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The NMR method in conjunction with spin echo is used to investigate the behavior of the 
spontaneous magnetization (Sz)T in a layered compound in which NiCI, layers are separated by 
two layers of graphite. It is shown that the microscopic magnetization of the layers of the magnetic 
ions does not correspond to the macroscopic magnetization of such a compound, although it does 
depend on the temperature linearly, thus confirming the two-dimensional character of the magnetic 
system. The point T = 18.1 OK, in which the macromagnetization sets in, is not the temperature at 
which (Sz )T .... 0, but there are observed at this point certain singularities that are apparently 
connected with the establishment of long-range order in the system, whereas (Sz )T *0 in the 
macroscopically paramagnetic region. The presence of graphite atoms does not change H efT at the 
chlorine nuclei significantly in comparison with the antiferromagnetic NiCI" thus indicating that the 
dectron density on the 3s orbit of CI- is not sensitive to the possible transport of the graphite p 
electrons. At the same time, this presence makes it necessary to place the CI- ions in the NiCI, 
layers in two nonequivalent positions, a fact manifest by the presence of a doublet in the NMR 
spectrum. 

SUBJECT AND METHOD OF INVESTIGATION 

When NiCh is introduced into the graphite lattice, a 
compound is produced with a layered structure and with 
new magnetic properties. The production of such com
pounds is described in [1,2], and the first investigations 
of the magnetic properties of the layered graphite com
pound (LGC) with NiCh (and also with CoC12 were pub
lished in [2,3]. The magnetic prope rties of analogous 
structures with MoC15, FeCl3, and FeCh were investi
gated in [4 ,5]. According to [2,3], the LGC with NiCl2 
behaves like a two-dimensional paramagnet with T c 
'" 18,l°K, At T < 18.1 OK this compound reveals ferro
magnetic properties that differ from those of ordinary 
ferromagnets. 

The present paper is devoted to nuclear magnetic 
resonance (NMR) in second-degree polycrystalline LGC 
with NiCls.1) The investigation was carried out with the 
IS-3 spin-echo installation in the temperature interval 
L 75 to 20 o K, The temperature was maintained accurate 
to ~O,Ol OK. 

The NMR frequency in a zero external field is deter
mined by the magnetization of the sublattice whose mag
netic ions are coupled by the hyperfine interaction with 
the investigated nuclei: 

h\' NMR =y"Heff ~ I:, A,<S'>T. 

Here ~ is the hyperfine interaction constant of the in
vestigated nucleus with the electron spin of the i-th 
magnetic ion. We were thus able to measure exactly the 
temperature dependence of (Sz>T and compare it with 
the results of an investigation of the macroscopic mag
netization [3J . 

The spin-echo spectrum from the chlorine nuclei in 
the investigated sample is a superposition of a large 
number of NMR lines. The plot of this spectrum at 
T = 1.75°K is shown in Fig. 1a. We investigated the 
temperature dependence of the frequencies of the maxima 
of the NMR spectra (Fig. 2). To illustrate the behavior 
of the intensities, we constructed a graph in three dimen
sions (Fig. 3). As the temperature is raised, the spin
spin relaxation time T2 decreases abruptly, the lines 
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FIG. I. a) NMR spectrum in LGC with NiCh at T = 1.7SoK. b and c) 
Symbolic resolution of the main part of the spectrum into quadrupole 
triplets corresponding to distorted (b) and indistorted (c) arrangement 
of the cr ions relative to the NiH ions as compared with pure NiClz. 

FIG. 2. Temperature dependence of the NMR transition frequencies 
of the chlorines in LGC with NiCI,. The dark symbols correspond in the 
frequency scale to "n(O) in pure antiferromagnetic NiClz. 

broaden, and the signals decrease in intensity and be
come practically unobservable at T > 17 OK, The NMR 
frequency decreases, but does not vanish as T - 18°K, 
with lINMR(T) "" 0.65 lINMR(O). The NMR spectrum is 
the same for the investigated samples with different 
NiCh contents. 

Experiments were performed also with a constant ex
ternal magnetic field superimposed, at Ho II hHF and 
Ho 1 hHF. If the signal were determined by the domain 
walls, then it would decrease with increasing Ho regard
less of the direction of Ho. At Ho II hHF the signal inten
sity decreased to approximately one-half at Ho = 500 Oe 
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FIG. 3. Temperature dependences of the chlorine NMR signal in

tensity and frequency in LGC with NiCh. The intensity scale is relative. 

and the signal vanished completely at Ho ~ 1000 Oeo At 
Ho 1 hHF the signal intensity increased and the signal 
became noticeable even at T = 17.5 oK. In a field ~ 1 kOe 
and at T = 12°K the signal intensity increased approxi
mately 1.3 times. These experiments allowed us to con
clude that the observed signals do not pertain to the 
domain wallso They also indicate that the ordering is 
ferromagnetic in character. 

We estimated the relaxation times of the Cl25 nuclei 
to be T2 ~ 100 J.1.sec and Tl ~ 2000 J.1.sec at T = 4.21°K. 
The time Tl varies little with temperature, and T2 de
creases abruptly with increasing temperature. The opti
mal setting of the apparatus for undistorted observation 
of the NMR spin-echo signals corresponded to minimal 
pulse durations for the IS-3 spectrometers (tl = 1 /lsec, 
t2 = 2 /lsec) and to a maximum tank-circuit voltage 
(~0.5 kV); the product of the RF pulse amplitudes by 
their duration was smaller by one order of magnitude 
than for pure NiCh, thus indicating a large amplification 
of the RF field in the samples. 

RESULTS AND DISCUSSION 

The main part of the NMR spectrum shown in Fig. 1a 
can be obtained by superimposing two parts of quadru
pole triplets from the nuclei Cl35 and C137, connected 
with the two values of Heff at the chlorine nuclei (a sym
bolic resolution of such a spectrum is shown in Figs. 
1b and 1c. The lines 1-12 (Fig. 2) cluster about two 
(-1/2 - + 1/2) transition frequencies for Cl35 (lines 3 
and 4) and two frequencies for Cl37 (lines 9 and 10). The 
ratios V3/V9 and V4/V10 correspond, within the limits of 
the measurement accuracy, to the ratio of the nuclear 
magnetic moments for Cl35 and C137, equal to 1.201. At 
T = 1.75°K the quadrupole triplets are 46.6, 43.1, 
40.0 MHz and 45.0, 41.2, 38.8 MHz for Cl35 and 37.5, 
35.6, 33.3 MHz and 36.5, 34.3, 31.1 MHz for Cl37. The 
central lines of the two triplets, 4 and 10, when extra
polated to oaK, lead to frequencl values that almost coin
cide with vn(O) for pure NiCh[6 , and Heff = 102 kOe 
(Heff = 103 kOe for pure NiCI2). It is obvious that the 
chlorine ions responsible for these lines occupy the same 
positions relative to the Ni2+ ions as in the pure NiCl2. 
Lines 3 and 9 are the central components of the triplets 
for another arrangement of the chlorines, and for them 
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V35(0) = 4405 MHz, V37(0), and Heff = 107 kOeo The fre
quency distance between the doublets does not vary with 
temperature. The dependence of the echo amplitude on 
the distance between the 90° and 1800 pulses is oscilla
tory, thus indicating that there is one more splitting in 
the spectrum, on the order of several kilohertzo The 
frequencies of lines 15 and 16 are equal to half the fre
quencies of lines 3 and 9, possibly as a result of non
linear effects, while the frequencies of lines 13 and 14 
amount to 2/3 of the frequencies of the principal lines 
3 and 9, and can be connected with the chlorine lines that 
have only two rather than three Ni2+ ions in their immed
iate surrounding. 

It is shown in [2J that the magnetic moments of the 
Ni2+ ions lie in the planes of the layers, and then we have 
IIIQI = 6.6 MHz for the first triplet and 6.2 MHz for the 
second triplet of C135, approximately double the value of 
IvQI in pure NiCh[7J • 

The dependence of vNMR(T)/vNMR(O) on the tempera
ture is linear within the limits of experimental accuracy 
and is the same for all lines (Fig. 1), in accord with the 
expected ratio for a two-dimensional ferromagnetic 
layered structure, under the condition that the anisotropy 
energy (and also the energy of the interlayer tempera
ture dependence) is much less than kT even for the low
est temperature in the experiment [8J • If the obtained 
temperature dependence is extrapolated to high tempera
tures, then we have for the principal lines vNMR(T) - 0 
at one point T ~ 53°K (for pure NiCh we have T 
= 49.6°K and the maximum of the specific heat oPNiCh 
occurs at 52,4°K). 

When the sample was placed in a weak external mag
netic field, besides the change in the NMR signal inten
sity, a rise took place also in the resonant frequency. 
The lines corresponding to Cl35 shifted by an amount 
0.25lMHz/kOeJHo at T = 4.21°K and 0.60 [MHz/kOe]Ho at 
T = 12°K, while Yn = 0.417 MHz/kOe. The shift can be 
either the result of the direct action of the external 
magnetic field on the nuclear spins (in the case of ferro
magnetic ordering and under the condition that the direc
tion of the hyperfine field at the CI- nuclei coincides with 
the direction of the electronic magnetization of Ni 2+), or 
else as the result of the change in the magnetization of 
the two-dimensional ferromagnetic layer. The former 
effect is independent of temperature and the shift cannot 
exceed rH. The latter effect depends on the temperature, 
and in our case it is this effect which determines in the 
main the dependence of the frequency (intralayer mag
netization) on the external magnetic field. However, the 
large widths of the spectral lines did not enable us to 
separate completely the contribution of the direct action 
of the magnetic field on the nuclear spin, and to find the 
constants in the equations used in [ 8 1. 

A comparison of our results with those of Karimov [3J 

shows that the macroscopic magnetization of GLC with 
NiCI2, measured by him, does not correspond to the 
microscopic magnetization of the Ni2+ layers, which is 
responsible for the NMR frequencyo One of the possible 
causes of this disparity may be the two-dimensional 
character of the investigated system. Indeed, in order 
for a macroscopic magnetization to appear it is neces
sary that a long-range magnetic order exist, and this is 
possible in a two-dimensional system only in the pres
ence of a definite anisotropy [9J or weak three -dimen
sionality (interlayer interaction). At the same time, 
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FIG. 4. Temperature dependence of vNMR(T)/vNMR(O) for all fre
quencies of the NMR spectrum: I-straight line drawn through the ex
perimental points for LGC with NiCh, 2-magnetization curve of sub
lattice in pure anti ferromagnetic NiCI2 [6]. 

FIG. 5. Temperature dependence of the EPR line width in LGC with 
NiCI2. 

each chlorine ion is coupled by hyperfine interaction to 
only the three nearest ions of the 3d metal, and the 
effective field at the chlorine nucleus differs from zero 
if the mutual orientation of the electron spins of these 
ions is preserved as a result of the presence of short
range order. Thus, in the temperature region where 
there is only short-range order (in this case, at 
T ~ 18°K), the NMR frequency of the Cl- nuclei will 
differ from zero, but the NMR lines will be greatly 
broadened by short-range order fluctuations, and be
come unobservable. The presence of short-range order 
in the 18-500 K region agree with the broad susceptibility 
maxima obtained in [2J and stretching into the region of 
high temperatures. Another possible explanation may be 
a situation wherein the two-dimensional ordering in each 
layer of Ni 2+ is realized at T "" 500 K, but up to 
T = 18.1°K the magnetic moments of the individual 
layers are not correlated, and the sample behaves 
macroscopically like a paramagnet (in analogy with the 
superparamagnetism phenomenon). Such a model should 
lead to singularities in the spin specific heat at 18 < T 
< 50 o K. 

We investigated also the temperature dependence of 
the electron spin resonance line width of GLC with NiCb 
in the temperature interval 4.2-60 0 K.2) At T < 18°K, 
the electron resonance line consists of two lines super
imposed on the other, one quite broad and shifted towards 
weaker fields (this line vanishes at T ;G 18° K), and 
another, with g "" 2.23, that becomes narrower with 
rising temperature. The first line is most probably due 
to ferromagnetic resonance, and the second to EPR. In 
the region where short-range fluctuations are produced, 
the EPR line width should increase in conformity with 
the increasing dimensions of the fluctuations [loJ. There 
is no advantage in comparing in detail measurements 
made on powder with the theory of EPR broadening of 
short-range fluctuations, but the temperature dependence 
of the EPR line width (Fig. 5) shows that such fluctua
tions do take place at T > 18°K, thus confirming our as
sumption. 
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The appearance of two values of Heff acting on the 
chlorine nuclei indicates that the positions of the cr ions 
are not equivalent (if the distance between the magnetic 
ions coupled by strong interaction in the Ni2+ layers re
main unchanged) in the layers adjacent to the Ni2+ layer 
in such a compound. Thus, for FeCL introduced in 
graphite, it was shown that the preferable positions of 
the chlorine ions relative to the graphite layers are such 
that the carbon atoms are located at the centers of chlor
ine triangles (Fig. 4 of [llJ). On the other hand, the 
chlorine ions tend to prf!serve normal (for the pure salt) 
distances between themselves and the third ion (Cn. 
Cowley and Ibers [llJ regard as an equilibrium (but 
nevertheless distorted) state wherein half of all the 
chklrine ions are aligned as "wanted" by the graphite, 
having in mind each individual chlorine layer. No order 
whatever is observed in this case. That the structure of 
the MoCl5 layer introduced in graphite is distorted is 
indicated also by the data of Syme-Johnson. 

What remains unclear is whether the proximity of the 
graphite leads only to structural distortion, or whether 
the graphite electrons take part in the production of the 
field at the Cl- nucleus. Croft[13] suggests that conduc
tion electrons are transferred from the graphite to the 
cation, and the experimental data [12, 14J favor this hypo
thesis. It can be concluded from our data that the indi
cated transport effects are in any case not strong enough 
to change the density of the 3s electrons of cr, which 
determines via the fine-structure constant Ai the value 
of Heff at the chlorine nucleus [6J (Heff in LGC with 
NiCl2 differs from Heff in pure NiCl2 by 1-3%). 

The authors thank Yu. S. Karimov for a discussion of 
questions touched upon in the paper. 

l)The number of the degree shows the number of graphite carbon grids 
per layer. 

2)The authors are grateful to D. L. Lyfar' for the EPR measurements. 

1R. C. Croft, Australian J. Chern. 9, 184, 1956. 
2 Yu. S. Karimov, M. E. Vol'pin, and Yu. N. Novikov, 

ZhETF Pis. Red. 14, 217 (1971) [JETP Lett. 14, 142 
(1971)] • 

3 Yu. S. Karimov, ZhETF Pis. Red. 15, 332 (1972) [JETP 
Lett. 15, 235 (1972)J. 

4 A. V. Zvarykina, Yu. S. Karimov, M. E. Vol'pin, and 
Yu. N. Novikov, Fiz. Tverd. Tela 13, 28 (1971) [Sov. 
Phys.-Solid state 13, 21 (1971)]. 

5 Yu. S. Karimov, A. V. Zvarykina, and Yu. N. Novikov, 
Fiz. Tverd. Tela 13, 2836 (1971) [SOY. Phys.-Solid 
State 13, 2388 (1972)] • 

6 F. V. Bragin and S. M. Ryabchenko, Fiz. Tverd. Tela 
15, 1050 (1973) [SOY. Phys.-Solid State 15, 721 (1973)]. 

7 F. A. Bragin and S. M. Ryabchenko, Fiz. Tverd. Tela 
12, 3579 (1970) [SOY. Phys.-Solid state 12, 2905 (1971)]. 

8 A. Narath, Phys. Rev. 131, 1929, 1963. 
9 M• E. Lines, Phys. Rev. B, Solid State 3, 1749, 1971. 

10 H• Mori and K. Kawasaki, Progr. Theor. Phys. 28, 971, 
1962. H. Mori, Progr. Theor. Phys. 30, 576, 578, 1963. 

111. W. Cowley and J. A. Ibers, Acta Cryst. 9, 421, 1956. 
12 A. W. Syme Johnson, Acta Cryst. 23, 770, 1967. 
13 R. C. Croft, Australian J. Chern. 9, 194, 1956. 
14 Yu. N. Novikov, M. E. Vol'pin, V. E. Prusakov, R. A. 

Stukan, V. I. Gol'danskil, V. A. Semion, and Yu. T. 
Struchkov, Zh. Strukt. Khim. 11, 1034 (1970). 

Translated by J. G. Adashko 
37 

F. V. Bragin et al. 174 


