Neutron scattering on
magnetic materials
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Revisit an old system, LaCoQ;, in order to understand magnetic
properties.

Find new magnetic structure formation resulting from the incompatible
symmetries of two competing magnetic phases.

Result: the spin incommensurability and two phase competition
effectively reduce the number of free charge carriers.

Neutron experiments carried out at SPINS of the NCNR.
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s there anything unusual about the transport properties?
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s there anything unusual about the transport properties?
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s there anything unusual about the transport properties?

Similar to ...

R esisitivity (Ohm.cm 1) B

Resisitivity (Ohm.cm 107

it 'I'cll:;¢r4|l|:|:.~l|l{-ml. Iﬂ‘r

2.5 F Em-fr

207 50 100 150 200 250 300 350 ;;" 1 ﬂu:

Temperature (K) 2

AN

107

Upturn of resistivity - not typical é
p y yp "

of a good metal 0

Temperature [K]

Temperature (K)

Tomioka et al.,, PRB 53,  Urushibara et al., PRB
R1689 (1996) 51, 14103 (1995)



What about the magnetoresistive effect?

» Metal-insulator and magnetic transitions are observed as a
function of charge doping.

» MR is about 4 orders of magnitude smaller in cobaltites than
in manganites. No sharp changes observed at T..
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% What truly happens in the perovskite cobaltites?

% How do they fit in the larger class of strongly correlated e
systems?

% For this, we look at the magnetic structure.



The ground state in LaCoO; is not magnetic

Total spin, S =0

g S

But a transition occurs

2e-5

R -~ * H=1000 Oe
®e,

Octahedral field splitting

)
@
[

4

%o,
0,
-......'.
o0,
%o,
"0.....

M/H [emu/g]
=
)

al
v
(o2}

LaCoO,

0 50 100 150 200 250 300 350
Temperature [K]

Low spin «—— Intermediate——  High Spin

6a O 50 1 Ao 2
Ty €4 P Ly €4

Jahn-Teller active state



Magnetic component: 3 important contributions
1) Inelastic low energy excitations
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~ (0.6 meV.

o Superposed on the quasi-elastic signal due to increased
paramagnetism. Together they get thermally enhanced with
increasing temperature.

o Low energy magnetic excitation present. E

char



Inelastic intensity follows yp.
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Intensity (counts / 10 min)

The other two components

2) Ferromagnetic 3) Antiferromagnetic!!!
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o Constant Q scans at several points including (001),

Lio and LLL
2 2 2 22

o The energy excitation is present even at 100 K
(washed out in the powder measurement).

o Excitation present at ferromagnetic and anti-

ferromagnetic points although it is stronger at
(001).



Strong ferromagnetism and weaker antiferromagnetism
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* A constant “background” is observed in both: Q-
independent component due to paramagnetic fluctuations

* The PM signal hardly changes with temperature but the
correlations between the ions become stronger.



Changes in the local atomic structure
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What does this mean for LaCoO3?

Possible scenarios: S = 0 ground singlet splits to an S=1 or an 5=2

Theoretical arguments by  Based on a value of g > 2
Khomskii et al attributed the transition to
an S = 2 state.

Experimental evidence by IS state - JT active
NMR, ESR and neutron Couples to orbital ordering

Observed: Dynamic magnetic correlations that have
both FM and AFM characteristics (§ = 3.6 A)

Concluded: Orbital ordering is short-range and occurs
in many directions. It is dynamic just like the magnetic
correlations
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Introducing charges to the lattice changes the
magnetic dynamics
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Introducing charges to the lattice changes the
magnetic dynamics
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@ The 0.6 meV mode (due to single ion effect)
disappears.

= The AFM correlations are absent with Sr doping.
@ Dynamic FM correlations are also suppressed.



Magnetic correlations become static and spatially isotropic

Intensity (cts/min)

1.4

Measurements at the FM peak (001) reveal a circular object.

Scans centered around (001)
Circular object is isotropic in all directions



Correlation length increases with charge
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* This is slow at first in the spin glass phase

e At20 %, itis over 100 A but still finite. The clusters
increase in size in metallic state

Phelan, Louca et al., PRL 96, 027201 (2006).



Correlation length increases with charge
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New competing state

Double exchange FM vs incommensurability



3 important contributions from elastic scattering

1. The isotropic feature centered at (001) due to FM correlations
2. An x-shaped pattern of weak diffuse intensity
3. Satellite peaks at the four corners.
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When does the superstructure appear!
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* Superlattice reflections appear at incommensurate
positions along (111) direction.

* The positions of the peaks change with charge doping.
* What is the origin of this ordering?
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When does the superstructure appear?-
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Two ordering temperatures:
Cuts along (111)
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w=Peaks are absent above the long-range transition.

= [ he order parameter of the secondary spin ordering deviates
more with the IM transition.

==|ncommensurate peaks are magnetic as they follow the form
factor dependence.



How the incommensurability varies with x
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Correlation length is longer in the perpendicular direction to
(111) than in the parallel direction.
Normalized intensity drops with the IM transition showing

that peaks get weaker.



Physical representation of the ordering units
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New phase diagram ZH
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Ih conclusion

@ Two magnetic phases coexist and compete in the
perovskite cobaltites.

#l If the competition between the two is strong, they can
phase separate.

@ The incompatibility in the symmetry of the two does not
allow the secondary spin ordering to extend to long-range.

@i The possible charge localization might explain why the
resistivity is not very low in the metallic phase and why
the MR is small.

#@l At the same time, the charges are not fully localized and no
long-range charge ordering is observed.

€ The existence and organization of such structures appears to be a
common feature in strongly correlated electron systems.



The End
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