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The compounds Eu(NH&, Yb(NH,),, and their solid solutions have been synthesized by direct reaction of the 
metals with liquid ammonia. Low-temperature X-ray studies at 2OOK indicate that the unit-cell parameters are 
very close to those of Sr(NH,),, corresponding to a body-centered cubic array of octahedral molecules. A 
Wigner-Seitz metallic model involving delocalization of electrons through 7s7p band formation is proposed. 
Magnetic studies have been carried out by a Faraday method over the range 2.2-300 K and up to 22 kilo-oersted. 
Eu(NH& is found to be ferromagnetic with a Curie temperature of 5SK, which does not change with dilution. 
Above 5.5K, the paramagneticmoment per europium is 10.15 BM; it changes to 7.9 BM above47K. As expected, 
Yb(NH& is found to be diamagnetic, but it crosses over to paramagnetic below 31K. A model for Eu(NH& 
is proposed in which valence electrons, delocalized in a 7s7p conduction band at higher temperature are pro- 
gressively frozen out into localized Sd orbitals below 47K. The extremely large distances over which the ferro- 
magnetic coupling occurs suggests an indirect exchange mechanism via nondegenerate-gas electrons. At higher 
temperatures, the exchange appears to be of the degenerate-gas type; at very low temperatures, perhaps of the - __ 
excitonic-insulator type. 

Introduction 
The rich promise of the metal-ammonia systems 

as sources of unusual combinations of physical 
phenomena has been amply fulfilled as modern 
instrumentation elaborates the detailed behavior of 
these systems (I). The finding that europium can 
dissolve in liquid ammonia (2) adds an important 
degree of freedom for the systems by allowing inser- 
tion of controlled amounts of magnetic-moment 
carrying ions. The further observation that ytterbium 
too is soluble in liquid ammonia (2) suggests the 
feasibility of diluting the strongly paramagnetic 
Euzf with diamagnetic Yb2+ in order to investigate 
the concentration dependence of magnetic inter- 
actions in an electron-rich medium. Warf and Korst 
in their solubility work surmised that the gold 
metallic solids formed on evaporation of NH, from 
Eu and Yb solutions were “metal hexammoniates,” 
but these latter were poorly characterized at that 
time. In the meantime, Holland and Cagle (3) have 
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supported in part by AFOSR 796-67 and ARPA. 
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reported that the ammines ofcalcium, strontium, and 
barium form body-centered cubic structures with 
the ammonia molecules arranged octahedrally 
about the metal atoms in the cell. The actual 
compositions and cell parameters are found to be 
variable, and the formula M(NH& represents only 
a lower limit for the ammonia content in the absence 
of solid solution of NH3 in the compound. The 
near-identity of the crystal radii of Sr2+ (1.10 A) and 
Eu2+ (1.09 A) strongly suggests that the space groups 
and unit-cell parameters might be identical for 
Sr(NH& and Eu(NH,),. 

The first part of this investigation concerned itself 
with the preparation of Eu(NH& and with an X-ray 
study at 200K of the materials prepared. The second 
part of the study was an examination of the low- 
temperature magnetic properties of the compounds 
and some of their solid solutions. The obvious 
metallic appearance of the compounds, particularly 
the fact that the coloration is gold and not dull grey 
as with the no-compound sodium-ammonia system, 
suggests a delocalized electron model rather like 
the Wigner-Seitz model recently proposed (4) by 
Mammano and Sienko for Li(NH&. If so, there is 
a possibility of ferromagnetic coupling of the 
4f ‘Eu2+ ions through a Ruderman-Kittel-type 
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interaction via conduction electrons (5). To study 
this, Yb(NH&, which was anticipated to be 
diamagnetic, was used as a diluent in the mixed 
system (Eu, Yb)(NH,), to increase the average 
spacing between the magnetic Eu*+ ions. 

Experimental 

Preparation of Materials. The ammonia was 
obtained from Matheson and was their highest 
grade anhydrous 99.99%. The europium was 
obtained as a 3N ingot from Electronic Space 
Products, Inc. of Los Angeles, and the ytterbium, as 
a 3N ingot from Research Chemicals of Phoenix, 
Arizona. Metals were transferred in argon-filled 
glove bags or manipulated in high vacuum distilla- 
tion chains. 

For the X-ray studies, a sliver of metal cut from the 
ingot was mechanically scraped clean and inserted 
in an argon-filled, pre-pumped l-mm capillary. 
Sodium-dried ammonia was condensed in at 77K and 
the capillary sealed. On being warmed above 2OOK, 
the solid ammonia melted and dissolved the metal. 
Compositions were controlled by weighing the 
metals (under argon) and measuring the ammonia 
pressure drop in a calibrated volume; control was 
only approximate since samples were too small for 
high accuracy. Typical weights of metal were 20 mg. 
For the magnetic studies, specimens were prepared 
in small bulbs in the same fashion as above. Mixed 
metal samples were made by placing slivers of europ- 
ium and of ytterbium in the capillary before NH3 
addition. An attempt was made to have excess 
ammonia present so that on warming, a completely 
homogeneous solution would result. Although there 
was no guarantee that Eu(NH& and Yb(NH& did 
not separately crystallize on cooling, X-ray pictures 
of (Eu,Yb) (NH,), showed only a single phase. 

X-ray Data. A conventional Debye camera of 
57 mm diameter was modified to allow for flow-gas 
cooling of the target sample. The metal-ammonia 
capillary prepared as above was rotated and con- 
tinually bathed in a cold nitrogen gas stream during 
the 3-4 hr exposures. A thermocouple adjacent to 
the sample indicated a temperature of -75 f 5C. 
Radiation was CuK,. The X-ray pictures showed no 
evidence of any decomposition products such as 
amide, imide, nitride, oxide, or hydroxide. No lines 
of ammonia were observed. 

Although extreme care was taken to align the 
samples between the collimators, several of the 
exposures gave no pattern at all. In such cases, it was 
surmised that on temperature reduction the sample 
had moved in the capillary out of the path of the 

beam, hence suggesting that the compounds are 
liquid at higher temperatures. To obviate the 
difficulty, subsequent specimens were mounted so 
that the beam was not centered at the midpoint of 
the capillary but at the cooled end. Flow-gas 
cooling then would reduce the pressure of any 
residual gases in the capillary and pull the sample 
into the beam cross-section. 

Magnetic Measurements. Magnetic susceptibilities 
were determined by the Faraday method, using the 
apparatus and procedure elsewhere described (6). 
Sealed sample bulbs were inserted in a screw-type 
capsule of copper, which contained the temperature 
sensors, for suspension in the magnet gap. Force and 
temperature readouts were compared with calibra- 
tion curves for the empty capsule. Applied-fields 
were corrected for internal fields. 

Results and Discussion 

I. Structure and Energy of Formation 
Table I gives representative X-ray data observed 

for the compounds Eu(NH,), and Yb(NH,),. Both 
patterns index as body-centered cubic with unit celI 
parameter a0 = 9.55 A for Eu(NH& and 9.30 A for 
Yb(NH&. These cell parameters are to be com- 
pared with those of the corresponding hexammines 
of the alkaline-earth elements, for which Holland 
and Cagle (3) found a, = 9.12 A, 9.57 A, and 9.97 A 
with Ca, Sr, and Ba, respectively. The near equalities 
in the so’s of Eu(NH& and Sr(NH& and in the so’s 
of Yb(NH& and Ca(NH,), are parallel to corres- 
ponding near-equalities in the ionic radii, which, as 
given by Zachariasen (7), are: Eu*+ (1.09 A) and 
Sr*+ (1.10 A), Yb*+ (0.93 A), and Ca*+ (0.94 A). The 
agreement, however, might be fortuitous since, 
according to Holland and Cagle, deviations from 
stoichiometry are quite probable and can produce 
significant variations in cell length. 

Following the procedure of Holland and Cagle, 
an intensity analysis was carried out on the X-ray 
data in terms of a fractional edge parameter u 
representing positions of the nitrogen atoms on the 
cell edges. The metal atoms were placed at the body 
center positions (O,O, 0) and (+,+, 3) and the nitrogens, 
at octahedral positions around these-viz, (u, 0,O) 
and (u + +,+,+). Structure factors, and intensities 
were then calculated for the various diffraction lines. 
The analysis was somewhat imprecise because the 
difference in scattering factors of Eu or Yb and N 
makes the intensity of several of the lines almost 
independent of choice of u. The best fit was obtained 
with u = 0.30 + 0.04 for Eu(NH& and u = 0.32 f 
0.03 for Yb(NH&. These correspond, respectively, 
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TABLE I 

X-RAY DATA FOR Eu(NH& AND Yb(NH&, 

28 Intensity W) 28 Intensity WO 

13.40 vs 
18.20 m 
22.85 m 
26.10 W 
29.40 ms 
32.90 VW 
34.95 m 
37.50 VW 
40.05 mw 
41.90 VW 
44.40 VW 

(110) 
w-w 
(211) 
cw 
(310) 
(222) 
(321) 
(400) 

(41 l), (330) 
(420) 
(332) 

13.60 vs 
18.95 ms 
23.40 m 
27.15 W 
30.40 m 
33.60 VW 
36.55 mw 
38.90 vvw 
41.25 VW 
43.52 VVW 
45.80 VW 
47.85 vvw 
50.00 VW 

(110) 
Gv 
(211) 
(220) 
(310) 
(222) 
(321) 
(400) 

(41 l), (330) 
(420) 
(332) 
(422) 
(510) 

to an Eu-N distance of 2.9 f 0.4 A and a Yb-N 
distance of 3.0 * 0.3 as compared to an Sr-N 
distance of 2.9 f 0.3 A. 

Although the case for M-NH3 compound forma- 
tion appears better documented when M is a divalent 
metal than when it is a monovalent one (8), it was 
desirable to examine the energetics of the reaction 

Eu(s) + 6NH,(l) --+ Eu(NH&(s) 

in the same way (4) as has been done for Li(NH,),(,,. 
As the following analysis shows, the main contribu- 
tion to stabilization of the compound comes from 
delocalization of valence electrons due to band 
formation. 

Table II shows the various steps into which the 
overall reaction can be decomposed and compares 
the associated free-energy changes for the specific 
cases of europium, ytterbium, and strontium. 
(The reference temperature is 25C. No attempt has 
been made to correct for the difference between free 
energy and enthalpy in those cases where only 
enthalpy data were available.) Step I is the sublima- 
tion heat for the metals (9). Steps II and III corres- 
pond respectively to the first and second ionization 
potentials of the gaseous atoms (10). 

Step V, the bonding energy of the ion complex in 
the gas phase, is taken to be the difference in solva- 
tion energies between M*+(g) and M(NH#(g). 

TABLE II 

ENERGY CONTRIBUTIONS TO M(NH& FORMATION (IN eV) 

Process M=Eu M=Yb M = Sr 

I Me, + MC,, 1.87 1.86 1.69 
II MW + ML + e- 5.73 6.25 5.69 
III M& + MFA + e- 11.30 12.10 10.98 
IV ~NHP(I) -+ 6I’U-h +1.82 1.82 1.82 
V Mf,G + 6WW(,, --f MN-M::,, -9.5 -10.1 -8.9 
VI MWJ&):&, f 2~ --f MN&)~w -8.02 -8.15 -7.15 
VII N--&,, + M(NH&wco MM> -0.94 -1.02 -0.51 
VIII M(NH&mo~ec) -+ M(NH&,cta,, -4.04 -4.13 -4.04 
Net M,., + 6N&, -, MWH&(s) -1.78 -1.28 -0.42 

- 



The former is determined from experimental data through conduction-band formation. As was done 
in a manner completely analogous to that used for (4) for LWH3h the delocalization energy was 
the Li(NH& case (4), assuming that the heats of taken to be [(-1.80/r,) + (2.21/r,*)] Ry, where rs, in 
solution of Eu and Yb metals are the same as for Sr units of Bohr radii, is the radius of the equivalent 
metal, and that this value is the standard heat of Wigner-Seitz sphere (13). The correlation energy is 
solution (-0.9 eV). The heats of solution of Ca, Sr, -0.115 + 0.031 logr,. In the body-centered cubic 
and Ba are close to each other, and it is reasonable structure of M(NH3)a, there are two molecules 
to assume that the Eu and Yb solution heats are per unit cell, each of which contributes two electrons 
comparable. The solvation energy of M(NH,)z+(g) to the conduction band. Hence, there are four elec- 
is calculated from the Born equation applied to a trons, or four Wigner-Seitz spheres, per crystallo- 
divalent ion in liquid ammonia. The radii of graphic unit cell. For Eu(NH,),, Yb(NH3)6, and 
Eu(NH&+ (3.4 A) and Yb(NH&’ (3.5 A) are Sr(NH,),, the Wigner-Seitz radii come out to be 
determined from the X-ray results; the Latimer 7.1 5ao, 6.88,,, and 7.1 5u0, respectively. (It is interest- 
cation-radius correction in liquid ammonia appears ing to note that an almost identical value, 7.25u0, 
to be 0.56 A. Step V was also computed as a summa- was obtained for Li(NH3)4, thus underlining the 
tion of ion-dipole interactions following the method importance of electron volume in fixing the structure 
used by Coulter (II). For Yb, the result was the same dimensions). 
as shown in the table; for Eu and Sr, the result was As can be seen from the table, the energies for 
-11.2 instead of -9.5 and -8.9 eV, respectively. The Steps I-VII just about cancel each other. Still the 
net effect of the alternate calculation would have net process comes out to be energetically favorable, 
been to make the compounds even more stable than because of the large negative contribution of the 
shown for the net change in Table II. Wigner-Seitz delocalization energy. (The same 

Step VI, in which two electrons are added in the situation was found for Li(NH3)4.) Detailed 
gas phase to the ion complex, is calculated as the comparison of the individual figures is not warranted 
sum of a 7s orbital energy, a 7p orbital energy, and a because of the approximate nature of many of the 
correction term for the Coulombic attraction 
between a positive ion and an electron. The correc- 

terms and because of the relatively large uncertainty 
in the critically important M-N distance. However, 

tion term is needed because the 7s and 7p orbital one can make the qualitative observation that 
energies give only the energy involved in ionizing a Yb(NH3)6 appears to be less stable than Eu(NH~)~, 
neutral species, whereas the recapture of the 7s partly because of the larger ionization potentials of 
electron is by a 2+ ion and the recapture of the 7p Yb (Steps II and III) and partly because of the 
electron is by a l+ ion. Standard tables were used weaker binding energy between Yb*’ and NH3 
for the 7s and 7p energies (12). The justification for (Step V). The former difference is certainly significant 
assigning one electron capture each to the 7s and 7p and stems from the imperfect screening of 6s 
levels, rather than both electrons to the 6s or 7s, is orbitals by 4felectrons; the latter is subject to doubt 
that the 6s orbital is not available (having been because of the previously mentioned uncertainty in 
pre-empted for dzsp3 bonding of the NH3) and a the u parameter. Given that Eu*+ is larger than Yb*+ 
doubly occupied 7s orbital would lead to difficulty one would expect a priori the bond energy of Eu*+- 
later when band formation from overlap of only 7s2 NH3 to be less than that of Yb*+-NH3. 
would yield an insulator. The lower stabilization energy for Sr(NH3)6 is 

Step VII is visualized as the condensation of attributable to its lower molecular mass and to a 
neutral M(NH3)6 molecules to a molecular solid- lower bond energy for Sr*+-to-NH3. The lower 
i.e., one in which band formation has not yet stabilization energy is in qualitative agreement with 
occurred but outer electrons are in localized 7s and the observed fact that Sr(NH,), (s) appears not to 
7p orbitals. To estimate the energy for this molecular be a very stable system and decomposes most 
condensation, per-gram values have been averaged readily of the three. 
for several symmetrical hydrocarbons of roughly 
equivalent molar mass and then the per-gram values II. Magnetic Properties 
have been converted to molar values by multiplying Eu(NH,),. There are two extraordinary features 
with the molar mass of the appropriate M(NH3)6 seen in the magnetic behavior. One is the decided 
species. increase in magnetic moment below 47K, and the 

Step VIII corresponds to the energy change other is the appearance of ferromagnetic behavior in 
associated with conversion of the molecular solid to the liquid helium range. Figures 1 and 2 show the 
a metal-i.e., delocalization of the outer electrons course of the reciprocal molar susceptibility vs. 
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FIG. 1. Reciprocal molar susceptibility (xi’) vs. temperature 
for Eu(NH&. 
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Temp. (OKI 

FIG. 2. Low-temperature behavior of reciprocal molar 
susceptibility (x;‘) vs. temperature for Eu(NH&. 

temperature for a typical specimen of Eu(NH&. 
The data are fitted by two linear dependences of the 
Curie-Weiss type x = C/(T-@), with a change from 
one dependence to the other at about 47K. Evalua- 
tion of the Curie constants C, from the slope of the 
x-i vs. Tplot, leads to an effective moment of 7.9 BM 
above 47K and 10.15 BM below 47K, using the 
defining relation t~,rr = 2.83Cii2. The Weiss con- 
stants 8, obtained from the extrapolated intercepts 
of the x-’ vs. T plots, are +18” for the temperature 
region above 47K and -5”, below 47K. In the 
absence of crystal-field effects leading to tempera- 
ture-dependent moments, a positive 0 is generally 
taken to be indication of ferromagnetic exchange 
interaction and a negative 8, antiferromagnetic ones. 
In the case of Eu(NH&, some kind of magnetic 
ordering had actually been expected, probably in a 
weak form because, although the Eu2+ core moment 

is very great (7.9 BM, 4f’ configuration), the 
separation between cores is also very great (8.27 A). 
Hence, the finding of a small ferromagnetic Weiss 
constant was gratifying. However, it had not been 
anticipated that the effective moment would rise at 
lower temperature. The rise might be explained in a 
novel but reasonable way taking into account the 
unusual properties of Eu(NH&. It is a metal at 
higher temperature and the model presented in Part I 
envisions the conduction electrons to be 7s7p 
electrons of the europium, probably far enough from 
the nucleus that, as in the case of metallic Li(NH&, 
the electrons are substantially on the outside of the 
ammonia cage that surrounds the central ion. Thus, 
Eu(NH& can be regarded as a 4f’ EL?+ ion in an 
ammonia cage surrounded by a sheath of electrons 
which overlaps other similar sheaths. Since the 
metallic electrons are practically all spin-paired as a 
Fermi gas, only the 4f7 electrons show up in the 
magnetic moment. In the ground state of 4f ‘, we 
have L=O, S= 712, J= 712, g=2, and pJ = 
g[J(J+ 1)]“2 = 7.94 BM in good agreement with 
the observed high-temperature moment. We now 
postulate that on lowering the temperature below 
47K, electrons begin to be frozen out of the 7s7p 
conduction band into localized states, either 4f- or 5d 
states on the europium. If the conduction electrons 
were completely frozen out, there would be two more 
electrons localized on each europium, giving either 
4f g or 4f’ 5d2. The 4f g configuration for which 
L. = 5, S = 512, g = 1.33, and p = 10.63 BM, is less 
likely because of the greater interelectronic repulsion. 
For the 4f’ 5d2 configuration, the moment could 
range from 6.2 to 12.8 BM, depending on the type of 
coupling assumed. Making the assumption that the 
orbital moment in the 5d orbitals is small and that 
the spin moments of the 4f and 5d electrons are 
strongly coupled, we find the most probable moment 
for the 4f’ 5d2 configuration to be 10.0 BM. Thus, 
no matter which configuration is selected, it appears 
that the observed low-temperature moment of 10.2 
BM can be rationalized. From the data of Fig. 1, 
it is not possible to decide unequivocally that the 
change from 7.9 to 10.2 BM occurs discontinuously 
at 47K. It may be spread over a considerable 
temperature range, corresponding to gradual with- 
drawal of electrons from a conduction band or to the 
gradual splitting off of localized states from a main 
band. On the other hand, it may be abrupt, in which 
case a simultaneous change in crystallographic 
symmetry and electrical conductivity might be 
expected. (Further studies on these and other proper- 
ties are now in progress.) Figure 2 presents the low- 
temperature data for Eu(NH& in greater detail. 
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FIG. 3. Third power of specific magnetization (03) at 
18,000 Oe vs. temperature for Eu(NH& 

The consistent linearity of the x-i vs. T plot shows 
that the effective moment remains remarkably 
constant in the 4-30K range. There is, however, a 
small but significant deviation around 4K, resulting 
from spontaneous ordering below the Curie 
temperature, which appears to be at 5.5K. Studies 
of the susceptibility at 4.2K showed that it is field- 
dependent. 

There are several ways to determine the Curie 
temperature (24). One is to plot the magnetization 
at a fixed field strength as a function of temperature 
and observe the point of inflection in the curve. 
This is the least precise method and, for Eu(NH&, 
leads to a Curie temperature of 3.3K. A second 
method is to plot the square of the magnetization vs. 
temperature and extrapolate the assumed parabolic 
dependence to zero magnetization in the fixed field. 
For Eu(NH,),, this method gives 7.2K. A third 
method, for which the theoretical justification 
appears the most sound, is to plot the third power of 
the magnetization vs. temperature and extrapolate 
to zero magnetization. For Eu(NH&, this method 
as shown in Fig. 3, gives 5.5K, which is taken to be 
the most probable value of T,. (A fourth method 
was also tried in which a x-3’4 vs. T plot was extra- 
polated to give T, = -13K. It is believed that the 
fields used were too high and additional interactions 
as mentioned below were present so as to negate the 
applicability of this method). 

appears that the true saturation moment could be 
7.00 BM at 4.2K and 7.31 BM at 2.2K. For seven 
unpaired spins as in a simple Eu2+ core, the expected 
saturation moment is 7.00 BM; for nine spins as in 
4f' 5d2 configurations, 9.00 BM. If the 4f’ 5d2 
model mentioned above is correct, it may be that 
the observed saturation moment is lower than 
expected because of canting of spins or because 
of the appearance of another interaction, perhaps 
antiferromagnetic, at very low temperatures. We 
already have a hint of this in Fig. 2 where the Weiss 
constant for the low-temperature segment is 
negative. 

Eu,M,-&VH&. In order to understand better 
the nature of the ordering exchange interactions 
between the europium atoms, attempts were made to 
prepare diluted systems in which diamagnetic Yb2+ 
or Sr2+ replaced a fraction of the Eu2+ ions and, 
hence, increased the average spacing between the 
magnetic moments. As indicated below, Yb(NH& 
and Sr(NH,), are not straightforward diamagnetic 
diluents at very low temperatures, being subject 
apparently to their own conduction band perturba- 
tion, but their magnetic moments were low enough 
to make the experiment interesting. Figure 5 shows 
some of the results as plots of reciprocal molar 
susceptibility vs. temperature for three specimens 
differing in europium content. 

In the ferromagnetic region, attempts were made In all three cases, Curie-Weiss linear dependences 
to determine the saturation moment of Eu(NH&. are appropriate at low temperatures. At high 
Figure 4 shows how the magnetic moment (deter- temperatures, this also appears true for Eu0.36Yb0.64 
mined from the observed magnetization) changes and Eu0.26SrD.74, but the curve for Euo.oesYbo.P1s 
with field strength at 4.2K and also at 2.2K. Even at shows decided curvature over the whole temperature 
the highest fields used, 20,600 Oe, it is evident that range above 75K. The other noteworthy feature of 
the moments are not yet saturated. From extrapola- Fig. 5 is that the change from low- to high-tempera- 
tions to zero reciprocal field of p vs. l/H curves, it ture segments does not appear to be as abrupt as in 

70 I I I I I 
P IO,” 

6.OYBohr ,o*- 
‘0-$20K- 

moqnetons) I’ 
5.0- d’ , I* 

. 0’ 7.2 0 K- 

/’ ,‘O 
4.0 - I/ ,/ 

I’ ,d 

3.0- jp ,’ 
*/ ,’ 

2.0- j ,d 

1’ 

l.O- O’ Field 
(Kilooersted) 

0 I I I I I 
4 8 I2 I6 20 24 

FIG. 4. Magnetic moment, p as a function of magnetic 
field in the ferromagnetic region for Eu(NH&,. 
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I I I I I I 
250 Vxkmu per mole) 
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FIG. 5. Reciprocal molar susceptibility (~2) vs. tempera- 
ture for Eu0.36Yb0.L4(NH3)6, Eu0.26Yb0.74(NH3)6, and 
Euo.ossYbo.915(NH3)6. 

Fig. 1. Table III collects the magnetic parameters 
for the diluted systems and compares them with 
those for Eu(NH&. The values quoted are for 1 mole 
of complex M(NH&. Because the forces were so 
large, no corrections have been applied for the 
diamagnetism. If it is assumed that the Yb or Sr do 
not contribute to the moment, then the observed 
molar susceptibility can be attributed to the 

europium atoms alone. The parenthetic values 
shown in Table III are those calculated on this basis. 
(For pelf, it is necessary to divide by the square root 
of the europium concentration, since the moments are 
not additive but the susceptibilities are, at least in 
the paramagnetic region. For ps, one simply divides 
by the europium concentration, moments being 
additive in the ferromagnetic region.) Because of 
the imprecision in determining the europium masses, 
there is appreciable uncertainty in the computed 
values. For example, a 10 ‘A uncertainty in measuring 
the europium content can easily lead to an un- 
certainty of 0.5 BM in the effective moment. The 
error may be considerably larger than this for 
Eu o.ossYbo.w 

As can be seen from a comparison of the values of 
Table III, the Weiss constants do not show much 
change in dilution, the high-temperature one, &, 
being shifted somewhat to higher values and the 
low-temperature one, 19,, being essentially un- 
changed. There appears to be a slight trend of 
increasing e2 with decreasing europium content, but 
it may not be significant. The fact that e2 does not 
diminish with dilution is very significant since it 
indicates that the Weiss ferromagnetic interaction 
in the high-temperature regime is not critically 

TABLE III 

MAGNETIC PARAMETERS FOR M(NH3)6 

Composition” 

Weiss Effective Curie Saturation 
constant moment’ temp moment’ 

e Perr TC Ps 

WNH& 

Euo.xiYbo.dNH& 

Eu0.&r0.74WHd6 

Euo.ossYbo.cdNH& 

Yb(NH& 

WNH3h 

+lSob 7.90 5.5” 
-5”’ 10.15 

+24’ 4.04(6.7) 5.5 
-5”’ 6.46(10.7) 

+29* 3.76(7.3) 6.1 
-6’ 5.67(11.1) 

+306 3.05(10.4) 6.1 
-3’ 3.21Ql.l) 

x,,, = 7.55 x 1O-3 at 4.2K; pert = 0.50 BM 
crosses over to diamagnetic above 31K 
x,,, = 8.2 x lo-” at 4.2K; p,rr = 0.53 BM 
crosses over to diamagnetic above 22K 

7.00* 
7.31’ 
2.58(7.1) 

1.78(6.8) 

0.74(8.7) 

a All preparations contained from 3 to 10 % ammonia in excess of 6: 1 stoichiometry. 
b Above 47K. 
c Below 47K. 
’ At 4.2K. 
e At 2.2K. 
f Parenthetic values are calculated per mole of Eu. 
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dependent on increasing inter-europium spacing. 
Because of this and because the distance over which 
interaction occurs is very large, going from 8.27 A in 
Eu(NH& to 18.8 A in Euo,ossYbo.glS(NH3)6, it is 
believed that the interaction proceeds through the 
conduction-band electrons, perhaps as in the 
Ruderman-Kittel indirect exchange model (5). 
However, the independence of 9 of dilution is 
unexpected since the Ruderman-Kittel model 
predicts oscillations in the sign and magnitude of 0 
with increasing interatomic spacing. 

The second noteworthy feature of Table III is that 
the effective moment per europium stays approxi- 
mately constant at 10.7-l 1.1 BM in the low-tempera- 
ture region but varies from 6.7 to 10.4 BM in the 
high-temperature region. In the high-temperature 
region the drop from 7.90 BM in Eu(NH& to 
7.3 BM in Eu0.26Sr0.74(NH3)6 is not considered 
significant, but the 10.4 BM value for 

is probably real. It cannot be explained by error in 
stoichiometry control, given the good corres- 
pondence in the low-temperature range. It may be 
that with very low contents of europium, the behavior 
of the system M(NH& is no longer dominated by 
the europium moments. Alternatively, it may be, as 
suggested from Fig. 5, that the kink from low- 
temperature behavior to high-temperature behavior 
can occur only if a critical europium content is 
reached. 

The third feature of Table III that needs to be 
remarked is that the Curie temperature T, changes 
little if any with dilution. One possible explanation 
is that Eu is crystallizing separately as a distinct 
Eu(NH,),. The X-ray data, however, as mentioned 
before, showed only a single phase. Furthermore, 
segregated crystallization of Eu(NH& would make 
difficult a consistent picture for the unusual 
behavior of Euo,ossYbo,9,5(NH~)~. A more likely 
explanation is that the exchange interaction in the 
ferromagnetic region is indeed independent of inter- 
europium distance. Such would be the case, for 
example, if the indirect exchange were not of the 
Ruderman-Kittel type but of the type found by 
Baltensperger and de Graaf (15) for a nondegenerate 
electron gas. Whereas the Ruderman-Kittel inter- 
action is for a degenerate electron gas and relatively 
strong for short ranges but oscillating from ferro- 
magnetic to antiferromagnetic depending on the 
polarization oscillation, the Baltensperger-de Graaf 
interaction is a weaker one that remains always 
ferromagnetic even though it extends over long 

distances. The mechanism of the latter coupling is 
through Boltzmann electrons, such as might exist 
in a semi-conductor with only a few of the electrons 
excited to the conduction band. In our model of 
Eu(NH&, it is postulated that the conduction 
electrons are frozen out to localized states below 
47K. If, however, a small fraction remain thermally 
excited in the conduction band, we might have the 
conditions required for the Baltensperger-de Graaf 
interaction. A study of the electrical resistivity 
behavior in the neighborhood of the 47K-transition 
would be useful in helping to define the correct 
model. A rise in resistivity below 47K would be 
taken as supporting evidence for a change in 
exchange interaction from Ruderman-Kittel to 
Baltenspergerde Graaf tyres. The fact that the 
energy associated with the Curie Temperature 
(55K) is less than that associated with the Weiss 
temperature (18-30K) would be in line with 
the expectation that the Boltzmann-electron 
interaction is weaker than the Fermi-electron 
interaction. 

The final point to be remarked from Table III is 
that the saturation moment per europium atom 
is apparently independent of europium concentra- 
tion, except perhaps for the most dilute sample 
Euo.ossYbo,glS(NH~)6. As noted, below, the 
behavior of Yb(NH& at very low temperature 
suggests it is not a simple diamagnetic material as 
might be predicted, since it appears to develop an 
appreciable moment of its own in the liquid helium 
region. It may be that in the ferromagnetic region 
the europium is not alone in contributing to the 
saturation moment. 

It might also be noted that all four of the europium- 
containing preparations shown in Table III showed 
a negative Weiss constant for the low-temperature 
portion of the x-’ vs. Tcurves. This suggests that at 
very low temperatures, a third interaction might be 
setting in. It would have to be antiferromagnetic 
and extremely weak. If, as expected, the M(NH& 
systems go insulating at very low temperatures, a 
possible candidate for this interaction would be 
virtual excitations from the valence band as postu- 
lated by Bloembergen and Rowland (16). Given 
the rich diversity of the phenomena found in metal- 
ammonia systems, it would only be fitting to find 
that the M(NH& systems indeed represent a text 
book example of a successive change in dominant 
exchange mechanism from (1) Ruderman-Kittel 
degenerate gas to (2) Baltensperger-de Graaf 
nondegenerate gas and finally to (3) Bloembergen- 
Rowland excitonic insulator. At very low tempera- 
tures, magnetic ordering is expected to break down 
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because of the postulated weaker nature of exchange 
via excitonic states. 

Yb(NH,), and Sr(NH,),. Because the Yb2+ and 
Sr2+ cores are diamagnetic, it was expected that the 
molar susceptibilities of Yb(NH& and Sr(NH& 
would be about -60 x lO-‘j, independent of 
temperature. Instead, it was found that the room- 
temperature values were about three times as great 
as this, and they crossed over to rather appreciable 
paramagnetic values at low temperatures. The 
predicted -60 x 10e6 value was calculated as the 
sum of the core diamagnetism (-15 x 10e6 for Sr2+ 
and -20 x 10m6 for Yb2+, as given by Selwood (17)) 
plus the diamagnetism of the NH, (-16.3 x lop6 emu 
per mole, as given for the gas by Angus (18)) plus 
the Pauli-Peierls conduction-electron spin suscepti- 
bility (about +65 x lO-6 emu per mole). The 
Pauli-Peierls susceptibility was calculated as else- 
where (19), assuming the effective mass to be equal 
to the electronic rest mass and taking two molecules 
of M(NHj)6 per unit cell of dimension 9.5 x lo-* cm 
with two conduction electrons per molecule. It is 
probably not significant that the observed dia- 
magnetism was more negative than expected. Not 
only were the measured forces extremely small, but 
there was uncertainty as to whether the diamagnetic 
correction for NH, should be taken to be that 
appropriate for a gas or the considerably more 
negative value appropriate for the solid. (Since 
solid NH3 is hydrogen bonded, unlike M(NH,),, it 
is not obvious that one should use the diamagnetic 
increment of solid NH, in our calculation.) 

The low-temperature cross-over to paramagnetic 
behavior is believed to be real. As can be seen from 
the bottom of Table III, the low-temperature 
moment corresponds to a not-negligible value of 
0.5 BM at liquid-helium temperature. (This moment 
was calculated as pepf = 2.8(xT)‘12 where x is the 
observed molar susceptibility minus the diamagnet- 
ism of core ion and NH,). It is not believed to stem 
from an impurity, since the Yb(NH3)6 and Sr(NH& 
force curves crossed that of the sample holder in 
the same way, and there was no field-dependence of 
the susceptibility. It is believed, rather, that the 
cross-over to paramagnetism may reflect the same 
kind of conduction band collapse as postulated 
above for Eu(NH~)~ with onset of electron localiza- 
tion at 5d- (for Yb) or 4d- (for Sr) levels. Low- 
temperature electrical studies would be of interest. 
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