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Motivation

* The magnetism Fe,, Te is still an open question:
(n/2, n/2) double-stripy order for y<0.11
(g,q) incommensurate spiral order for y>0.11
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Introduction
Double stripe in low-y Fe,, Te compounds.

Classical vs Quantum approach.

Samuel Ducatman, Natalia Perkins, Andrey Chubukov, PRL 2012

Effects of Iron Excess — modified RKKY interaction causes an

evolution of the magnetic structure.

Samuel Ducatman, Rafael Fernandes, Natalia Perkins, PRB 2014
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* Fey, Te: the simplest structure composed of only Fe and Te
layers
e Resistivity decreases with temperature (Poor Metal)

e Different g-vectors for “nesting” (rt,0) or (0,11) and magnetic
order



1 vs 2 Fe Unit cell

e Unit Cell e Brillouin Zone

q=(r/2, ©/2)
=(m, 0)

\

q=(m, 0)
=(m, m)

%

Most experimental results are presented in
it Te the folded BZ (2 Fe unit cell). We use the
unfolded BZ (1 Fe unit cell).




Evidence for Local Magnetic Order

e Susceptibility shows Curie-Weiss T-dependence

« Ordered moment about 2.5}18
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k (rlu)

Magnetic order in FeTe has momenta x(z/2,£7/2).
However, this does not uniquely determine spin
configuration as a generic x(z/2,xn/2) order Is a
superposition of two different O—vectors: (7/2, —n/2)
and (/2, n/2).
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Double stripe in low-y Fe,, Te compounds.

Classical vs Quantum approach.

Samuel Ducatman, Natalia Perkins, Andrey Chubukov , PRL 2012



Minimal model and classical ground state

Heisenberg J,- J,- J; Model

H — JIZS:E ’ S:’, + JEZS}E ’ S:!, + J_:; Z §,‘ ’ S:,,
(ij) «if)) (G

J; > J,/2>>d, (F. Ma, et.al , PRL 2009)

In this limit, the classical ground state
IS a spiral with the pitch vector Q =(xq,%q)

Ji
Jo +4J5

E, = —(2J; + 5 )N S?

R. Yu, et. al (2011);
P. Sindzingre,et. al (2010); q = arccos( —J3 )

J. Reuther, et al.(2011) 2Jo+4J3




An infinite number of

q=(xm/2, + w/2) states, all
degenerate.
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DFT calculation: energy difference between

double stripe and spiral is 0.06 meV.



How to stabilize q=(n/2, ©/2) states and
to remove the degeneracy between them?

Classically:
Biquadratic term due to magnetoelastic coupling
( or from a purely electronic basis)

H=> [J;Si-S; — Kij(Si - S;)°]
ij

Quantum Mechanically:
Quantum fluctuations due to interacting

spin waves

e Both mechanisms stabilize collinear structures and
remove degeneracy
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Magnetoelastic Couplings

Three primary lattice distortions associated with q=(nt/27/2)

order
UG/’LW

uxy gives anisotropic J, but also biquadratic coupling
along diagonals

Us, Ug, U7 8ives anisotropic J; but also biquadratic coupling
along sides and the ring exchange.



Magnetoelastic Hamiltonian

H = Hy + Hyvr + Hilastic
C66 9 Ql QQ

HElastic = TUXY + 711% =+ 7( (25 + u%)

HME — gl(sc ' Sd — Sa, : Sb)uxy
-+ gg[(sa S — Sp - Sd)uiif -+ (Sa Sq — Sy, - Sc)ug]
-+ gg[(sa S+ Sy - Sd)u"g -+ (Sa - Sq + Sy - Sc)ug]

Integrating out u,, U, Ug, and u, we get effective biquadratic and
ring exchange terms

Z Kiji(Si - S5)(Sk - S1)
<ijkl>
Dominant term: biquadratic coupling along diagonal due to u,,
distortions |.Paul (2010)



How to stabilize g=(t/2, m/2) states and
to remove the degeneracy between them?

Classically:
K, ,biquadratic coupling along diagonal,

owers the energy of bicollinear stripe

(a)




How to stabilize g=(t/2, m/2) states and
to remove the degeneracy between them?

Quantum mechanically:



J3

J1=0 == J2 — J3 model

I)J _ J ”
: 1 2 :
Generalized ol Generalized
Plaquette J, plays the role of "], Bicollinear

f—<—A——>J; plays the role of ”J,”

Coleman, Larkin, Chandra_

A B / < J3 -

For J; > J,/2, quantum fluctuations select stripe configuration
for each sublattice: the angle y is locked at y= 0 or y=rt, and
the angle O is locked to 6=¢ or 0=+ .

Order by Disorder!



J, = 0: Spin-wave excitations

Hg,, = S('Q'akaf;[{afk Q‘ﬁkﬁ]ﬁ;@k)

T Even sites TOdd sites

Qx = S(Af — B2, Ay = 4J3 + 205 cos(ky + ky).
Bx = 2J2(cos 2k, + cos 2k,,) + 2J2 cos(kr — ky).

e Linear Spin Wave (LSW) Theory: two spectrums, one
for even sites and one for odd sites

Nodes at +(n/2,£n/2), but some
of them are accidental




1/S Corrections

Performing Hartree-Fock

1 1
Hy = Z Jij[—Eagai < a;aj > — 50 < aia} > ...

<1)>

 Gaps open at “accidental zeroes”



1/S Corrections

> o
=5
21 A



Small J,

* J, provides a coupling between two sublattices

e J,isintroduced peturbatively, and only leads to a
strong renormoralization in the spectra near the
Goldstone modes.

Two cases:

1) The excitations have Goldstone modes at the same
g vectors — case for diagonal double stripe
(bicollinear)

2) The Goldstone modes have different g-vectors —
case for orthogonal double stripe (plaquette)



Spectrum of Bicollinear State

Hy = % Zk[wk(n}:nk -+ {'1_k{'1i_k + _-"5;2;:31( + -j’_k_-'ﬁik)

02 =07 . .
+ﬂk (—ﬂl;’ﬁk — ﬂ_k_.-"jlk + t’.'lT_kdf: + (Ik:"))_k)

+A% (—a' ) Box — awfBr + ol BT + aciBi)

S L ey
— Z[q + 21, G, 4 209, B Br]

H, =
27 9
k

02, = b £ 20/ wR| Aul? — 4| Re[ Al Im[Au

~ —1TT ~

+k,——k)= 4\/:I:\/J12/%2((2 + Jo)2 — J# cos? 0)

Interacting Goldstone bosons with A~ J,
Instability in spectrum near q=(rt/2, ©t/2), grows as

S

where [ is distance from Goldstone point \/;



Spectrum of Plaquette

Ef__z — 61 ((0"-’*) +(<>5)

8 L 16(AODS\20)a (OB
£1/((922)2 — (02 16(A2P%)202.07)

One solution is gapped to order 1/S, the other is linear in &
with the stiffness which differs from its value at J, = 0 by
0(J,S/)5).

The Plaquette states are stable as long as J;S/J; is small.
Largest energy renormalization for collinear plaquette
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Results
For isotropic case, bicollinear structure unstable to quantum

fluctuations. Lattice distortions probably stabilize this state

» Quantum fluctuations select plaquette order




(rt/2, m/2) order found in exact diagonalization
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e Effects of Iron Excess — modified RKKY
interaction causes an evolution of the

magnetic structure.

S. Ducatman, R. Fernandes, N. Perkins, PRB 2014



Magnetic Transitions in Fe,, Te

Magnetic and structural
lowering of symmetry coincide

At y<0.11, 15t order PT from
paramagnet to q=(r/2, n/2)
state

y>0.11, 2"d order PT to
incommensurate spiral state
with g=(1t/2 — A, /2 - A),
magnetic order varies with T

A locks atl]l 0.02 forlow T
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How can we model Iron excess?

e Local spin model does not capture evolution
from iron excess, itinerant model does not
capture correct magnetic order

e Recent DMFT calculations of Lanata et al
suggested Hund’s coupling driven orbital
selected localization at T>T),.

e Consider hybrid model: Coexistence of local
spins and itinerant electrons

Haule et al, New J. Phys. 11, 025021 (2009)
Lanata et al, PRB 87, 045122 (2013)



Localization of electrons

 FeTe: multi-orbital nature of degrees of freedom

e The x?-y?, 3z%—r? orbitals are almost localized due to
narrow bandwidth and larger interactions. xy, yz, zx
are still itinerant.

 We use the tight binding (TB) model of F. Wang et al,
PRB 81, 184512 (2010), and project out the x?-y?,

3z2—r? orbitals
/
_

N2




Fermi Surfaces

Purple: electron Pockets

Yellow: hole Pockets

(Virtual crystal approximation)

Nesting vector of (r,0), no perfect nesting.
(1,0) is not the Q-vector associated with magnetic order
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Increasing y

y

» y>0 increases the number of 020,

electrons. Excess iron 0.15
donates 8 electrons persite. 1

Savrasov et al, PRL 103, 067001 (2009)
P. Singh et al PRL 104, 099701 (2010).

0.05;

6 Electrons

m== 3 Electrons

* We increase L, calculate 0 025 05 075 H
occupation number to find y. N .
» The extra electrons barely

change the occupation of 1.6
x>—y?,3z%> —r? orbitals

1.3

0 004 008 0.12



Hybrid Model: Local Moments in Multiband
Correlated Electron sea

H = Hsp?ln + Hitinerant

e Spin-Spin Interaction:

Hypin = »  JiiSi-Sj+ Y Kiju(Si-S;)(Sk - Sy)

<1j> <1y k(>

Hcoupling

* Jii J;-J,-)3 superexchange couplings

* K;y: Biquadratic and ring exchange terms arise from
magnetoelastic effects

* S localized spins from electrons on x> —y?, z* orbitals.
Assumption: S=1



Hybrid Model: Local Moments in Multiband
Correlated Electron sea

H — Hspin =+ Hitinerant

o Effective 3 band Hubbard Model (after projection) with
onsite Interactions

Hitinerant — HO + H?Lnt

H() — Z (tkUCLaJCkbo+h.C.)
k.a,b,o
1
H?l’n,t — 5 Z (Uabczagciaoczbgfcibo’—i_

1,aboo’

Hcoupling

I T
Jabciag Cibo’C; 5" C?lba)



Hybrid Model: Local Moments in Multiband
Correlated Electron sea

H = Hspin + Hitinerant —+

Hcoupl?lng

Hccru..pli’n,q — JH § S "Oja

 Coupling between local and itinerant moment arises
from Hund’s coupling

* S, localized spins from electrons on x> —y#, z* orbitals.
Assumption: S=1
* O, itinerant electrons with orbital a=xy, yz, zx.



Derivation of an effective low energy theory

* |ntegrating out the itinerant electrons, we obtain
additional long range spin-spin interactions

REKKY
Hrrxky = E Ji; S:S;

JEKKY (R, _ Rj)= _JHZ (RiRi)ay(q)

{ (Q)- Pauli susceptibility computed using the tight-
binding model

Xaarbh (W) = X (@ @) + Xoaaree (4 W) Ueeraar Xaaroy (9, w)



Results (Bare and RPA Susceptiblity) Fe,, Te

(a) y=0.0 (b) y=0.07 (c) y=0.15
Qy n Qy n ‘i'y n
0 0 0
0 0 0
0 0 0
TR TR g
(d) y=0.0 (e) y=0.07 (f) y=0.15

Q}" ) Qy ) Q}" )
0 : 0 ' 0
30 *. 6 6
RPA RPA RPA
o ) 3-)( A
0 0 0 x
0 0 0
qx n qx n dx



JRKKY

JRERY (meV)
10y

(t, 0) peak completely disappears



A toy model for x for y<0.04

e Consider a phenomenological xR for y<0.04, where
o is a parameter controlling the height of peak.

1 1+« [':"DS Gz COS qy — % (cos 2gz + cos qu]l
X (g)= 3 |
xo (1+ Fa)

* With this model, we can calculate JRKKY analytically.

J’R[&I‘CI — A
157 5
J

10r

2 I.?rqi’f



eff = tHeis
JT = Jie ¢ gt




Ground State
H = ZJeffS 'Sj+ZKijkl(Si'Sj)(Sk'Sl)

ijkl

e We con5|der all possible 4-sublattice-single-q ground
states. We find the ground state by the Hamiltonian
minimizing over all variables

e Of all possible states, only three states appear for
phyf «ial parameters in our phase diagram

cos @1 + cos (1 + 2gz) + cos (p3 — w2) + €08 (w3 — (w2 + 29z)) T cos p3 + cos (@3 + 2qy)

+ + + + + + + |
>

> 4 0 <




Phase Diagram

H = Z JBHS - S5 + ZKijkl(Si - 5;)(Sk - Sy)

ikl

0.20}

K, is the nearest
neighbor biquadratic, 0.15|
K, is the value for both
next-nearest neighbor Sl010
biquadratic and ring
exchange terms.

0.05 IC Spiral

Here, fix K, = 3 meV
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H = Z JeffSi - S5 + ZKijkl(Si - 5;)(Sk - Sy)
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Conclusion

Fe,., Te has features of both local magnetic
moments and itinerant electrons.

The q=(rt /2, n/2) ground state (for y<0.11) can be
obtained with a local model. It is not clear if it is
possible to get it from the itinerant picture.

Increasing y corresponds to electron doping.

Integrating out itinerant electrons gives effective
Heisenberg coupling, JEKKY (y).

The hybrid model captures the evolution of
magnetic order with increasing Fe excess.



Thank You!
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