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The effects of tetravalent hafnium doping on the structural, transport, and magnetic properties of
polycrystalline La; ,Hf,MnO3; (LHMO) (0.05 <x <0.3) were investigated systematically. LHMO
exhibited a typical colossal magnetoresistance effect via the double-exchange between Mn®" and
Mn’" ions, instead of that between Mn>" and Mn*" ions in hole-doped manganites. A phase diagram
was obtained for the first time through magnetization and resistance measurements in a broad
temperature range. As the Hf concentration varied from x =0.05 to 0.3, the Curie point and
metal-to-insulator transition temperature increased significantly, whereas the magnetization and
resistivity decreased remarkably. An abnormal enhancement of the magnetization was observed
at about 42 K. It was further confirmed that a second magnetic phase MnO, in LHMO gives rise
to such a phenomenon. The possible causes are discussed in detail. The dynamic magnetic
properties of LHMO, including relaxation and aging processes, were studied, demonstrating a
spin-glass state at low temperature accompanied by a ferromagnetic phase. © 2011 American

Institute of Physics. [doi:10.1063/1.3666056]

. INTRODUCTION

One of the current interests in condensed matter physics
is the investigation of strong electronic correlation in transi-
tion metal oxides. In doped manganites, the interactions
among charge, orbital, spin, and lattice result in a variety of
intriguing phenomena, such as colossal magnetoresistance
(CMR),"* charge-orbit-ordering,>* and high-temperature
superconductivity.>® The parent compound LaMnO; is a
charge-transfer insulator with trivalent manganese in differ-
ent layers that couple themselves anti-ferromagnetically
through a superexchange (SE) mechanism. But within a
layer, these Mn® " ions are coupled ferromagnetically. Usu-
ally, doping divalent elements in manganites, such as
Sr,3’7*10 Ca,“’12 and Ba,13 can introduce holes in the e, band
via the partial substitution of a proportionate amount of
Mn®" ions (with the electronic configuration t%geé and total
spin S=2) with Mn*" ions (tgg, single localized spin
§=3/2). The holes can be permitted charge transfer in the
e, orbital, which has a strong hybridization with the 2p state
of a neighboring oxygen ion. As a result, due to the intra-
atomic Hund’s rule, hopping of the e, electrons can induce
ferromagnetic coupling between Mn>" and Mn*" ions. It is
responsible for the ferromagnetism and the associated metallic
conductivity in the doped manganite oxides. Meanwhile,
the reduction in the disorder of the manganese spins will
cause a decrease in resistivity and lead to a metal-to-insulator
transition (MIT) around the Curie temperature (Tc). The
double-exchange (DE) mechanism and strong electron-
phonon interaction arising from Jahn-Teller distortion were
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introduced in order to fully clarify the origin of the CMR
effect.” !

Following the study of Das et a many researchers
attempted to substitute tetravalent Ce*", Te*", Sn*", and
Sb*" ions at the La site in order to gain electron doped manga-
nite oxides.'** Their results revealed that the physical and
chemical properties are strongly dependent on the doped ele-
ments and doping level. It is generally believed that these so-
called electron-doped manganites exhibit the CMR effect via
the DE between Mn>* and Mn?* ions, instead of DE between
Mn’* and Mn*" ions as in hole-doped compounds.'*** This
creates the possibility of fabricating all manganite p-n junc-
tions and spintronic devices in the near future. However, as
many tetravalent elements can show multivalent states, argu-
ments can be raised as to whether it is intrinsically electron-
type or hole-type for the conductive mechanism in a tetrava-
lent ion doped LaMnO; system. Unlike other tetravalent ele-
ments, Hf typically shows a single tetravalent state or zero.
This makes studies of the electronic structure of the
La,; Hf\MnOj3 system relatively simple and more reliable.
On the other hand, the radius of the Hf** ion lies intermedi-
ately among commonly used dopants [Sn*(0.081
nm) < Hf**(0.083 nm) < Ce**(0.097 nm) < La’*(0.106 nm)].
It is expected that the substitution of La’" by Hf*" might
form a similar electron-doped manganite oxide like the others.
Recently, Hf doped manganite [La;_ Hf,MnO3; (LHMO)]
was reported by our group.”>2* Our previous results from
x-ray photoemission spectroscopy (XPS) reveal that the
LHMO compound is in a mixed valence state of Mn>" and
Mn’", and the magnetic-field dependence of Hall resistivity
further confirmed that the carriers in LHMO are electrons. All
the results imply the electron conduction mechanism in
LHMO.?” Although the properties of epitaxially grown
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LHMO thin films have been studied,25 2628 there has been no
systematic investigation of the physical properties of LHMO
bulk materials with different doping levels. In this paper, we
investigate the effects of tetravalent Hf doping on the struc-
tural, transport, and magnetic properties of polycrystalline
LHMO samples. The phase diagram was obtained for the first
time through magnetization and resistance measurements. An
abnormal enhancement of the magnetization induced by the
impurity phase is discussed in detail.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Bulk polycrystalline samples of La;_ Hf\MnO;
(0.05 <x<0.3) were prepared via the standard solid state
reaction method. Stoichiometric amounts of La,O5;, HfO,,
and MnO, high-purity powders were mixed together suffi-
ciently and preheated to 900 °C for 12 h. Then, it was
pressed into pellets and sintered in air at 1200 °C for 96 h
with intermediate grindings and cooled down to room tem-
perature slowly. A second sintering by repeating the second
step was carried out in order to improve the purity of sam-
ples. The structure of the LHMO samples was examined via
powder x-ray diffraction (XRD) measurements using Cu Ku
radiation. The dc magnetization measurements, as a function
of temperature (10-300 K) and applied magnetic field (from
—5to +5 T), were carried out. The electrical transport prop-
erties were measured via the standard four-probe method.
Electric contacts were made using silver paste with a con-
tacting resistance below 0.05 Q at room temperature. The dc
magnetization and resistance of the LHMO samples were
measured using a Physical Property Measurement System
(PPMS-9 T, Quantum Design). The data acquisition was
done in dc mode, which measures the voltage under an alter-
native dc current, and the sample resistivity is obtained by
averaging these signals at each temperature. In this way, the
contacting thermal power is naturally removed. The tempera-
ture stabilization was better than 0.1%, and the resolution of
the voltmeter was better than 10 nV.

lll. RESULTS AND DISCUSSIONS
A. Structural analysis

Figure 1(a) shows the XRD 0 — 20 scanning curves of
LHMO with different Hf doping levels. Almost all main
peaks from the samples can be indexed by a rhombohedral
structure. As we can find in Fig. 1(a), the peaks from the sec-
ondary phase can always be observed when the doping level
increases from 0.05 to 0.3. It was further confirmed as the
unreacted MnO, phase, which is probably due to the differ-
ence in ionic radius between La*" (0.106 nm) and Hf*"
(0.083 nm). We fitted the XRD data using the software
POWDER-X and obtained the lattice parameters of all the
LHMO samples. As shown in Fig. 1(b), the doping levels
dependent on the c-axis and a-axis lattice constant of LHMO
were presented. It is obvious that the a-axis lattice constant
shrinks, whereas the c-axis expands monotonically with the
Hf concentration, which clearly indicates that Hf ions have
been successfully substituted into the La sites. A smaller
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FIG. 1. (Color online) (a) X-ray diffraction 0~20 scanning curves of
La;  Hf;MnO; (0.05 <x <0.3). Almost all main peaks can be indexed by a
rhombohedral structure. When x > 0.2, the second phase MnO, can be
observed; this is identified in the figures. (b) Doping dependence of the
c-axis lattice constant and g-axis lattice constant showing a common feature:
the a-axis lattice constant shrinks, whereas the c-axis expands monotonically
with Hf substitution. This systematic evolution clearly indicates that Hf ions
have been successfully substituted into the La sites.

a-axis and larger c-axis constant will lead to a decrease in
the Mn-O bond length and an increase of the Mn-O-Mn
bond angle."” Therefore, the MnOj octahedral will be dis-
torted. Consequently, both DE and SE interactions will com-
pete more strongly, with dependence on the structural
distortion, giving rise to a magnetically disordered state. It
can affect the magnetic and electrical transport properties of
LHMO dramatically.

B. Resistivity, magnetization, and phase diagram of
LHMO (0.05 < x < 0.3)

The magnetic and electrical transport properties of
LHMO with different doping levels were investigated. Figure
2(a) shows the temperature dependence of the dc magnetiza-
tion of LHMO (x=0.05, 0.1, 0.2, and 0.3) under a magnetic
field of 200 Oe measured in both zero-field-cooling (ZFC)
and field-cooling (FC) modes. All the samples exhibit a para-
magnetic (PM) to ferromagnetic (FM) transition behavior.
Several explicit effects on the magnetization of LHMO
induced by doping with Hf were observed. Firstly, the slope
of the magnetization around 7 becomes more pronounced
with higher Hf concentrations. Secondly, as the Hf content
increases, there is a significant drop in the total magnetization
at low temperature and an increase of Tc. The T, defined as
the peak temperatures in the curves of dM/dT versus tempera-
ture, are 170, 180, 230, and 225 K for x =0.05, 0.1, 0.2, and
0.3, respectively. The results might be caused by the competi-
tion between the DE and the core spin interaction, which leads

Downloaded 15 Mar 2012 to 147.8.21.150. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



113914-3 Guo et al.

a
DDDDDDDuuDDDDDuEEEHEE!!

T =295\ La. Hf MnO
0.8 [ vryrragooo x=0,1>“":\ 1Ix X 3

PR ey

B

M (. /Mn site)

£
9
g 21 '-\
Q
x=0.2 b
1t \
x=0.3
0 n L 1 2 L
0 50 100 150 200 250 300

Temperature (K)

[]

S

=
T

(c) La,_Hf MnO,

PM
2203 insulator /
* T //
o T /

P

Temperature (K)

FM
160 insulator

0.00 0.05 0.10 0.15 020 025 030
Hf content x

FIG. 2. (Color online) (a) The temperature dependence of magnetization in
an applied field of 200 Oe and (b) the temperature dependence of the resis-
tivity (p) in zero field. The arrows point out the positions of MIT tempera-
tures. All the measurements were carried out on La;_ Hf,MnOj
(0.05 <x <0.3). The magnetization was measured in ZFC (open symbols)
and FC (solid symbols) modes. (c) The phase diagram of La; Hf,MnOs,
based on the present work. 7p and T¢ are taken from (a) M-T and (b) p-T
curves.

to the canting of the core spins as the doping level increases.
Thirdly, a bifurcation occurs between the ZFC and FC curves
at low temperatures when LHMO is measured in a 200 Oe
field. This is a typical spin-glass behavior and can be observed
in either hole-doped manganites like La;_ ,Sr,MnO5; and
La;_,Ca,MnOj; (Refs. 7-11) or other electron-doped mangan-
ites like La;_,Ce,MnO; and La; _ ,(Te,(MnO\g.lsf21 Moreover,
an abnormal enhancement of the magnetization was found
at about 40 K when x >0.1. It is suggested that an impurity
phase mixed in LHMO compounds might give rise to
such a phenomenon (a detailed discussion can be found in
Sec. III C).

Figure 2(b) displays the temperature dependence of the
resistivity (p) for the LHMO (0.05 < x <0.3) without mag-
netic fields. For x =0.05 and 0.1, the LHMO shows an insu-
lator behavior (dp/dT < 0) at all temperatures. LHMO with
x=0.2 and 0.3 presents a MIT behavior with decreasing
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temperature. The resistivity of LHMO decreases with
increasing doping level x as the result of increasing carriers.
We measured the temperature dependence of the resistivity
for LHMO (0.2) under various fields of 0, 0.02, 0.1, 0.25, 1,
2,3, and 5 T, as shown in Fig. 3. At zero magnetic field, the
p-T curve shows two independent peaks: a sharp peak at
higher temperature (Tx; ~ 232 K) and a broad, larger peak at
lower temperature (Tg,~ 210 K). Such a shoulderlike fea-
ture had also been observed for oxygenated La,3Ba; ;3sMnO;
samples'® and Lag ,Ce, sMnO; samples.'* Both of them indi-
cated that the first-order nature of this transition in the vicin-
ity of the double peaks is caused by oxygen overdoping.
With increasing magnetic field H, p drops dramatically in all
temperature ranges. The sharp peak at Tg; is gradually sup-
pressed and shifts to higher temperatures with increasing
magnetic fields, whereas the position of the peak at Tr, has
never moved. The inset of Fig. 3 shows the field dependence
of Tr;. Tgr; increases from 232 to 280 K when H increases
from 0 to 5 T, demonstrating a typical characteristic of CMR
materials. It is evident that T, is the real MIT temperature.
The temperature dependence of MR (defined as
MR = [R(0) — R(H)]/R(0) x 100%) for different magnetic
fields is also shown in Fig. 3. The MR versus T curves shows
a gradual growth peak at Tr; with increasing H. The MR val-
ues of LHMO(0.2) are 0.59%, 1.92%, 5.79%, 17.96%,
29.66%, 38.91%, and 50.9% under H=0.02, 0.1, 0.25, 1, 2,
3, and 5 T measured at Ty, respectively. The same measure-
ments were carried out in LHMO (0.3) samples, and the MIT
temperature of LHMO (0.3) was about 236 K. The Curie
temperature Tc from M-T curves corresponds with the

p (Q cm)

MR (%)

0 50 100 150 200 250 300

Temperature (K)

FIG. 3. (Color online) The temperature dependence of the resistivity (p)
and the magnetoresistance (MR) for LHMO(0.2) under fields of 0, 0.02, 0.1,
0.25, 1, 2, 3, and 5 T. Two vertical red dashed lines are plotted in order to
point out two independent temperatures Tg; and Tg,. The inset shows the
field dependence of Tgr;, demonstrating a typical characteristic of CMR
materials.
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transition temperatures Tp from p-T curves for LHMO with
high doping levels. Based on these data, a phase diagram of
LHMO as a function of T and Hf content within x =0.05-0.3
could be obtained, as shown in Fig. 2(c). The T¢ of the
undoped LaMnO5; compound is about 160 K, as obtained
from Schiffer er al.'' The solid line in the figure is a guide
for the eye in order to point out the approximate boundary
between the spin-disordered PM state and the spin-ordered
FM state. As one can see, the hatched area indicates the ap-
proximate boundary of the ground states of insulating and
metallic conduction modes.

However, one might argue whether LHMO is intrinsi-
cally electron-type or hole-type for the conductive mecha-
nism. In our previous works,?** the XPS measurements
revealed that the binding energies of the Hf 4f-spectrum in
LHMO were found to be about 2 eV greater than that of Hf-
metal and almost identical to the 4f binding energies of
HfO,, which suggests that the Hf*" ion is indeed in the tetra-
valent state in LHMO. At the same time, the shape of the Mn
2p doublet and the value of the Mn 3s exchange splitting
provide clear evidence of the presence of Mn®" ions. Thus
we conclude that our LHMO film is in a mixed valence state
of Mn*" and Mn®*, implying an electron-doped conduction
mechanism. Hall effect measurements were also carried out
in LHMO. In the strongly correlated systems, although the
Hall effect is complex because of the anomalous Hall effect,
it is possible to identify the carrier type in terms of the ordi-
nary Hall effect. In ferromagnets, the Hall resistivity con-
tains an additional term that depends on the magnetization,*

P = RoB + pioRsM, (D
B = io[H + (1 — N)M], )

where Ry is the ordinary Hall coefficient, Rg is the anomalous
Hall coefficient, M is the magnetization, N is the demagnet-
ization factor, and  is the vacuum permeability. To sepa-
rate the two terms, we measured M(H) on the same sample,
and M is saturated when  >2 T at 170 K. The second term
will not change the slope of p,;(H) at high fields. The Hall re-
sistance fit linearly at H>2 T. The curves for py(H) at both
temperatures exhibit a negative high-field slope, similar to
what was reported by Yang er al.,* implying that the charge
carriers in LHMO are electrons.

In addition, one might also doubt that the CMR behav-
iors observed in our experiments are the result of the creation
of oxygen interstitial sites or vacancies at the La sites in our
samples. The Tp of LHMO (~230 K) is much higher and the
resistivity of LHMO (~107> to 107* Q cm) is several orders
of magnitude lower than those of LaMnO;; (I~ 110 K
and p~10° Q cm).**?! Therefore, we can exclude the
effects of LaMnOs s with oxygen deficiency or La-site defi-
ciency on the CMR behaviors. In the generic hole-doped
manganite, the CMR effect can be well understood by the
DE effects between the Mn’* and Mn*" ions. In the Hf
doped manganites, the rare-earth ion is partially replaced by
tetravalent Hf*" jons, and the corresponding amount of man-
ganese will be converted into a divalent state. The mixed-
valence state of manganese ions in LHMO is Mn*"-Mn>"
instead of Mn>"-Mn*". There are some differences between
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the hole-doped and electron-doped manganites, such as the
electronic configuration being (53,¢3), (£,e}), and (13,), and
the sums of the spin are S=5/2, 2, and 3/2 for Mn>",
Mn>", and Mn*", respectively. The 3d state densities of
Mn*" and Mn*" are greatly different from each other. All of
these lead to the differences between the wavefunction ¥
and the Hamiltonian H when calculating the function of the
DE model. Thus, it might be necessary to make some modifi-
cations to the DE mechanism, which is well suited for the
hole-doped manganites, when it is applied to the electron-
doped manganites.

C. Observation of secondary phase in LHMO
compounds

In Fig. 2(a), an abnormal enhancement of the magnetiza-
tion was observed at about 40 K on the LHMO samples
when x >0.1. Similar results were also reported on other
electron-doped manganites, such as La; ,Te,MnOj; and
Lal_xCeanOg,.ls’19 However, the origin of the enhanced
magnetization at low temperatures has not been well under-
stood or discussed. The enhanced magnetization at low tem-
perature is usually attributed to the following things: (i)
temperature-induced structure transformation, (ii) spin reor-
ientation in magnetization, and/or (iii) a magnetic impurity
phase mixed in manganites. We measured the magnetization
of LHMO with x =0.2 (LHMO(0.2)) under fields of 200 and
1000 Oe in the range of 10-60 K with a step of 1 K, as
shown in Figs. 4(a) and 4(b). The measurements were carried
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0.76 |
(a)
@ 072f
2 LHMO(0.2)
w
= 068
Z : : ot
< : H=1000 Oe
- 1.80-(b) :
2 —s—7ZFC
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- Temperature (K)
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FIG. 4. (Color online) The temperature dependence of the magnetization
for LHMO(0.2) in the range of 10-60 K. The measurements were carried
out under fields of (a) 200 Oe and (b) 1000 Oe in the ZFC and FC modes.
An obvious bifurcation occurs between two measured modes. (¢) The tem-
perature dependence of the magnetization for MnO, powder in an applied
field of 200 Oe. Note that an anomalous enhancement of the magnetization
occurs at 42 K in both LHMO and impurity phase MnO,.
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out in ZFC and FC modes. The second transition happened
exactly at 42 K, as determined by the peak of dM/dT versus
temperature curves. Despite the fact that LHMO(0.2) sam-
ples entered the spin-glass state at about 150 K (as shown in
Fig. 2(a)), the result shows a larger and significant bifurca-
tion between ZFC and FC curves when the temperature is
below 42 K. In Figs. 4(a) and 4(b), it can be found that with
increasing temperature, the deviation between ZFC and FC
magnetization (AM) gradually decreases. With an increase in
the external field from 200 to 1000 Oe, AM also decreases at
the same measuring temperature. This is because the spin-
glass state is not at equilibrium with an energy higher than
that of the long-range FM equilibrium state. The transition
from spin-glass state to FM state should overcome the
energy barrier, which will decline gradually with an increase
of temperature and magnetic field.

The impurity phases were found in the electron-doped
manganites commonly. By intensively analyzing the XRD
data of Lag-CeosMnOs, Mitra et al.'® identified the impurity
phase in the La ;,Cey3MnO; bulk samples as unreacted CeO,.
Recently, Chou et al.'” further examined the microscopic
morphology and composition distribution of Lag-;Cey3MnO;
and LaggTep,MnO; bulks. Besides their own phases, the
former contains a multiphase of Lag gsCeq 17Mn0O;5, 5, CeO,,
and Mn-O, and the latter contains a lanthanum deficient
LagoMnOs, s phase. However, it is hard to understand the
abnormal enhancement of the magnetization at low tempera-
ture when mixed with nonmagnetic impurity phases of CeO,
or other perovskite structures. Gebhardt er al.'> have observed
a second transition of the magnetization in La; ,Ce,MnOj;
compounds around 40 K, which was attributed to the antifer-
romagnetic transition arising from unreacted MnO,. Figure
4(c) presents the magnetization versus temperature scan of
MnO, powder under 200 Oe field in both ZFC and FC modes.
The Néel temperature Ty (~95 K) of MnO, powder is indi-
cated in Fig. 4(c). An enhanced magnetization occurs in
MnO, at the same temperature of 42 K as in the LHMO(0.2)
samples. The magnetization of MnO, increases suddenly by
40% when the temperature decreases from 45 to 35 K. The
bifurcation between ZFC and FC becomes very distinct below
42 K, which coincides with the results found for LHMO(0.2).
Therefore, the impurity phase of MnO, could provide a big
contribution to the total magnetization of LHMO bulks at low
temperature.

Figure 5(a) shows the temperature dependence of the
magnetization for LHMO(0.2) at magnetic fields of 0.02,
0.1, 1, 2, and 5 T, respectively. Because the ZFC and FC
curves match at higher magnetic fields, we present only the
results measured in FC modes. The M-T curves measured
under different fields show a similar trend of FM-PM transi-
tion and a slight increase in T¢ with increasing fields. It is
noteworthy that the enhancement of magnetization at 42 K
becomes gradually less obvious with further increasing in
field. The reason for this might be that two different mag-
netic phases are saturated at high magnetic fields. Figure
5(b) presents the field dependence of the magnetization for
LHMO(0.2) measured at 10, 45, 150, and 300 K. When the
temperature is below Tc~ 230 K, LHMO(0.2) is in a FM
state and saturation occurs at relatively low fields. Above Tc,

J. Appl. Phys. 110, 113914 (2011)
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FIG. 5. (Color online) (a) The temperature dependence of the magnetization
for LHMO(0.2) at magnetic fields of 0.02, 0.1, 1, 2, and 5 T. The magnetiza-
tion was measured in FC mode. (b) The field dependence of the magnetiza-
tion for LHMO(0.2) at constant temperatures of 10, 45, 150, and 300 K. The
inset of (b) shows the expanded view of the LHMO(0.2) magnetization
curves around the saturation magnetization.

LHMO(0.2) becomes paramagnetic, as demonstrated by the
linear relationship of the M-H curves measured at 300 K.
The inset of Fig. 5(b) shows the expanded view of the
LHMO(0.2) M-H curves around the saturation magnetiza-
tion. The M-H loop at 10 K shows a different shape than that
at 45 K, which demonstrates that the impurity phase MnO,
plays an important role in the contribution of magnetization
due to the different saturated magnetization. We also meas-
ured the detailed magnetization of LHMO with x =0.05, 0.1,
and 0.3 with the same measurements. In LHMO with
x=0.05, no obviously enhanced magnetization can be
found. With increasing doping level x, the deviation AM
between FC and ZFC becomes larger, and the disparity in
the M-H loops measured at 10 and 45 K becomes bigger.
Such phenomena can be attributed to the increasing amount
of impurity. The XRD data also confirm our explanation.
When the doping level increases (x > 0.1), a slight growth of
the diffraction intensity from the impurity phase can be
observed, also indicating an increasing amount of impurity.
However, an interesting question still exists: why an impu-
rity phase would be commonly contained in electron-doped
manganites but seldom reported in hole-doped manganites.
The hole-doped manganites are usually doped with divalent
elements such as Ca, Ba, and Sr, which are all rather reactive
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metals under standard conditions. They have two electrons
in their valence shell, so their energetically preferred state of
achieving a filled electron shell is to lose two electrons to
form doubly charged positive ions. Therefore, it is thought
that these elements could react with MnO, or MnCOj3; com-
pounds sufficiently during the solid state reaction, and little
secondary phase can be found in hole-doped manganites.
However, the tetravalent elements, which are used to form
electron-doped manganites, have four electrons in the exter-
nal shell and are relatively chemical stable. Doping tetrava-
lent elements in the manganites seems harder than doing so
with divalent elements. We think that might be the reason
for the impurity phase contained in electron-doped mangan-
ites commonly. Further investigations of the mechanism of
Hf doped manganites are under way. We are planning to do
some other measurements to test whether any other impurity
phases are mixed in LHMO.

In order to get further information on the low tempera-
ture magnetic properties of the LHMO system, the dynamic
magnetic properties have been investigated via dc magnet-
ization measurement, including relaxation and aging proc-
esses. The samples were first cooled down from a reference
temperature in the PM state to the measuring temperature
and kept for a waiting time #,,. Thereafter, a dc magnetic field
was applied and the M(t) was recorded. Figure 6 displays the
time dependence of M(t) measured in a field of 200 Oe at 10,
60, and 300 K after different waiting times ¢,. After a mag-
netic field was applied, the increasing relaxation of the mag-
netization could be observed at 10 and 60 K, like in the FM
phase. After the sample experiences a transition from FM to
PM, the magnetization decreases with time due to the mag-
netic relaxation, as presented in Fig. 6(c). It is clearly found
that the magnetization is strongly dependent on ¢,, which
demonstrates that the system possesses the aging process.
Among the various physical models proposed to discuss the
temperature dependence of magnetization, one of the most
popular is a stretched exponential form as in**

l—n
t
M(t) =My — M, exp|— <I_> , (3)
w
0.672 (a/)_,_,f
’ T =10K
—_
(D —r—t =0s —*—t =2000s
o pu(
: 0.666 4000 8000 12000
E 0.696 - T =60K
=~ L
sf 0.692 % t,=0s —+—t _=2000s
= _ 4000 8000 12000
-’ _
S 0.00206 t,~0s T=300K
0.00204
[ n n 1 "
0 600 1200 1800
Time (s)

FIG. 6. (Color online) Time dependence of M(1)/M, (M, represents the
maximum of the ZFC magnetization) of the LHMO(0.2) sample measured in
200 Oe at temperatures of 10, 60, and 300 K after different waiting times .
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TABLE I. The fitted parameters M, /M, n, and 7, of Eq. (3) for LHMO(0.2)
fitted with the time dependence of the remanent magnetization data meas-
ured at 10 and 60 K.

Tm (K) [w (S) Mr/MO n T (S)
10 0 0.0103 0.68 2847
10 2000 0.0039 0.63 3657
60 0 0.0052 0.47 1437
60 2000 0.0027 0.4 1803

where M relates to the intrinsic FM component and M, to
the glassy component mainly contributing to the relaxation
effects observed. We fitted M(r)/M, with Eq. (3). The fitting
parameters are shown in Table 1. M,./M, depends on the tem-
perature and decreases with increasing temperature. The
waiting time #,, shows a significant effect on the magnetic
relaxation, revealing an intrinsic aging process. This is a
manifestation of the nonequilibrium nature of the spin-glass
state. As we all know, to form the spin-glass state, two im-
portant factors must exist: disorder of sites or bonds, and
completion between different magnetic phase interactions.
Owing to the random substitution of La*" with Hf*", there
might exist disordered distributions of Mn*" and Mn>" ions
in LHMO compounds. This could lead to a random distribu-
tion of the magnetic constants Jgy and Japnv, as well as
make magnetic frustration and FM clusters easy to form.
Meanwhile, sthe ubstitution of different sizes of ions will
result in lattice distortions, which might influence the FM
DE and AFM SE interactions differently. As mentioned
above, replacing La with Hf would lead to a decrease in Mn-
O bond length and an increase of the Mn-O-Mn bond angle.
Thus the enhanced lattice distortion would weaken the DE
and favor SE interactions. This competition is sufficient to
suppress long-range FM order and frustrated interaction
among magnetic moments. DE and SE interactions would
compete more strongly, with dependence on the structural
distortion, giving rise to a magnetically disordered state.
Therefore, we conclude that the coexistence and completion
between the FM and AFM interactions, along with the ran-
domness, would lead to the spin-glass state in LHMO
compounds.

IV. CONCLUSION

The effects of tetravalent Hf doping in manganite oxides
on the structural, magnetic, and transport properties are sys-
tematically studied in this paper. By measuring M-T and p-T
curves of LHMO with different doping levels, we obtained
the phase diagram of LHMO compounds (0.05 <x <0.3) for
the first time. It was found that the magnetic and electrical
transport properties were strongly dependent on the Hf con-
centration. An abnormal enhancement of the magnetization
in LHMO with x > 0.1 was observed at about 42 K and was
attributed to the contribution of an unreacted MnO, impurity
phase. There is coexistence of ferromagnetic and spin-glass
states in the LHMO compounds at low temperature.
Dynamic magnetic measurements in LHMO were carried
out, including relaxation and aging studies, and further con-
firmed the nature of spin-glass behavior. Although it is fully
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understood that the observed results call for more experi-
ments and theoretical work, our results should be meaningful
evidence of the electron-doped manganite family. Our study
highlights the importance of double-exchange interactions
and electronic correlation effects in understanding the occur-
rence of a ferromagnetic state accompanied with a spin-glass
state in electron-doped manganites.
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