
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 2
AC SUSCEPTIBILITY STUDIES OF Zn-DOPEDMAGNETITE SINGLE CRYSTALS�M. BaªandaH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, PolandA. Wie
he¢, Z. K¡kol, A. KozªowskiDepartment of Solid State Physi
s, Fa
ulty of Physi
s and Nu
lear Te
hniquesUniversity of Mining and Metallurgyal. Mi
kiewi
za 30, 30-059 Kraków, PolandD. KimDepartment of Chemistry, Pukyong National University, Pusan, Koreaand J.M. HonigDepartment of Chemistry, Purdue University, West Lafayette, Indiana, USA(Re
eived July 10, 2002)We present sele
ted results of systemati
 studies of AC sus
eptibility inthe series of single 
rystalline Fe3�xZnxO4 (x < 0:04) and Fe3(1�Æ)O4 sam-ples. Two sets of anomalies were found: the �rst one 
onne
ted with theVerwey transition and the se
ond 
onsisting of two di�erent e�e
ts, one at26 K, visible only for stoi
hiometri
 samples, and the other at 50 K. Whilethe temperature position of the �rst anomaly (26 K) does not depend on f ,the e�e
t at 50 K shifts to higher temperatures with in
reasing frequen
y.Both e�e
ts gradually move to lower temperatures and �nally disappearwith in
reasing x and Æ. Qualitatively similar results were reported fromMagneti
 After E�e
t (MAE) te
hnique, that re
ords e�e
ts with the re-laxation time 104 higher than that 
hara
teristi
 for our te
hnique.PACS numbers: 75.30.Cr, 75.50.Dd, 75.30.Gw� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1513)



1514 M. Baªanda et al.1. Introdu
tionThe aim of the present report is to study the e�e
t of Zn doping andnonstoi
hiometry on the low temperature (mainly T < 70 K) magneti
 prop-erties of magnetite single 
rystals as visualised by �AC. By this means weintend to 
omplement earlier literature reports [1℄ devoted only to pure mag-netite.Apart from its te
hnologi
al importan
e magnetite, Fe3O4, is known dueto the Verwey transition at TV � 120 K. At high T magnetite is a disorderedele
tron system in whi
h �additional� (beyond Fe3+ ion 
ore) ele
trons trans-fer between adja
ent o
tahedral Fe. Although, re
ently, the 
ommon pi
tureof the transition as the freezing out of mobile strongly 
orrelated ele
tronshave been questioned [2, 3℄, the ioni
 ordering is rather well experimentallyeviden
ed (see the dis
ussion in [4℄). With still existing 
ontroversies overFe+3�Fe+2 ex
hange we have de
ided to study �AC, the te
hnique reportedto have a 
lose link with the ele
tron ex
hange phenomenon [4℄.2. Results and dis
ussionThe in-phase 
omponent �0 measured at f = 125 Hz and HAC = 1 Oefor all studied samples (see Fig. 1) falls 
onsiderably while T approa
hesT < TV region, with the simultaneous in
rease in the loss �00 
ontribution asalready reported [1℄. Additionally there is the anomaly in � below 60 K in all
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Fig. 1. Dispersive part �0 of AC sus
eptibility for Fe3�xZnxO4 and Fe3(1�Æ)O4single 
rystals.samples: �0 drops with the simultaneous peak in �00 (see Fig. 2), proving thatthe domain walls 
an not follow HAC 
hanges. This e�e
t is virtually thesame for �eld 
ooled samples, and similar, although smaller, for �eld 
ooled



AC Sus
eptibility Studies of Zn-Doped Magnetite Single Crystals 1515and subsequently in-�eld measured stoi
hiometri
 magnetite. As presentedin Fig. 2 linear relation log(f) vs. 1=T holds, indi
ating thermally a
tivatedrelaxation pro
ess.
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Fig. 2. AC �0 and �00 for stoi
hiometri
 Fe3O4; the inset proves that the peak in �00at T = 50� 70K is a manifestation of relaxation e�e
ts des
ribed roughly by theformula f = (1=�0) exp(�Q=kBT ). Values of Q equal to 98, 26 and 42 (in meV),and �0 equal to 4:5 � 10�13s, 6:7 � 10�8s and 1:3 � 10�9s were found for x = 0,0:0072 and 0:011, respe
tively.Interestingly, the qualitatively similar results have been noti
ed by MAE[6℄, the te
hnique that re
ords e�e
ts with the relaxation time 104 higherthan that 
hara
teristi
 for our te
hnique. In parti
ular, the relaxationgap was observed there between 30 and 50 K, i.e. at the T range whereour anomalies are found. Thus both our results and MAE data prove theexisten
e of the relaxation e�e
ts at 
a. 60 K for stoi
hiometri
 magnetiteand at lower T for doped and nonstoi
hiometri
 samples with very widerelaxation time spe
trum.In 
ase of stoi
hiometri
 magnetite the drop in �0 at 60 K is furtherfollowed by the in
rease of �0, exhibiting 
hara
teristi
 subtle stru
ture untilthe high-T �0 value is rea
hed, suggesting that the wall movement on
e moretakes pla
e at lower T . Sin
e this anomaly is absent in the results of in-�eldmeasurements, the external magneti
 �eld apparently 
urtails the pro
essesthat enable the wall movement at temperatures below 26 K. Moreover, thee�e
t at T = 26 K is of di�erent kind than that at 60 K sin
e no f dependen
ewas seen. The 
orresponding peak is again observed in the results fromMAE [4,6℄; there, however, the peak shows typi
al relaxation behaviour andis linked to intraatomi
 Fe2+ ele
tron ex
itations. If the relaxation times



1516 M. Baªanda et al.of these pro
esses were of the order of the 
hara
teristi
 observation timefor MAE, i.e. 1 to 180 s, our te
hnique should see the stati
 arrangementresulting in �00 = 0. Thus, the fa
t that we still observe the anomaly suggeststhat some more 
ompli
ated phenomena are taking pla
e.In 
on
lusion, we have measured temperature, frequen
y and HAC de-penden
e of AC sus
eptibility of single magnetite based 
rystals. We havefound the usual drop in �0 at TV followed at lower T by the anomaly, that wasexplained by the slowing domain wall movement. The additional anomalyat T = 26K, observed only for stoi
hiometri
 magnetite, does not show thetypi
al f dependen
e, suggesting that some 
ompli
ated e�e
ts are takingpla
e. Sin
e both anomalies are probably linked to the o
tahedral iron en-ergy level �u
tuations, AC sus
eptibility studies, together with MAE, mayhelp to 
larify the still open problem of the pro
esses 
ausing the Verweytransition.This resear
h was supported by the Fa
ulty of Physi
s and Nu
lear Te
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