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Comparison of negative magnetoresistance mechanisms in manganese perovskites
and chromium spinels
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A transition of the field dependence of the electrical resistivity from a square law (;H2) above
Tc to a linear function (;H) below Tc is observed in the degenerate ferromagnetic
semiconductor HgCr2Se4(n). Together with the large negative magnetoresistance, these
magnetoelectric effects correspond to effects observed in the perovskite-type oxides
La12xCaxMnOd . Inasmuch as the undoped semiconductor HgCr2Se4 is a ferromagnet with
approximately the same critical temperature as the doped semiconductor and in view of the total
lack of data on the Jahn–Teller effect in this compound, we infer that our results cast
doubt on existing hypotheses~polaron and binary exchange! regarding the origin of the giant
magnetoresistance in La12xCaxMnOd . Impurity sd scattering is discussed as a possible
magnetoresistance mechanism for both compounds. ©1999 American Institute of Physics.
@S1063-7834~99!01710-4#
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A detailed analysis of the magnetoresistance of t
films of the perovskite oxide La12xCaxMnOd shows that the
temperature and field dependences of the electrical resist
are dictated entirely by the magnetization at temperatu
both above and belowTc ~Ref. 1!. According to the interpre-
tation of current carriers as small-radius polarons,r(M )
'r(0)(12gM2) ~Refs. 2–4!. O’Donnell et al.1 have ob-
served an abrupt transition in the low-field (H→0) depen-
dence of the resistivity from a square law (;H2) aboveTc

to a linear function (;H) below Tc . According to polaron
concepts, the low-field dependence of the electrical resis
ity should exhibit a negative curvature at all temperatur
both aboveTc and belowTc ~Refs. 2–4!. However, the ex-
perimental curves have a positive curvature belowTc ~Ref.
1!. Moreover, Ecksteinet al.5 have observed a dependen
of the resistivity on the direction of magnetization in samp
of the same compositions. A similar anisotropy of the ma
netoresistance observed much earlier in transition metals
been well understood in terms ofsd scattering.6 These are all
new problems for the theory of electrical conductivity in t
oxides of transition metals.

The objective of the present study is to compare
experimental magnetoresistance curves of the ferromagn
semiconductor HgCr2Se4(n) at temperatures above and b
low the magnetic phase transition temperatureTc with the
analogous curves for La12xCaxMnOd . Like the latter, the
degenerate magnetic semiconductor HgCr2Se4(n) has a high
negative magnetoresistance (Dr/r'100%) with a peak in
1651063-7834/99/41(10)/4/$15.00
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the vicinity of Tc . According to band calculations,7 the bot-
tom of the conduction band in this compound has a 4s-3d
nature. We have previously8 proposed a 4s-3d mechanism
for the impurity scattering of carriers in nonstoichiometr
magnetic semiconductors, whereby the temperat
and field dependences of the resistivity are governed
the corresponding dependences of the magnetizat
r5r(M (T,H)). The results of calculations based on th
scattering mechanism9 for HgCr2Se4(n) are quite consisten
both with the actual existence of a large negative magnet
sistance and with its temperature dependence for this n
toichiometric compound. It is reasonable therefore to
sume, on the basis of the samesd-scattering mechanism, tha
the magnetoresistance of this compound could have
above-stated distinctive characteristics.

To identify the scattering mechanism responsible for
giant negative magnetoresistance, we have noted the
field electrical resistivity curves, analogous to those in R
1, for HgCr2Se4(n) both above and belowTc . As in Ref. 1,
we have observed a transition from square-law behavio
the magnetoresistance aboveTc to linear behavior belowTc .
Moreover, in the latter case we have also observed a sep
magnetoresistance peak superimposed on the linear
curve, attesting indirectly to a dependence of the resistiv
on the direction of the magnetic field. We emphasize that
object in question is a compound that differs altogether fr
La12xCaxMnOd , the only common ground being phas
2 © 1999 American Institute of Physics
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1653Phys. Solid State 41 (10), October 1999 Gavrichkov et al.
separation into conducting and nonconducting phases10 and
the same scattering mechanism.

The mechanism of binary exchange affecting the m
netoresistance is ruled out: The undoped compo
HgCr2Se4 is a ferromagnetic semiconductor wit
Tc5106 K. As the doping level or the degree of nonstoic
ometry is raised, the Curie temperature increases o
slightly, whereas the carrier mobility atTc increases by
roughly two orders of magnitude.11 Data on the Jahn–Telle
effect are nonexistent. Consequently, the concepts
polaron-type carriers must also be excluded for this co
pound. Realistically, we can contemplate scattering by s
disorder and scattering by nonstoichiometry defects. Ho
ever, the strong concentration dependence of the mobilit
low temperatures11 strongly supports the latter.

1. SAMPLES AND MEASUREMENT PROCEDURE

Single-crystal samples were prepared by the technol
described in Ref. 12 and were subsequently additionally
nealed in mercury vapor at a vapor pressureP54.1 atm and
temperatureT5350 °C for sample 1 and atP52.7 atm and
T5428 °C for sample 2. This annealing procedure yie
degeneraten-type HgCr2Se4 samples with a carrier densit
that depends only slightly on the temperature. For the re
tivity measurements contacts were microwelded to
samples with the subsequent application of a mercu
indium amalgam. Thin silver wire of 6mm diameter was
used for the conducting leads. Four contacts were attac
along a single line for the resistivity measurements and at
corners of a square for Hall measurements on the large
of the sample. A magnetic field up to 7 T was generated b
superconducting solenoid.

The Hall emf, which was obtained as the voltage diffe
ence on the potential contacts for opposite directions of
field, was found to be essentially constant in the tempera
range 4.2–160 K, indicating a weak temperature depende
of the carrier density. Magnetic transport measurements w
performed in the range of fieldsH5026 T at two tempera-
tures T54.2 K and 125 K for the first sample and
T54.2 K and 111 K for the second sample. The magne
field was applied along the direction of the current. We ha
analyzed the initial segment of the magnetic field dep
dence of the resistivityr at H,0.6 T. Figures 1a and 1b
show the field dependence of the resistivity for the two
vestigated samples at temperaturesT5125 K for the first
sample andT5111 K for the second sample, both of whic
are aboveTc5106 K. Figures 2a and 2b show the field d
pendence of the resistivity atT54.2 K for the same samples

2. EXPERIMENTAL RESULTS

In Figs. 1a and 1b, the field curves of the resistivity f
the two samples exhibit a square-law behavior:r(H)uH→0

;H2. In Figs. 2a and 2b, as the field is increased, the re
tivity increases initially until it reaches a maximum, and th
decreases monotonically in higher fields. The linear cur
extracted from these data are shown in Figs. 2a and 2b,
the remaining peaks are shown in Figs. 2c and 2d. The m
noticeable feature out of the entire set of experimental da
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the transition from a square-law dependence of the resisti
~Figs. 1a and 1b! aboveTc to a linear dependence belowTc

~Figs. 2a and 2b!. The occurrence of the magnetoresistan
peak superimposed on the linear curve at low fields can
attributed to the onset of a resistivity dependence on
angle between the directions of the magnetization and
current in the presence of magnetization rotation proces
The amplitude of the peak tends to zero asT→Tc . Each of
the two peaks has its own corresponding field at which
maximum is observed and its own particular amplitude of
maximum. Auxiliary measurements aimed at clarifying t
dependence of the magnetoresistance on the angle bet
the applied field and the current have not been perform
However, existing data reveal a similarity to results obtain
for epitaxial La12xCaxMnOd films.5 We recall that magne-
toresistance anisotropy has not been observed to date in
La12xCaxMnOd samples.

3. DISCUSSION OF RESULTS

Thus, having observed similar field dependences of
electrical resistivity in the radically different compound
La12xCaxMnOd and HgCr2Se4(n), we conclude that, apar
from the mechanism of binary exchange affecting the m

FIG. 1. Field dependence of the electrical resistivity at two temperatures~a!
T5125 for the first sample;~b! T5111 for the second sample.
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FIG. 2. Field dependence of the resistivity at a temperatureT54.2: ~a! first sample;~b! second sample. Remaining positive magnetoresistance:~c! first
sample;~d! second sample.
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netoresistance and carriers of a polaron nature, an impu
mechanism ofsd scattering may become the primary sour
for a large negative magnetoresistance.

The corresponding theory based exclusively on noti
of an sd scattering mechanism also reproduces the requ
transition from a square-law temperature dependence of
resistivity aboveTc to a linear dependence belowTc ~Ref.
13!. These theoretical notions are based on the result
calculating the band structure of a magnetic semicondu
taking into account the strong Coulomb correlation of ca
ers in the 3d states of chromium.14 According to these cal-
culations, the bands of 4s and 3d states behave altogethe
differently: Whereas the band of the more diffuse 4s states
undergo strong spin splitting as a result ofsd exchange when
the temperature is lowered, the amplitude of the partial d
sity of 3d states corresponding to the4A2↔5E transition
changes without any change in the energies of the st
themselves. Shifts of thed band are possible only throug
Heisenberg exchange, but they are of the order ofTc

'0.01 K and are much smaller than forsd-exchange inter-
action. As a result, the fractions of 4s and 3d states and the
ity

s
d

he
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effective hybridization parameter between them vary ma
edly in correspondence with the magnetization of the se
conductor. In addition, the distribution of carriers betwe
the 4s and 3d scattering channels also changes, along w
the relaxation rate in the latter channel. Calculations h
shown13 that a jump of the temperature dependence of
resistivity and a peak of the magnetoresistance ratio sho
be observed atT<Tc , the amplitude of the effect dependin
on the specific nature of carrier scattering in the 3d channel.
The magnetoresistance anisotropy in this case emerges
natural consequence of spin-orbit interaction, as found in
ferromagnetic transitions of metals.6
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