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Electron Diffraction Studies on Solid x-Nitrogen*

By Erwix M. H6RL anD L. MARTON
National Bureau of Standards, Washington, D.C., U.8. A.

(Recetved 6 February 1960)

A technique was developed for studying thin films of solidified permanent gases by means of electron
transmission diffraction. It was applied to the investigation of thin films of solid «-nitrogen at 4
and 20 °K. The orientation of the microcrystallites on aluminum and Formvar substrates was
investigated as a function of both the temperature of the substrate and the intensity of the molecular
nitrogen beam during deposition. Further, the crystal structure and the cell dimensions of «-nitrogen
were reinvestigated. Faults in the stacking sequence of (111) planes, detected under certain con-
ditions, were studied in some detail. Preferential crystal growth processes were observed to be
induced by electron bombardment. The influence of conditions of deposition on these processes was

also investigated.

Introduction

There has been considerable research in recent years
on the emission of light from nitrogen atoms and other
radicals stabilized in «-N2 matrices at very low tem-
peratures (Bass & Broida, 1956; Herzfeld & Broida,
1956; Broida & Peyron, 1957; Herzfeld, 1957 ; Broida
& Peyron, 1958; Peyron & Broida, 1959; Horl, 1959;
Peyron, Hérl, Brown & Broida, 1959). This work
stimulated interest in the detailed investigation of the
structure of thin films of «-nitrogen produced by
condensation of nitrogen gas on cold surfaces.

The most interesting questions to be answered were:
Are the thin films obtained by condensation of gaseous
nitrogen on cold surfaces amorphous or crystalline?
If crystalline, do the crystals exhibit a preferred
orientation, and what is their averages size? Are there
stacking faults and strain systems present? In what
way are these phenomena dependent upon the type
and temperature of the substrate, and how are they
affected by the conditions of gas flow during the
condensation process ?

Further, it was desirable to settle existing disagree-
ment on the structure of a-nitrogen, the modification
which is stable below 35-5 °K. Vegard (1929) proposed
the T"-space group, while Ruheman (1932) suggested
the T§-space group. A recent X-ray re-examination
(Bolz et al., 1959) of solid nitrogen eliminated Vegard’s
arguments for 74 and thus made 7% very probable.
In the Ruhemann structure, the arrangement of the
molecule centers is exactly face-centered cubic; in the
Vegard structure, they are shifted slightly from face-
centered cubic positions.

Experimental technigue
The cryostat used in our experiments has been
* This research was performed under the National Bureau

of Standards Free Radicals Research Program, supported by
the Department of the Army.

described in detail in an earlier publication (Horl &
Marton, 1958). A simplified vertical cross section of
its lower part is presented in Fig. 1. Mounted on the
copper target block is a thin Al or Formvar foil upon
which the nitrogen gas is condensed. Good heat contact
is maintained between the target block and the cooling
bath (liquid helium or liquid hydrogen). The tempera-
ture of the target block can be measured by means
of a carbon resistance thermometer. An electron beam
of 46 kV. passes through the foil and solidified gas
layer either perpendicularly or at smaller angles of
incidence. The transmission diffraction pattern can be
observed visually or photographed.
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Fig. 1. Simplified vertical cross section of the lower part of
the cryostat, showing the arrangement of target, radiation

shield, and cooling baths.

In extending electron diffraction technique to solid-
ified permanent gases, we were faced with two major
experimental difficulties: first, condensation of the
residual gases of the high vacuum system on the cold
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target surface; and, second, electrical charging effects
due to the high electrical resistance of solid nitrogen.
The condensation problem was reduced below the
observable limit by the reduction of background pres-
sure in the outside parts of the system to 1x10-7
mm. Hg. This was achieved through the use of liquid
hydrogen rather than liquid nitrogen for cooling the
radiation shield. In addition, the sizes of the openings
in the radiation shield were reduced to a minimum.
The charging effects were due to the thin Ne film con-
densed on the whole target block area and on the
inner walls of the radiation shield. Condensation oc-
curred over the entire inner surface because the stick-
ing coefficients of N2 gas on surfaces at temperatures
4 and 20 °K. are less than 1 (Foner et al., 1959). Two
techniques were employed to prevent charging effects:
first, the electron beam was made very fine and narrow
in order to reduce the number of stray electrons which
could produce charging; and, secondly, a modification
of the inner surface was introduced where the dif-
fracted beam hits. This was done by using a ‘tempera-
ture floating’ exit slit as shown in Fig. 2. A thin,
thermally insulated Al foil was mounted on the
radiation shield, so that it received radiation on one
side from room temperature surfaces and on the other
side from 20 °K. and 4 °K. surfaces. Thus it stayed
warm enough to prevent condensation of nitrogen
upon itself. A slit was used in preference to a round
aperture to satisfy the minimum opening requirement
in the radiation shield together with the requirement
of recording electrons diffracted at large angles.

THIN ALUMINUM FoOIL
AQUADAG STRIP

RADIATION SHIELD
THERMAL INSULATOR (EPOXY RESIN)

Fig. 2. ‘Temperature floating’ exit slit
(horizontal cross section | slit).

Our work was done primarily at 4 and 20 °K., with
liquid helium or liquid hydrogen as a cooling bath. In
some experiments, the film structure was also observed
during warm-up.

The combined thickness of the supporting foil and
the condensed nitrogen layer was kept so small that,
for the most part, an electron underwent only one
scattering event. Thus, the observed electron diffrac-
tion patterns were simple superpositions of the pattern
which would have been observed for the supporting
foil or the condensate alone.

In most experiments we used polycrystalline Al or
Formvar substrates 200-300 A thick. To observe Na
diffraction rings masked by Al rings, we used in some
experiments Al foil with orientation of the micro-

crystallites [(111) || foil plane]. The polycrystalline Al
foils were prepared by evaporation of Al in vacuum
on a glass surface which was pre-coated with NaCl.
The highly oriented Al foils were produced by epitaxy
on rock salt. In both cases, the foils were floated off
on a water surface and mounted. The Formvar sub-
strates were prepared by dropping a few drops of a
0-5% solution of Formvar in ethylene dichloride on
a water surface.
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Fig. 3. Gas inlet system (schematically).

The nitrogen gas was admitted by means of a flow
system shown schematically in Fig. 3. It operated in
the following way: first, the 1000 cm.3 glass flask was
filled with nitrogen gas to a pressure of a few hundred
microns Hg. Then, the valves were opened and
manually regulated to keep the rate of pressure
decrease in the flask at a pre-determined constant
value. In this way, the flow rate and the total amount
of gas introduced into the system was known and could
be preset.

Throughout this paper we shall refer to low, medium,
and high flow rates. They correspond to the following
numbers: 0-001 cm.3(s.t.p.)/sec., 0-005 cm.3(s.t.p.)/sec.,
and 0-03 cm.3(s.t.p.)/sec. These flow rates cover the
range which could be easily handled using the above-
described technique.

Estimates of thickness and build-up speed (layers/
sec.) of the nitrogen condensates were made from the

geometry of the gas inlet system and the measured
rate of gas flow.* A sticking coefficient of 0-6 was

* Mayer (1929) has shown that
() L
N / opening in thin wall T 55

N ) channel (length ,-;
(cosine distribution) 2 x diameter)

where dN is the number of molecules leaving the source per
time unit in the forward direction in a small space angle dw,
and N the total number of molecules leaving the source per
time unit. The necessary condition for molecular flow—
collision-free path length of molecules in source chamber
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assumed for the gas molecules on the cold target
surface (Foner ef al., 1959). Under these assumptions
and conditions, the estimated build-up speeds were:
0-2 layers/sec. for the low flow rate case, 1 layer/sec.,
and 6 layers/sec. for the medium and high flow rate
cases. Completely independent estimates, using the
different atomic scattering factors for electrons for
N: and Al, gave figures of the same order of magnitude.
The film thicknesses were estimated by the product
of build-up speed and total deposition time. They
were in most of our experiments of the order of a few
hundred Angstroms.

In order to measure the lattice parameters of «-
nitrogen, we used the diffraction pattern of the Al
substrate as a standard. The lattice parameter of Al
has been measured with high precision by means of
X-rays at temperatures as low as 20 °K. (Figgins et al.,
1956). There was some doubt as to the validity of the
assumption that our thin films evaporated in vacuum
from a tantalum crucible have the same lattice con-
stant as was given by the X-ray measurements. It is
known that in evaporation from a tungsten crucible
the formation of an alloy occurs, reducing the lattice
parameter considerably (Encyclopedia of Physics, 1957).
We could find no information on the alloy-forming

(oven) X, 2 x diameter of gas inlet tubing—was tested ex-
perimentally by measuring the gas pressure at the beginning
of the 18 cm. long gas inlet tube. The pressure amounted to
3, 12, and 70 microns Hg in the low, medium, and high flow
rate cases, respectively, and fulfilled the requirements, cer-
tainly in the low flow rate case.

Al

< <« =
< 5

Q e =
& S o
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@

effect of tantalum crucibles; consequently, we checked
the lattice constant a,; of these Al foils using MgO
which gives a very sharp (200) diffraction ring. MgO
was deposited on the Al foils and from the two super-
imposed patterns a,; was calculated. The value ao=
4213 A (Swanson & Tatge, National Bureau of Stan-
dards Circular 539, Vol. 1) was used for the lattice
constant of MgQ. The check revealed no significant
deviation from the well-known lattice constant of
aluminum (Figgins et al., 1956).

The nitrogen gas used in these experiments, accord-
ing to the commercial supplier, had as main impurities
<10 p.p.m. of oxygen and about 50 p.p.m. of argon.

EXPERIMENTAL RESULTS AND
INTERPRETATION

Structures of x-nitrogen films

(a) Nitrogen deposits on aluminwm substrates at 4 °K.

At slow flow rates (corresponding to build-up speeds
~ 0-2 layers/sec.) diffraction patterns of the con-
densate showed one broad, diffuse diffraction ring at
the position where the 111 and 200 reflections are
expected to occur (Fig. 4). Increasing the thickness of
the condensed nitrogen layer did not change the struc-
ture of this ring. Further, diffraction patterns taken
at angles of incidence of 50° did not differ from those
taken at 90° (beam L foil). In particular, no change
in intensity along the diffraction ring could be ob-
served in the 50° cases.

— () Ny
~—{200) N,
(i) Al
(200) Al

(b)

Fig. 4. Plate transmission tracings of a diffraction pattern of a thin film of solid «-nitrogen obtained by condensation of nitrogen
gas on an Al substrate at 4 °K. at a flow rate corresponding to a layer build-up speed of ~ 0-2 layers/sec. (slow flow rate).
Electron beam | substrate. The x-nitrogen reflections indicated by marks correspond to large ideal crystals. (a) Complete
tracing of plate showing pattern of the Al substrate with superimposed nitrogen pattern (diffuse ring). (b) Detail tracing
of diffuse nitrogen ring, taken at slow densitometer speed, showing the exact line profile.
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Fig. 5. Plate transmission tracings of diffraction patterns of thin films of solid x-nitrogen obtained by condensation of nitrogen
gas on Al substrates at 4 °K. at a flow rate corresponding to a layer build-up speed of &y 1 layer/sec. (medium flow rate case).
Electron beam |_foil. The x-nitrogen reflections indicated by vertical lines correspond to large ideal crystals. (a) Plate tracing
showing complete pattern of Al substrate and x-nitrogen condensate. (b) Tracing of 111...200 region of x-nitrogen (deposited

layer considerably thinner than in Fig. 5(a)).

These diffraction patterns indicate that the con-
densed layer was amorphous. A Fourier analysis of
these patterns is presently being carried out.

The use of medium flow rates (corresponding to
build-up speeds ~ 1 layer/sec.) in the deposition
process results in a diffraction pattern of which the
intensity profile of the 111...200 region is as shown
in Fig. 5. The 111 reflection is sharp, but differs from
the line profile of ideal crystals by a strong broadening
of the line base (compare 111 x-Nz with 111 Al).
The 200 reflection is broad and diffuse and on some
plates not distinctly separated from 111. It was, in
all cases, lower in area intensity than would be ex-
pected from ideally built crystals. Also on some plates
a very faint trace of the hexagonal 10-0 reflection is
visible. Higher order reflections were immeasurable
due to masking or lack of intensity.

Patterns taken at angles of incidence of 50° and 40°
did not show noticeable differences in the intensity
profile of the 111...200 region in comparison with
patterns made at 90° (beam I foil). Further, no
changes in intensity along the rings could be observed
in any of the patterns.

The observed diffraction patterns can be interpreted
by random crystal orientation in the condensed layer
and by faults in the stacking of the (111) planes of
the individual microerystallites. No tensile strain seems
to be present (no change in line profile when target
is turned in respect to electron beam). The size of the
crystals determined bi the half-width of the 111
reflection was 50-300 A. The stacking faults will be
discussed in detail later.

High flow rates (corresponding to build-up speeds
~ 6 layers/sec.) resulted in a diffraction pattern very
similar to the one described for medium flow rates.
Again patterns were taken at angles of incidence of
45° and 90°, and the result was the same as for the
medium flow rate case. It is remarkable that the film
structure of a very thin deposit was very much like
that described for slow flow rates.

The experiments, especially the ones in which low
flow rates were used, were performed with short
‘beam-on’ periods. A slow recrystallization process was
observed when the electron beam was left on con-
tinuously, indicating that the heat input into the
deposit by the electron beam was not negligible. The
diffraction pattern described for the slow flow rate
case was changed to one characteristic of medium
flow rates in a ‘beam-on’ period of 20 min. After 10
min. a faint (111) ring was visible. Long ‘beam-on’
periods caused a sharpening of the (200) ring in the
medium flow rate pattern.

(b) Nitrogen deposits on Formvar substrates at 4 °K.

Diffraction patterns on Formvar were very similar
to the ones observed with Al substrates. The main
difference was the very strong recrystallization effect
of the electron beam on the condensate due to the low
thermal conductivity of Formvar as compared to the
metal Al. In only one to three min. ‘beam-on’ period,
a deposit characteristic of slow flow rates (broad,
diffuse diffraction ring) was changed to a pattern
characteristic of medium flow rates (Fig. 6).
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(a)
(b)

Fig. 6. Reerystallization process due to heating of target by Fig. 8. Electron diffraction pattern obtained from a x-nitrogen
the electron beam. Nitrogen gas had been condensed on a layer on a Formvar substrate at 20 K. Angle of incidence
Formvar foil at 4 “K. In order to observe the structure of electron beam with respect to foil was 45°. No change of
change of the il('pu.-&il with time during electron irradiation, intensity along the diffraction rings could be detected.

the electron beam was transmitted through the foil for two
minutes. Electron beam | foil. (a) Diffraction pattern im-
mediately after the beam was turned on. (b) Diffraction
pattern after 2 minutes ‘beam on’ period.

X3
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Intensity (per
unit length of
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(b)

Fig. 7. Electron diffraction pattern obtained from a x-nitrogen layer on a Formvar substrate
at 20 °K. Electron beam | foil. (a) Long exposure to make higher order reflections visible.
(b) Short exposure to obtain distinet pattern of low order reflections.

[To ‘ace p. 14
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(¢) Nitrogen deposits on aluminum and Formvar sub-
strates at 20 °K.

Neither flow rate nor substrate type detectably
influenced the condensate structure when nitrogen gas
was condensed on Al or Formvar at 20 °K. In every
experiment at this temperature, sharp line patterns
were obtained (Fig. 7). Again, patterns were taken at
angles of beam incidence of 45° and 90° and no change
of intensity along the diffraction rings could be ob-
served (Fig. 8).

From the line width, an average crystal size of a
few hundred A could be calculated, which is of the
same order of magnitude as the layer thickness. As
indicated above, no azimuthal change of intensity
could be detected in the patterns taken at inclined
beam incidence ; one must conclude, therefore, that no
preferential crystal orientation took place. From the
relative intensities of the reflections and their spacings,
information on crystal structure and lattice parameter
could be obtained. This will be discussed later.

(d) Change of mitrogen film structure during warm-up

Deposits obtained by condensing nitrogen gas on Al
substrates at 4 °K. changed their structures gradually
during warm-up, becoming more and more similar to
deposits obtained by condensing nitrogen gas on 20 °K.
substrates. This indicated a recrystallizing and an-
nealing process, as one would expect. The deposits
migrated or evaporated off the substrate at tem-
peratures around 26 °K. In no case could we observe
a nitrogen pattern at 30 °K. For this reason, it was
not possible to observe the phase transition from «
to B nitrogen, which takes place at 35-5 °K.

Crystal structure and cell dimensions

The first structure determination of solid x-nitrogen
was made by Vegard (1929). He used the X-ray powder
method and found as a result a molecular lattice of
the 7'4(P2,3) space group. The centers of the nitrogen
molecules were arranged in such a way that they were
shifted slightly from face-centered cubic positions.
The internuclear distance of the two nitrogen atoms
of the nitrogen molecule was determined to be 1-065 A,
a value very close to or identical with the value for
the free gas molecule.

This somewhat peculiar result was checked in 1932
by Ruhemann using the same technique as Vegard.
Ruhemann found that the T§(Pa3) space group may
also be regarded as a possible one. He pointed out that
the 110 reflection, which is necessary for Vegard’s
structure and which was observed by Vegard, may
have been a KB reflection. In the T space group,
the arrangement of the molecule centers is exactly
face-centered cubic and the coordinates of the atoms
comprising the four molecules of the cubic elementary
cell are:

[(p, D, p)a (_p’ D, _p)] 3

[(G—p, —p, 3+D), G+D, 0, 3—D)],

(3—p, 2+p,0), G+p, 3—p, —D)],
and [(_p: ;2L+p’ ‘%—p)’ (p’ %_p’ %+p)] .

A picture of a model of this unit cell is shown in Fig.9.

The lattice parameter as measured by Vegard (1929)
at 20 °K. was 566 A; Ruhemann’s (1932) value was
5:67 +0-02 A. A value for 4 °K. of 5-644 + 0-005 A was
given by Bolz et al. (1959). Our measurements on
plates from several different runs at 20 °K. agreed
within the error of measurement and gave @g.x=
5-661+0-008 A.

Fig. 9. Model of cubic unit cell of the x-nitrogen lattice
according to the Ruhemann structure.

Our visual estimates of the intensities of the ob-
served electron diffraction rings of nitrogen conden-
sates at 20 °K. on Formvar foils agree well with the
Ruhemann structure with the exception of the 200
reflection. This discrepancy is most probably due to
some stacking faults still present in 20 °K.-deposits.
In Table 1, visual estimates of the intensities of our
diffraction rings are compared with relative intensities
calculated on the basis of the Ruhemann structure,
assuming an internuclear distance of the atoms of each
molecule identical with the gas phase value (1-094 A;
Herzberg, 1955) and a lattice parameter of 5:661 A.
From this agreement, one can conclude that the inter-
nuclear distance of the atoms of each nitrogen mole-
cule in the «-solid is close to the gas phase value.
A +209 deviation of the internuclear distance from
the gas phase value would have shown very distinct
differences even in visual estimates of the diffraction
ring intensities.
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AL(311)
Al (220)
Al (200)
AL(ILT)
N, (10+1)

N, (1)

N, (10-0)

(b) (a)

Fig. 12. Electron transmission diffraction pattern obtained after electron bombardment treatment
from a polyerystalline nitrogen film of originally random erystal orientation.

PLATE 2
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Table 1. Relative intensities of x-nitrogen diffraction rings

Relative
Relative experimental intensities theoretical
Group of intensities
reflecting Vegard Ruhemann Present of Ruhemann

Zh% planes (1929) (1932) paper* structuret
1 (100) — — 0 0
2 (110) 20 — 0 0
3 (111) 150 sst 12000 13700
4 (200) 100 st 1500 5260
5 (210) 20 s 250 578
6 (211) 25 ms 350 715
8 (220) 75 mst 2000 1530
(300) 0
9 (21) 20 s } 150 200
10 (310) 3 — 0 0
11 (311) 60 m 700 861
12 (222) 15 88 150 242
13 (320) 30 s 400 472
14 (321) 50 m 600 730

16 (400) 2 — 0 12-8
17 (322) 30 ms 250 290
18 (411) 15 ms 50 138

19 (331) 15 ss 50 64-3

20 (420) 5 — 50 175

21 (421) 5 — 50 63-2

22 (332) 15 — 50 64-5

24 (422) 10 — 0 7-1
- (500) 0
25 (430) 35 — } 200 216
(431) 360
26 (510) 50 ss } 350 0

- (333) —_ — 2.5

2 (511) — — } 0 124

(520) 81-6
29 (3ao) 660 — } 200 o
30 (521) 40 — 50 131

sst—very strong; st—strong; mst—medium strong; m-—medium; s—weak; ms—medium weak; ss—very weak.

* Visual estimates taken from a diffraction pattern of a nitrogen condensate on a Formvar substrate at 20 °K. (Intensities

per unit length of diffraction ring).

T The theoretical intensity for a cubic structure per unit length of diffraction ring for the reflection group X'AZ=const. is

given by:

Ispy = const. [(Z —Fp)2[(Zh%)3] Z(%' oxp (2ni/a) . (xxhy +yrhy+21h3))2,

where Z is the nuclear charge, F, the atomic X-ray scattering factor, a the lattice constant, xy, ¥k, and z; the subcoordinates

for the atoms of one cell.

Structure imperfections

Fig. 5 shows the plate transmission tracings of elec-
tron diffraction patterns obtained from nitrogen films
prepared by deposition of nitrogen gas on Al foils at
4 °K., with medium flow rate. The main anomalies of
the observed intensity profile of the 111...200 region
lie in the reduced intensity and broadening of the 200
reflection, the broadening of the line base of the 111

reflection, and the appearance of a very faint trace of
a 10-0 reflection on some plates. These phenomena
strongly suggest interpretation in terms of stacking
faults of the (111) planes.

(a) Stacking faults of the first kind

The arrangement of the molecule centers in the
«-nitrogen lattice is of the face-centered cubic type.
Thus we can build the crystal by stacking 4, B, and
C type (111) layers: ... ABCABCABC...,asshown

in Fig. 10. However, this sequence may be disturbed

by growth faults: ... ABCAB(A)CBA ... when (4)
is the faulted plane.f In this case, the structure is
symmetrical with respect to one of the planes (marked
in the example above by a bar); therefore, this type of
irregularity in the stacking sequence is referred to as
‘twin faulting’. We assume all the 4-, B-, or C-type
planes, respectively, to be completely identical in all

X and Y coordinates (X and Y || (111)) of correspond-

ing atoms. This type of fault we shall call a stacking
fault of the first kind.

(b) Stacking faults of the second kind

A second type of fault in the stacking of the (111)
planes of x-nitrogen is predicted by the fact that the
symmetry of the 7§ space group is lower than that of

T The analogous sequence for a deformation fault would be:
...ABCAB(4)BCA....
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the O space group of a simple face-centered cubic
structure. This second fault type is characterized by
the fact that the molecule centers are not affected.
In Fig. 10, one can distinguish 4 types of Ny molecules
in (111) planes according to their angular position in
space. These four types are designated P-, @-, R-,
and S-types molecules; the shortest distance between
two molecule centers in the (111) plane we shall call a*.

P-type S-type R-type Q-type
molecule molecule molecule molecule
Axis Lto (Il1) i
\v/ E

\/\/\
\/\/\/

()

/Ny
VA

RO NSVA = NP 97'

A AVAT VA VAT
A""‘A""‘A""‘A"'
2 CRRIAL - UL /34 (AL V

A AVaVAS A
g&A (55N AVIQAVABQA

(b)

Fig. 10. (@) Single (111) plane of the «-nitrogen crystal lattice.
One can distinguish 4 types of N, molecules according to
their positions in space (P, @, R, and S). (b) The x-nitrogen
crystal lattice built up by the stacking of 4-, B-, and C-type
(111) planes. The different types of planes are distinguished
by the different widths of the connecting lines.

It is obvious that we can now introduce faults in
the stacking sequence of the ideal crystal lattice by
shifting a given (111) plane, and all the following (111)
planes by a distance of a* along a [10-0] or [01-0] or
[11-0] direction, making parallel molecule pairs in
adjacent layers nearest neighbors. Furthermore, the
arrangement of P-, @-, R- and S-type molecules in a
(111) net plane can be changed, yielding an infinite
number of possible stacking faults of the second kind.

(¢) Effects of stacking faults on the electron diffraction
pattern

A considerable amount of experimental and theoret-
ical work has been done in the last twenty years on

ACl4—2

faults in the stacking sequences of crystal planes
(Edwards & Lipson, 1942; Wilson, 1942; Paterson,
1952; Kimoto, 1953; Hosemann & Bagchi, 1954).
A number of similar theoretical approaches have been
used, but only the close-packed hexagonal or face-
centered cubic structure could be treated under the
assumption of uniform fault distribution.

Therefore we are forced to treat the «-nitrogen
crystal structure as a simple f.c.c. structure. Stacking
faults of the second kind therefore must be neglected,
and the molecules considered as single scattering
centers. This approximation seems justifiable for the
low order reflections (111, 200 and 220), for which the
interplanar distance is large in comparison with one-
half the internuclear distance of the N: molecule.
These reflections are very strong in comparison with
the 210 and 211 reflections (see Table 1); the intensity
relationships 111:200:220 resemble those predicted
for the simple f.c.c. structure.

We must further assume a completely uniform fault
distribution in the real x-nitrogen crystallites in order
to apply the theory. Very faint traces of 10-0 reflections
were visible on some plates, indicating the existence
of regions with a fault probability, «, in the range
3 <« <1. However, the main anomalies of the pattern
(Fig. 5) are characteristic of an « in the range
0<x<2)3-—3 (Paterson, 1952). This indicates some
clustering of faults in the real crystals. The theoretical
expressions for intensity distribution in the reciprocal
lattice are no longer strictly applicable, but can still
give a qualitative picture of the situation in the real
crystallites.

The anomalous appearance of the 200 reflection is
characteristic of stacking faults in (111) planes of f.c.c.
crystals with « in the range 0 < x <2)/3—3 (Paterson,
1952). According to the formulas in Appendix II of
Paterson (1952), a shift of the maximum of the 200
reflection toward the 111 peak should occur. The
amount of this shift for «=0-1 was calculated to be
0-03% of the ring radius of 200, for an x=0-2 to be
0-159,. Because of the diffuseness of the 200 reflection,
such a shift is difficult to detect. On none of our
plates was such a shift clearly visible.

The most probable reason for the broadening of the
line base of the 111 reflection is the appearance of
diffuse hexagonal 10-0 and 10-1 reflections due to
highly faulted regions (3 < x <1).

In interpreting the observed pattern, one must also
consider that a certain amount of very fine crystal-
line powder may be present together with faulted
crystals of larger size; an exact line intensity profile
analysis, therefore, is very difficult or even impossible
to perform.

Preferred crystal growth

Experiments were performed in which nitrogen gas
was deposited on a 4 °K. aluminum target at medium
flow rates, and bombarded with a 46 kV., 3 to 30 uA.
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electron beam of a few millimeters diameter as shown
in Fig. 11. Electrons impinged on the target block at
a small angle, 5° to 15°, striking only the area below
the 0-1 mm. aperture at the beginning of the bom-
bardment procedure. The beam was then moved
upward over the target at a slow speed of ~ 1 mm./sec.
and cut off after it had passed the specimen.

foil with condensate

area of target
(over O1mm cperture)

hit by electrons

electron beam

target block

Fig. 11. Procedure for electron bombardment treatment for
preferred crystal growth.

The transmission diffraction pattern (electron beam
1 foil) obtained after this bombardment treatment is
shown in Fig. 12*, A very distinct variation in intensity
appears along the (111) diffraction ring. Further, the
hexagonal 10-0 and 10-1 reflections of B-nitrogen
appear along the weak intensity parts of (111). The
(222) diffraction ring, not shown in the figure, shows
the same intensity distribution as the (111) ring.
Weaker sections of the (311) ring occur at the same
azimuthal angle as the maxima of the (111) and (222).
All other reflections of the nitrogen film are either too
weak for a clear detection of intensity changes, or
masked by aluminum reflections.

The straight line connecting the intensity maxima
of the (111) ring was never exactly perpendicular nor
parallel to the direction of the upward motion of the
bombarding beam, but it was always much more
nearly perpendicular than parallel.

When the specimen was rotated around an axis
perpendicular to the electron beam, the intensity
maxima of the (111) ring decreased; the minima
increased. At an angle of 25° from the original position
(beam 1 foil) this effect was quite pronounced, and at
40° a completely uniform (111) ring was observed.
Rotation of the target thus permitted observation of
the distribution of [111] directions of the microcrystal-
lites over a large space angle. On a unit sphere the
[111] density distribution shows two approximately
circular areas of high density opposite each other. The
line connecting the centers of these areas is nearly
perpendicular to the upward motion of the bombarding
beam and also perpendicular to the line connecting the
target foil with the center of the photographic plate.

No orientation of the microcrystallites could be
obtained with the above-described technique when

* Plate 2.

nitrogen gas was condensed on a 20 °K. substrate and
bombarded at the same temperature. A sample pre-
pared by condensation on a 20 °K. substrate was
bombarded at 4 °K. Again, no orientation could be
obtained.

These observations suggest a preferred crystal growth
process during the bombardment caused, perhaps,
by a thermal gradient built up at the border line
between the irradiated and unirradiated parts of the
target surface. Apparently the gradient moves over
the area of the target hole when the beam moves
upward. Under this thermal treatment, crystals grow
in such a way that the [111] direction is, within a
certain range, parallel to the supporting foil and
perpendicular to the gradient. The intensity maxima
of the (111) diffraction ring should be on a line exactly
perpendicular to the direction of motion of the bom-
barding beam (this is also the expected direction of
the thermal gradient). In practice, however, it is
probably impossible to control the movement of the
thermal gradient over the very small area of the
target hole so precisely, even with an exactly horizontal
beam. Therefore, the connecting line between the (111)
maxima can not be expected to be exactly horizontal.

The intensity variation along the 311 reflection
seems to indicate random azimuthal arrangement of
the crystallites with respect to the [111] direction;
no particular crystal plane seems to be parallel to the
substrate.

Hexagonal reflections appear, probably as a result
of the heating of some part of the nitrogen deposit
during bombardment to a temperature above 35 °K.
Hexagonal crystals may be formed in this process and
may grow with their [00-1] directions perpendicular to
the thermal gradient. Since a quenching of the hexag-
onal f-modification may be possible in a somewhat dis-
ordered structure, the (10-0) and (10-1) planes of the
hexagonal crystals could reflect, after bombardment,
when the diffraction pattern is observed. A second
interpretation of the appearance of hexagonal reflec-
tions may be based upon the assumption of the ex-
istence of highly faulted regions between ideally
grown, larger crystals; however, the orientation of the
crystallites would be difficult to understand.

Preferred crystal growth is induced by electron
bombardment only if the microcrystallites are strongly
faulted (stacking faults of the (111} planes). Deposits
condensed at 20 °K., which are nearly fault-free, ex-
hibited no orientation phenomena under bombard-
ment. These observations may be understood from
current theories on the recrystallization process
(Schmid & Boas, 1935).

The authors wish to thank Miss LaBonnie A. Bianchi
for very excellent assistance throughout the work,
Mr Jimmie A.Suddeth for taking diffraction patterns
of Al substrates for calibration, and Mr Mardell D.
Wagner for preparing excellent drawings.
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Magnetic Structures of 3d Transition Metal Double Fluorides, KMeF;*

BY ViADIMIRO SCATTURIN,T LESTER CoRLISS, NORMAN ErLLioTT AND JULIUS HASTINGS
Department of Chemistry, Brookhaven National Laboratory, Upton, Long Island, New York, U.S.A.

(Recetved 23 October 1959 and in revised form 6 February 1960)

The antiferromagnetic structures of KCrF;, KMnF,;, KFeF,;, KCoF,, KNiF,;, and KCuF;, have
been obtained by neutron diffraction. The Mn, Fe, Co, and Ni double fluorides exhibit an ordering
in which the divalent 3d ion is coupled antiferromagnetically to its six nearest neighbors. In the
chromium double fluoride, the magnetic structure consists of ferromagnetic (001) sheets, coupled
antiferromagnetically along the [001] direction. No magnetic scattering is observed in the neutron

diffraction pattern of the copper double fluoride.

The magnetic structures and the observed crystallographic distortions are discussed in terms of
an indirect exchange mechanism and in terms of the crystal field theory, respectively.

Introduction

Tonic compounds of formula 4BXj3 often crystallize
in the perovskite structure, provided the 4 and X
ions form close-packed 4 X3 layers and the B ion can
be accommodated in the holes between these layers.
When magnetically active B ions are introduced into
this structure, there is a possibility of interaction
leading to magnetic ordering. Antiferromagnetic struc-
tures have, indeed, been observed in perovskite-like
double oxides of 3d trivalent ions: the so-called 4-type
configuration was observed for Mn+3 in LaMnOs;
(Wollan & Koehler, 1955) while the G-type was found
for Mn+4 in CaMnO3; (Wollan & Xoehler, 1955), for
Fe+3 and Cr*3 in LaFeO; and LaCrOs (Koehler &
Wollan, 1957). Similar magnetic configurations were
observed in the trifluorides of 3d transition metals

* Research performed under the auspices of the U.S.
Atomic Energy Commission.

T Present address: Istituto di Chimica Generale e Inor-
ganica, Universita di Padova, Padova (Italy).

(Wollan, Child, Koehler & Wilkinson, 1958), which
have a crystal structure related to the perovskite
structures. Indirect exchange interactions, depending
on the electronic configuration of the ions and the
crystal structure, presumably account for the magnetic
ordering of these compounds. As in all indirect ex-
change couplings the anions play an important role
in the exchange interaction.

A neutron diffraction study has been made of the
magnetic structures of 3d metal double fluorides,
KMeFs3, containing divalent magnetic ions and having
a perovskite-like structure. The main purposes of this
study were to find the magnetic ordering of the metal
ions and to correlate the spin arrangement with the
properties of the orbitals involved in the indirect
exchange.

3d divalent ions and crystal field theory

It is convenient, for the subsequent discussion, to
review at this point the properties of 3d divalent ions



