)r’ —sin(P)r", tan(2P) = ? ..J

Spin-wave calculation of O. Benton Phys. Rev. B 94 104430 (2016)
Comparison to data of S. Petit E. Lhotel et al Nat. Phys. 10 1038 (2016)

~

Best exchange constants  J, = 0.103 meV, :J), =) JZ = —0.047 meV.

10717
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General Hamiltonian for Nd** ions on a pyrochlore lattice (local frame) given by
Y.-P. Huang, G. Chen, M. Hermele Phys. Rev. Lett. 112 167203 (2014)

24DO _ 2 : pX X Yy, Y z Xl i ]

i)

: e Ao T 2X=% 1 2V=) 1 =7z2
Rotation about the y-axis gives Hyy, = E [‘Jx LT + JyT; = J. 7, 1",']-
_ : | . (ij} 2.
T, =cos(})r +sin(P)zf, T = 'r,;'\’, Tt = cos(P)r® —sin(P)z, tan(2Y¥) = - ]

Spin-wave calculation of O. Benton Phys. Rev. B 94 104430 (2016)
Comparison to data of S. Petit E. Lhotel et al Nat. Phys. 10 1038 (2016)

~

Best exchange constants  J, = 0.103 meV, :J), =) JZ = —0.047 meV.

Curie-Weiss temperature

S o Bk
Tew = T(J; cos“ () + J, sin“(1)),
ZKp

T.,~02K = 1) =47.6°

10717
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General Hamiltonian for Nd** ions on a pyrochlore lattice (local frame) given by
Y.-P. Huang, G. Chen, M. Hermele Phys. Rev. Lett. 112 167203 (2014)

24DO _ 2 : pX X Yy, Y z Xl i ]

@)
: e Ao T 2X=% 1 2V=) 1 =7z2
Rotation about the y-axis gives Hyy, = E [‘Jx LT + JyT; = J. 7, 1",']-
_ : | . (ij} 2.
f;‘ = Cos(?) )"r;1 + sin(?) )rr_."'. § = -r:;\’, £ = cos(P)r’ —sin(P)r", tan(2P) = ? ..J

Spin-wave calculation of O. Benton Phys. Rev. B 94 104430 (2016)
Comparison to data of S. Petit E. Lhotel et al Nat. Phys. 10 1038 (2016)

Best exchange constants JI = 0.103 meV, :J), =) JZ = —0.047 meV.

3.0
Curie-VVeiIss temperature 25
Tew = —(J, cos?(®) + J, sin*(®)), i
2kp B = Ul spin
T,~02K = o} =47.6° - s
0. -
Flat gapped pinch point mode b i
. . - - sl
A = V3IJ| = B = Jy), Gapless for J,/|J,|=3 10/17
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E=0.115meV, T<<T), E=0.165meV, T<<Ty
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* Pinch point mode is gapless
* Dispersive modes broaden T =0.45K
+ Features at (2,2,0) o
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Neutron diffraction, polarization analysis @ DNS, FRM2; A= 3.3 A

T=0.1K(<<T,), ZSF
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Neutron diffraction, polarization analysis @ DNS, FRM2; A = 3.3 A

T=0.1K(<<Ty), ZSF
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The pinch point pattern becomes gapped and magnetic Bragg peaks grow below T
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Summary HZB......

Zentrum Berlin

* Nd,Zr,0O; Crystal field excitations
dipolar/octupolar ground state doublet .4~2.6515

« Magnetic interactions
Tow=0.233K and magnetic order at Ty=0.4K

* Magnetic structure
all-in-all-out order y,,4o,-=1.25ug/Nd

- Excitation
gapped flat pinch point mode at 0.07meV
dispersive excitations to 0.4meV

« Spin-wave theory
Hamiltonian Jx=0.103, Jz=-0.047

» Excitations above T
» Pinch point mode becomes gapless
« Dispersive excitations broaden

« Similar feactures observed in Nd,Hf,0,
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