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Ferromagnetic resonance (FMR) spectra have been obtained for silica-supported 
nickel in several mean particle sizes, and both before and after the chemisorption 
of hydrogen, oxygen, and ethylene. The results are in general agreement with 
previously reported studies on these systems by classical methods. The FMR method 
is more sensitive than the classical by several orders of magnitude. It also gives more 
information concerning, especially, the magnetocrystalline anisotropy and the surface 
anisotropy, and the manner in which these are changed by adsorbed molecules. 

Classical magnetic methods have con- 
tributed to the understanding of chemisorp- 
tion on nickel (1, .2), but the use of mag- 
netic resonance in this area has thus far 
been limited (3, 4). Ferromagnetic reso- 
nance (FMR) has not only greater sensi- 
tivity than the classical constant-field or 
low-frequency AC permeameter methods, 
but it affords opportunities for more de- 
tailed investigation of electronic interaction 
between adsorbate and metal surface. 

Permeameter studies on nickel (5, 6) 
have shown the effect of adsorbed oxygen 
.on both the saturation magnetic moment 
and on the ferromagnetic anisotropy. By 
applying the techniques of electron spin 
resonance to this and related systems it is 
possible to observe changes in the moment, 
the magnetocrystalline anisotropy, and the 
surface anisotropy. In this paper FMR 
measurements are reported for finely di- 
vided nickel as adsorbent for hydrogen, 
oxygen, and ethylene. 

EXPERIMENTAL 

The FMR spectra were recorded with a 
Varian V-4502 X-band EPR spectrometer 

* Present address: Institute of Organic Chemis- 
try, Bulgarian Academy of Science, Sofia, Bulgaria. 

with lOO-kc/set field modulation. A vari- 
able temperature accessory permitted meas- 
urements between -150” and 300°C. A 
suitable vacuum device and “quick-discon- 
nect coupling” of the wave guide allowed 
reduction of the samples in situ, and meas- 
urement of the equilibrium pressure of the 
gaseous adsorbate. The lowest pressure at- 
tainable was about 1 X 10L6 mm Hg. The 
use of West GIass greaseless high-vacuum 
stopcocks, and a trap cooled with liquid 
nitrogen, minimized any influence of mer- 
cury and grease vapors. During the experi- 
ments on ethylene the trap was cooled to 
-76°C. The sample holder was in the form 
of a slender silica vacuum trap. 

Hydrogen was purified by passing it 
through an Engelhard Deoxo unit and then 
over silica gel at -196°C. In some of the 
experiments hydrogen diffused through pal- 
ladium-silver was used. Oxygen was ob- 
tained by decomposition of previously 
evacuated potassium permanganate. Phil- 
lips research grade ethylene was used. 

Two different silica-supported nickel 
samples were employed. Sample No. 1 was 
prepared by homogeneous hydrolysis of 
nickel nitrate solution on Davison silica gel 
as described by van Eijk van Voorthuijsen 
and Franzen (7) according to their prepara- 
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tion No. 8252. This sample contained 14.8% 
nickel, and the mean diameter of the nickel 
particles according to X-ray linewidth 
broadening was 36 A. This sample was re- 
duced in flowing hydrogen for 20 hr at 
4OO”C, than evacuated for 4 hr at 360°C. 
Sample No. 2 was prepared by mixing boil- 
ing sodium metasilicate and sodium carbon- 
ate solution with boiling nickel nitrate solu- 
tion according to ref. (7)) No. 5421. This 
sample contained 36.2% nickel, and the 
nickel particles had a mean diameter of 
60 A. The sample was reduced for 20 hr at 
390°C and evacuated for 4 hr at 360°C. 
The usual sample mass was 0.05 g. 

RESULTS AND DISCUSSION 

In this section results and comments will 
be presented seriatim on the bare nickel 
and then for each of the adsorbates. The 
magnetic resonance absorption of nickel, as 
a typical ferromagnetic, is very large. The 
first FMR experiment was performed with 
nickel metal (8). 

Bare nickel. Figures 1 and 2 show the 
magnetization, linewidth, and g value for 
Samples 1 and 2, as a function of tempera- 
ture from 25” to 300°C. 
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In the case of Sample No. 2, which has 
the larger mean particle diameter, the mag- 
netization varies more steeply with tem- 
perature, in agreement with previously 
reported results of constant-field measure- 
ments (9). This agreement is easy to un- 
derstand because of the proportionality 
between FMR line intensity and the satura- 
tion magnetization of nickel catalyst (10). 

Many determinations have been made of 
ferromagnetic resonance linewidth in nickel 
single crystals (11-13). Usually the line- 
width is between 500 and 1000 gauss, but 
in nearly perfect crystals the width is much 
less (IS). In polycrystalline samples the 
linewidth is greater, and typical nickel 
catalyst samples show a linewidth of from 
470 to 1800 gauss (S, 4, 10, 14, 15). The 
reason for this, as described by Turov (16)) 
is that because of the various directions 
(and, generally speaking, magnitudes) of 
the internal anisotropy fields of crystallites 
oriented in different directions, the reso- 
nance curve is spread out-each producing 
resonance at its own unique value of the 
external field. Line-broadening in poly- 
crystalline samples is thus an obvious re- 
sult of magnetic anisotropy. 
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FIG. 1. Temperature dependence of magnetization M/Mao, ,O; linewidth AH, a ; and .Q value, 0 
for Sample No. 1. Magnetization at 300°C (MsOO) is taken for unit. 



FERROMAGNETIC RESONANCE OF NICKEL 377 

l?IG. 

A. 
M 300 AH p”SS 
/ 9 

30 - 

-1400 

-2.30 

-1200 

2. Temperature dependence of magnetization M/M,o, Q; linewidth MI, A ; and g value, 
for Sample No. 2. 

The dependence of linewidth on tempera- 
ture is different for each sample. Sample 
No. 2 shows a rapid decrease of linewidth 
with increasing temperature, while Sample 
No. 1 shows only a slight increase. In Sam- 
ple No. 1 there is no evidence for magnetic 
inhomogeneities-that is to say, no evi- 
dence for significant anisotropy-all parti- 
cles thus behaving as single domains. 
Resonance then occurs under conditions of 
uniform magnetization of all metal present. 
The linewidth observed in such cases can be 
related mostly to interaction between elec- 
trons contributing to ferromagnetism and 
conduction electrons by a spin-electron re- 
laxation process. But Sample No. 2 in con- 
trast has particles exhibiting nonuniform 
internal effective magnetic anisotropy, and 
this is the chief reason for the broader line 
and the greater temperature dependence of 
linewidth on temperature. The magnetic 
anisotropy in particle assemblies of this 
kind decreases with increasing temperature 
(16)) thus leading to a decreased linewidth. 
There is no evidence for appreciable dipole- 
dipole interaction between individual nickel 
crystallites (17, 18), and the results do not 
offer any explanation for linewidth and g 

cl 

values on the basis of a ‘(skin-effect.” The 
particle-size data tend to exclude such a 
possibility. 

Turning now to the g values, we find 
many different values from 2.09 to 2.8 in 
the literature (3, 4, 10, 14,15). The g value 
is very sensitive to particle size, shape, and 
surface configuration, and is thus sensitive 
to composition and to manner of prepara- 
tion and treatment in a typical catalyst 
preparation. 

It is possible to explain the temperature 
dependence of resonance position in terms 
of magnetic moment and anisotropy. In a 
very simple case, for a single crystal with 
cubic symmetry, when ferromagnetic reso- 
nance is observed by applying a magnetic 
field parallel to the direction of easy mag- 
netization (19)) we have o = y (H + HA) i 
and AH = 2 a(H + H,) where o is the 
resonance frequency, y the magnetome- 
chanical ratio, H the external field in the 
isotropic case, H,, the anisotropy ficId, and 
(Y the Landau-Lifshitz damping parameter. 
We also have HA = f (K/M,) where K is 
the anisotropy constant and M, the satura- 
tion magnetization. 

From Fig. 2 it may be seen that increase 
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FIG. 3. Temperature dependence of magnetization M/Maoo, 0; linewidth aH, A ; and g value, 0 
for Sample No. 1 after adsorption of hydrogen at 300°C and P(H2) = 600 mm Hg. 

of temperature is accompanied by a sub- 
stantial decrease of g value, as shown by 
the increase of external applied field neces- 
sary for resonance. (All g values in this 
work were calculated from the external 
applied field for resonance H, thus o = y 
H.) The temperature dependence of the ex- 
ternal applied field necessary for resonance 
for Sample No. 2 is in agreement with that 
reported for nickel whisker and platelet 
monocrystals with diameters about 800 A, 
and thus much larger than the particles in 
Sample No. 2 (13). But the behavior of 
Sample No. 1 is quite different and can be 
explained by the independence of K/M, 
from temperature. This view is supported 
by the smaller particle size of Sample No. 1 
and by its behavior subsequent to the ad- 
sorption of gas molecules, as described 
below. 

Adsorbed hydrogen. Figures 3 and 4 give 
the results found after adsorption of hy- 
drogen at 300°C and 600 mm Hg pressure, 
on Samples Nos. 1 and 2, respectively. The 
general form of the several curves, as a 
function of temperature, is in agreement 
with results obtained from constant-field 
measurements (9). 

For both Samples Nos. 1 and 2 there is a 
general decrease of linewidth on adsorption 
of hydrogen. This can be explained by the 
nickel lattice constant increase after hy- 
drogen adsorption as found by both X-ray 
(21, 22) and neutron (5’S) diffraction. An 
increase of lattice constant must lead to a 
decrease of dipole-dipole interaction in the 
crystal and hence a decrease of linewidth. 
It is noted also that hydrogen adsorption 
decreases the slopes of the A H/T and the 
g/T plots, as may be seen by comparing 
Fig. 4 with Fig. 2. This may be explained 
as due to a decrease of anisotropy in Sam- 
ple No. 2, after adsorption, as already 
shown by the earlier permeameter studies 
(6). For example, in the simplest case HA 
= 2 K,/M, and a decrease in K, (the first 
anisotropy constant) will give the effect 
found. Adsorption has as one of its results 
a decrease in the number of electron spins 
participating in resonance, the volume and 
surface of the remaining ferromagnetic core 
is diminished, and consequently the anisot- 
ropy decreases. 

In Figs. 5 and 6 there are shown recorded 
FMR spectra, for Samples Nos. 1 and 2 
respectively, prior to and after the adsorp- 
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FIG. 4. Temperature dependence of magnetization M/M,,o, 0; linewidth AH, A ; 
for Sample No. 2 after adsorption of hydrogen at 300°C and P(HJ = 600 mm Hg. 

tion of hydrogen at 25°C and 500 mm Hg. 
Hydrogen adsorption decreases the mag- 
netization of Sample No. 1, as ma,y be 
predicted from the concept of chemisorp- 
tion bond formation. But Sample No. 2 
shows an increase of magnetization and a 
shift of the resonance field to a higher 
value. This increase of magnetization can 
logically be explained as due to a decrease 
in anisotropy, as in the analogous case of 
the permeameter measurements (5, 6, 2.4). 
In the particles in Sample No. 2, which 

n 
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FIG. 5. FMR signal from Sample No. 1 at 25°C; 
- evacuated, the linewidth is 550 gauss; 
- ----: treated with hydrogen, P(H,) = 500 mm 
Hg, the linewidth is 556 gauss. 

and Q cl 

exhibit a higher anisotropy, the decrease of 
anisotropy on adsorption of hydrogen per- 
mits more electrons to be in resonance, and 
this effect is greater, in its influence on the 
observed magnetization, than t,he simul- 
taneous decrease of magnetic moment 
caused by formation of the chemisorption 
bond. At 250°C Sample No. 2 shows a de- 
crease in magnetization after adsorption. 
This is due to the relatively smaller anisot- 

FIG. 6. FMR signal from Sample No. 2 at 25°C ; 
-, evacuated, the linewidth is 1230 gauss; 

-----, treated with hydrogen, P(H?) = 500 mm 
Hg, the linewidth is 1090 gauss. 
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ropy present at the more elevated tempera- 
ture, so that a decrease of this anisotropy 
is then not sufficient to erase the decrease of 
magnetic moment. But in the smaller par- 
ticles present in Sample No. 1 any anisot- 
ropy effect is too small to produce the 
anomaly of an increase of magnetization. 
Figure 7 shows the FMR spectra for Sam- 

FIG. 7. FMR signal from Sample No. 2 sintered 
an vacua 4 hr at 450°C; -, evacuated, the 
linewidth is 1420 gauss; -----, treated with 
hydrogen, P(Hz) = 500 mm Hg, the linewidth is 
1350 gauss. 

ple No. 2 which had been sintered at 450°C 
and which, therefore, had still larger par- 
ticles, greater anisotropy, and a further 
shift to higher g values both before and 
after adsorption of hydrogen. 

Adsorbed ethylene. The influence of ad- 
sorbed ethylene at 25°C and 40 mm Hg is 
shown in Figs. 8 and 9 for Samples Nos. 1 

g=2.22 + 

FIG. 8. FMR signal from Sample No. 1 at 25°C; 
-, evacuated, the linewidth is 550 gauss; 
----- , treated with ethylene, P(GH,) 40 mm Hg, 
the linewidth is 550 gauss. 

and 2, respectively. The effect of the eth- 
ylene is sufficiently like that of hydrogen as 
to require no further explanation. It must, 
however, be pointed out that the mode of 
chemisorption of ethylene on nickel is 

strongly dependent on experimental con- 
ditions (1). 

Adsorbed oxygen. Figure 10 shows the 
influence of adsorbed molecular oxygen at 
25°C and 50 mm Kg on Sample No. 1. 

FIG. 9. FMR signal from Sample No. 2 at 25°C; 
, evacuated, the linewidth is 1050 gauss; 

-----9 treated with ethylene, P(GH,) 40 mm Hg, 
the linewidth is 1050 gauss. 

There is, in this case, a decrease of mag- 
netization caused by decoupling of the 
magnetic moments associated with those 
surface atoms engaged in forming the 
chemisorption bond from those atoms in the 
remainder of the metal particle (6). The 

FIQ. 10. FMR signal from Sample No. 1 at 
25°C; -, evacuated, the linewidth is 500 
gauss ; -----9 treated with oxygen, P(O,) 50 mm 
Hg, the linewidth is 500 gauss. 

same effect is shown on Sample No. 2 in Fig. 
11, but in addition there is a shift of the 
resonance position to a smaller value. On 
this sample the effect of oxygen is, there- 
fore, different from that of hydrogen at the 
same temperature. This might be explained 
by a smaller influence of oxygen on the 
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magnetic anisotropy as compared with hy- 
drogen. Another explanation is that reso- 
nance excitation may not be uniform with 
all spins parallel, but rather may exhibit a 
difference between surface spins and bulk 
spins, by the effect called “surface pinning.” 
Theoretical treatment of line shape in the 
case of surface pinning (1.9) shows that it 
produces a shift in the resonance to lower 

,.--., /’ ’ 1’ \ \ \ 
4 

\ I’ \+-- g=2.35 

g-2.37 ----A 
\ 

,y+= 

-H 

FIG. 11. FMR signal from Sample No. 2 at 
25°C; -, evacuated, the linewidth is 1320 
gauss; --- --, treated with oxygen, P(O,) 50 mm 
Hg, the linewidth is 1320 gauss. 

field values, a broadening of the line, and a 
lowering of the intensity, all of which were 
observed in the present case. The effect of 
surface pinning depends strongly on the 
value of the surface anisotropy constant, 
K,. Of the various explanations for this 
found in the literature (2628), two are 
possible in the present case. 

First, surface pinning may be due to a 
difference in symmetry of nearest-neighbor 
surface atoms compared to similar atoms in 
the bulk (26). This explanation seems less 
probable in the present case because it 
should apply both to the hydrogen case and 
to the oxygen. Second, there may be formed 
an antiferromagnetic surface layer coupling 
the ferromagnetic surface spins under it 
(27). It is known that when molecular 
oxygen is adsorbed on nickel it penetrates 
under surface atoms (29), forming a thick 
layer of nickel oxide (SO, 51) which causes 
surface pinning because of the anisotropy 
decrease. This effect need not, of course, 
occur if the oxygen is introduced to the 
metal surface in the form of nitrous oxide. 

On nickel particles of small diameter the 
surface pinning and the effect of surface 
spin decoupling predominate. A decrease of 

magnetization is thus observed, and a shift 
toward a smaller resonance field. But if the 
sample is sintered, the particle diameter in- 
creases and the decrease of magnetocrystal- 
line anisotropy prevails over the surface 
pinning. In this case the magnetization in- 
creases after oxygen adsorption, as it does 

g-2.86 - 

FIG. 12. FMR signal from Sample No. 2 sin- 
tered in uacuo 4 hr at 450°C; -, evacuated, 
the linewidth is 1400 gauss; --- --, treated with 
oxygen, P(Oz) 50 mm Hg, the linewidth is 1400 
gauss. 

for hydrogen on samples of similar particle 
size. This result, which is shown in Fig. 12, 
confirms the previously reported increase 
obtained by the constant-field method (1). 
It must be emphasized also that the admis- 
sion of oxygen to a nickel surface generates 
sufficient heat to sinter small particles. 

SUNMARY 

It appears from this work that in spite 
of the complexities involved in ferromag- 
netic resonance, especially in the case of 
polycrystalline material (do), it is possible 
to gain a better understanding of surface 
and adsorption phenomena by this method. 
Although the precise nature of the nickel- 
hydrogen bond remains obscure, the effect 
of this bond on the magnetic properties of 
an assembly of nickel particles of various 
sizes and shapes is reasonably well ac- 
counted for. In the case of oxygen the more 
probable mechanism of adsorption involves 
the decoupling of surface atomic moments 
of nickel and the formation of an antifer- 
romagnetic layer of nickel oxide as pro- 
posed by Geus and Nobel (6). 
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