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Outline

e The simplest strongly correlated electron
model that can describe the A-(BETS), X

molecular crystals is a Kondo-Hubbard model
at half filling.

e The insulating phase in A-(BETS),FeCly
is an antiferromagnetic Mott insulator, sim-
ilar to that seen in the absence of the mag-
netic ions.

e The magnetic-field-induced superconduc-
tivity is due to the Jaccarino-Peter eflect.
The field acting on the spins is compensated
by an exchange field H. = JS/gup.

e [, leads to beating of the magnetic os-
cillations. Beat frequency is consistent with
the optimal field for superconductivity.



PHASE DIAGRAM of A — (BETS),FeCly
in a magnetic field parallel to the layers

S. Uji et al., Nature 410, 908 (2001).
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L. Balicas et al., PRL 87, 067002 (2001).
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versus that of A\-(BETS),GaCly
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PHASE DIAGRAM of A-(BETS)sFe,Ga;_,Cly

in zero magnetic field
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PHASE DIAGRAM of A-(BETS)>GaBr,Cl,_,

in zero magnetic field

w-{[ BB UL ELAL S I TFrrrprrryyprT
100 ¢ \," Non-Metal -
: iy ]
[ N ]
Q | Metal }y 0 /zm////ffll.o////////:{
~ 10} S -
=~ 3 S 3
N .‘\\\\\“\\v\\ \ ]
[ \ Ins ]
| .\ \\\\ .
¢ SC
8 N
| [ P PSRN ENEPAPS IPIPPIFS I WS PP I tl e
o o o Lo ] 3
g 2 8 gV
!




Need a model Hamiltonian that can describe
the subtle competition between metallic, su-
perconducting, and antiferromagnetic insu-
lating phases.

HUBBARD-KONDO MODEL
Brossard et al., Eur. Phys. J. B, 1998.

H = Z tij (C;r,GCj,g —+ hc) + U Z i AN, |

ij,o i
+J > Si-GitgausH Y Si+gusH Y of

S; is a spin-S = 5/2 operator for the Fe3T
local moments.

o} = % o czaﬁagci,g is the spin-1/2 op-
erator for the hole on site i.

- 35 are tight-binding hopping integrals within
the layers (from band-structure calculation).
Very similar for Ga and Fe compounds.



- J is the Kondo coupling between the S =
5/2 Fe3T local moments and the BETS elec-
tron spins. J = 0 for Ga’™ (S = 0).
-Hubbard U is the electron-electron repul-
sion on BETS molecules.

-One electron for two molecules. Arrange-
ment of BETS molecules in dimers means
model is effectively at half filling.

- For U > ;5 system is a Mott insulator.

- For small U system is a metal due to poor
nesting of the Fermi surface.

- The J = 0 model gives a good description
of k-(BEDT-TTF)sX. [R. McKenzie, Com-
ments Cond. Mat. 18, 309 (1998).].



NATURE OF THE INSULATING STATE

e Small U, spin-density-wave (SDW) pic-
ture (Ziman).

The local moments order antiferromagneti-
cally due to RKKY interaction. The associ-
ated periodic potential causes Bragg reflec-
tion of the electrons, opening gaps on the
Fermi-surface and eventually destroys it if
J 1s large enough.

A magnetic field destroys the AF order of
the local moments restoring the metallic state.

The charge gap A ~ JSu, where p is the
SDW moment.

A ~ ]CBTM[.

A will be field-dependent.

Metal-insulator transition will probably be
second order?
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e A Mott insulator

Electronic layers of BETS close to a metal-
insulator transition. Small changes drive
the system into one or the other phase.

The charge gap A should be determined by

U/t and weakly dependent on J. A should

be comparable to that of A-(BETS);Ga Br,Cl,_,
for z > 0.8.

A will be weakly field-dependent.
Metal-insulator transition is first order.

Is A\—(BETS)2FeCl, a Mott insulator? What
happens when Ga is replaced by Fe?



MOTT INSULATING STATE STABILISED BY J

When replacing Ga by Fe, we have to take
into account energy of the local moments.
S = 5/2 spins can be treated classically.

Comparison of the total energies of:

e Metallic phase: local moments interact-
ing via RKKY interactions (energy of a clas-
sical antiferromagnet):

EMetal(J) — EMetal(J — O) — ZJZXSZ

where y is the electron spin susceptibility at
Q) = QaF, z the number of magnetic bonds.

e Antiferromagnetic Mott phase: AF
local moments + localised electrons inter-
acting with the Kondo coupling. (Large U
assumed, energy of a classical magnet with
two species of spins).

Enrott = Earymi(J =0) = JS/2



A-(BETS),GaCly (J = 0) is a metal (SC):
EMetal(J = O) < EAFMI(J = O) The en-
ergies are close since A-(BETS),GaBr,Cl,_,
with z > 0.8 is an insulator.

JX ~ J/EF < 1.

The AF Mott phase is more stable if J is
large enough and the difference in energies
at J = 0 is small enough.
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INSULATING STATE IS
DESTABILISED BY A MAGNETIC FIELD

Same type of calculation: classical magnetic
energies as a function of field.
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MAGNETIC-FIELD
INDUCED SUPERCONDUCTIVITY:

The Jaccarino-Peter effect

e For high fields all the local moment spins
are aligned by the field.

e When H || layers the upper critical field

due to orbital effects is large. H C”2 1s deter-
mined by Zeeman splitting.

e Effective exchange magnetic field acting
on the electron spins is

Hepp=H—H,

where the compensating magnetic field is
H, = J(5%)/9up
Superconductivity can occur when

|H—He|<Hp

Experiment suggests
H,~30Tand Hp ~ 10 T.



This value of Hp is consistent with the ob-
served H (|:|2’Ga =12 T.

To confirm the JP explaination need

e to check that J > 0. See superexchange
estimations: (Hotta and Fukuyama).

e an independent measurement of H,

e to show effect of S = 5/2 spin fluctuations
1s small.



FERMI SURFACE OF A-(BETS)sFeCly

e Band structure calculation for a layer:

---------------------- .
Tl
\/,_..-—,A—-..\‘\ H
N i !
P N -‘_a'_"'—-.\‘\
’ - . s
- - - ;
i . P
i K4 - !
1l M ; a i
i " i oo
1 v At
! S ! )
.
. ! ;
Y L}
“\ I
: H
--d s
T &
3
ki
¢

— metallic, not insulating!

e Shubnikov-de Haas quantum oscillations
show two frequencies:

S.Uji et al., PRB 2001.
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EXTRACTING H., FROM
SHUBNIKOV DE-HAAS OSCILLATIONS

e Without magnetic ions:

Oscillating part of resistance cos(2wF'/ B cos )
where F' is proportional to the area of the
Fermi surface and 6 is the angle between the
field and the normal to the layers.

There is a spin-splitting factor
Rs = cos(wSp/2cos) Sy =g m*/me,
e With magnetic ions:

Effect of H. at high magnetic field: two
Fermi surfaces for spin 1 and spin |.

T




spin-splitting factor becomes field-dependent:
Ry = cos[wSy(H./H —1)/2cos8]|. This pro-
duces two SdH frequencies:

(F £+ SoH./4)/ cos @

From AF = 130T/ cosf,and m* = 4.1m,,

g* = g the compensating field is H, = JS/gup =
32 T.

This agrees with the optimal field for super-
conductivity!

e Other interpretation for the beats?

A corrugated 3D Fermi-surface would lead

to
AF x Jy(ytan@)/ cos@

that vanishes at Yamaji’s angles, contrary
to what is observed.



“FRAGILE” SUPERCONDUCTIVITY
IN A-(BETS);FeCl, UNDER PRESSURE
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e A very small in-plane magnetic field (H (|:|2’Fe
02T H CJQFG) destroys the supercon-
ductivity. Compare with H lléGa:5 T.

e Eiffect of the magnetic anions?
JFe Ga
J(S.) — gupHY | =~ gupH)

At small field, (S.) = x(S = 5/2)H with a

large factor 1/J%y.. Hence, H CHQ’FG is greatly
reduced!



PREDICTION OF FIELD-INDUCED
SUPERCONDUCTIVITY IN x — (BETS),FeBr,

N

%iAF

A N
I\
1 [ —
I \
i \
- ) \ ]
i \

SC SC 27
O | | | | | | | | | | Il | ‘\ |
0 5 HC (T)

10 15

Coexistence of antiferromagnetism and su-
perconductivity is possible because the RKKY
interaction is not modified at Q4.

Shubnikov de Haas [Balicas et al., Uji et al.]
has beats with AF =100 T.

If J > 0, we then expect a compensating
field of 12 T.

H CHQ’GG’ ~ 1—2 T gives superconductivity for
11 T<H<I3T.



Conclusions

e The insulating phase in \-(BETS),X with
X=FeC(Cly is an antiferromagnetic Mott insu-
lator, similar to that seen in X=GaBr,Cly_,
with z > 0.8.

e The magnetic-field induced superconduc-
tivity is due to the Jaccarino-Peter eflect.
The field acting on the spins is compensated
by an exchange field H. = JS/gup.

e Superconductivity is the same as that found
in the X=GaCl, material (J = 0).

e [, leads to beating of the magnetic os-
cillations. Beat frequency is consistent with
the optimal field for superconductivity.

e Compensating field H, should also be mea-
sured using electron spin resonance.

e Fluctuations in the spins of the local mo-
ments have negligible effect.

e We predict field-induced superconductiv-
ity in k-(BETS),FeBry near 10 tesla.



