\"

ummmaﬂaauunu

NS
Y

ILIMUIVLAULFNY IO

= a v
ﬂ"lﬁ'ﬁ\‘l LN @lﬂi'\ﬂgﬂ'\imll&l mamﬂa‘[‘m m%.ﬂ&lﬁaﬂ

a\ 6
asnaaLnasnlsaanlany

Room temperature ferromagnetism observation in

metal-free polymers

Qsl a A
198 WE.aT. gU30 Alaguns

Qumw”uf W.€. 2559


http://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwipluvcvZTKAhXDNJQKHeDCAHYQjRwIBw&url=http://www.en.kku.ac.th/acmicpc2015/&psig=AFQjCNHTN7FMLNnBdNWvx057SnCBr1rL_w&ust=1452145441184617

el MRG5680159

ILIMUIVLAULFNY IO

> ¢ 1 [ =
‘[ﬂi\‘] N13: N3 Lﬂ@lﬂi’mgﬂ’l‘smu&l mamﬂa‘[i‘n

a Y a 6
qmﬁgamaawaawaaLada‘sﬂﬂ‘sﬂﬁaﬂnfaﬁz

Project: Room temperature ferromagnetism

observation in metal-free polymers

L v Q6J aa
NI NF.QT. ﬁﬂ%@ W%ﬁ]q%‘ﬂi

U 9

FINA NMAITINRNT ADEINYIFNFNT NAIINUIR L VDLW

GHSH ﬂ‘LqL%I@ FIBNIIUN aanuafﬁu ﬁ‘igk%ﬂ’]i"jﬁlvﬂ

(nuRRlunsnuiidusesdids and.

wazana. idndudaadnaloiaualy)



uUnAAga

swalassn1s: MRG5680159

2 g 6 ' 3 A a v a &a
’ﬁa‘[ﬂi\‘lﬂ'ﬁ: ﬂ'ﬁadLﬂ@lﬂi']ﬂg:]ﬂ’ﬁﬂkl,mLﬁaﬂLwaIiﬂE}‘m%.ﬂ“&l awaawaamamﬂﬁﬂmn‘[aﬂ:

v A o

Y A€ QA ~Q Qs 1
%ﬂ NIYE: NA.N7. E‘!‘ﬂ%‘@ wmqum AARNINLIRIYV LN
A : psupree@kku.ac.th
swxna'f[ﬂ‘san']‘s: 2 ﬂ

Waldwuaniiininasasuaasiautauiminineligmnniivas (RT-FM) awnin

A o v a J = = o ' ' o a & A s’nql/
anntisilfiieduldlunwaeulasnisfaniadaadneie dawfiawanide dsngnisoid

k3
A e AR

faNTaFNaAn e lwnafiwasaiadungnse ld lulasensisefislarinnimans snans 9asing

6 a

{ { U 1 a n&’ a v
Wafazuaasidnngnisal RF-FM ldsansafieduldlunefwasnnoia lunimesss lad

9

msl,ﬂfiiﬂugﬂL%anavL@i”LLﬁmiﬁm%amm“@waﬁmﬁﬁmmﬁ@ (tNWaak 8195IINT6 PVDF PP
ez MRS FouaasliiFmuinfiRoannao wLaz RS WY WA T 10N TOUEAIENTE RT-FM
Twrnizfinefaisfiadu guaasauusindnnim ﬂﬁﬂgmizﬁﬁmmma%mﬂﬁmﬂmﬂﬁ@
w”uﬁzm%’uauimLﬁmua:mimu@muLL&imﬁﬂw\IaIﬁJaaw”uﬁzimmLﬁﬂaL%ﬁﬁifu WuszasUaulaa
LﬁmmmmLﬁm‘fuvl,@‘ﬂuwaﬁma*ﬁ“nﬂmﬁ@ﬁgﬂﬁﬂﬁﬂﬁsjugm%aﬂa atnalsfimunismivguunuaiinivels
sewanuszansuanlaafionialdanslunedweindlesssnindnuasdszozvinersninemolodszan o
5 sInvauiTin efldun nasunazTRsuiues lassmsiginui ﬂ"]Lumﬁvl,msnﬁ'maamWaauﬁgnﬁ@
a:ﬁ@hqai‘fuﬁaa@qmmﬂﬁ@%ma e'fiaLflumm@;mmﬂn']ia@msl,ﬂﬁauvlmmaamUISﬁwaﬁma% WONINNTHH AN
LﬂuLLajmﬁﬂﬁﬁuﬁuﬁﬂmaﬂ'ammsnwuvlﬂ“’l,umwaamm:wwmﬂﬁmﬁgnﬁ@ Tunssasnsdh unuinazwuleln

AAN1INAIAINNLTBLAA

A1uan: wadwas: wlinanwals: amnniviny; WUTZATUAUIAALAET;



Abstract

Project Code: MRG5680159

Project Title: Room temperature ferromagnetism observation in metal-free polymers

Investigator: Assist. Prof. Dr. Supree Pinitsoontorn Khon Kaen University

E-mail Address: psupree@kku.ac.th

Project Period: 2 years

It has recently been shown that room temperature ferromagnetism (RT-FM) can be
induced in Teflon by simple stretching or cutting. The question was raised whether this is a
common phenomenon in any polymer. In this project, several experiments were carried out to
show that RT-FM could not be induced in all polymers. Several polymers, i.e. Teflon, natural
rubber, PVDF, PP and Parafilm, were mechanically deformed by simply stretching or cutting.
Only Teflon and Parafilm exhibited induced RT-FM, whereas other polymers showed
paramagnetic behavior. It has been believed that induced RT-FM is caused by a combination of
the formation of carbon dangling bonds and ferromagnetic coupling between them. Carbon
dangling bonds were generated in all polymers subjected to mechanical deformation. However,

ferromagnetic coupling of the carbon dangling bonds could only occur in crystalline polymers

with the right chain separation distance (~5 A), e.g. Teflon and Parafilm. Furthermore, by
cooling the stretched Teflon sample, the magnetization was enhanced, which was due to the
reduction of dynamic motion of the polymer chains. In addition, magnetic anisotropy could be
observed in the cut Teflon and Parafilm. In both cases, the easy axis was found to be in the

direction perpendicular to the cut edges.

Keywords : polymers; ferromagnetism; room temperature; carbon dangling bond;



UNAAELD

Abstract

I. Introduction

II. Experimental details

[ll. Results and Discussion
IV. Conclusion

V. Suggestion

VI. References

output Nl nlasansase

NIANNKIN

Content

23
24
25
27
28



l. Introduction

Ferromagnetism in carbon-based materials is of particular interest for use in lightweight,
flexible and cheap magnets. These carbon-based magnets also have potential application in
spintronics, since carbon may provide an easy way to integrate spin and molecular electronics
[Xia 2008]. However, ferromagnetism in organic materials containing only light elements can be
observed only at low temperature (<10 K) [Veciana 2000, Rajca 2001] and so cannot be
utilized for any real application. A traditional way to induce room temperature ferromagnetism
(RT-FM) in carbon materials is by incorporating metal ions into molecular/organic polymer-
based materials [Manriquez 1991, Miller 2000, Jain 2007]. RT-FM in metal-free organic material
was discovered in Cgy subjected to a high-pressure and high-temperature polymerization
process [Wood 2002, Han 2003]. Subsequently, RT-FM in other forms of pure carbon has been
continuously reported including graphite [Esquinazi 2003, Xia 2008], carbon nanotubes
[Friedman 2010] and nanosized diamonds [Talapatra 2005]. In addition, RT-FM was

discovered in the aromatic polyimide film Kapton, thermally treated at temperatures between

490 and 540 °C [Kaburagi 2002]. The observed FM in these carbon-based materials was
believed to be of intrinsic origin. An effect from magnetic impurities was ruled out, since no
correlation between FM and the magnetic impurity concentration was found [Esquinazi 2002].
The source of FM was attributed to unpaired electrons from defects in the structure. This was
also supported by ab initio calculations in a few different carbon systems [Andriotis 2003,
Lehtinen 2004, Zanolli 2010].

In observations of RT-FM in carbon-based materials, the samples were treated by a
high pressure process [Wood 2002, Han 2003], high temperature post-annealing [Kaburagi
2002, Friedman 2010], or by irradiation [Esquinazi 2003, Talapatra 2005, Xia 2008]. In 2012 Ma
et al. reported that RT-FM can be realized in Teflon tape (polytetrafluoroethylene) when
subjected to simple stretching and cutting [Ma 2012]. They explained, using first-principle
calculation, that the origin of FM was due to carbon dangling bonds and strong ferromagnetic
coupling between them. Furthermore, RT-FM was observed in polyethylene by simply cutting
the polymer in an inert atmosphere. The experimental results of Ma et al. are of interest since
they open up an easy and inexpensive option for creating FM in metal-free polymers. The
question now is if these techniques are applicable to other types of polymers. This point is the

objective of this study.



Objectives

® Mechanical deform and investigate room temperature ferromagnetism in different
polymers, i.e. Teflon tape, natural rubber (polyisoprene), PP (polypropylene), PVDF
(polyvinylidene fluoride) and Parafilm (polyethylene).



Il. EXPERIMENTAL DETAILS

Five different types of polymers that are easily obtained or commonly used in the lab
were selected as the subjects of the experiments. Samples of Teflon tape, Parafim and PP
were purchased whereas natural rubber was prepared by drying commercial latex. PVDF was
prepared by polymerization of the monomer in dimethylformamide (DMF) and drying at 60 °c.
Fourier transform infrared spectroscopy (FTIR, Bruker, Tensor27) was used to confirm the
functional group of each polymer. To perform the experiment on RT-FM by mechanical
deformation, all polymers were cut to have a weight of around 20-40 mg with a length of 30-60
mm and width of 10-18 mm. To avoid any contamination, the samples were carefully handled
and a ceramic knife was used for cutting. The polymers were then subjected to mechanical
deformation by several means i.e. simple stretching using a Universal Testing Machine (UTM,
Instron 5567A) or by hand, or cutting into several pieces, or pinching with a non-magnetic
needle. The samples were mounted onto a quartz rod for the magnetic measurements. Details
with illustrations of sample preparation and manipulation are shown below (Part | and Part II).
The magnetization of the samples at room temperature before and after mechanical
deformation was measured using a vibrating sample magnetometer (VSM) option in the
Quantum Design VersaLab instrument, USA. Magnetic moment versus temperature
measurement was also carried out. To obtain information on the crystallinity of each polymer,
samples were characterized using X-ray diffraction (XRD) with an X-ray diffractometer
employing Cu KQU radiation (Bruker, D2 PHASER). Furthermore, all polymers were subjected to
elemental analysis using energy-dispersive X-ray spectroscopy (EDS) equipped on the
scanning electron microscope (SEM, SEC SNE-4500M). In addition, electron spin resonance
(ESR) spectra for inspection of unpaired electrons were obtained using an ESR spectrometer

(JEOL, JES-RE2X).



Part I. Schematic illustrations, with the corresponding experimental set up images, of several

mechanical deformations in Teflon tape: (a) Unstretched (b) Tensile stretched (c) manually

stretched (d) cut (e) pinched




Part Il. lllustration of sample preparation and manipulation for the magnetic

measurment.

Part Il A. Typical procedure for handling the stretched sample for magnetic measurement

VSM rod made of quartz (very low magnetic

background)

Stretched Teflon tape and the VSM rod

Typical method for mounting samples onto the rod



Part Il B. Typical procedure for handing the cut samples for magnetic measurement

Cut samples into 2 pieces

Cut samples into 4 pieces

Cut samples into 8 pieces

The cut samples ready to be mounted onto the

VSM rod




For magnetic anisotropy measurement, two types of sample mounting procedure were carried
out:
1. Mounting samples of which the cut edges are aligned perpendicularly to the magnetic field

direction

2. Mounting samples of which the cut edges are aligned perpendicularly to the magnetic field

direction




lll. RESULTS AND DISCUSSION

We started our experiment by investigating RT-FM in Teflon tape, similarly to the
experiments of Ma et al. [Ma 2012]. The result of the M-H curve measurement of the as-
prepared unstretched Teflon tape is shown in Fig. 1. A typical diamagnetic characteristic was
observed. The RT-FM of Teflon tape was induced by simply stretching by hand as shown in the
red circle curve in Fig. 1. The result at this point resembled to the work done by Ma et al. [Ma
2012)]. According to Ma et al. [Ma 2012], the observed RT-FM can be attributed to carbon

dangling bonds and their ferromagnetic coupling.

m  Unstretched
0.4 ® Stretched

O
R

M (memu/q)
o
o

o
N

O
o

H (kOe)

Fig. 1. Room temperature M-H curves of unstretched and stretched Teflon tape (without

diamagnetic subtraction)

We further investigated whether other types of mechanical deformation could affect the
RT-FM of the Teflon tape. The results are shown in Fig. 2a, which demonstrates the M-H loops
of the Teflon tape subjected to many kinds of deformations. RT-FM of the mechanically
deformed Teflon tape can be found in all treatments. The strongest ferromagnetic signal was
found in Teflon tape subjected to tensile stretching using the Universal Testing Machine (UTM).

This is because the UTM can uniformly stretch the sample and possibly generate a larger
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number of dangling bonds compared to the other methods. In fact, the magnetization value in
our case is much greater than that reported by Ma et al. [Ma 2012]. This may be due to the
severe deformation of the Teflon tape by tensile stretching in our case (see the image in the
supplementary information), which probably creates more dangling bonds. The samples cut into
small pieces also show the RT-FM signal (Fig. 2b). The inset of Fig. 2b shows the variation of
saturation magnetization (M) as a function of the number of cuts. Pinching the samples with a
non-magnetic needle can induce RT-FM, but the signal is much smaller than for the stretched
or cut samples. The easiest method in producing RT-FM in Teflon is by simply stretching the
sample by hand (manually stretched in Fig. 2b). Since this is the simplest method, the RT-FM
in polymers in the following texts is induced by manually stretching, unless stated otherwise. In
all cases, the coercivity is very low (< 100 Oe). Note that the M-H curves in Fig. 2 were
processed by removing the diamagnetic signals. The slope of the diamagnetic part was
calculated and used for background subtraction. After removing the diamagnetic signals, only
the FM signals were observed for the mechanically deformed samples and a flat curve near
zero was observed for the unstretched sample.

The stability of the RT-FM of the stretched Teflon tape was tested by measuring the
magnetic properties after exposing the tensile stretched samples to normal atmosphere for
several days. The results are presented in Fig. 2c. It can be seen that the magnetization
gradually decreased from the first day to day 9. As was mentioned that the origin of FM in
Teflon is due to the carbon dangling bonds, these dangling bonds may not be stable in normal
atmosphere. It is possible that oxygen or water molecules (due to the high humidity in Thailand)
may be absorbed and saturate the dangling bonds, eliminating FM [Ma 2012]. Next, the stability
of RT-FM under the influence of different solutions was tested. The stretched Teflon was
submerged in water, ethanol or acetone and measured the M-H curves as shown in Fig. 2d. It
can be seen that the solution did not affect the magnetization, which may be due to the low
permeability of these solutions in Teflon. Therefore, the dangling bonds were untouched and

the RT-FM was unchanged.
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Fig. 2. Room temperature M-H curves of (a) Teflon subjected to several mechanical
deformations, (b) Teflon tape as a function of number of cuts (inset shows saturation
magnetization (M) versus the number of cuts), (c) tensile stretched Teflon after being left in a
normal atmosphere, and (d) stretched Teflon after being submerged in different solutions. In

every curve, the diamagnetic signals were subtracted from the raw data.

Furthermore, the temperature dependence of magnetization in the stretched Teflon was
tested. The results are presented in Fig. 3. The magnetization at low field (500 Oe) is relatively
independent of temperature until the temperature was cooled down below 100 K. The
magnetization rose up steeply from 80 to 50 K. This is in an agreement with the M-H curves
(without diamagnetic subtraction) of the stretched Teflon at several temperatures as shown in
the inset of Fig. 3. The change in magnetization with temperature can be related to the dynamic
motion of the polymer chain. At RT, there can be large movement of polymer chain due to
thermal fluctuation. This would reduce the ferromagnetic coupling. On the other hand, the chain
dynamic motion is limited at lower temperature. The ferromagnetic coupling would be
enhanced, resulting in higher magnetization. On the other hand, the M-T measurement for the
unstretched Teflon does not show any dependence of T on M. It should be noted that it would
be very interesting to study the dependence of magnetization for the stretched sample at even
lower temperature. Unfortunately this could not be carried out in the present study because of

the limitations of our instrument.
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Fig. 3. Temperature dependence of magnetization for stretched Teflon at a magnetic field of

500 Oe. Inset: M-H curves at several temperatures.

After the FM observation in Teflon, the investigation was moved to other polymers. The
FTIR spectrum of each sample was obtained to confirm the functional groups of the polymers

used in this study. The FTIR results are shown in Fig. 4.
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Fig. 4. FTIR spectra (Bruker, Tensor27) of the unstretched polymers used in the experiments.

Fig. 5 shows the M-H curves of the investigated polymers after diamagnetic signal
subtraction. For natural rubber, PP and PVDF, RT-FM was not observed. PVDF was chosen
because the chain structure of PVDF (-CF,-CH,-), is similar to Teflon (-CF,-CF,-),. The
absence of RT-FM in PVDF indicates that the ferromagnetic behavior is irrelevant to the C-F
bonds or their related interaction. However, Fig. 5 shows the change in the slopes of the graph
for the stretched natural rubber, PP and PVDF, compared to the unstretched samples. The
positive slopes of the M-H curves indicate paramagnetism. From these results, it can be

interpreted that stretching the natural rubber, PP and PVDF results in the formation of carbon

dangling bonds as a source of available magnetic moments (1Llg per 1 dangling bond).
However, the lack of ferromagnetic coupling of these dangling bonds suppresses the RT-FM in
such polymers. On the other hand, Fig. 5d shows the M-H curves of the unstretched, stretched
and cut Parafilm. It is obvious that stretching or cutting Parafiim results in the characteristic S-
shape curves of ferromagnetic materials. The inset of Fig. 5d shows the variation of saturation
magnetization (M) as a function of the number of cuts. The origin of the RT-FM in Parafilm is
also attributable to the ferromagnetic coupling of carbon dangling bonds. This part of our
experiment shows that RT-FM is not observed in all polymers by simply stretching or cutting.
Only some polymers exhibit this behavior, i.e. Teflon and Parafilm. Hence, there must be other

influential factors for inducing RT-FM.
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Fig. 5. Room temperature M-H curves of several polymers subjected to simple stretching or
cutting: (a) Natural rubber, (b) PP, (c) PVDF and (d) Parafiim, inset shows saturation
magnetization (M) versus the number of cuts. In every curve, the diamagnetic signals were

subtracted from the raw data.

To answer the question, the XRD patterns of the unstretched polymers used in the
experiment were measured as shown in Fig. 6. The XRD patterns of the unstretched and
stretched polymers were found to be insignificantly different. The XRD pattern of the Teflon
sample can be matched with JCPDS card (47-2217), corresponding to the pseudo-hexagonal

structure with a=b=5.66 A, similarly to a previous report [Bunn 1954]. The very sharp peak at

20 = 18.10° indicates the high crystallinity of the sample. For natural rubber and PVDF, broad
XRD spectra were observed, implying mostly an amorphous structure. One of the reasons that
RT-FM was not found in natural rubber or PVDF may be due to the absence of crystallinity. For
PP and Parafilm, crystalline peaks can be observed on the amorphous background in both
samples. If the crystalline structure of polymers is the reason for ferromagnetic coupling, both
samples should exhibit ferromagnetic behavior. However, RT-FM was only observed in Parafilm
but not PP. The crystalline part of the PP sample can be matched with the JCPDS card (50-
2397) corresponding to the monoclinic structure with the lattice parameters of a=6.63 A,
b=20.78 A and c=6.50 A. The XRD pattern of Parafilm can be related to the orthorhombic
polyethylene structure with a=7.40 A, b=4.93 A and c=2.54 A, JCPDS card (53-1859). Ma et al.
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used the first principle calculation to show that the ferromagnetic coupling is energetically
favourable only when the chain separation is around 5 A [Ma 2012]. Our XRD results show that
only Teflon and Parafilm fall in this criterion, which leads to ferromagnetic coupling of carbon

dangling bonds after stretching or cutting.

Teflon
P
‘0
c
FC_J, Natural Rubber
D PVDF
N
©
£
o PP
Z
Parafilm
10 20 30 40 50 60

Fig. 6. XRD patterns of the unstretched polymers used in this research.

To ensure that the ferromagnetic signals of Teflon and Parafilm are from the intrinsic
origin, energy dispersive X-ray spectra of the unstretched and stretched samples were
measured. The metallic impurity was not found in all the spectra (Fig. 7 and 8). The detection
limit of the EDS is typically about 1000 ppm by weight. Therefore, using the EDS alone may not
be able to distinguish FM from impurity sources. However, it is still confident that the origin of
RT-FM in the particular polymers is intrinsic. Several reasons support this argument. Firstly, the
difference in magnetic behavior before and after stretching Teflon (and Parafilm), using the
same piece of sample, can be clearly observed. Secondly, the saturation magnetization values
of Teflon (Fig. 2b) and Parafilm (Fig. 5d) increase as a function of number of cuts, indicating
that the larger number of dangling bonds can directly affect the FM behavior. Finally, the
magnetization of the stretched Teflon decreases with time (Fig. 2¢). The combination of all this
evidence can effectively reject the existence of metallic impurities and verify the intrinsic origin

of the RT-FM.
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Fig. 7 Typical EDX spectra (SEC, SNE-4500M), with the corresponding SEM images, of the

Teflon used in the experiment. The detected elements are mainly C and F. The other detected

elements are Ne and Mg which are not magnetic materials.
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Fig. 8. A typical EDX spectrum (SEC, SNE-4500M), with the corresponding SEM image, of the
Parafilm used in the experiment. The detected elements are mainly C. The other detected

elements are O and Si which are not magnetic materials.

19



In this work, it has been shown that by simple stretching or cutting or other form of
mechanical deformation, the RT-FM of Teflon and Parafiim can be created. However, this RT-
FM cannot be generated for any polymer in general. A guideline for observing RT-FM in
polymers is suggested as follows. (1) The polymer must be mostly crystalline. Stretching or
cutting amorphous polymers can result in formation of isolated dangling bonds without any
magnetic interaction. This would thus induce only paramagnetism. (2) The separation between
the chains of the polymer must be at the right distance (around 5 A). A smaller distance results
in antiferromagnetic coupling, whereas for further separation, no magnetic exchange coupling
exists.

The ESR spectra (first derivative) of each polymer are shown in Fig. 9. ESR
spectroscopy is a technique for studying materials with unpaired electrons. At the right
combination of frequency and magnetic field values, the unpaired electrons can switch between
their two spin states (the lower and upper states). Hence, ESR spectra can be used to detect
the existence of unpaired electrons in the materials. The intensity of the signal depends on the
concentration of the unpaired electrons. From Fig. 9, it is clearly seen that the strongest
change in the ESR spectra occurs between unstretched and stretched Natural Rubber.
However, Natural Rubber does not exhibit RT-FM due to its lack of crystallinity. The smallest
signals are observed from PVDF and PP, and the signals are nearly unchanged between the
stretching states. This is the reason the RT-FM was not observed in these polymers. As
discussed earlier, RT-FM can be induced in stretched Teflon and Parafiim due to the formation
of carbon dangling bonds; ESR results show strong evidence to support this. Teflon and
Parafilm show changes in ESR signals between stretching states, indicating the creation of
dangling bonds in the stretched state. In combination with their crystallinity, RT-FM can be
induced in these polymers. It should be noted that ESR signals can always be found in
unstretched polymer. This is because very small pieces of polymers are needed in the test tube
for the ESR measurement. Cutting polymer into small pieces always creates some dangling

bonds, which could be the source of the ESR signals.
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Natural Rubber, (c) PVDF, (d) PP, (e) Parafilm.

In addition, from the above discussion, the created dangling bonds and their magnetic

interactions could be dependent on the magnetic field direction;

in other words, magnetic

anisotropy could be observed. To test this assumption, the Teflon tapes (and Parafilm) were cut

into several small pieces. In one set, the samples were aligned such that their cut edges were

perpendicular to the magnetic field. In the other set, the cut edges of the samples were parallel

to the field. The results are shown in Fig. 10. It is obvious that an anisotropic effect can be
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observed. In both Teflon and Parafilm cases, the samples that had their cut edges aligned

perpendicularly to the field exhibited higher magnetization, indicating that the easy axis is in the

direction perpendicular to the cut edges.
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IV. CONCLUSION

In this work, it has been shown that RT-FM is not a common phenomenon in all
polymers. By mechanically stretching or cutting several polymers, RT-FM could be induced only
in Teflon tape and Parafilm. Natural rubber, PVDF and PP, on the other hand, exhibited
paramagnetic behavior. It was proposed that RT-FM can only be observed in some polymers
that are highly crystalline, with a chain separation distance of around 5 A (Teflon and Parafilm).
When these polymers were stretched or cut, carbon dangling bonds were generated. With the
right chain separation distance, the dangling bonds couple ferromagnetically, and hence such
polymers exhibit RT-FM. Furthermore, cooling stretched Teflon tape promoted the FM, since
the dynamic motion of the polymer chains was suppressed. Moreover, magnetic anisotropy with

the easy axis perpendicular to the cut edges was observed in both the cut Teflon and Parafilm.
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V. SUGGESTION

® Other types of polymers may be tested for simple deformation and RT-FM to establish a
strong evidence to support the assumption.

® RT-FM in thin film polymers is of interest in terms of application point of view.
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Abstract— It has recently been shown that room temperature ferromagnetism (RT-FM) can be induced in Teflon by simple
stretching or cutting. The question was raised whether this is a common phenomenon in any polymer. We carried out
several experiments to show that RT-FM could not be induced in all polymers. We mechanically deformed several polymers,
i.e., Teflon (polytetrafluoroethylene), natural rubber (polyisoprene), PVDF (polyvinylidene fluoride), PP (polypropylene),
and Parafilm (polyethylene), by simply stretching or cutting. Only Teflon and Parafilm exhibited induced RT-FM, whereas
other polymers showed paramagnetic behavior. It has been believed that induced RT-FM is caused by a combination of the
formation of carbon dangling bonds and ferromagnetic coupling between them. Carbon dangling bonds were generated in
all polymers subjected to mechanical deformation. However, ferromagnetic coupling of the carbon dangling bonds could
occur only in crystalline polymers with the right chain separation distance (~5 A), e.g., Teflon and Parafilm. In addition,
magnetic anisotropy could be observed in the cut Teflon and Parafilm. In both cases, the easy axis was in the direction

perpendicular to the cut edges.

Index Terms—Magnetism in solids, polymers, ferromagnetism, room temperature, carbon dangling bond.

[. INTRODUCTION

Ferromagnetism in carbon-based materials is of particular
interest for use in lightweight, flexible, and cheap magnets.
These carbon-based magnets also have potential application in
spintronics, since carbon may provide an easy way to integrate
spin and molecular electronics [Xia 2008]. However, ferromag-
netism in organic materials containing only light elements can
be observed only at low temperature (<10 K) [Veciana 2000,
Rajca 2001] and so cannot be utilized for any real application.
A traditional way to induce room temperature ferromagnetism
(RT-FM) in carbon materials is by incorporating metal ions into
molecular/organic polymer-based materials [Manriquez 1991,
Miller 2000, Jain 2007]. RT-FM in metal-free organic material
was discovered in Cg subjected to a high-pressure and high-
temperature polymerization process [Wood 2002, Han 2003].
Subsequently, RT-FM in other forms of pure carbon has been
continuously reported including graphite [Esquinazi 2003, Xia
2008], carbon nanotubes [Friedman 2010], and nanosized dia-
monds [Talapatra 2005]. In addition, RT-FM was discovered in
the aromatic polyimide film Kapton, thermally treated at temper-
atures between 490 and 540 °C [Kaburagi 2002]. The observed
FM in these carbon-based materials was believed to be of
intrinsic origin. An effect from magnetic impurities was ruled
out, since no correlation between FM and the magnetic impurity
concentration was found [Esquinazi 2002]. The source of FM
was attributed to unpaired electrons from defects in the struc-
ture. This was also supported by ab initio calculations in a few
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different carbon systems [Andriotis 2003, Lehtinen 2004,
Zanolli 2010].

In observations of RT-FM in carbon-based materials, the
samples were treated by a high pressure process [Wood 2002,
Han 2003], high temperature postannealing [Kaburagi 2002,
Friedman 2010], or by irradiation [Esquinazi 2003, Talapatra
2005, Xia 2008]. Ma [2012] reported that RT-FM can be re-
alized in Teflon tape (polytetrafluoroethylene) when subjected
to simple stretching and cutting. The authors explained, using
first-principle calculation, that the origin of FM was due to car-
bon dangling bonds and strong ferromagnetic coupling between
them. Furthermore, RT-FM was observed in polyethylene by
simply cutting the polymer in an inert atmosphere. The experi-
mental results of Ma [2012] are of interest since they open up
an easy and inexpensive option for creating FM in metal-free
polymers. The question now is if these techniques are applica-
ble to other types of polymers. This point is the objective of our
study. Hence, in this paper, we investigated RT-FM in different
polymers, i.e., Teflon tape, natural rubber (polyisoprene), PP
(polypropylene), PVDF (polyvinylidene fluoride) and Parafilm
(polyethylene). They were subjected to mechanical deforma-
tion and magnetic measurements were carried out.

[I. EXPERIMENTS

Five different types of polymers that are easily obtained or
commonly used in the lab were selected as the subjects of
the experiments. Samples of Teflon tape, Parafilm, and PP
were purchased whereas natural rubber was prepared by dry-
ing commercial latex. PVDF was prepared by the polymeriza-
tion of the monomer in dimethylformamide (DMF) and drying at

1949-307X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Room temperature M—H curves of (a) Teflon subjected to
several mechanical deformations. (b) Teflon tape as a function of
number of cuts (inset shows saturation magnetization (M) versus
the number of cuts), (c) tensile-stretched Teflon after being left in a
normal atmosphere, and (d) stretched Teflon after being submerged
in different solutions. In every curve, the diamagnetic signals were
subtracted from the raw data.

60 °C. Fourier transform infrared spectroscopy (FTIR, Bruker,
Tensor27) was used to confirm the functional group of each
polymer. To perform the experiment on RT-FM by mechan-
ical deformation, all polymers were cut to have a weight of
around 20—40 mg with a length of 30—-60 mm and width of
10-18 mm. To avoid any contamination, the samples were
carefully handled and a ceramic knife was used for cutting.
The polymers were then subjected to mechanical deformation
by several means, i.e., simple stretching using a universal test-
ing machine (UTM, Instron 5567A) or by hand, or cutting into
several pieces, or pinching with a nonmagnetic needle. The
samples were mounted onto a quartz rod for the magnetic mea-
surements. Details with illustrations of sample preparation and
manipulation can be found in the supplementary information.
The magnetization of the samples at room temperature before
and after mechanical deformation was measured using a vi-
brating sample magnetometer option in the Quantum Design
Versalab Instrument, USA. To obtain information on the crys-
tallinity of each polymer, samples were characterized using X-
ray diffraction (XRD) with an X-ray diffractometer employing Cu
Ko radiation (Bruker, D2 PHASER). Furthermore, all polymers
were subjected to elemental analysis using energy-dispersive
X-ray spectroscopy (EDS) equipped on the scanning electron
microscope (SEM, SEC SNE-4500M). In addition, electron spin
resonance (ESR) spectra for inspection of unpaired electrons
were obtained using an ESR spectrometer (JEOL, JES-RE2X).

[ll. RESULTS AND DISCUSSION

We started our experiment by investigating RT-FM in Teflon
tape, similarly to the experiments of Ma [2012]. The result of
the M—H curve measurement of the as-prepared unstretched

Teflon tape was a typical diamagnetic characteristic. The RT-
FM of Teflon tape was induced by simply stretching by hand.
The result at this point resembled the work done by Ma [2012].
According to Ma [2012], the observed RT-FM can be attributed
to carbon dangling bonds and their ferromagnetic coupling.

We further investigated whether other types of mechanical
deformation could affect the RT-FM of the Teflon tape. The
results are shown in Fig. 1(a), which demonstrates the M—H
loops of the Teflon tape subjected to many kinds of deforma-
tions. RT-FM of the mechanically deformed Teflon tape can
be found in all treatments. The strongest ferromagnetic sig-
nal was found in Teflon tape subjected to tensile stretching
using the universal testing machine (UTM). This is because
the UTM can uniformly stretch the sample and possibly gener-
ate a larger number of dangling bonds compared to the other
methods. In fact, the magnetization value in our case is much
greater than that reported by Ma [2012]. This may be due to the
severe deformation of the Teflon tape by tensile stretching in
our case (see the image in the supplementary information),
which probably creates more dangling bonds. The samples cut
into small pieces also show the RT-FM signal [see Fig. 1(b)].
The inset of Fig. 1(b) shows the variation of saturation magne-
tization (M;) as a function of the number of cuts. Pinching the
samples with a nonmagnetic needle can induce RT-FM, but the
signal is much smaller than for the stretched or cut samples.
The easiest method in producing RT-FM in Teflon is by simply
stretching the sample by hand [manually stretched in Fig. 1(b)].
Since this is the simplest method, the RT-FM in polymers in the
following texts is induced by manually stretching, unless stated
otherwise. In all cases, the coercivity is very low (< 100 Oe).
Note that the M—H curves in Fig. 1 were processed by removing
the diamagnetic signals. The slope of the diamagnetic part was
calculated and used for background subtraction. After removing
the diamagnetic signals, only the FM signals were observed for
the mechanically deformed samples and a flat curve near zero
was observed for the unstretched sample.

The stability of the RT-FM of the stretched Teflon tape was
tested by measuring the magnetic properties after exposing
the tensile-stretched samples to normal atmosphere for several
days. The results are presented in Fig. 1(c). It can be seen
that the magnetization gradually decreased from day one to
day nine. As was mentioned that the origin of FM in Teflon is
due to the carbon dangling bonds, these dangling bonds may
not be stable in normal atmosphere. It is possible that oxygen
or water molecules (due to the high humidity in Thailand) may
be absorbed and saturate the dangling bonds, eliminating FM
[Ma 2012]. Next, we tested the stability of RT-FM under the
influence of different solutions. We submerged the stretched
Teflon in water, ethanol, or acetone and measured the M-H
curves as shown in Fig. 1(d). It can be seen that the solution
did not affect the magnetization, which may be due to the low
permeability of these solutions in Teflon. Therefore, the dangling
bonds were untouched and the RT-FM was unchanged.

After the FM observation in Teflon, we moved to the inves-
tigation of other polymers. The FTIR spectrum of each sample
was obtained to confirm the functional groups of the polymers
used in this study. The FTIR results are available in the sup-
plementary information. Fig. 2 shows the M—H curves of the
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Fig. 2. Room temperature M—H curves of several polymers subjected
to simple stretching or cutting: (a) Natural rubber. (b) PVDF. (c) PP.
(d) Parafilm, inset shows saturation magnetization (M) versus the num-
ber of cuts. In every curve, the diamagnetic signals were subtracted from
the raw data.

investigated polymers after diamagnetic signal subtraction. For
natural rubber, PP and PVDF, RT-FM was not observed. PVDF
was chosen because the chain structure of PVDF (-CF,-CH,-),
is similar to Teflon (-CF,-CF,-),. The absence of RT-FM in
PVDF indicates that the ferromagnetic behavior is irrelevant to
the C-F bonds or their related interaction. However, Fig. 2 shows
the change in the slopes of the graph for the stretched natural
rubber, PP, and PVDF, compared to the unstretched samples.
The positive slopes of the M—H curves indicate paramagnetism.
From these results, it can be interpreted that stretching the nat-
ural rubber, PP, and PVDF results in the formation of carbon
dangling bonds as a source of available magnetic moments
(1up per 1 dangling bond). However, the lack of ferromagnetic
coupling of these dangling bonds suppresses the RT-FM in
such polymers. On the other hand, Fig. 2(d) shows the M-
H curves of the unstretched, stretched, and cut Parafilm. It is
obvious that stretching or cutting Parafilm results in the charac-
teristic S-shape curves of ferromagnetic materials. The inset of
Fig. 2(d) shows the variation of saturation magnetization (M)
as a function of the number of cuts. The origin of the RT-FM
in Parafilm is also attributable to the ferromagnetic coupling of
carbon dangling bonds. This part of our experiment shows that
RT-FM is not observed in all polymers by simply stretching or
cutting. Only some polymers exhibit this behavior, i.e., Teflon
and Parafilm. Hence, there must be other influential factors for
inducing RT-FM.

To answer the question, the XRD patterns of the unstretched
polymers used in the experiment were measured as shown
in supplementary information. The XRD patterns of the un-
stretched and stretched polymers were found to be insignif-
icantly different. The XRD pattern of the Teflon sample can
be matched with JCPDS card (47-2217), corresponding to the
pseudohexagonal structure witha = b = 5.66 A, similar to a pre-
vious report [Bunn 1954]. The very sharp peak at 26 = 18.10°

indicates the high crystallinity of the sample. For natural rubber
and PVDF, broad XRD spectra were observed, implying mostly
an amorphous structure. One of the reasons that RT-FM was
not found in natural rubber or PVDF may be due to the absence
of crystallinity. For PP and Parafilm, crystalline peaks can be
observed on the amorphous background in both samples. If the
crystalline structure of polymers is the reason for ferromagnetic
coupling, both samples should exhibit ferromagnetic behavior.
However, RT-FM was only observed in Parafilm but not PP.
The crystalline part of the PP sample can be matched with the
JCPDS card (50—2397) corresponding to the monoclinic struc-
ture with the lattice parameters of a = 6.63 A, b = 20.78 A and
¢ = 6.50 A. The XRD pattern of Parafilm can be related to the
orthorhombic polyethylene structure with a = 7.40 A, b = 4.93 A
and ¢ = 2.54 A, JCPDS card (53—1859). Ma [2012] used the first
principle calculation to show that the ferromagnetic coupling is
energetically favorable only when the chain separation is around
5 A. Our XRD results show that only Teflon and Parafilm fall in
this criterion, which leads to ferromagnetic coupling of carbon
dangling bonds after stretching or cutting.

To ensure that the ferromagnetic signals of Teflon and
Parafilm are from the intrinsic origin, energy dispersive X-ray
spectra of the unstretched and stretched samples were mea-
sured. The metallic impurity was not found in all the spectra
(supplementary information). The detection limit of the EDS is
typically about 1000 ppm by weight. Therefore, using the EDS
alone may not be able to distinguish FM from impurity sources.
However, we are still confident that the origin of RT-FM in the
particular polymers is intrinsic. Several reasons support this ar-
gument. First, the difference in magnetic behavior before and
after stretching Teflon (and Parafilm), using the same piece of
sample, can be clearly observed. Second, the saturation mag-
netization values of Teflon [see Fig. 1(b)] and Parafilm [see
Fig. 2(d)] increase as a function of number of cuts, indicating
that the larger number of dangling bonds can directly affect the
FM behavior. Finally, the magnetization of the stretched Teflon
decreases with time [see Fig. 1(c)]. The combination of all this
evidence can effectively reject the existence of metallic impuri-
ties and verify the intrinsic origin of the RT-FM.

In this paper, we have shown that by simple stretching or
cutting or other form of mechanical deformation, the RT-FM
of Teflon and Parafilm can be created. However, this RT-FM
cannot be generated for any polymer in general. We suggest a
guideline for observing RT-FM in polymers as follows. 1) The
polymer must be mostly crystalline. Stretching or cutting amor-
phous polymers can result in the formation of isolated dan-
gling bonds without any magnetic interaction. This would thus
induce only paramagnetism. 2) The separation between the
chains of the polymer must be at the right distance (around
5 A). A smaller distance results in antiferromagnetic coupling,
whereas for further separation, no magnetic exchange coupling
exists.

The ESR spectra (first derivative) of each polymer are shown
in Fig. 3. ESR spectroscopy is a technique for studying materials
with unpaired electrons. At the right combination of frequency
and magnetic field values, the unpaired electrons can switch
between their two spin states (the lower and upper states).
Hence, ESR spectra can be used to detect the existence of
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Fig. 4. Magnetic anisotropic behavior of (a) Teflon and (b) Parafilm
when the applied field is perpendicular or parallel to the cut edge.

unpaired electrons in the materials. The intensity of the signal
depends on the concentration of the unpaired electrons. From
Fig. 3, it is clearly seen that the strongest change in the ESR
spectra occurs between unstretched and stretched natural rub-
ber. However, natural rubber does not exhibit RT-FM due to
its lack of crystallinity. The smallest signals are observed from
PVDF and PP (PP signal is not shown here but very similar to
PVDF signal), and the signals are nearly unchanged between
the stretching states. This is the reason we do not observe
RT-FM in these polymers. As discussed earlier, RT-FM can be
induced in stretched Teflon and Parafilm due to the formation
of carbon dangling bonds; ESR results show strong evidence to
support this. Teflon and Parafilm show changes in ESR signals
between stretching states, indicating the creation of dangling
bonds in the stretched state. In combination with their crys-
tallinity, RT-FM can be induced in these polymers. It should
be noted that ESR signals can always be found in unstretched
polymer. This is because very small pieces of polymers are
needed in the test tube for the ESR measurement. Cutting poly-
mer into small pieces always creates some dangling bonds,
which could be the source of the ESR signals.

In addition, from the above discussion, the created dangling
bonds and their magnetic interactions could be dependent
on the magnetic field direction; in other words, magnetic
anisotropy could be observed. To test this assumption, we

prepared the Teflon tapes (and Parafilm) cut into several small
pieces. In one set, the samples were aligned such that their cut
edges were perpendicular to the magnetic field. In the other
set, the cut edges of the samples were parallel to the field. The
results are shown in Fig. 4. It is obvious that an anisotropic
effect can be observed. In both Teflon and Parafilm cases, the
samples that had their cut edges aligned perpendicularly to the
field exhibited higher magnetization, indicating that the easy
axis is in the direction perpendicular to the cut edges.
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The electronic structures of the undoped and Fe-doped misfit-layered calcium cobaltite are calculated
using the first-principles calculations under DFT + U scheme. The calculated density of states (DOS) of
the undoped sample is in a good agreement with the past theoretical calculation and experiments. The
Fermi level falls at nearly the top of the valence band of the CoO, sublattice. The obtained magnetization
could also very well explain the previous experiments. With Fe doping, two obvious changes in the DOS
can be observed. Firstly, the Fermi energy has shifted to the higher level value and intercepted at the edge
of the valence band where the slope is maximum. This characteristic enhances the thermopower of the
system. The second change is the additional states ~0.1 eV above the Fermi level coming from the states
of Fe atoms. These states are interpreted as a source of charge reservoir providing holes for electrical con-
duction in the CoO, layer. The electronic structures of the Fe-doped case show very good agreement with
the previous thermoelectric measurements. The thermopower, calculated using Boltzmann transport
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theory, is significantly enhanced in the Fe-doped system compared to the undoped one.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric materials can directly convert heat into electric-
ity. Good thermoelectric materials should possess high electrical
conductivity (o), low thermal conductivity (x) and large Seebeck
coefficient (thermopower, S). Thermopower is the ratio between
the generated voltage at both ends of the sample (AV) and the
applied the temperature difference (AT), i.e. S= AV/AT. A dimen-
sionless figure-of-merit (ZT), defined as ZT = S?¢T/x, is generally
used to determine the efficiency of any thermoelectric material.
Conventionally, such properties are optimized in intermetallic
compounds, e.g. Bi;Tes, PbTe or SiGe [ 1]. Oxide materials have been
extensively researched as potential materials for thermoelectric
applications in recent years since a discovery of a large ther-
mopower in NaCo,0, single crystals [2]. Amongst p-type thermo-
electric oxide, calcium cobaltite (Ca3Co409) is one of the most
promising thermoelectric materials. It possesses a combination of
relatively high ¢ and S and low «x, with ZT comparable to conven-
tional materials [3]. Moreover, this material exhibits a number of
interesting properties such as strongly correlated properties [4],
anisotropic magnetic properties [5,6], unconventional Hall effect

* Corresponding author at: Department of Physics, Faculty of Science, Khon Kaen
University, Khon Kaen 40002, Thailand.
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[7], or even giant dielectric behaviour [8]. A number of structural
investigations of this material have been conducted [9-12]. It has
been shown that Ca3Co40q is in fact a simplification of the actual
composition of [Ca;Co03],[Co0,], where n is close to the golden
ratio (1.618). Its structure consists of two sublattices: a rocksalt
(RS)-type CaCo0s3 layer and a CdI,-type CoO, layer, stacking alter-
natively along the c axis. The lattice parameters in the a and c
directions for both layers are equal but are incommensurate in
the b direction.

Transport properties of Ca3Cos09 (CCO) were reported to be
highly anisotropic with the ab-plane ¢ and S much larger than those
in the c-axis direction [5,13]. Such experimental results are believed
to be a result of the in-plane conduction of the CoO, layer which
was confirmed by the XPS study [14]. In spite of a number of suc-
cessful experiments to explain transport and thermoelectric prop-
erties of CCO, very few computational calculations have been
carried out. For electronic structure calculation, there have been
only the works done by Asahi et al. [15], Rebola et al. [16] and Tang
et al. [13]. Asahi et al. carried out the first-principles calculations of
CCO using density functional theory (DFT) and presented the densi-
ties of states (DOS) and the band structure [15]. They also estimated
the thermopower from their calculation using the modified Heikes
formula [17]. However, their calculation contradicted the experi-
mental results because they showed that the thermopower and
transport properties are the contribution from the RS layer. Rebola
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et al. solved this problem by using DFT + U formalism in their calcu-
lation to account for the highly correlated properties of CCO [16].
Their results showed that with DFT + U the DOS has been modified
such that the electron contribution near Fermi level was mostly
limited to the CoO, layer, in an agreement with the experiment
[14]. On the other hand, Tang et al. calculated the band structure
of CCO and explained the anisotropic S as a difference in Fermi sur-
face in each direction [13].

For thermoelectric application, it is important to maximize ZT of
thermoelectric materials. One way to increase the ZT of CCO is to
dope it with other elements. Partial substitution of Co with other
transition metals has been employed to improve thermoelectric
properties [18-26]. Particularly, experimental results showed that
the thermoelectric properties of CCO doped with Fe (CCO-Fe) were
significantly improved [22,23,27]. Unlike other elemental doping,
Fe doping can enhance both ¢ and S simultaneously [22,23,27].
Up to date, there has not been any computational study for the
effect of doping on the electronic structure of CCO. Hence it is
interesting to investigate this CCO-Fe system from the theoretical
and technological points of view. In this article, we present the
results of our study on the DOS of CCO-Fe. The calculated elec-
tronic structures of both CCO and CCO-Fe are discussed in terms
of the transport, thermoelectric and magnetic properties.

2. Computational methods and details

A crystal structure model of CCO was constructed starting with
the data from the experimental values [10]. The lattice parameters
of the monoclinic structure unit cell were a=4.8381A,
by =4.5347 A, c=10.8558 A, = 98.1136°. The misfit ratio of 1.618
between the CoO, layer and the RS layer makes the real unit cell
too large for our computational resource. Instead, we built a rela-
tively small unit cell with the Co0O,/Ca,Co0Os5 ratio of 5/3. The reduc-
tion of the unit cell size was justified based on the work done by
Rebola et al. which showed that the 5/3 approximant was sufficient
in modeling the essential electronic properties of CCO [16]. Further-
more, the aim of this work is to investigate the effect of Fe substitu-
tion for Co on the electronic structure. To limit the concentration of
Fe solute atoms in our model (so that it can be compared with exper-
imental data) the unit cell size of CCO was double in the a direction.
In other words, the formula of our model crystal structure of CCO can
be written as Ca4C03,07¢ or [Ca;C003]12[C00;]20 as shown in Fig. 1.

CoO,

RS

Co or Fe

To investigate the ground state crystal structures, the spin polarized
density functional theory embedded in the Vienna Ab initio Simula-
tion Package (VASP) [28] was carried out. Moreover, the LDA + U
scheme [29,30] withU=5eVandj=1eV|[16]was chosen for all cal-
culations. All Co atoms were set in the ferromagnetic alignment. To
test the ground state of the magnetic moment of Co atoms, the initial
magnetic moment of Co was set to be 1.3 or 4.0 . With the Projec-
tor Augmented Wave (PAW) approach [31], the valence states for all
potentials we used were 3s, 3p and 4s for Ca, 3d and 4s for Co, 3p, 3d
and 4s for Fe, and 2s and 2p for O. The 500 eV of energy cutoff and
12 x 4 x 6 of k-points generated by the Monkhorst-Pack scheme
were employed for both relax and static calculations [32]. During
structural relaxation process, the conjugate-gradient algorithm
was employed to determine the ground state configuration. Force
acting on each ion was calculated by the Hellmann-Feynman
theorem.

To determine the electronic structure of the Fe-doped CCO, we
replaced one Co atom in the RS layer with an Fe atom. In fact, there
are two Co sites in the CCO system, in RS or CoO,. Our previous
works have shown that Fe atoms are preferential to stay in the
RS site [20,33]. This was also confirmed by the other research
group [34]. Thus, we built the model crystal structure of CCO-Fe
as Cap4Cosz:Fe;07¢ or [C32C00.917F€0.08303]12[C002]20 (Flg 1) After
Fe substitution, we re-optimized the structure using the same pro-
cedure. In order to compare the electronic structure of the CCO and
CCO-Fe systems, the same values of U and J (5 and 1 eV, respec-
tively) for the Fe atom were selected. To investigate the most
preferable spin configuration of Fe, the initial magnetic moments
of Fe were set as 1.3 or 4.0 pg. In the present work, the BoltzTraP
code based on semi-classical Boltzmann transport theory was used
for determining the thermoelectric properties of the CCO and CCO-
Fe systems.

3. Results and discussion

We focus this work on the electronic structure of the CCO
structure doped with Fe. In this section, we firstly present our
calculation for the undoped CCO and compared with the previ-
ous investigations. Next, we present the result for the CCO-Fe.
In both sections, the contribution from the electronic structure
to the transport, thermoelectric and magnetic properties is
discussed.

Fig. 1. The model of the unit cell of Cay4C03,076 ([CazC003]12[C003],0) or Caz4Co31Fe1076 ([CazC0op.917F€0.08303]12[C003]20). The green, blue, and red spheres represent Ca, Co,
and O atoms, respectively. The yellow sphere is either Co or Fe. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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3.1. Undoped calcium cobaltite (CCO)

The total DOS together with the partial DOS (PDOS) around the
Fermi level (EF) of the optimized CCO structure is shown in Fig. 2. It
can be obviously seen that the main electronic contribution around
Er is due to a strong hybridization of O 2p and Co 3d orbitals. At
Fermi level, a small but finite DOS in the spin-up channel can be
found whereas there is no DOS in the spin-down channel. The
mentioned features in our calculated DOS are similar to the DFT
+ U calculation by Rebola et al. [16] but different from the DFT cal-
culation by Asahi et al. [15]

To investigate the transport properties from the two sublat-
tices: RS and CoO,, we plot the PDOS in each layer as shown in
Fig. 3. One can see that the electronic structure around Er com-
prises two contribution sources from both RS and CoO, layers.
The finite PDOS of the RS layer at Er is unexpected since the exper-
imental result showed that the major electrical conduction is
mostly limited to the CoO, layer [14]. However, the reason for
the non-zero states in the RS layer was explained by Rebola et al.
[16]. They investigated the effect of unit cell size dependence on
the electronic structure. It was shown that the spin-up states at
Er in the RS layer were strongly dependent on the unit cell size.
They found that using Co0,/Ca,Co0s ratio of 8/5 approximant
resulted in the largest PDOS at Er in the RS layer. In our calculation,
we used the supercell which is the double size of the 5/3 approx-
imant, making the cell size very close to the 8/5 approximant unit
cell in Rebola et al. [16]. Thus, it was actually not surprised to find
the states at Er in the RS layer. Since it is really the artifact of the
cell size dependence, we can neglect the spin-up states near Er in
the RS layer and reasonably assume that the electrical transport
is limited to the CoO, layer as suggested by the experimental evi-
dence [14].

Therefore, we focus on the DOS of CoO, and plot the PDOS as
shown in Fig. 3. The states in the s orbital are essentially zero in
both spin channels. The p and d states are found in both spin chan-
nels but at Er only states for spin-up electrons exist. It is indicated
that the contributing electrons at Er are the p—d orbital hybridiza-
tion. The Fermi level falls closely into the valley between the two

200

peaks at —0.02 eV and +0.14 eV. Qualitatively, this would result
in a relatively low ¢ since the maximum conductivity can be found
when the Er is located at the peak position. Furthermore, this fea-
ture in the PDOS would also suppress the thermopower. According
to the semiclassical Boltzmann transport equation, the S can be cal-
culated from [13]

3e OE (1)

s m2k;T {aln a]
E=E,
where e and kg are an electron charge and Boltzmann constant. The
Seebeck coefficient is maximized when Ef lies close to the band
edge in a narrow band where the slope of the DOS is the highest.
In our calculation, the Er is nearly at the valley between the two
peaks. This characteristic is not an optimized condition for good
thermoelectric properties. As can be seen in the subsequent section
when doping Fe into the system, the structure of DOS has changed
and leads to the improvement in the thermoelectric characteristic.
Angular momentum projections of the Co d orbitals PDOS in the
Co0; layer are shown in Fig. 4. All spin-up and spin-down channels
are fully filled in the t,; bands except in the dy, orbital where small
empty states in the spin-up channel can be seen. In the e, band, the
spin-down states are completely filled but the spin-up states are
almost completely filled. The Fermi falls nearly at the valley near
the band edge of the spin-up e, band. It is well known that the
Co ions in the Co0O, layer are a combination of Co** and Co**. The
results here show that the energy of the t,; and e; bands are very
similar, and both bands are a contribution from a mixture of Co>*
and Co*" ions. Furthermore, it can be inferred that both Co®" and
Co* ions are in their low spin configurations. The low spin states
of Co®" and Co*" ions were verified by using X-ray absorption
[35] and X-ray photoemission [36]. Therefore, although our projec-
tions of the d states of the CoO, sublattice are somewhat different
from the earlier simulation done by Rebola et al. [16], it can give a
better picture of the electronic structure of the CoO, subsystem.
The calculated magnetic moments are reported in Table 1. As
mentioned earlier, we set our initial configuration to be ferromag-
netic for all Co atoms. As shown in Table 1, for CCO, the final

i
100 - } Total
0 MWWMMMWM

|
|
-1007WWWWW }

-200 f i

50

| ;
| T

0

-50

T ) T

Density of States (states/eV)

SZ WMWVMMM\ sz

50

| . .
! ‘ >d

0

4 2

0
-E,(eV)

W

Fig. 2. Total DOS and PDOS in the sum of s, p, d orbitals of the CCO system. Black and red lines represent the spin-up and spin-down channels, respectively. The Fermi level is
shown with the blue vertical dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



P. Srepusharawoot et al./ Computational Materials Science 114 (2016) 64-71

RS

[
MMM Co0,

Wi

N

2 |

8 |

8 |

R [

% 60 ! 2s-Co0,

s 1

H 0 i

[ |

S -60 !

2 |

£ 60 ! £p-Co0:

A 0 WNWWMM ,,\/\,M

-60 !

! ' 3d-Co0,
|

iy

Fig. 3. PDOS of CCO in the RS and CoO, subsystems, and the sum of s, p, d, orbitals in the CoO, layer.

dxy

Density of States (states/eV)
f=)

E-E,(eV)

Fig. 4. PDOS projected into angular momentum resolved d orbitals in the CoO, layer of CCO.

Table 1
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Initial magnetic moments (}t5) of Co and Fe atoms and the averaged magnetic moments (}t) in the RS and CoO, sublattice and the total moments for the CCO and CCO-Fe systems.
The relative total energies AE for the CCO and CCO-Fe systems having different initial magnetic moments are also included.

System Initial moment Maye AE (eV)
Co atom Fe atom RS Co0, Total
cco 1.3 - 2.75 -0.13 1.31 0.0
4.0 - 2.78 1.10 1.94 +6.85
CCO-Fe 1.3 13 2.89 0.19 1.54 0.0
1.3 4.0 2.87 0.08 1.48 +0.76

magnetic moments are significantly different when changing the
initial value from 1.3 to 4.0 pg. The initial magnetization of 4.0 g
resulted in the ferromagnetic configuration both the RS and CoO,
sublattice. On the other hand, for the initial magnetization of

1.3 g, the ferromagnetism arises from the RS sublattice only
whereas the moments of Co atoms in the CoO, are diminished.
The calculated result for the initial magnetization of 1.3 pg is in
an excellent agreement with the earlier calculation [16]. To further
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confirm the interpretation, the total energy of the two systems
having different initial magnetic moment (1.3 and 4.0 ) was cal-
culated. As shown in Table 1., the total energy of the system with
the 1.3 pp is lower than the other system by 6.85 eV, indicating
that this system is the ground state. The DOS and PDOS shown in
Figs. 2-4 are from the 1.3 p initial condition.

3.2. Fe-doped calcium cobaltite (CCO-Fe)

The total DOS and PDOS in s, p, d orbitals of CCO-Fe are pre-
sented in Fig. 5. Several features of the DOS of the Fe-doped sample
do not change from the undoped sample. For instance, there are
only spin-up electrons at the Fermi level; Ef falls in the band gap
of the spin-down electrons. Furthermore, the conduction electrons
near Fermi level are the p-d electrons hybridization from the O 2p,
Co (and Fe) 3p and 3d electrons. However, doping Fe has changed a
few important characteristic of the band structure. Firstly, the
Fermi energy has shifted to the higher level such that now the Er
falls right at the edge of the valence band where the derivative of
the DOS is maximized. As discussed earlier, this is the ideal DOS
structure for a good thermoelectric material. According to Eq. (1),
this characteristic would enhance the Seebeck coefficient. This is
the reason of the improvement in the S for the Fe-doped CCO sam-
ple as observed in the experiments [22,23,27]. However, it should
be noted that the position of Er is very sensitive to the amount of
doping, microstructure or other defects in the structure. Although
our theoretical work has predicted an improvement of the ther-
mopower for Fe doping, it is possible to observe a slightly decrease
in S in the experiments due to other external factors [20].

Another important change is that in the spin-up channel above
Er, there are additional states at ~0.1 to 0.4 eV which is not pre-
sented in the CCO case. Such states are attributed to the substi-
tuted Fe atoms in the RS layer. The presence of these states has
an important impact such that the band gap between the valance
and conduction bands in the spin-up channel is significantly
reduced from ~1.9 eV (Fig. 2) to ~0.1 eV. Although the states at
Er of CCO-Fe are nearly vanished and one would think that the
electrical conductivity should be reduced, it can be argued that it
may not be the case. At 0K, it is generally accepted that there
should not be electrons above the Fermi level. However, as the
temperature rises, certain numbers of valence electrons gain

sufficient energy to jump from the valence band to the conduction
band. The electron distribution as a function of energy (E) and tem-
perature follows the Fermi-Diract distribution:

1
1+exp (E EF)

Above 0 K, the maximum f is 0.5 at E = Er. For the case of CCO-
Fe, this material is usually operated at high temperature up to
1000 K. Putting in the values of T=1000 K and E-Er=0.1 eV (the
band gap), the frvalue is calculated to be around 0.24 meaning that
it can be over 20% of electrons in the conduction band of the CCO-
Fe. As electrons jump into the conduction band, the holes are cre-
ated in the valence band, contributing to the transport properties.
Therefore, the discussion here demonstrates a possibility that the
electrical conductivity of CCO-Fe may not be suppressed and can
even be enhanced, particularly at high temperature, as demon-
strated in the experiments [20,23,27]. Moreover, as mentioned ear-
lier that the Fermi level is very sensitive to many factors, the real Ex
in the experiments can vary from one sample to the other. The
lower shift of the Fermi level from these variations can also con-
tribute to the enhanced transport properties. It should be noted
that the spin-down electrons cannot take part in the transport
properties even though the band gap in the spin-down channel
of CCO-Fe is significantly reduced compared to CCO. The band
gap in the spin-down channel is still around 0.5 eV which makes
the probability of only 0.3% for spin-down electron hopping from
the valence band to the conduction band. It is two orders of mag-
nitude lower than the spin-up electrons.

To further understand the effect of Fe doping on the electronic
structure of the CCO-Fe, Fig. 6 shows a plot of PDOS in the CoO,
and RS sublattices. It is obvious from the figure that the additional
conduction band in the spin-up channel (~0.1 to 0.4 eV above Ef)
are mostly due to the RS layer. This is because the Fe atom is sub-
stituted for the Co atom in the RS layer. The details of electronic
structure in the RS sublattice are also shown in Fig. 6. It can be seen
that the main contribution of the conduction band is from the p
and d orbital states whereas the s orbitals are negligible. This addi-
tional spin-up conduction band is most likely from 3d and 4p orbi-
tal hybridization.
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Fig. 5. Total DOS and PDOS in the sum of s, p, d orbitals of the CCO-Fe system.
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Fig. 7. PDOS projected into angular momentum resolved p and d orbitals in the RS layer of CCO-Fe.

A generally accepted picture of the electronic transport in the
CCO system is that the conduction is limited in the CoO, layer
and the RS layer acts as a charge reservoir providing carriers as
needed [5,11,14]. Indeed, there is a direct observation of the charge
transfer between the RS and CoO, layers [37]. This supports the
idea that, for the p-type semiconducting CCO, holes are transferred
from the RS layer to the CoO, layer and make contribution to elec-
tronic conduction. Our calculation has shown that the addition of
Fe atoms generate an intermediate band with a small gap of only
~0.1 eV. This band would act as a hole source and enhance the hole
concentration of the system, particularly at high temperature. The
experimental results support this idea because the Hall measure-
ment showed that the hole concentration increased for the Fe-
doped CCO sample [20,23].

The angular momentum projections of the p and d orbitals in
the RS layer of CCO-Fe are shown in Fig. 7. It can be clearly seen
that the extra spin-up states in the conduction band is the combi-
nation of p and d orbitals. For the p orbital electrons, the states are
equally divided among the projection in x, y and z direction
whereas it is mainly due to ds/.2 for the d orbital electrons. On
the other hand, the angular momentum projections of the d orbitals
PDOS in the CoO, layer are shown in Fig. 8. When compared to the
undoped CCO (Fig. 4), the main features are very similar except
the shift of Er to the higher level. This shift causes the Fermi level
to be above the ty, band in both spin channels and be right at the
edge of the spin-up e, band. For the undoped CCO, we have dis-
cussed earlier that the configuration of the d band in the CoO, sub-
lattice is a result of the combination of Co®*" and Co*". The shift to the
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Fig. 8. PDOS projected into angular momentum resolved d orbitals in the CoO, layer of CCO-Fe.

higher level of Ef, particularly for the eg; band, would lead to the
reduction of Co** ions. Theoretically, the thermopower of the CoO,
compound family (NaCo,04, CazCos0g, etc.) at the high-
temperature limit has been estimated within the framework of the
Heikes formula [17]:

ks g X
5*_?1“(5414) (3)

where g3, g, are the degeneracies of Co>* and Co**, and x is the con-
centration of Co®*. For the low-spin degeneracy of Co>", the ther-
mopower is inversely proportional to the concentration of Co*".
Our calculated results have shown that concentration of Co*" is
reduced up on doping Fe solute. This is, therefore, another implica-
tion for the increase of S in the Fe-doped sample. In fact, there have
been a number of experimental works which explain the variation
of S with doping in the CCO systems based on Eq. (3) [38-40].

The calculated magnetic moments of CCO-Fe are shown in
Table 1. As explained in the experimental section, we test the effect
of the initial magnetic moment of Fe. The result shows that for the
1.3 pp, the final magnetic moment are converged at the value of
2.89 up in the RS layer, and —0.19 pg in the CoO, layer, and the
magnetic moment of the Fe atom is converged at 3.25 . In the
case of 4.0 ug initial moments, the final magnetic moments are
very similar with the values in the RS and CoO, sublattices as
2.87 ppg and —0.08 pig, respectively, and the final magnetic moment
of the Fe atom is 3.44 pg. It can be seen that the results from both
initial magnetic moments of Fe do not have much influence on the
final state, i.e. both cases show very similar final value. This might
be due to the low concentration of the Fe solute atom in the model
(1 Fe atom in total 132 atoms). The total energy of the two systems
having different initial magnetic moment of Fe is shown in Table 1.
It can be seen that the total energy of the system with the intitial
moment of 1.3 pg is lower than the other system by just 0.76 eV,
indicating that the initial condition for the magnetic moment of
Fe atom is not as important as in the case of the Co atoms. Anyhow,
the DOS and PDOS shown in Figs. 2-4 are calculated from the ener-
getically lower state, i.e. the 1.3 pp initial condition.

Fig. 9 shows the electron density map in the ac plane of the
CCO-Fe. It can be clearly seen that the electron concentration is
localized in each layer. There is a clear gap of the electron density
between the RS and the CoO, layers. That means that even with Fe
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Fig. 10. Comparison of the calculated thermopower between the undoped and Fe-
doped systems.



P. Srepusharawoot et al./ Computational Materials Science 114 (2016) 64-71 71

doping, the electronic transport is still confined to each sublattice.
The CoO, layer is the conduction path for holes transport whereas
the RS layer is the source for supplying holes.

To quantitatively compare the values of thermopower from the
calculated electronic structure of the two systems, the Botztrap
package based on semi-classical Boltzmann transport theory was
employed and the result is shown in Fig. 10. It is clearly seen that
the thermopower of the Fe-doped system is significantly higher
than the undoped one. The bottom panel of Fig. 10 shows the ratio
of Scco-re/Scco for which the value is nearly 4 times at temperature
above 200 K. The increase of the Seebeck coefficient in the Fe-
doped system from our calculation is supported by the experi-
ments with comparable magnitude (of the order of 10~ V/K) at
the high temperature limit [22,23,27].

4. Conclusion

In this work, we have used the DFT + U calculation to determine
the electronic structure of CCO and CCO-Fe. For the CCO case, the
main contribution near Er is from the p-d orbital of the CoO, layer.
The Fermi level falls into the valley of the valence band. In the CoO,
sublattice, Co®" has a low spin state configuration whereas Co**
shows a mixed spin state. Most of the main feature of the DOS is
very similar to the previous report [16], except for the d-states pro-
jection. For the CCO-Fe case, the main differences from CCO are (1)
the shift of Er to the higher level, and (2) the additional states
~0.1 eV above Er in the RS sublattice. The former effect has an
implication on the thermopower. When the Ef is right at the edge
of the band where the slope is high, it enhances the thermopower.
Furthermore, the projection of d orbital in the CoO, layer shows
the reduction in Co** ions when the E is relatively higher. The
reduction in Co**, according to the Heikes formula, would lead to
the increase in S. The latter effect is interpreted as the intermediate
state which acts as the hole source. The holes could be transferred
from the RS layer and be electrically conductive in the CoO, layer.
In conclusion, our theoretical work has shown an improvement in
the thermoelectric properties for CCO-Fe which is reasonably
agreed with the past experiments.
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