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Abstract

e We present a DFT+U calculation of the electronic and magnetic
properties of Ba;NaOsQOs, a magnetic Mott insulator with strong
spin orbit coupling (SOC), using electronic and magnetic
results from NMR experiment.

e We found that the breaking local point symmetry (BLPS) phase
corresponds to an orthorhombic static distortion of Na-O
octahedral.

e We found a two-sublattice orbital ordering pattern revealed by
distinct spin density and coexisting with canted ferromagnetic
ordering.
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Ba:NaQOsOg¢ bulk characterization

Fcc double perovskite with 5d! Os magnetic 10n

Magnetic mott insulator
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Erickson et al., PRL 99, 016404 (2007).
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Spin-orbit coupled models

e NN antiferromagnetic exchange J
e NN ferromagnetic exchange J’

e NN eclectric quadrupole-quadrupole
interaction V

Witczak-Krempa et al., Annu. Rev. Condens. Matter Phys. v5, 57 (2014)

Svoboda et al., arXiv: 1702. 03199v1 [cond-mat-str-el] (2017).
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23Na NMR Spectrum - Temperature evolution

* I and II : 2 magnetically distinct Na sites -

canted ferromagnetic order

* Triplets of I and II : non-zero electric field

gradient - breaking local cubic symmetry

Lu et al., Nat. Commun. 8 (2017): 14407
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Similar successive symmetry breaking in related materials

Hirai et al., JPSJ. 88, 064712 (2019)

e Ba;MgReOes : fcc double perovskite with 5d! Reé™ magnetic 1on

e FM Ty ~ 18K, T, ~ 33K Ocy~-13.7K Heff ~0.68 Up
e FM[110] ~0.3}g

o Jor=3/2  entropy ~ Rin4
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Electric field gradient (EFG) tensor VE

¢ Symmetric V X E = 0 e Traceless V.E=0
e Eigenvalues : [ Vzzl 2 | Vyyl 2 | Vx|

e Asymmetry factor: n=Vyx—Vyy)/V,, 0<p<1

e FEigenvectors : principal axes XYZ

e Diagonalization (—V,,(1 —=n)/2 0 0
0 ~V,(l+p)/2 0
\ 0 0 Ve

e Five irreducible elements : Vzz, 1, principle axes
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Electric quadrupolar interactions

e hv I+ 1 eQ)V.
e Hamiltonian HQ:7q<1§_ ( ;' )+%(L2r+13)> ), = ( Qz)hzz

e 1
e Quadrupolar splitting 5, = qu(3cos2¢9 — 1 + nsin*Ocos2¢)

e For nucle1r with I=3/2 and 7= 0

Hammera
th. ISBN
978-3-83
48-2423-
3,2012.
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Rotation pattern
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Undistorted case

Condition

GGA

GGA+U
GGA+SOC+cFM
GGA+SOC+cFM+U

e SOC and cFM order 1s not enough to give rise to the EFG
parameters. There has to be other sources (such as
structural distortions) to create the non-zero EFG.
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Distortion models

14/11/2019 Rong Cong - First principles calculations of the electric field gradient (EFG) tensors of Ba2NaOsOe, a Mott insulator with strong spin orbit coupling



Orthorhombic distortion

6 pseudopotentials (PP):

Na-O bond
PP1: Basyvt+Na+Os+O a —» atg
PP2: Basy+NapyTOspyvt+Os b_» b
PP3: Basyv+Nap+0Os+0O
PP4: Bagsy+Na+Ospy+O ¢ — C0
PP5: Bagy+Na+Os+Os Q2 distortion mode
PP6: Basy+Na+Ospyt+Os

e GGA+cFM+SOC+U

0,(%) 0,(%) . (%) Vzz 1 vy (kHz) Method Vzz
c 1  -190 c 0950  -211
¢ 0.991 -190.5 a  0.852 205

_ A+CFM+U

054 0 055 o U0 T GGA+cFM+U 2 02 2
a 0.813 209.5 a 0768 209
a 0981 183 c 0984 186
a 0991 183 c 0984 186

0525 0 052 0 5795 o0p Sl c 0984 186
a 0.790 203 c 0984 186
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Other possibilities

Model B
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Rong Cong - First principles calculations of the electric field gradient (EFG) tensors of Ba2NaOsOe, a Mott insulator with strong spin orbit coupling



Sensitivity to distinct magnetic order

FM110 Yo (kHz2)

e EFG 1s 1nsensitive to the precise

A 0.853 nature of the magnetic order

B Os1 190 0.750 a

AL 213 0.899 a e Evidence for the structural origin of a

F2 Os -210 0.893 c high-temperature shoulder observed in
Cubic Os [T 0.62 [110] specific heat.

Willa. et al., PRB 100, (2019): 041108 (R)
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Response to external magnetic field

1 1
H, = 5[<Hl> + (Hpp)l H = 5[<Hl> — (Hpp)]
Ba2NaOSOG 5K BaZNaOSOG 5K
Ba2LiOsOs
Ba:NaOsOe o Staggered local magnetic field

and the second moments of the
two triplet are constant 1n
different magnetic fields,
suggesting their non-magnetic

5K origin.
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Orbital and spin magnetic moment

ST #(S) IL| ¢(L) | M| ¢(M)

N\
-+
/
ofiJNe L3R 0.60
ofil ][ Mo 0.60
FM [110]
A Os 110, ] e The average canting angle of 72

B Os1 (110] ]
SNe AN 0.88 [110] 0.54 -[110 0.34 [110]
AL 0.45 [110] 0.25 -[110] 0.20 [110]
(ofi[s]( Mo 0.85 [110] 0.54 -[110] 0.31 [110]

degree of Model A with cFM
order 1s closest to the 67-degree
canting angle derived from NMR.
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Spin density

cFM Sublattice 1 Sublattice 2
Sx cFM
Sy
FM[110]
S;

e Spindensity  (A%(F)) = Trlp Z 8(r;—r)S?1 o0 =Xx,,2

e Distinct spatial distribution of spin density on Os cites for cFM order
suggests orbital ordering
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Partial density of states
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e Different selective occupation of tye orbitals for the two Os sublattices in
the vicinity of Fermi energy.
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Band structures
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Summary

e We found that a local orthorhombic
distortion where the Na-O bond
clongate and compress along two
crystalline axes respectively 1s the
main driving force for the non-zero
EFG of the breaking local point
symmetry phase for Ba2NaOsOg.

e Assuming an experimentally
determined canted ferromagnetic
ordering, we predicted a possible two-
sublattice orbital ordering of Os 1ons
on alternating planes where the total
magnetic moment resides. This 1s due
to strong spin-orbit coupling.
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Remaining questions

e Complexity of hyperfine coupling tensor that does not reflect atomic
or magnetic symmetry.

e Reduced entropy of Rln2 across the magnetic transition, energy
level splitting on the two Os sites.
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Thanks!
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