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Interaction between superconducting and ferromagnetic order parameters
in graphite-sulfur composites
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The superconductivity of graphite-sulfur composites is highly anisotropic and associated with the graphite
planes. The superconducting state coexists with the ferromagnetism of pure graphite, and a continuous cross-
over from superconducting to ferromagneticlike behavior could be achieved by increasing the magnetic field or
the temperature. The angular dependence of the magnetic momentm(a) provides evidence for an interaction
between the ferromagnetic and the superconducting order parameters.
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Recently considerable interest in graphite and rela
materials1–17 has been triggered by the observation
ferromagnetic-~FM-! and superconducting-~SC-! like mag-
netization hysteresis loopsM (H) in highly oriented pyrolitic
graphite~HOPG! samples even at room temperature.18 The
occurrence of high temperature ferromagnetism has bee
ported for extraterrestrial graphite,9 proton-irradiated
graphite,16 and various carbon-based materials consisting
curved graphitelike sheets.5,7,12,15Whereas there is no gen
eral consent regarding its origin,1,2,6,13,14,17the so far accu-
mulated experimental evidences indicate that a structural
order, topological defects, as well as adsorbed foreign at
can be responsible for the occurrence of both ferromagn
and superconducting patches in graphitic structures. In
ticular, it has been demonstrated that sulfur adsorption
duces SC~Refs. 3, 4, 10! in graphite within some sort o
‘‘grains’’ or domains.3,10 It has been also demonstrated th
the SC in graphite-sulfur~C-S! composites is highly aniso
tropic and associated with the graphite planes.10 The SC do-
mains coexist with the FM of pure graphite, and a continuo
crossover from SC to FM-like behavior could be achieved
increasing either the applied magnetic fieldH or the tem-
peratureT.10 An interplay between SC and FM order param
eters has been theoretically analyzed for both graphite1 and
C-S composites.11 However, little is known on this issue
from the experimental side.

Here we focus our attention on the highly anisotropic n
ture of the SC state of the C-S composites, which was
plored by means of the angular dependence of the sam
magnetic momentm(a,T,H), wherea is the angle between
the applied magnetic fieldH and the largest sample surfac
The main conclusion of this work is that SC and FM ord
parameters interact in such a way that the FM componen
m(a,T,H) is rotated by 90° below the SC transition tem
peratureTc(H).

The graphite-sulfur sample studied in this work was th
oughly characterized in Ref. 10. In summary, the C-S sam
was prepared using graphite rods from carbon of Ame
Ultra Carbon, AGKSP grade, ultra ‘‘F’’ purity~99.9995%!
~Alfa-Aesar, No. 40766! and sulfur chunks from American
Smelting and Refining, Co. that are spectrographically p
0163-1829/2004/69~13!/134519~5!/$22.50 69 1345
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(99.9991 %!. A pressed pellet (f56 mm,;7000 lbf) of
graphite was prepared by pressing graphite powder that
produced by cutting and grinding the graphite rod on
edge and side area of a new and clean circular diamond
blade. The graphite pellet was encapsulated with su
chunks~mass ratio;1:1) in a quartz tube under 1/2 atmo
sphere of argon and heat treated in a tube furnace at 40
for one hour and then slowly cooled (4 °C/h) to room tem-
perature. Following this recipe a reasonable reproducibi
(;75%) was reached. X-ray diffraction measurements~u-2u
geometry and rocking curves! of the reacted sample yielde
a spectrum with only the superposition of the (00l ) diffrac-
tion peaks of graphite with the orthorhombic peaks of sul
with no extra peak due to a compound, second phase
impurity. The c-axis lattice parameter (c56.72 Å) of the
sample is equal to the pristine graphite powder pellet, wh
precludes sulfur intercalation. The diffraction pattern a
shows a strong (00l ) preferred orientation, which was con
firmed by rocking curve scans that yield aDu56° @full
width at half maximum~FWHM!# for the ~002! peak, due to
the highly anisotropic~platelike! shape of the graphite
grains. The sample (;532.531.7 mm3) was cut from the
reacted pellet and used for the magnetic moment meas
ments as well as the above described analyses. The mag
momentm(a,T,H) was measured using a SQUID magne
meter ~MPMS5, Quantum Design!. All the magnetic mo-
ments presented here were normalized to the sample m
The angular dependence of the magnetic moment of
sample was measured with the MPMS5 magnetometer w
a horizontal sample rotator insert~Quantum Design! was
placed in the regular sample holder space and controlled
the QD CPU board special EPROM~S3! rotational transport
software. The rotator has a substrate capable of rotating 3
around the horizontal axis, and the largest surface of
sample was glued on this substrate with Duco cement in s
a way that the graphitec axis can rotate around the substra
horizontal axis while the applied magnetic field is alwa
vertical and perpendicular to the rotator axis. The measu
ments were performed with a step of 10°. The backgrou
signal of the rotator without a sample but with Duco ceme
is paramagnetic with a susceptibilityxb;3.631028
©2004 The American Physical Society19-1
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emu/Oe. This value is at least one order of magnitu
smaller than our sample signal. All the dc magnetic mom
measurements were made using a scan length of 1.5 cm

The SC characteristics of our C-S sample were descr
in detail in Ref. 10. Shown in Fig. 1~a! is the temperature
dependence of the ZFC~zero field cooled! magnetic moment
m(T) after subtraction of the magnetic moment measure
T510 K, m(10 K); i.e., in the normal state, for several ma
netic fields applied perpendicular to the largest surface of
sample (Hic). ZFC measurements were made on heat
after the sample was cooled in zero applied field to low te
peratures and the desired magnetic field was applied. F
Fig. 1~a! it can be seen that the SC transition temperat
Tc59 K and that the SC signalum(T) –m(10 K)u, increases
below this temperature. Them(T) measurements with th
applied magnetic field parallel to the main sample surf
(Hia) yield a completely different magnetic response. F
ure 1~b! shows the temperature dependence of the magn
momentm(T) measured by ZFC for various applied field
as indicated in the figure, whenHia. No sign of a SC tran-
sition could be detected within the data noise of;5
31026 emu/g and the range of temperatures measu
down to 2.0 K@not shown in Fig. 1~b!#. Note that the scale
ranges in Figs. 1~b! and 1~a! are almost the same. Thes
results indicate that the SC state is highly anisotropic an
associated with the graphite planes. Figure 2 shows the

FIG. 1. ~a! Temperature dependences of the SC diamagn
moment measured by zero-field-cooling after subtraction of the
mal magnetic moment at 10 K,m ~10 K!, at various fields:~m!,
H510 Oe; ~.!, H530 Oe; ~s!, H550 Oe; ~L!, H570 Oe; ~s!,
H5100 Oe; ~,!, H5150 Oe; ~s!, H5300 Oe, with Hic. ~b!
Temperature dependences of the magnetic moment measure
zero-field-cooling withHia and at different magnetic fields, as in
dicated in oersteds next to each curve.
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teresis loopsm(H) –m0(H) measured with the ZFC proce
dure (Hic) for T57, 8, 9 and 10 K, after subtraction of th
diamagnetic background signalm05xH, wherex527.12
31026 emu g21 Oe21 for all these measured temperatur
~for more details see Ref. 10!. Figure 2~a! shows a charac-
teristic type-II SC hysteresis loop atT57 K. As the tempera-
ture increases aboveTc59 K, the hysteresis loops resemb
those of FM materials@Fig. 2~c!#. For temperatures at an
just belowTc , the presence of both SC and FM contributio
to the measured signal can be seen@Figs. 2~b!, 2~c!#.

In other words, the results presented in Fig. 2 prov
evidence for the coexistence of SC and FM in the C-S
similar conclusion has been drawn in Ref. 10 based on
isothermal m(H) measurements atT,Tc throughout a
broader field range.

Again, for them(H) measurements with the applied ma
netic field parallel to the graphite planes (Hia), a different
magnetic response is obtained. Figures 3~a!–3~c! show the
ZFC magnetic moment hysteresis loopsm(H) for T55, 7,
and 9 K after subtraction of the linear diamagnetic ba
ground signal@m05xH, where x(5 K)5x(7 K)5x(9 K)
522.2531026 emu g21 Oe21] ~for details, see Ref. 10!.
From these plots@Figs. 3~a!–3~c!#, three almost identica

ic
r-

by
FIG. 2. Zero-field-cooled magnetic moment hysteresis loo

m(H), after the subtraction of the diamagnetic background sig
(m05xH, wherex527.1231026 emu g21 Oe21), with Hic and
for ~a! T57 K, ~b! T58 K, ~c! T59 K and ~d! T510 K. For de-
tails see text.
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FM-like hysteresis loops, obtained both below and abo
Tc , are clearly seen.

These hysteresis loops are typical of FM materials and
similar to those observed before18 in HOPG graphite
samples. The FM behavior of both HOPG and C-S pers
well above room temperature.10,18 At the same time, no no
ticeable change or anomaly was observed in the hyste
loops around 9 K (Hia). Thus, our samples show a FM-lik
behavior for all temperatures below the Curie temperatu
(;750 K) ~Ref. 10! in both Hia and Hic field configura-
tions, and forT,Tc(H) and low fields, the FM coexists with
a SC state.

We also studied in detail the angular dependence of
magnetic momentm(a) of our sample in both SC and no
mal states for magnetic fields up to 5000 Oe, using the h
zontal sample rotator insert~Quantum Design!. The main
results are summarized in Figs. 4~a!–4~f! in which are shown
the angular dependence of the magnetic moment betw
0°<a<360° for different applied magnetic fields~as indi-
cated in each figure! when the sample is in the SC state~m,
T55 K) and the normal state~j, T512 K). These measure
ments were made by initially zero field cooling~ZFC! the
sample to 5 K~or 12 K! with a50° (Hia).

The anglea given here is the value determined by the Q
software and depends only of the initial position. We alwa
tried to align the initial position (a50°) of the sample as

FIG. 3. Zero-field-cooled hysteresis loopsm(H), after the sub-
traction of the diamagnetic background signal (m05xH, wherex
522.2531026 emu g21 Oe21), with Hia and for~a! T55 K, ~b!
T57 K and ~c! T59 K. For details see text.
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close as possible so that the magnetic field is parallel to
largest surfaces (Hia). The magnetic moments were me
sured with increasing and decreasinga from 0° to 360° and
back in steps of 10° forH530 Oe. Then the magnetic fiel
was raised toH550 Oe andm(a) measured again and so o
until H55000 Oe. Figure 4~a! shows the angular depen
dences of the magnetic momentm(a) in both the SC state
(T55 K) and the normal state (T512 K) whenH530 Oe.
For T55 K the magnetic moments measured with increas
~m! and decreasing~.! a are also shown, demonstrating th
reversibility of m(a). In the other figures only the measur
ments with increasinga are presented. The applied magne
field direction is shown in Fig. 4~a!. At the top of Fig. 4~a!,
we also show schematically the sample cross section or
tation with respect to the magnetic field fora values of;0°
(Hia), 90° (Hic), 180° (Hia), 270° (Hic), and 360°
(Hia); these same sample/field configurations are valid
the other figures@Figs. 4~b!–4~f!#.

Several new and interesting observations can be m
from these measurements. From Fig. 4~a!, it can be seen tha
m(a);sina for T512 K and m(a);sin(a190°)5cosa
for T55 K. These oscillatory behaviors imply that the ma
netic response of the sample can vary from paramagnetic~or
ferromagnetic! to diamagnetic depending simply on th
sample/field configuration used during the measurement.
m(a,T,H) behavior of this graphite-sulfur sample in th
normal stateT512 K is essentially the same as found in pu
HOPG graphite samples, which will be reported elsewher19

The m(a) dependence forT55 K of Fig. 4~a! suggests that
the paramagnetic~or ferromagnetic! m(H,T,a) is confined
to the graphite planes~or parallel to the largest surfaces o
the sample! and rotates with the sample in the applied fie
For T512 K ~i.e., in the normal state!, the magnetic momen
is also paramagnetic~or ferromagnetic! but is perpendicular
to the graphite planes (90° out of phase as compared to
measurements performed atT55 K) and also rotates with
the sample. We have shown before that this sample exh
superconducting behavior forT55 K (T,Tc). It should be
noted, however, that atH530 Oe andT55 K the SC dia-
magnetic signal is only;10% @see Fig. 1~a!# of the mag-
netic moment values of Fig. 4~a!. Thus, at 5 K the SC signa
is masked by a larger FM moment. Also, the ‘‘diamagneti
signals observed in the normal state forHic and Hia10 as
shown in Fig. 1~b! (Hia), are, in fact, a result of the supe
position of the FM moment pointing against the appli
magnetic field and/or when 180°<a<340° in Fig. 4~a! (T
512 K). As the magnetic field is increased, at bothT55 K
and 12 K,m(a) begins to change behavior forH of the order
of 100–300 Oe@see Figs. 4~c! and 4~d!#. For high fields such
as H51000 Oe@Fig. 4~e!# and higher@H55000 Oe, Fig.
4~f!# the two magnetic moment dependences tend to alm
identical behavior and scale asm(a)}sin 2a ~a function that
repeats itself every 180°). These are due to the Landau
magnetism associated with the graphite planes20 that begin to
dominate at these high magnetic fields. The results of F
4~a!–4~f! show that at low fields,m(a)}sina ~or sina
190°) and, as the magnetic field increases, it change
m(a)}sin 2a. Thus, a function of the form
9-3
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FIG. 4. Angular dependences of the magne
momentm(a) between 0° and 360° in the SC
state @T55 K ~m!# and in the normal state@T
512 K ~j!# at various magnetic fields:~a! H
530 Oe; ~b! H550 Oe; ~c! H5100 Oe; ~d! H
5300 Oe; ~e! H51000 Oe; ~f! H55000 Oe.
The applied magnetic field direction is shown
all figures @~a!–~f!#. At the top of ~a! is also
shown schematically the sample cross section
sition in relation to the magnetic field fora val-
ues of ;0° (Hia), 90° (Hic), 180° (Hia),
270° (Hic) and 360° (Hia), these same sample
field configurations are valid for the other figure
@~b!–~f!#.
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E-
m~a!5m01Aa sin~a1fa!1A2a sin~2a1f2a! ~1!

should describe all types ofm(a,H,T) behavior. The con-
tinuous lines through the experimental data of Figs. 4~a!–
4~f! are fits with this function~1!, which also describes wel
the m(a,H,T) dependences of pure HOPG samples.19

It is reasonable to assume that the main cause of the
ferentm(a) behaviors betweenT55 and 12 K at low fields
originates from the occurrence of SC below 9 K. In spite
the fact that total SC signal is rather weak,10 the experimen-
tal results presented in this paper provide evidence for
B
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.
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interaction between SC and FM order parameters turning
FM moment direction by 90° and confining it in the graph
planes. One may speculate on the appearance atT,Tc of
spin-polarized currents associated with spin-triplet SC.1,11 In
this case, these currents would exert a torque on the pr
isting FM moment, leading to its rotation.21,22 Certainly, fu-
ture work is needed to examine this conjecture.
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