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Electron-spin-resonance experiments of Mn?" impurities in stage-2 AlICl;-graphite intercalated
compounds show the usual conduction-carrier spin resonance and a completely resolved Mn?*
spectrum of axial symmetry with the axial axis perpendicular to the carbon layers. The temperature
dependence of the Mn?* second-order crystal-field parameter and spin-lattice relaxation time are re-

ported. The hyperfine splittings were found to be temperature independent.

The observed

anomalies in the linewidth of the conduction-carrier spin resonance and the intensity of the Mn?*
resonance at 7'~200 K are interpreted in terms of a quasi-two-dimensional order-disorder phase
transition experienced by the intercalant molecules at this temperature.

INTRODUCTION

Conduction-carrier spin-resonance (CCSR) experi-
ments in graphite single crystals, highly oriented pyrolyt-
ic graphite (HOPG), and associated graphite intercala-
tion compounds (GIC’s),! 7 has been widely used to
study several properties of these highly anisotropic ma-
terials. For concentrated magnetic compounds, such as
NiCl,-, MnCl,-, and CuCl,-GIC’s,%7 electron-spin-
resonance (ESR) experiments have shown broad, aniso-
tropic, and temperature-dependent resonances, indicating
strong coupling between the magnetic ions in these com-
pounds. Although Vaknin et al.®° have recently ob-
served resonances in MoF4-GIC’s and OsF4-GIC’s and
attributed them to single Os®* and Mo’" ions, respec-
tively, little has been done in ESR of diluted magnetic im-
purities in GIC’s. Therefore this work aims to dilute
Mn?? ions in AICI;-GIC’s and study the properties of
these GIC’s via the spin resonance of both the Mn?* ions
and the conduction carriers. .

In this paper we report on the CCSR and the complete
resolved fine and hyperfine spectra of Mn?" diluted in
stage-2 AIC1;-GIC’s. The temperature dependence of the
spectra allowed us to obtain, for Mn?*, the temperature
dependence of the second-order crystal-field parameter
and the spin-lattice relaxation time. No temperature
dependence of the hyperfine constant could be observed
within the accuracy of our experiment. The temperature
dependence of the CCSR was also studied simultaneously
to that of the 30 ESR lines of the Mn?" ions. For com-
parison the reference compound of pure stage-2 AICl;-
GIC was also studied.

EXPERIMENT

ESR experiments in two samples of Mn*" in stage-2
AICI;-GIC’s and one of pure stage-2 AICl;-GIC were car-
ried out at X band in a conventional reflection spectrome-
ter from 90 to 360 K. The temperature was controlled
with a cold nitrogen gas flux system adapted to a room-

39

temperature TE;;, (1-100 KHz) rectangular -cavity
which allows the sample to be oriented with the ¢ axis
parallel and perpendicular to the external magnetic field
(Hy), and the microwave magnetic field (H,) always per-
pendicular to the ¢ axis. The angular dependence of the
spectra was determined at room temperature in a rotat-
ing TE,;, (100 kHz) cylindrical cavity. Except for the an-
gular dependence of the spectra, the data were taken us-
ing a magnetic field modulation frequency of 1 kHz in or-
der to avoid frequency modulation effects.! Whenever
the temperature dependence of the resonance intensity
was analyzed, it was required that the line shape, as a
function of temperature, did not present significant
changes. In those cases the intensities of the resonances
were calculated from the peak to peak high of the absorp-
tion derivative times the square of the linewidth.

The samples were prepared from HOPG obtained from
Union Carbide Co. The intercalant material was
prepared as follows. The Al,_:Mn, (x =0.1) alloy was
obtained by arc melting the appropriate amounts of each
element in an argon atmosphere. This alloy was then
powdered and exposed to a Cl, atmosphere in a Cl, reac-
tor.!! The obtained chlorine compound and HOPG of an
approximate size of 8X3X0.7 mm® were then sealed
with a chlorine pressure of about 650 mbar in a quartz
ampoule, already appropriate for the ESR and x-ray ex-
periments. The intercalation was carried out in a two-
zone furnace at Tygpg =286°C and T,=235°C during
one day for sample No. 1 and two days for sample No. 2.
The same procedure was followed in the preparation of
pure stage-2 AICI;-GIC (sample No. 0), except that pure
Al powder was used in this case. (001) x-ray diffraction
experiments confirmed that our samples were high-
quality, pure stage-2 GIC’s. The linewidth of the Mn?™
resonances and the low-temperature linewidth of the
CCSR for fast cooling rates (see below) were found to be
larger for sample No. 2 than the respective values for
sample No. 1. This indicates that, probably due to the
longer intercalation time, the Mn?" concentration in
sample No. 2 was higher.
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RESULTS AND ANALYSIS

The room-temperature ESR spectra of Mn?" in stage-2
AICI;-GIC for sample No. 1 are shown in Figs. 1(a) and
1(b) for the magnetic field parallel and perpendicular to
the c axis, respectively. Similar spectra were obtained for
sample No. 2. The strong resonance at the center of the
spectra corresponds to the CCSR with & values given in
Table I. The five sets of six hyperfine lines with the ap-
propriate fine-structure intensity line ratio 5:8:9:8:5 cor-
respond to the transitions within the various multiplets
(§=3,1=3).

Figure 2 shows, for the sample of Fig. 1, the angular
dependence of the fields for resonance for one of the
hyperfine lines corresponding to each multiplet. Similar
data were obtained for sample No. 2, and other lines of
the multiplets. This anisotropy can be described by the
usual spin Hamiltonian for axial symmetry!?

H=ppS-5-Hy+D0OJ+a0+1- K-S ; )

where the first term is the Zeeman interaction, the second
and third terms the electric crystal-field energy,
developed up to fourth order in the Stevens operators
O, and the last one the hyperfine interaction. Since for
Mn?" the Zeeman energy is much larger than the other
interactions, we chose the magnetic field direction as the
quantization z axis, and calculated, up to second-order
perturbation, the field for resonance of the 30 lines. The
parameters in Eq. (1) were obtained by a least-squares fit
of the experimental to the theoretical field for resonance
of these 30 lines, for at least 20 different orientations of
the magnetic field relative to the c¢ axis. The best fit of
Eq. (1) to the field for resonance of Fig. 2 gives

#,=1.9968:0.0001; g, =1.9996:£0.0001 ;
D /gup=155.1£0.2 G ;
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FIG. 1. ESR spectra of Mn?* in stage-2 AICL;-GIC’s (a)
Hy||c axis; (b) Hylc axis.
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TABLE I. Conduction-carrier spin-resonance g values.

Sample 90=T=<295 K

(stage 2) #(+0.0003) 1 (£0.0003)
AICI;-GIC No. 0 2.0022 2.0028
Mn:AICL-GIC No. 1 2.0019 2.0026
Mn:AlICl;-GIC No. 2 2.0017 2.0024

a/gpp=(—5.2+0.4)X10"° G ;
A /g5 =86.0£0.2 G; A,/gunz=81.010.2 G .

These results clearly indicate that the Mn®" ions are
located in sites of axial symmetry, with their axial axis
oriented along the c axis. The relatively large values
found for the components of the hyperfine tensor indicate
that the covalent bonding between the chlorine and man-
ganese atoms is relatively small.

The temperature dependence of the spectra between 90
and 360 K for Hyjlc is consistent with a temperature-
independent hyperfine tensor, and as shown in Fig. 3,
with an absolute value of the second-order crystal-field
parameter D which increases with temperature, contrary
to the usual decrease found in insulators.!>!* The in-
crease of |D| toward high temperatures indicates that the
Mn?" jons are weakly coupled to the lattice vibrations,
consequently the lattice thermal expansion should be re-
sponsible for the observed temperature dependence of
this parameter.!* Although no thermal expansion mea-
surements are available for AICl;-GIC’s, the temperature
dependence and relative change of I, (distance between
adjacent intercalant layers) found for other GIC’s (Ref.
16) in the same range of temperature are quite compara-
ble to those found for the second-order crystal-field pa-
rameter |D|.

Figures 4(a) and 5(a) show, respectively, for sample No.
1 and No. 2, the temperature dependence of the reso-
nance linewidth for one of the Mn?% transitions which
are not sensitive to crystal-field distortions, AM
=(4<—1) and m =2. Up to temperatures of the order
of 200 K the linewidth is temperature independent, and
therefore could be taken as a lower limit for T',, the spin-
spin relaxation time, but for 77>200 K a clear thermal

50
(O}
S 40 —~
a
_| - |
w
o .
2 30 Lesse
=
w -
W L
2
= 20 | 1 |

0.0 450 900 1350 1800

ANGLE ©(deg)

FIG. 2. Angular dependence of the Mn?* transitions
IM,m=—3)—|M—1,m=—3) in stage-2 AIC;-GIC. Solid
lines are the best fit of Eq. (1).
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FIG. 3. Temperature dependence of the absolute value of the
axial crystal-field parameter |D(T)| (see text); solid circles, sam-
ple No. 1, open circles, sample No. 2.

broadening of the linewidth is observed. We believe that
this is because T';, the spin-lattice relaxation time, be-
comes comparable to T',, and consequently 7', can be ob-
tained directly from the linewidth.!” Extracting the tem-
perature dependence of the spin-lattice relaxation rate
from the linewidth, Tl_l =y AH, we found that the best
fit of the experimental data for 7>250 K gives
T{'=(11£1)X10*X T29%05  and  T[1=(4.840.5)
X 10? X T>3*%-5) for samples No. 1 and No. 2, respective-
ly. Since the Debye temperature (8 ) is known to be rel-
atively small for GIC’s (200< 6, <400 K),'® the weak
temperature dependence found for the spin-lattice relaxa-
tion rate (7] ! « T?) may be attributed to a Raman relax-
ation mechanism for T >6,.!° Figures 4(b) and 5(b)
show, respectively, the temperature dependence of the
relative resonance intensity for the Mn?™" transitions and
sample corresponding to Figs. 4(a) and 5(a). Although an
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FIG. 4. Temperature dependence of the (a) linewidth and (b)
relative intensity of the Mn’*, M=(—1), m =23 transition
for sample No. 1 and Hy|c.
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FIG. 5. Temperature dependence of the (a) linewidth and (b)

relative intensity of the Mn>*, M =(1«<—1), m=3 transition
for sample No. 2 and Hy|lc. Solid and open circles correspond

to decreasing and increasing temperatures, respectively.

anomalous behavior is observed at T'=200 K, which will
be discussed below, and in spite of the decrease of the mi-
crowave skin depth due to the increase in the in-plane
and c-axis conductivity generally found for low-stage
GIC’s,? the tendency of the resonance intensity is to in-
crease toward low temperatures, indicating that the
Mn?™* spins are localized in A1Cl,-GIC’s.

Figures 6—8 show the temperature dependence of the
linewidth and relative intensity of the CCSR for samples
No. 0, No. 1, and No. 2, respectively. The data were tak-
en for the external magnetic field (H,) parallel and per-
pendicular to the c¢ axis and for fast (200 K/min) and
slow (1 K/min) cooling rates. Table I shows that the
small anisotropy measured for the g values is temperature
independent. Figures 6 and 7 show the absence of anisot-
ropy in the linewidth and relative intensity for samples
No. 0 and No. 1. These figures also show the usual de-
crease of the CCSR intensity toward low temperatures
due to the decrease of the skin depth.?’ For slow cooling
rates, the broadening and small hysteresis of the
linewidth at 7'=200 K, and the anomalies at =200 K
in the resonance intensity, all due to an in-plane order-
disorder phase transition,?"?? are also clearly shown.
Table I and Fig. 8 show the data for sample No. 2. The
main features observed in this sample are (a) the g-value
anisotropy, within the accuracy of the experiment, is
comparable to that of samples No. 0 and No. 1, (b) the
temperature dependence of the linewidth, for slow cool-
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ing rates, is roughly the same as those of samples No. 0
and No. 1, whereas for fast cooling rates and below
T =200 K, the linewidth becomes much broader and also
anisotropic, and (c) the relative intensity of the resonance
decreases toward low temperatures, similarly to samples
No. 0 and No. 1 for fast cooling rates. For slow cooling
rates the intensity was not analyzed because in this case
large changes in the line shape were observed between
room and low temperatures.

We should mention that, differently from the CCSR
behavior, the data corresponding to the resonance of the
Mn2* ions were not affected by the different cooling
rates.

For simplicity the line shape of the CCSR were all ana-
lyzed in terms of Dyson’s theory?>?* in the limit of thick
samples and homogeneous resonances. Therefore the
values obtained for the ¢ values and linewidth may need
to be corrected because, due to the conductivity anisotro-
py, electromagnetic configuration, and size of the samples
it is expected that in our experiments the microwave
propagates mainly along the high conducting planes
penetrating the sample with a skin depth governed by the
c-axis resistivity.!® Thus the penetration depth along the
direction of the microwave propagation will be compara-
ble to the size of our samples, leading consequently to the
intermediate, instead of the thick case in Dyson’s theory.
Actually we have observed some differences in the line
shape of the CCSR and their temperature dependence for
the three studied samples, suggesting that conductivity
anisotropy effects and small differences in the size of the
samples may have been responsible for the observed ab-
sorption shapes.'® On the other hand it is possible, as in
SbClS-GIC’s,25 that the resonances may not be homo-
geneous and the application of Dyson’s theory may be in-
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FIG. 6. Temperature dependence of the CCSR in stage-2
AICI;-GIC, sample No. 0. (a) linewidth and (b) relative intensi-
ty. Open and solid symbols correspond to slow and fast cooling
rates, respectively. Circles and square symbols correspond to
Hylc and Hyl|c, respectively.
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FIG. 7. Temperature dependence of the CCSR in Mn?":
stage-2 AICIL;-GIC, sample No. 1. (a) linewidth and (b) relative
intensity. Open and solid symbols correspond to slow and fast
cooling rates, respectively. Circles and square symbols corre-
spond to Hylc and Hy)|c, respectively.

correct. In any case the features of interest shown in this
work are all too large to be simply due to line-shape
effects. Therefore we believe that the application of
Dyson’s theory in the limit of thick samples is fairly
justified.
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FIG. 8. Temperature dependence of the CCSR in Mn?":
stage-2 AICI;-GIC, sample No. 2. (a) linewidth and (b) relative
intensity. Open and solid symbols correspond to slow and fast

cooling rates, respectively. Circles and square symbols corre-
spond to Hylc and Hy||c, respectively.
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From the anomalies observed at T,=200 K in our
spin-resonance experiments and also in the resistivity,?*2
specific-heat,?” and x-ray diffraction experiments,?® it is
evident that around this temperature there is a transition
in the stage-2 AICL;-GIC’s. We attribute this transition
to an in-plane order-disorder-type of phase transition ex-
perienced by one of the intercalant molecular species.?
We suggest that above T, these molecules are in a quasi-
two-dimensional (2D) liquidlike phase, and below T, for
a fast cooling experiment, these molecules would be
frozen in a quasi-2D solidlike disordered metastable
state?!?2 of almost commensurate microdomains,? caus-
ing no effects on the linewidth of the CCSR. Except for
the mobility of the molecules, this metastable state would
be equivalent, as far as the conduction-carrier spin-flip
scattering is concerned, to the high-temperature quasi-2D
liquidlike phase. Moreover, for slow cooling rates and
around T,, similarly to other cases,?!"?? the intercalant
molecules may migrate, allowing the domains to grow in
size and in turn broadening the CCSR.® On the other
hand, a quite different behavior was found for sample No.
2, where fast cooling experiments lead to a much broader
and also anisotropic linewidth at low temperature [see
Fig. 8(a)]. We think that the higher Mn concentration in
this sample, due to the longer intercalation time, makes
the low-temperature structurally disordered micro-
domains, obtained in fast cooling experiments, to be also
magnetically disordered, causing an anisotropic inhomo-
geneous broadening of the resonance of magnetic origin,
which narrows above T, in consequence of motional nar-
rowing effects. Moreover, this sample shows at low tem-
peratures and for fast cooling rates that AH, is larger
than AH, [see Fig. 8(a)], indicating that the high con-
ducting planes may also be planes of easy magnetization.

The anomaly in the temperature dependence of the rel-
ative intensity of the Mn?" (1<>—1) transition observed
at around 200 K [see Figs. 4(b) and 5(b)] suggests that
during the domain growth the Mn?* ions may migrate
and form small “clusters,” or regions of high Mn?>* con-
centration, which would be responsible for the observed
anomalous decrease of the resonance intensity. It is in-
teresting to note that for slow cooling rates the three
samples showed approximately the same broadening of
the CCSR, whereas only in the case of sample No. 2 was
the line shape strongly temperature dependent. Then it
seems that the formation of these small “clusters” does
not affect the conduction-carrier spin-flip scattering,
while for sample No. 2, a much larger number of these
“clusters” may have been responsible for the observed
large temperature dependence of the CCSR line shape.
In any case magnetization measurements are needed to
further clarify this point.

Now, except for the small broadening of the outer set
of hyperfine lines observed at low temperatures, due to
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probably small misorientation of the microscrystals or to
a distribution of distortions along the ¢ axis, the Mn?™"
fine structure remains resolved at all temperatures with
the symmetry axis unchanged along the ¢ axis. This leads
us to conclude that the order-disorder phase transition
must preserve the orientation of the intercalant molecules
along the c¢ axis. Therefore this order-disorder phase
transition should be caused by either rotational or
translational molecular motions around and perpendicu-
lar to the c axis, respectively. This molecular motion
may be responsible for the weak coupling of the magnetic
ions to the lattice vibration suggested by the temperature
dependence of |D|. Evidence for rotational motion at
these temperatures has already been reported in heat
capacity®! and neutron scattering®? experiments in SbCls-
and HNO,;-GIC’s, respectively, and translational motions
in x-ray diffraction and ESR experiments in SbCls- (Ref.
22) and AICIl;- (Ref. 30) GIC’s.

Finally we should mention that in a previous work?! on
thin samples along the ¢ axis (thickness <0.1 mm) of
pure stage-2 AICL;-GIC’s we did not observe the order-
disorder phase transition found in the present work. Al-
though we do not have a definite explanation for that, we
think that it may be related to the fact that in the present
work we used thicker samples. Thick samples and large
anisotropic resistivities yield the resonance to be mainly
associated to the bulk of the sample!® which, being freer
of defects than the surface, would lead to narrower reso-
nances, and consequently the line broadening, due to
phase transitions, to be much more easily observable.

CONCLUSIONS

In summary, we simultaneously showed for the first
time in a metallic host the conduction-carrier spin reso-
nance and the complete resolved spectra of Mn?% ions.
This may have been possible because there may be very
small exchange coupling between the Mn?* magnetic
moments and the host’s conduction electrons. The re-
sults indicate that the magnetic ions are sited in an axial
crystal field at all temperatures and, due to the molecular
mobility above T =200 K, they are weakly coupled to the
lattice vibrations. The presence of an order-disorder
phase transition at T=200 K was confirmed also for
stage-2 AIC1;-GIC’s.
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