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Abstract The resistivity (q) data for RFeAsO compounds

(R = Ce, Pr, Nd, Sm), in the temperature (T) range

35–315 K have been analyzed to identify the dominant

scattering mechanisms. Close to the room temperature, the

system appears to be a metal with low electron density, and

the electron–phonon scattering is the dominant one. At

lower temperatures, electron–electron scattering plays an

important role. In an intermediate temperature region,

unlike metallic system, dq/dT is negative; and q-1 varies as

ln T as in a state of weak localization. We look into the

origin of negative dq/dT. The analysis of q(T) data below

the SDW transition temperature shows the presence of

electron–electron interaction in addition to a SDW energy

gap, and also gives an estimate of the SDW energy gap.

Keywords Oxypnictides � Resistivity � Transport � Weak

localization

Introduction

Extensive research work has been done on the oxypnictides

after the discovery of superconductivity in fluorine (F)-

doped LaFeAsO by Kamihara et al. [1]. Interestingly, the

superconducting compound contains the most familiar

ferromagnetic atom ‘‘iron’’, and the observed supercon-

ducting transition temperature (Tc) for LaFeAs(O0.89F0.11)

is relatively high (26 K) [2]. Takahashi et al. reported that

Tc of this compound rises to 43 K under a high pressure of

& 4GPa [3]. Subsequently, superconductivity has been

reported in other RFeAs(O1-xFx) compounds with

R = Ce, Pr, Nd, Sm, etc., and the reported values of Tc are

41 K in CeFeAsO0.84F0.16, 52 K in PrFeAsO0.89F0.11,

54.3 K in NdFeAsO1-y, 55 K in SmFeAsO0.9F0.1, and

54 K in GdFeAsO1-y [4]. By now the iron-based super-

conductors have been extended to a much larger group

containing variety of materials, mainly, four prototypical

families 1111, 122, 111, and 11 types, and further varia-

tions such as 42622-type iron pnictides and 122-type iron

chalcogenides [4].

RFeAsO compounds, with R=La or rare earth elements

belong to the 1111-type family. At room temperature, they

are of ZrCuSiAs-type structure belonging to the tetragonal

(T) P4/nmm space group. The atomic structure consists of

negatively charged Fe–As layers, and positively charged

R–O layers. The structure may also be thought as a

stacking of flat square nets of single atom types in the

sequence 2O–R–As–2Fe–As–R. The layers are stacked

along the c-axis, and such stacking of these layers gives

tetrahedral coordination to Fe and O, while R and As are in

square antiprismatic coordination [5, 6].

With the lowering of temperature, RFeAsO undergoes a

structural phase transition (SPT) resulting into a stretching

of the square Fe nets into rectangular nets, and the sym-

metry is reduced to orthorhombic (O) (Cmma space group)

in the low-temperature phase. Polycrystalline RFeAsO

samples show a broad continuous SPT [7]. Subsequently,

an antiferromagnetically ordered state is formed with

stripe-like magnetic order of small moments on the Fe

sites. Regarding the origin of this antiferromagnetic (AFM)

order, there are two propositions. One group identifies this

order with the spin-density wave (SDW) [8] driven by
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Fermi surface nesting between the electron pockets at

M point and hole pockets at C point based on band struc-

tural calculations, while the other group suggests that the

AFM order originates from the short-range magnetic

exchange coupling between local moments [9].

Neutron diffraction studies for polycrystalline LaFeAsO

suggest that the compound undergoes SPT at TS = 155 K,

and a transition to an AFM state at TN = 137 K with an

ordered magnetic moment of 0.36(5) lB [10]. Inelastic

neutron scattering studies on polycrystalline LaFeAsO

confirmed the presence of two-dimensional magnetic

fluctuations even up to room temperature. Such fluctuations

are expected to introduce dynamic disorder of the O/T

mixed phase in an otherwise ordered T phase at tempera-

tures above the SPT [11]. Elastic neutron scattering studies

on single-crystalline LaFeAsO also concluded that the

finite local O precursors appear to form at TS = 156 K,

although the O–T SPT occurs at 148 K. The SDW state is

observed below TN = 140 K with an ordered moment

larger than the earlier mentioned value [11].

From neutron scattering studies of polycrystalline

CeFeAsO samples, the SPT and SDW transition have been

reported to occur near TS = 155 K and TN = 140 K,

respectively [12], although the difference between TS and

TN depends on the sample quality [13]. Specific heat data

for CeFeAsO suggest that the onsets of SPT appear to be at

the same temperature for both the single crystalline as well

as poly crystalline sample; although the transition appears

to be broader for the latter [13, 14]. For polycrystalline

PrFeAsO (TS, TN) have been reported to be (153K, 127 K)

[15], whereas the same is (142 K, 137 K) for single crystal

of NdFeAsO [16]. For SmFeAsO (TS, TN) is (175 K,

140 K) [17]. The reported values of (TS, TN) for the mea-

sured samples can also be seen in Table 1.

The room temperature value of the resistivity and its

behavior near room temperature for LaFeAsO suggest the

material to be a metal with low carrier concentration [18].

In the temperature range (200–165 K), q increases with the

lowering of temperature reaching a maximum around

Tq = 165 K [18]. Similar behavior of increasing q(T) with

the lowering of temperature down to almost 150 K has

been observed for the polycrystalline samples of CeFeAsO,

PrFeAsO, NdFeAsO [5] and SmFeAsO [9] although

McGuire et al. [5] consider the temperature variation of

q(T) to be negligible in the tetragonal phase. Upon further

cooling, q(T) drops sharply. In essence, the earlier reported

data in the absence of magnetic field suggest the following

characteristics:

a. q increases with the lowering of temperature down to a

temperature Tq, irrespective of whether the sample is

single crystalline or polycrystalline, indicating the

property to be an intrinsic one for RFeAsO system

[13].

b. q versus T curve shows a cusp at Tq.

c. q decreases rapidly below Tq.

d. The peak in dq/dT has been pointed out to be an

excellent mark of TN, whereas the anomaly in dq/dT at

TS is difficult to identify [13].

In earlier studies of the T-dependence of q for RFeAsO

system, focus was mainly on the SPT and the subsequent

AFM transition, and the emphasis was more on to find a

signature of the said transitions from the q(T) curve.

However, we feel, certain important points like the

underlying cause behind the negative dq/dT observed in

this system just above Tq, and the role of different scat-

tering mechanisms [the idea of which can be obtained from

the functional dependence of q(T)] in different phases have

not been given due consideration. This paper is basically to

get a comprehensive idea about the different scattering

mechanisms and their relative strengths in RFeAsO system

from the functional dependence of q on T in different

temperature regions. We also wish to have a fresh look into

the origin of negative dq/dT, another important feature of

q(T) of such system, by comparing with a superlattice (SL)

made of a (LaVO3)[6 unit cells]/(SrVO3)[1 unit cell] [19].

Experimental

The samples used in the measurement of resistance are the

same as those used for the measurement of thermoelectric

power in Ref. [20]. The samples were prepared using solid-

state reaction technique from high purity (99.99 %) rare

earth elements (R=Ce, Pr, Nd, Sm), As (chips), and Fe and

Fe2O3 (powder). To obtain RFeAsO, we first prepared RAs

by mixing stoichiometric amount of R and As chips inside

glove box filled with inert Argon gas. The mixture was then

sealed in an evacuated quartz tube, and given subsequent

heat treatment at 900 �C with intermediate grindings inside

the glove box. Prepared RAs were mixed with stoichio-

metric amounts of Fe and Fe2O3 and the mixture was

pressed into pellets. The pellet obtained for each of the

Table 1 TS (temperature corresponding to the structural phase tran-

sition), TN (temperature corresponding to the SDW transition), Tq
(temperature corresponding to the cusp of q(T) curve) and the tem-

perature corresponding to the peak of dq/dT versus T curve [(dq/

dT)peak]

Sample TS (K) TN (K) Tq (K) (dq/dT)peak (K)

CeFeAsO 155 140 152 137

PrFeAsO 153 127 165 144

NdFeAsO 142 137 164 138

SmFeAsO 175 140 161 133

GdFeAsO 135 133 157 125
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RFeAsO compounds was wrapped with Ta foil, and sealed

in evacuated quartz tube. Finally, they were annealed at

1150–1200 �C for 48 h.

All the samples were characterized using powder X-Ray

diffraction technique (PW/830, Philips, The Netherlands)

with copper Cu Ka radiation at room temperature. Single

phase natures of all the samples have been ascertained by

indexing most of the peaks obtained in powder X-ray

diffraction pattern (Fig. 1), assuming ZrCuSiAs-type (te-

tragonal) structure at room temperature (space group: P4/

nmm). The standard four probe dc electrical resistivity

measurements were performed using a close cycle refrig-

erator (25 K\ T\ 300).

Results and discussion

Figure 2 shows q(T) for a number of members of the

RFeAsO series, namely, CeFeAsO, PrFeAsO, NdFeAsO

and SmFeAsO, all polycrystalline in nature, in the tem-

perature range (35–315 K). The overall behavior of

q(T) for each sample is similar to the earlier reported data

for RFeAsO [5, 9, 18], i.e., q(T) increases with the low-

ering of temperature down to a temperature Tq (tempera-

ture corresponding to the cusp of q(T) curve), and it

decreases rapidly below the cusp at Tq. Tq for each sample

has been given in Table 1.

For all of our samples belonging to the RFeAsO series,

q(T) shows metallic behavior with positive dq/dT in a

temperature region (Figs. 3, 4) close to room temperature.

Figure 4 shows the behavior of dq/dT for all of our samples

in two temperature regions separately: a) 77 K—close to

Tq (left panel), and b) temperature above Tq—room tem-

perature (right panel). The range of temperature covering

the linear region III (Fig. 3), the value of resistivity at

300 K (q300 K) and the value of dq/dT in this region III are

shown in Table 2 for each of our sample. In region III, dq/

dT is of the order of lX cm/K.

The negative and temperature-independent value of the

Hall coefficient as well as the negative value of thermo-

electric power (S) near room temperature for RFeAsO

system identify electron as the charge carrier in this region

[18]. The estimated Fermi energy EF is 0.19 eV [20]. The

linear dependence of q(T) on T can be obtained from the

Bloch–Grüneisen formula for metals,

q Tð Þ ¼ q 0ð Þ þ AðT=hRÞ5

ZhR
T

0

x5

ex � 1ð Þ 1 � exð Þ dx

as a high-temperature limit, i.e., at temperatures above the

Debye temperature hR considering the resistance is due to

scattering of electrons by phonons. The Debye tempera-

tures for members of RFeAsO series are close to room

temperature [21]. Hence, in the region III, the dominant

scattering mechanism is the electron–phonon one.

From Fig. 4, we observe for each of our sample that in

an intermediate temperature range (region II of Fig. 2, the

range depends upon the choice of the element R) unlike

Fig. 1 Room temperature X-ray diffraction pattern for CeFeAsO,

PrFeAso, NdFeAsO and SmFeAsO

Fig. 2 Resistivity q as a function of temperature T for CeFeAsO,

PrFeAsO, NdFeAsO, SmFeAsO
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metallic system, dq/dT is negative, although small. Open-

ing of a gap with the lowering of temperature might cause

such negative dq/dT. However, the weak temperature

dependence in this region discards the possibility of

opening a gap, and rather it suggests the system to be still

in metallic phase with a loss of charge carrier coherence

[19]. For polycrystalline LaFeAsO, such a negative dq/

dT below 200 K has been conjectured to be due to the

increased charge carrier scattering by lattice fluctuations

related to the onset of SPT [18]. Similar observation of

negative dq/dT above the SPT temperature in case of a

superlattice (SL) made of a (LaVO3)[6 unit cells]/

(SrVO3)[1 unit cell] [19], and their analysis encourages us

to think in a different way. Moreover, it may also be noted

that RFeAsO and the SL have following interesting points

of similarities:

1. In both the systems, the conducting zones are of two-

dimensional (2D) characters. In the SL, a single unit

cell of SrVO3 is introduced between the insulating

LaVO3 layers, whereas in RFeAsO the conducting

layers of (FeAs)- are interlaced by the insulating

layers of (RO)?.

2. In RFeAsO, we find SPT around TS = 150 K, and

likewise the SL undergoes a SPT at TS = 130 K fromFig. 3 q(T) for all the samples in the region III, along with the fitted

curves (solid line); q varies linearly with T

Fig. 4 dq/dT as a function of temperature T: left panel covers the region (60–160 K), while the right panel describes the region (160–315 K) for

each sample
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a high-temperature tetragonal phase to a low-temper-

ature monoclinic one.

3. The value of the room temperature resistivity for both

the systems corresponds to poor metals.

4. In both the cases, dq/dT is negative and low indicating

weak temperature dependence above TS, and the same

is positive and high below TS.

In the SL, the negative dq/dT above TS has been

explained by the weak localization in 2D. Physically, weak

localization is the interference of pairs of waves into which

conduction electrons split in the backscattering direction.

Resistance is a measure of the intensity of interference. In

the state of ‘‘weak localization’’ q-1 varies as ln T. For a

number of two-dimensional systems such as thin films of

Pd, Pt or Au alloys, such logarithmic increase of resistance

has been interpreted as weak localization [22].

Figure 5 shows that the region II for each of our sample

is well described by a linear variation of 1/q with ln T. The

temperature range of this region has been noted in Table 2.

This motivates us to conclude that the weak localization in

2D is responsible for such behavior like the mentioned SL

[19]. However, such temperature dependence alone can not

conclude decisively the state of weak localization. On the

other hand, a similar behavior of resistivity (1/q–ln T) at

low temperature in disordered 2D electron systems can be

observed due to modified electron–electron (Coulomb)

interaction also [22]. These two cases can be differentiated

by performing the measurements in the presence of a

magnetic field. In the state of weak localization, in which

the conduction electrons split into pairs of interfering

waves, application of a magnetic field (H) introduces a

phase shift in the electronic wave function and suppresses

the interference after a time interval proportional to 1/

H [22]. Therefore, the magneto resistive (MR) effect

should be dominant in this state. On the other hand, the MR

of the second case which owes its origin to the Coulomb

interaction is either negligible or only present in large

fields. However, unlike the SL, for RFeAsO, the MR is

negligible in this temperature range, although it is signifi-

cant at temperatures below the SPT [23]. The MR is less

than 2 % for both SmFeAsO and PrFeAsO even in a field

of 14 T at a temperature higher than 150 K [24] although a

negative longitudinal in-plane MR has been observed in

different Ba(Fe1-xCox)2As2 single crystals in the param-

agnetic phase [25]. Moreover, the localization theory deals

with the noninteracting electrons [22], whereas the pres-

ence of strong electron–electron scattering in this inter-

mediate temperature range has been predicted in RFeAsO

systems [20]. Our study of temperature dependence of

resistivity also confirms such observation, and we feel that

electron–electron scattering is responsible for linear vari-

ation of 1/q with ln T in region II.

For the range of temperatures below the SDW transition,

Cheng et al. [26] have analyzed their resistivity data with

the functional dependence q(T) = q0 ? AT2 ? BT(1 ?

Table 2 Temperature range corresponding to regions I, II & III; measured q at 300 K (q300K), earlier reported values of q at 300 K (q300K

(reported)), value of dq/dT in region III and the SDW energy gap D

Sample Region IIIa (K) q300K (mX cm) q300K (reported) (mX cm) dq/dT (mX cm/K) Region II (K) Region I (K) D (K)

CeFeAsO 250–318 5.4 4.9 [11] 8.4 9 10-4 160–235 34–141 964

PrFeAsO 270–307 4.8 4.3 [5] 2.8 9 10-3 175–235 34–148 968

NdFeAsO 244–301 4 3.3 [5] 2.2 9 10-3 164–212 34–140 965

SmFeAsO 248–311 3.2 3.0 [28] 2.2 9 10-3 164–211 34–138 968

GdFeAsO 201–312 6.0 2.4 [16] 4.2 9 10-3 157–183 34–128 975

a Temperature range is taken from the linearly fitted region of Fig. 1

Fig. 5 q-1 ln T in the region II for all the samples; curves a linear

variation of 1/q with ln T in this region
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2T/D)exp(-D/T); q0 is the residual resistivity, A and B are

the fitting parameters. The second term containing the T2

term describes the Fermi liquid behavior, while the last

term signifies the metallic ferromagnetic or antiferromag-

netic state with an energy gap D. The associated theory has

been given by Anderson and Smith [27]. The region I of

each curve of Fig. 1 has been shown separately in Fig. 6,

and fitted with the mentioned expression. The range of

temperature, corresponding to region I for each sample has

been noted in Table 2. In each case, the fitted parameter D
which is a measure of the SDW energy gap has been given

in Table 2. The SDW energy gap has been found to be of

the order of 1000 K for any member of the RFeAsO series

and comparable to the reported value of 1082 K for

NdFeAsO single crystal [26].

dq/dT for LaFeAsO shows a peak at 143 K, closer to the

SDW transition temperature than TS [18]. On the other

hand, in the Ref. 5, dq/dT has been claimed to show dou-

ble-peaked structure for the samples CeFeAsO, PrFeAsO,

NdFeAsO in addition to LaFeAsO. In explaining such

double-peaked structure, one of the overlapping peaks has

been associated with the crystallographic distortion and the

other with the magnetic ordering [5] On the other hand,

Luo et al. [9] report single peak in each of the dq/dT versus

T curves for polycrystalline LaFeAsO, SmFeAsO and

GdFeAsO. The respective peak temperatures 132, 133,

128 K have been pointed out to be closer to AFM ordering

temperatures rather than the SPT temperatures. For each of

our samples, dq/dT shows peak at a single temperature

(Fig. 4). The peak temperatures (dq/dT)peak are noted in

Table 1. (dq/dT)peak appears to be closer to TSDW than TS.

Reported value of q300K for SmFeAsO mentioned in

Table 2 has been taken from Ref. [28].

Conclusion

The overall behavior of q(T) for any of our sample is

identical to the earlier reported data. The whole tempera-

ture range of measurement can be divided into three

regions. In the region III, close to room temperature, the

system behaves as a metal with low carrier (electron)

density, and the electron–phonon scattering is dominant. In

the intermediate region II, (dq/dT) is negative, and q-1

varies as ln T. Such a behavior cannot be explained by

weak localization in absence of MR effect, rather electron–

electron interaction appears to be responsible. Below the

SDW transition temperature, the contribution to resistivity

comes from electron–electron interaction, signified by a

term proportional to T2 in presence of SDW energy gap.

The energy gap for the system has been identified to be of

the order of 1000 K. (dq/dT) for any of our samples shows

a single peak at a temperature closer to TSDW than TS.
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