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RKKY-LIKE SPIN CORRELATIONS IN LiV2O4�A. Krimmel, A. LoidlInstitut für Physik, Universität Augsburg, 86159 Augsburg, GermanyA.P. Murani, J.R. StewartInstitute Laue Langevin, BP 156 X, 38042 Grenoble Cedex 9, Fran
eA. Ibarra-Palos and P. StrobelLaboratoire de Cristallographie, CNRSBP 166 X, 38042 Grenoble Cedex 9, Fran
e(Re
eived July 10, 2002)We report on full 3-dire
tional neutron polarization analysis studiesof the magneti
 
orrelations in LiV2O4. The data show the evolution ofanti-ferromagneti
 spin �u
tuations at low temperatures (T � 40K) witha 
hara
teristi
 wave ve
tor of Q = 0:7Å�1. The measured magneti
 
rossse
tion reveals a temperature indu
ed 
ross-over from predominantly ferro-magneti
 (T � 40K) to RKKY-like (anti-ferromagneti
 + ferromagneti
)spin 
orrelations (T � 40K), as eviden
ed by reverse Monte Carlo simu-lations. These results are in agreement with the results of the magneti
relaxation rate on LiV2O4.PACS numbers: 71.27.+a, 78.70.Nx, 71.30.+h1. Introdu
tionLiV2O4 is a narrow band transition-metal oxide that 
rystallizes in the
ubi
 spinel-type stru
ture [1℄ with the vanadium ions formally in a non-integral valen
e state V+3:5. Due to the inherent geometri
al frustration ofthe spinel stru
ture magneti
 order 
an easily be suppressed and indeed nosign of magneti
 order 
ould be observed for T � 0:02 K [2, 3℄. Based onthe results of spe
i�
 heat, sus
eptibility and NMR measurements, Kondoet al., proposed LiV2O4 to be the �rst example of a d-metal 
ompound� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(625)



626 A. Krimmel et al.exhibiting heavy-fermion behavior [2℄. Re
ent transport and spe
i�
 heatmeasurements on single 
rystalline LiV2O4 revealed the formation of a heavymass Fermi liquid below a 
hara
teristi
 temperature T � = 20�30K [4℄.7Li NMR results, similar to those presented by Kondo et al., [2℄ werepublished by Fujiwara et al., [5℄ but were interpreted in terms of spin �u
tu-ations of a weak ferromagneti
 metal. Quasi-elasti
 neutron s
attering ex-periments showed a dramati
 
hange of the magneti
 response of LiV2O4 asa fun
tion of temperature [6℄: at elevated temperatures T � 40K, the quasi-elasti
 line width and energy integrated 
ross se
tion reveal a Q-dependen
eas expe
ted for spin �u
tuations of a weak ferromagneti
 metal. BelowT � 40K additional anti-ferromagneti
 
orrelations evolve as re�e
ted ina pronoun
ed intensity maximum and a 
orresponding line width minimumaround Q = 0:7Å�1. Here we report on a study of the di�use magneti
s
attering of LiV2O4 employing polarized neutrons.2. Experimental results and dis
ussionThe di�use s
attering of well 
hara
terized poly
rystalline samples ofLiV2O4 has been studied by full 3-dire
tional polarization analysis on thespe
trometer D7 at the Institute Laue Langevin (ILL), Grenoble. The rawdata have been 
orre
ted for ba
kground, dete
tor e�
ien
y and in
om-plete polarization. The results of these measurements are summarized inFig. 1. On the left-hand side of Fig. 1, the magneti
 s
attering 
ross-se
tionis plotted as a fun
tion of momentum transfer Q that falls o� monotonouslyupon in
reasing Q at elevated temperatures. However, on 
ooling a pro-noun
ed maximum of the s
attering intensity evolves around a 
hara
teristi
wave ve
tor of Q = 0:7Å�1. To extra
t the 
orresponding real-spa
e spin
orrelations, the magneti
 
ross-se
tion has been �tted employing reverseMonte Carlo simulation te
hniques [7℄. The �nal result of the simulationsis represented by the full lines in the left 
olumn of Fig. 1 and agrees ex-
ellently with the measured magneti
 
ross-se
tions. On the right-hand sideof Fig. 1 the 
orresponding real-spa
e magneti
 
orrelations are shown. ForT = 80K and 40K, only positive values of < S0Si > are observed, indi
ativeof ferromagneti
 
orrelations in LiV2O4 at elevated temperatures. However,for T = 4K and 10K, the o

urren
e of negative values of < S0Si > do
-uments the evolution of additional anti-ferromagneti
 
orrelations. TheR-dependen
e of the spin 
orrelations at low temperatures has been �tteda

ording to a RKKY-type magneti
 intera
tion. A 
hara
teristi
 propertyof the RKKY-intera
tion is the os
illatory behavior on distan
e, thus 
hang-ing from ferromagneti
 to anti-ferromagneti
 
oupling. The result of the �tfor T = 4K and 10K is shown as full lines on the right hand side of Fig. 1and evidently 
an well des
ribe the spatial variation of the spin 
orrelations.



RKKY-Like Spin Correlations in LiV2O4 627
���

���
7 ���.

�

�
�

���

��� 7 ���.

�

�

�

�

���

��� 7� ����.

�
�

�

Gσ
�GΩ

��E
DUQ

V�V
W�� �I

X�� �

� � �

���

��� 7� ���.

�

�

�

4��$���

���

���

���

�

�

�

�

6�6��� �����

���

���

���
6�6��� �����

�

�

���

���

���
6�6��� �����
���N) �����$��

�6
� �6

L !���6�6����

�

�

� � ��

���

���

���

/L9�2�

6�6��� �����
���N) �����$��

�

�

5L��$�Fig. 1. Left-hand side: Q-dependen
e of the magneti
 s
attering 
ross se
tion ofLiV2O4 for di�erent temperatures. The magneti
 s
attering 
ross se
tion is givenin absolute units. The full lines are the result of MC simulations (see text). Right-hand side: the 
orresponding real-spa
e spin 
orrelations as a fun
tion of the in-teratomi
 distan
e R are shown. At low temperatures, the spin 
orrelations followthe 
hara
teristi
 RKKY-type relationship, as indi
ated by the full lines. Slight
hanges of S(S + 1) upon temperature are not signi�
ant.It should be noted that the only adjustable parameter on �tting the RKKY-fun
tion is the Fermi wave ve
tor kF whi
h remains pra
ti
ally 
onstant.This is a further indi
ation for the 
orre
tness of the �t. The present re-sults are in agreement with measurements of the magneti
 relaxation rate



628 A. Krimmel et al.on LiV2O4 [6℄. We 
on
lude that anti-ferromagneti
 spin �u
tuations sig-ni�
antly 
ontribute to the spe
tra at low temperatures. By 
ontrast, aboveT � 40K, LiV2O4 reveals 
hara
teristi
s of a weak ferromagneti
 metal.This work was supported by the BMBF under 
ontra
t no. 13N6917(EKM) and partly by the DFG via SFB484, Augsburg.REFERENCES[1℄ B. Reuter, J. Jaskowsky, Angew. Chem. 72, 209 (1960).[2℄ S. Kondo et al., Phys. Rev. Lett. 78, 3729 (1997). A.V. Mahajan et al.,Phys. Rev. B57, 8890 (1998).[3℄ H. Kaps et al., J. Phys.: Cond. Mat. 13, 8497 (2001).[4℄ C. Urano et al., Phys. Rev. Lett. 85, 1052 (2000).[5℄ N. Fujiwara et al., Phys. Rev. B57, 3539 (1998).[6℄ A. Krimmel et al., Phys. Rev. Lett. 82, 2919 (1999).[7℄ D.A. Keen et al., Phys. Rev. B54, 1036 (1996).


