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Probability of double exchange between Mn and Fe in LaMnp_,Fe,O;
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The magnetism and transport properties of heavily doped perovskite { g0O; (0.00<x=<0.40 were
studied. For the doped samples, there is a paramagnetic—ferroma@dt€&M) transition both under zero
field cooling and 0.01 Tesla field cooling condition but there is no insulator—metal transition. The curves are
fitted well by the thermal activation model. The Méssbauer spectra of heavily doped samples demonstrate that
the doped Fe ions are trivalent. In electron spin resonance spectra, many individual ferromagnetic resonance
lines occur besides the normal paramagnetic resonance liffes &t and then submerge in PM or FM lines
at low temperature. We suggest that there is the probability of double exchange interaction bettiéensFe
and Mri* ions in LaMn,_,FgOs.
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I. INTRODUCTION eliminate other complex ingredients so that the effect of
magnetic ions like Fe can be prominent. Fe ions and Mn ions
As we know, the LaMn@is an antiferromagnetitAFM)  are all magnetic ions, and Feown high and low spin states
insulator with ABQy perovskite structure. In the LaMnO  whose radii are very similar to those of RiiMn**, respec-
system the Mn ions are all trivalent and there exists supettively. It is worth studying whether there exists the coupling
exchanggSE) interaction in Mi*—O—Mr?*. The studies of petween Mn ions and Fe ions.
doping are mainly focused on gA,Mn;_B,O; (X

:1/3; A=Ca, Sr,Ba, Pb; B:FK:I',ZGa,?’CO,A'Aﬁ). When 1l. EXPERIMENTAL DETAILS
La ions are substituted by divalent alkaline earth ions, based . .
on the balance of valence, the same proportion of Muill The samples were prepared by the conventional solid-

be transformed to MH, and there appears paramagnetic-State reaction method. The starting materials,Qza(pre-
ferromagnetic (PM—FM) transition accompanied with heated at temperature of 400-600°C at Jijrst
insulator—metal(IM) transition in this system, which was MnO;, F&Os;, were mixed uniformly and then heated at
explained by double exchang®E) interactio? between 800 °C for 12h, 1000 °C for 12 h, 1200 °C for 12 h with
Mn3* and Mrf* and Jahn-Teller distortioR® In recent re- intermediate grinding. Then they were pressed into slices and
ports, the substitution of magnetic ions for Mn ions in sintered at 1250 °C for 24 h.

LagAgsMnO; and LaMnQ has been extensively per-  The x-ray diffraction(XRD) was carried out with Rigaku
formed. Such as, Sugantlea al. studied the substitution of D/Max-yA rotating powder diffractometer operated with
Fe and Cr for Mn ions in Lg/{(Sr/Ca, aMnO; and indicated ~ graphite monochromator and using &y radiation (A

that the PM—FM transition is accompanied with IM transi- =0.1542 mm. The temperature dependence of magnetization
tion, but the IM transition temperature decreases with théVl-T under both zero field coolingFC) and 0.01 Tesla field
increase inx.® While by the substitution of the Mn site in cooling (FC) condition was measured by a LakeShore 9300
LaMnOs, there is always the PM—FM transition but no IM Vibrating sample magnetomet@/SM). The temperature de-
transition, which has been explained by many auth®rs.  pendence of resistivityp-T) both under ZFC and 6 Tesla FC
For example, Yanget all® indicated that the crystal lattice was measured by the standard four-contact method with an
distortion caused by doping is helpful to open up the bandxford 15 T system. The micromagnetic properties of
gap in LaMn_,Co05. The gap would suppress charge or- samples were observed by the measurements of electron spin
dering, so there is no IM transition. However, there are manyesonanc€ESR) spectra on a Bruker ER200D spectrometer.
ideas about the mode of coupling between Mn ions and

doped B ions. Goodenougtt al ! suggested that there exist lll. RESULTS AND DISCUSSIONS
ferromagnetic superexchange interaction betweed*Mnd A Struct d val at
B ions(B=Ni®*, Cd®) in LaMn,_,B,O;. In fact, Asaiet al 1 - >fructure and vajence state

indicated that ferromagnetic superexchange interaction is The x-ray diffraction patterns in Fig. 1 indicate that all of
found between M#t and B ions(B=Ni?*, Cc**), and Troy- the samples are single phase and the structure of samples
anchuket all” suggested that there is the SE interactionchanges from rhombohedré).00<x=<0.30 to orthorhom-
between MA* and C3&". bic (x=0.40.

In our experiments, we choose LaMp@s the parent Mdssbauer spectroscopy was measured to study the va-
compound to dope Fe instead of LA, MnO; systems. lence of doped Fe ions. The isomer shift presented by Fig. 2
This is based on the following consideration. In LaMpn@®e  is 0.32—-0.34 mm/s, indicating that the Fe ions are all in the
La—O layer is homogeneous without other cations whichrivalent staté? so the Fe cannot bring additional tetravalent
would cause random Coulomb potential. Thus, it wouldMn ions. The fact of trivalent Fe ions and x-ray diffraction
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FIG. 1. X-ray-diffraction patterns of LaMn,FegO3(0.00<x
<0.40. 0.9701
| T L I ™
patterns demonstrate that the samples are single phase, so the Vimm/s)
Fe ions must have been doped into LaMm@mpletely and
form FeQ octahedron together with MnQO 1.005} x=04
B. Magnetism and conductivity 1.000F
TheM-T curves measured under both ZFC and 0.01 Tesla  __o.995}
FC are shown in Fig. 3. Th&2"*'is defined as the tempera- g
ture corresponding to the crossing point of the PM line and §0-990-
tangent line on the PM-FM transition region. We calculated g
the transition widthAT by subtracting the temperature cor- §°'985'
responding to the maximum d¥l under ZFC fromT2"*®! F o.80L
The T2"*'and theAT were listed in Fig. 3. In Fig. @), for ’
x=0.00, there is a steep PM—FM transitioriTat= 240 K and 0975}
the typical FM state appears B 200 K. In Figs. 3b)-3(f),
the PM—FM transition appears at low temperature for all Fe- 0.9701

doped samples, but the ZR@-T curves are very different = L 5
from FC ones, and they exhibityatransition, which means V(mm/s)
that the cluster-spin glass states are formed. Thede-

creases with doping level increasing. It is very strange that FIG. 2. Room temperature Mosshauer spectroscopy for
with the increase of Fe content the transition widEbe- ~ LaMn;F&0; with x=0.30 and 0.40. Solid circles are experimen-
come narrower, instead of wider in other LajyB,Os(B tal points. Dotted Iir_1es_ indicate each of the compoqents used to fit
=Zn, Cu, etc) system. These strange phenomena of magnethe spectra and solid lines correspond to the total fitted spectra.
tism must affect the transport properties of samples.

Comparing F|gs 6))_3(1’) with (a), we can find that the This Implles the fact that the PM—FM transition becomes
System LaME]_XFa(O?) is much different from the LaMnQ& Sharper indeed with ianeaSing dopant, which is consistent
This clearly shows the doping of Fe dominates the systendith the M-T curves in Fig. 3.

LaMn,_[FeO; more greatly than the excess of oxygen. _Itiis very surprising that there appear to be some indi-

In Fig. 4@a), for x=0.00, there is an IM transition &, ~ Vvidual ferromagnetic resonance linég>2) in Figs. %b)
indicated in Fig. 8a). However, for other doped samples and ¥c), and %d) on the high-temperature PM lines. In Fig.
with x=0.05, 0.10, 0.20, 0.30, and 0.40, the semiconduct6, we magnified these ESR spectra for the samples with
ing behavior is observed and there is no IM transition. It is=0.10, 0.20, and 0.30. It is clear that these individual lines
very common that there is a PM—FM transition but no IM are strengthened gradually relative to the PM lines with in-
transition in LaMn_B,05 in the past studies. However, as creasing temperature, and with decreasing temperature, they
described in the introduction, the explanation of this effect issubmerge into PM or FM lines. Moreover, the number of
not very clear. individual lines is reduced with increasing Fe content, and

Figure 5 shows the ESR spectra at various temperaturdgr X=0.30, there is only one wide resonance on the left-hand
for x=0.05, 0.10, 0.20, and 0.30. The symbdl “ marks  side of the 3400 G PM line.
the resonance center of PM line wigh~2, “1” marks the
position of the FM resonance line. We can find that the start-
ing temperature of the appearance of FM line is in accor- In our experiment, there are two notable things. At
dance with theT2™*'in Fig. 3. It is also seen that there first, what is the reason of PM-FM transition in
clearly exist PM lines and FM lines fax=0.05 and 0.10, LaMn3! Fe*O4(x# 0)? Second, why are there PM—FM tran-
while for x=0.20 and 0.30, there is no such significant sign.sitions but no IM transitions?

10

C. Probability of DE between Mn3* and Fe&**
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FIG. 3. TemperaturéT) dependence of magnetizati¢l) under zero field coolingZFC) and field cooling(FC). (a) For La_,MnO;,
(by~(f) for LaMn,;_,Fg05 (0.05=x=<0.40.

As we know, the end compound LaMp@©btained under there are La/Mn deficiencies. Based on the balance of va-
normal conditions is often LaMng;,. In view of the crystal lence, some of the MY ions will be transformed to Mt
lattice structure, it will be impossible for the additional O ions, then the DE interaction between #rand Mrf* will
atom in the interstice, so in fact, the LaMpQ@ samples result in the PM—FM transition. In fact, we prepared a series
should be renamed with I_,fa(Mnl_yO3,19‘23in other words, of La-deficient samples LaMnQOg in air by the same pro-
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FIG. 4. Temperatur€T) dependence of resistivityp) for LaMn,;_,FeO3 (0.00<x=<0.40. The MR results are shown in the inset.
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FIG. 5. ESR spectra of LaMnFeO; with x

=0.05, 0.10, 0.20, and 0.30 at various temperatures.
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cedure. TheiM-T results show typical FM features whose
T are not changed witk<<0.20[the inset of Fig. 89)], and
at the T, p-T curves exhibit IM transitionshown in the
inset of Fig. 4a) for x=0.0Q. The results adequately suggest
that less than 10% La deficiency in the;LaMnO; system
causes sufficient DE interaction among ¥aO—Mrf*,
which dominates the system behavior of magnetism and
transport. However, in our current investigated
LaMn,_,FeO; system, the effect of Fe doping is significant,
and absolutely differs from the results caused by the La de-
ficiency.

So, in our Fe doped samples, the PM—FM transition can-
not be attributed to the excess of oxygen entirély.|f the
Fe doping does not change the number of vacancies, tHe Fe
would not bring other Mfi and the total percentage of K
would be fixed in LaMrp_FeO;. The Fe doping would
gradually destroy the DE interaction of Mn-O—Mrf*,
causing formation of the spin cluster. Hence, the transition
width would become wider with the increase of doping.
However, this is in contradiction to our experimental results.
(2) If the Fe doping induces deficiency, the magnetism due to
DE would increase, so thE; would rise. However, this case
is in contradiction to experimental results, t@8) If the Fe
doping reduces deficiency, the number of ¥O—Mrf*
would decrease. Then the Mir-O—Mn** clusters would be-
come smaller and tend to be consistent with each other.
Therefore, theT: would shift to lower temperature and the
width of transition would become narrow. Meanwhile, the
carriers among the Mii—O—Mrf* clusters are hindered by
Fe**, so there is no IM transition, showing semiconducting
behavior. This scenario seems correct, but it cannot interpret
the ESR results.

Both the 3d energy level of Beand that of Mi* are not
closed shell, and there are unpaired electrons. Therefore, the
resonance lines may be observed by ESR
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FIG. 6. ESR at high temperature for LaMgFe O3 with x=0.10, 0.20, and 0.30.
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spectra. Compared with the=0.05 sample and previous
results?* it can be determined that the individual resonance
lines with g>2 must be caused by e When the concen-
tration of Fe ions is low, the distribution of Fe ions is inho-
mogeneous, in other words, the magnetic environment of Fe
ions differs from each other, such as

---Mn3*—~0—Fe—O—M#A* - ---Mn®*-0O—Fe—O—MA" -, - ot
etc. Therefore, when the samples are scanned by magnetic v 020
field, these individual Fe ions will take part in resonance, and oo

so, many individual lines appear. The distribution of Fe ions
in lattice will become more homogeneous with the concen-
tration of Fe ions increasing, so these individual FM lines
will congregate together fox=0.20 and form only a wide
single FM line forx=0.30. These individual FM lines are 10007T (K')
weakened and then submerge in PM or FM lines with de-
creasing temperature, implying that there must be ferromaq:
netic coupling between Fe ions and Mn ions at low tempera-
ture. Otherwise, these individual lines would exist until low

temperature, and with temperature decreasing, their strength WWhen the DE between Mn and Fe is suggested, the above
would increase due to the thermal noise decreasing. strange phenomena can be explained well. With the increas-

Now, the problem is what kind of interaction causes thel"d of Fe doping, the M%T_Q_FéJr clusters increases and
FM coupling, superexchange or DE mechanism? In view ofecomes more consistent with each other. The transition tem-

electronic structure, Bé has five 3D electrons, so it may peratures of the clusters will become more accordant, as a
have three kinds of spin statesl) tg &, 5=5/2; (2) result, theAT becomes narrow. At the same time, the relative
t;‘ge;, S=3/2: (3) tg e®, S=1/2. A relatively weak crystal small Fe ions decrease the bond angle of M—O-M, and

lattice field will resuit in higher spin. But there is no accurateveaken the DE interaction, res_ulltmg in the reductionTef
conclusion about the spin state offfén perovskite. Despite In Fig. 7 we plotted the llo—T"* (0.05=<x=0.40 curves.
this, both the superexchange and DE interaction are possibll.can be seen that the resistivity data are fitted well by the
Through the measurement of infrared spectra, we find théhermal activation model. Espeqlally, the curves are divided
absorption peak at 400 cthdue to the bending mode m_to tvv_o stn_’:ught lines byl .. This is because, th_e Jahn-Teller
shifts to a little high frequency. This implies the MgOcta- dlstortlo_n disappears beloW, while the c_ontortlon of octa-
hedrons are affected with the incorporation of Fe ions, whictedron induced by Fe and the energy different betweéh Fe
is also evidenced by x-ray diffraction resuithombohedral and F&" can still exist until low temperature.

to orthorhombic structure transitinrAs we know, the radius

of low-spin Fé"* is similar to that of MA* (69 pm, 67 pn, IV. CONCLUSION

and the one of high-spin P& nearly equals that of  The x-ray diffraction patterns and Méssbauer spectra of
Mn®* (78.5 pm, 78.5 pm Thus, the F& should exist in | aMn,_,FeO, (0.00<x<0.40 indicate that all of the
low-spin state. So, the, level owns empty orbits and the DE samples are single phase and Fe ions are trivalent.NThe
will possibly happen. Furthermore, from Fig. 4, we can see-T cyrves for doped samples show a cluster-spin glass state.
there exist significant MR effects for all of the Fe-doped|t s very strange that with Fe dopant increasing the transition
samples and the MR peaks correspond to the PM—FM tranyidths AT become narrow, instead of wide. There is a
sition  temperature in M-T curves for samplesx  ppM-—FM transition but no IM transition. In the ESR spectra,
=0.05, 0.10, and 0.20. For samples wkk0.30 and 0.40, many individual FM lines caused by Fe ions are found at the
the resistance is so large that it is over the measurememiigh temperature region. With temperature decreasing, they
range above the PM-FM transition temperature. As Weypmerge in FM or PM lines, then the system enters the FM
know, this MR result is consistent with a typical state. The ESR spectra indicate that there is ferromagnetic
Mn®*—O—Mrf"* DE system and generally the superexchangeoupling between Fe and Mn. We suggest that it can be the

interaction in the perovskite system dominates FM insulatobg interaction between Fe ions and Mn ions, and"Feay
properties without MR effect. So, the DE interaction is fa-pg ate‘z‘geé state.

vored to exist between Be-O—Mr*. For the probability of

DE interaction between Fe and Mn, it is most suitable that ACKNOWLEDGMENTS
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FIG. 7. Resistivity fits to the relationp—expE/KkT) for
aMn,_,FeOs. The arrow lines indicaté@.
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