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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 mamiehtprovides evidence for an interaction
between the ferromagnetic and the superconducting order parameters.
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Recently considerable interest in graphite and relateg99.999+ %). A pressed pellet 6=6 mm,~7000 Ibf) of
materlalé‘”_ has been triggered by the observation ofgraphite was prepared by pressing graphite powder that was
ferromagnetic{FM-) and superconductingSC,) like mag-  produced by cutting and grinding the graphite rod on the
netization hysteresis loopd (H) in highly oriented pyrolitic  edge and side area of a new and clean circular diamond saw
graphite(HOPG samples even at room temperattif@he  plade. The graphite pellet was encapsulated with sulfur
occurrence of high temperature ferromagnetism has been rehunks(mass ratie-1:1) in aquartz tube under 1/2 atmo-
ported for extraterrestrial graphite, proton-irradiated  sphere of argon and heat treated in a tube furnace at 400°C
graphite!® and various carbon-based materials consisting ofor one hour and then slowly cooled (€fh) to room tem-
curved graphitelike _she_e?§:12j15Whereas there is no gen- perature. Following this recipe a reasonable reproducibility
eral consent regarding its oright;>***the so far accu- (~75%) was reached. X-ray diffraction measuremesag
mulated experimental evidences indicate that a structural di?jeometry and rocking curvesf the reacted sample yielded
order, topological defects, as well as adsorbed foreign atomg spectrum with only the superposition of the (0diffrac-
can be responsible for the occurrence of both ferromagnetig,, peaks of graphite with the orthorhombic peaks of sulfur
and superconducting patches in graphitic structures. In pafgith no extra peak due to a compound, second phase or
ticular, it has been demonstrated that sulfur adsorption i”'rmpurity. The c-axis lattice parameter €6.72 A) of the
duces SC(Refs. 3, 4, 10 in graphite within some sort of sample is equal to the pristine graphite powder pellet, which
“grains” or domains®*° It has been also demonstrated thatprecludes sulfur intercalation. The diffraction pattern also
the SC in graphite-sulfufC-S) composites is highly aniso- shows a strong (0 preferred orientation, which was con-
tropic and associated with the graphite platfeBhe SC do-  firmed by rocking curve scans that yield 26=6° [full
mains coexist with the FM of pure graphite, and a continuousvidth at half maximum(FWHM)] for the (002 peak, due to
crossover from SC to FM-like behavior could be achieved bythe highly anisotropic(platelike shape of the graphite
increasing either the applied magnetic figddor the tem-  grains. The sample~5x2.5X 1.7 mn?) was cut from the
peratureT.'° An interplay between SC and FM order param- reacted pellet and used for the magnetic moment measure-
eters has been theoretically analyzed for both graphitel  ments as well as the above described analyses. The magnetic
C-S compositest However, little is known on this issue momentm(«,T,H) was measured using a SQUID magneto-
from the experimental side. meter (MPMS5, Quantum Design All the magnetic mo-

Here we focus our attention on the highly anisotropic na-ments presented here were normalized to the sample mass.
ture of the SC state of the C-S composites, which was exThe angular dependence of the magnetic moment of the
plored by means of the angular dependence of the sampkample was measured with the MPMS5 magnetometer where
magnetic momenin(«, T,H), wherea is the angle between a horizontal sample rotator insefQuantum Designwas
the applied magnetic fieldl and the largest sample surface. placed in the regular sample holder space and controlled by
The main conclusion of this work is that SC and FM orderthe QD CPU board special EPRO(83) rotational transport
parameters interact in such a way that the FM component afoftware. The rotator has a substrate capable of rotating 360°
m(«,T,H) is rotated by 90° below the SC transition tem- around the horizontal axis, and the largest surface of the
peratureT(H). sample was glued on this substrate with Duco cement in such

The graphite-sulfur sample studied in this work was thor-a way that the graphite axis can rotate around the substrate
oughly characterized in Ref. 10. In summary, the C-S sampléorizontal axis while the applied magnetic field is always
was prepared using graphite rods from carbon of Americavertical and perpendicular to the rotator axis. The measure-
Ultra Carbon, AGKSP grade, ultra “F” purity99.9995%  ments were performed with a step of 10°. The background
(Alfa-Aesar, No. 4076Band sulfur chunks from American signal of the rotator without a sample but with Duco cement
Smelting and Refining, Co. that are spectrographically purés paramagnetic with a susceptibilityy,~3.6x 1078
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FIG. 1. (8 Temperature dependences of the SC diamagnetic? 0.00002 |- (4 Wﬁ?‘ﬁ‘&ﬁfﬁ” i
moment measured by zero-field-cooling after subtraction of the nor- &€ f ) | . ¥ | | |
mal magnetic moment at 10 Kn (10 K), at various fields(A), 500 400 200 O 200 400 600
H=10 Oe; (%), H=30 Oe;(O), H=50 0¢; (¢ ), H=70 Oe;(O),

H=100 Oe; (V), H=150 Oe; (O), H=300 Oe, withHlic. (b) H (Ce)

Temperature dependences of the magnetic moment measured by
zero-field-cooling withHlla and at different magnetic fields, as in-
dicated in oersteds next to each curve.

FIG. 2. Zero-field-cooled magnetic moment hysteresis loops
m(H), after the subtraction of the diamagnetic background signal
(mo=xH, wherexy=—7.12x10"% emug * Oe 1), with Hllc and
for (@ T=7K, (b) T=8K, (c) T=9K and(d) T=10 K. For de-

emu/Oe. This value is at least one order of magnitudéalIIS see text.

smaller than our sample signal. All the dc magnetic moment
measurements were made using a scan length of 1.5 cm.

The SC characteristics of our C-S sample were describetgresis loopsn(H)—-my(H) measured with the ZFC proce-
in detail in Ref. 10. Shown in Fig. (&) is the temperature dure Hllc) for T=7, 8, 9 and 10 K, after subtraction of the
dependence of the ZF@ero field cooleimagnetic moment diamagnetic background signaly= yH, wherey=—7.12
m(T) after subtraction of the magnetic moment measured ak 10 ® emug 1 Oe ! for all these measured temperatures
T=10K, m(10 K); i.e., in the normal state, for several mag- (for more details see Ref. LOFigure Za) shows a charac-
netic fields applied perpendicular to the largest surface of thieristic type-11 SC hysteresis loop &t=7 K. As the tempera-
sample Hllc). ZFC measurements were made on heatingure increases abovE.=9 K, the hysteresis loops resemble
after the sample was cooled in zero applied field to low temthose of FM material$Fig. 2(c)]. For temperatures at and
peratures and the desired magnetic field was applied. Frofust belowT,, the presence of both SC and FM contributions
Fig. 1(a) it can be seen that the SC transition temperatureéo the measured signal can be s¢Eigs. 2b), 2(c)].

T.=9 K and that the SC signam(T)—-m(10 K)|, increases In other words, the results presented in Fig. 2 provide
below this temperature. Thea(T) measurements with the evidence for the coexistence of SC and FM in the C-S. A
applied magnetic field parallel to the main sample surfacesimilar conclusion has been drawn in Ref. 10 based on the
(Hlla) yield a completely different magnetic response. Fig-isothermal m(H) measurements af <T. throughout a
ure 1(b) shows the temperature dependence of the magnetieroader field range.

momentm(T) measured by ZFC for various applied fields, Again, for them(H) measurements with the applied mag-
as indicated in the figure, whehtlla. No sign of a SC tran- netic field parallel to the graphite planedifa), a different
sition could be detected within the data noise of5 magnetic response is obtained. Figuréa)-33(c) show the
X107 % emu/g and the range of temperatures measuredFC magnetic moment hysteresis loapgH) for T=5, 7,
down to 2.0 K[not shown in Fig. (b)]. Note that the scale and 9 K after subtraction of the linear diamagnetic back-
ranges in Figs. (b) and Xa) are almost the same. These ground signal[my=yH, where x(5 K)=x(7 K) = x(9 K)
results indicate that the SC state is highly anisotropic and is —2.25x 10 ® emug * Oe 1] (for details, see Ref. 10
associated with the graphite planes. Figure 2 shows the hygrom these plot§Figs. 3a)—3(c)], three almost identical
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0.0002 ] close as possible so that the magnetic field is parallel to its
i largest surfacesHlla). The magnetic moments were mea-

o 0.0001 | 1 sured with increasing and decreasimdrom 0° to 360° and

2 0.0000 i 1 back in steps of 10° foH =30 Oe. Then the magnetic field

30 ' | | was raised t¢d =50 Oe andn(«a) measured again and so on

€ -0.0001 . until H=5000 Oe. Figure @) shows the angular depen-

é 10,0002 [ ] dences of the magnetic momeam{«) in both the SC state

: — , ; , (T=5K) and the normal stateT(=12 K) whenH =230 Oe.
0.0002 | ....,::,pﬂ" . For T=5 K the magnetic moments measured with increasing
= 0.0001 L T=7K .,.u-;;,;-" ] (A) and decreasing¥) « are also shown, demonstrating the

[)) . o® T .

3 | or” 228 | reversibility ofm(«). In the other figures only the measure-

£ 0.0000 .,.f ';:".’ ments with increasing are presented. The applied magnetic

‘E“o 0.0001 | (b) ‘..-f' . i field direction is shown in Fig. @). At the top of Fig. 4a),

T i ,,-:: ,.--"” H/la ] we also show schematically the sample cross section orien-
-0.0002 |- .,..v*::" . tation with respect to the magnetic field fervalues of~0°
T ——t— —— lwi i (Hlla), 90° (Hllc), 180° (Hlla), 270° (HIlic), and 360°

’ | m‘mp‘.ﬁi“ ] (Hlla); these same sample/field configurations are valid for

S 0.0001 |- T=9K ‘A.AA“’“K‘ i the other figure$Figs. 4b)—4(f)].

2 0.0000 | AAA‘:,ﬁ:i" 1 Several new and interesting observations can be made

L - [ s | from these measurements. From Figg)4it can be seen that

£ 00001 | (€ AA‘.A‘:AA‘AAA‘ H/a i m(a)~sina for T=12 K and m(«)~sin(a+90°)=cosa

é i Mﬁ:ﬁmﬂ‘ 1 for T=5 K. These oscillatory behaviors imply that the mag-
00002 - AT T netic response of the sample can vary from paramag(mtic

600  -400  -200 0 200 400 600 ferromagnetit to diamagnetic depending simply on the
H (Oe) sample/field configuration used during the measurement. The

m(«,T,H) behavior of this graphite-sulfur sample in the
FIG. 3. Zero-field-cooled hysteresis loopgH), after the sub- normal statél =12 K is essentially the same as found in pure
traction of the diamagnetic background signal,& yH, wherey ~ HOPG graphite samples, which will be reported elsewfere.
=-2.25x10"% emug 1 0e ), with Hlla and for(a@ T=5K, ()  Them(«) dependence fof =5 K of Fig. 4(a) suggests that
T=7K and(c) T=9 K. For details see text. the paramagneti¢or ferromagnetit m(H,T,«) is confined
to the graphite planer parallel to the largest surfaces of
the samplgand rotates with the sample in the applied field.
FM-like hysteresis loops, obtained both below and abovd-or T=12K (i.e., in the normal stajethe magnetic moment
T., are clearly seen. is also paramagneti@r ferromagnetig but is perpendicular
These hysteresis loops are typical of FM materials and art the graphite planes (90° out of phase as compared to the
similar to those observed befdfein HOPG graphite measurements performed &5 K) and also rotates with
samples. The FM behavior of both HOPG and C-S persistthe sample. We have shown before that this sample exhibits
well above room temperatut&!8 At the same time, no no- superconducting behavior fdr=5 K (T<T,). It should be
ticeable change or anomaly was observed in the hysteresiwted, however, that & =30 Oe andT=5K the SC dia-
loops aroud 9 K (Hlla). Thus, our samples show a FM-like magnetic signal is only-10% [see Fig. 1a)] of the mag-
behavior for all temperatures below the Curie temperaturenetic moment values of Fig.(d. Thus, at 5 K the SC signal
(~750K) (Ref. 10 in both Hlla and Hllc field configura- is masked by a larger FM moment. Also, the “diamagnetic”
tions, and foiT < T.(H) and low fields, the FM coexists with signals observed in the normal state fékc and Hlla'® as
a SC state. shown in Fig. 1b) (Hlla), are, in fact, a result of the super-
We also studied in detail the angular dependence of thposition of the FM moment pointing against the applied
magnetic momenin(«) of our sample in both SC and nor- magnetic field and/or when 188°a<340° in Fig. 4a) (T
mal states for magnetic fields up to 5000 Oe, using the hori=12 K). As the magnetic field is increased, at bdtk 5 K
zontal sample rotator insefQuantum Design The main  and 12 Km(«) begins to change behavior fbir of the order
results are summarized in Figga#-4(f) in which are shown of 100—300 Odsee Figs. &) and 4d)]. For high fields such
the angular dependence of the magnetic moment betweers H=1000 Oe[Fig. 4(e)] and higher[H=5000 Oe, Fig.
0°<a=<360° for different applied magnetic fieldas indi-  4(f)] the two magnetic moment dependences tend to almost
cated in each figujewhen the sample is in the SC stdi, identical behavior and scale a¥ «) «sin 2« (a function that
T=5K) and the normal statdll, T=12 K). These measure- repeats itself every 180°). These are due to the Landau dia-
ments were made by initially zero field coolif@FC) the  magnetism associated with the graphite pl&h#sat begin to
sample to 5 K(or 12 K) with «=0° (Hlla). dominate at these high magnetic fields. The results of Figs.
The anglex given here is the value determined by the QD4(a)—4(f) show that at low fieldsm(a)xsina (or sina
software and depends only of the initial position. We always+90°) and, as the magnetic field increases, it changes to
tried to align the initial position §=0°) of the sample as m(«a)xsin 2a. Thus, a function of the form
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should describe all types af(«,H,T) behavior. The con-
tinuous lines through the experimental data of Fig®)4
A(f) are fits with this functiorn(1), which also describes well
them(a,H,T) dependences of pure HOPG sampfes.

o
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FIG. 4. Angular dependences of the magnetic
momentm(«) between 0° and 360° in the SC
state[T=5K (A)] and in the normal statgET
=12 K (H)] at various magnetic fieldsta) H
=30 Oe; (b) H=50 Oe; (c) H=100 Oe; (d) H
=300 Oe; (e) H=1000 Oe; (f) H=5000 Oe.
The applied magnetic field direction is shown in
all figures [(a)—(f)]. At the top of (a) is also
shown schematically the sample cross section po-
sition in relation to the magnetic field far val-
ues of ~0° (Hlla), 90° (Hllc), 180° (Hlla),
270° (Hlic) and 360° Hlla), these same sample/
field configurations are valid for the other figures

[()-(F)].

(1) interaction between SC and FM order parameters turning the
FM moment direction by 90° and confining it in the graphite

planes. One may speculate on the appearande<al, of
spin-polarized currents associated with spin-triplet'$tin
this case, these currents would exert a torque on the preex-
isting FM moment, leading to its rotatidh?? Certainly, fu-

It is reasonable to assume that the main cause of the difyre work is needed to examine this conjecture.
ferentm(a) behaviors betweem=5 and 12 K at low fields

originates from the occurrence of SC below 9 K. In spite of
the fact that total SC signal is rather weldkhe experimen-
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