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The Mossbauer effect of the 21.6-keV 7y-ray transition in '*'Eu has been used to investigate the
compound Eu(NH,)s. Previous magnetic-susceptibility measurements had indicated that the Eu ion
might not be in a 4f7 divalent configuration, but in a 4f° or 4f75d % condensed state at low
temperatures. The present studies strongly support the configuration 4f7, ionic state “S., /2 In contrast to
earlier inferences, Eu(NH;)s is not magnetically ordered at temperatures as low as 1.2 K. Several
unusual features are found to be associated with europium hexammine. The compound has an extremely
low Debye temperature of 43 K. It is the only known Eu compound which exhibits magnetic
relaxation effects over a wide range of temperatures. The Mossbauer-resonance linewidth (corrected for
sample thickness) is approximately constant at 8 mm/sec from 4.2 to 67 K. The broad linewidth
indicates spin-spin relaxation and the temperature independence implies an Eu?* dipole-dipole
relaxation mechanism. Below 4.2 K, the linewidth increases rapidly, probably signifying changes in
population of the ionic crystal-field levels. Between 67 and 77 K, the linewidth and recoilless fraction
decrease significantly, suggesting a phase change which may be associated with hindered rotation at the
NH,; sites. The isomer shift, — 13.6 mm/sec at 20 K, appears to change slightly with temperature,
corresponding to an increasing s -electron density at the Eu nucleus below about 10 K. From
experiments in applied magnetic fields, the limiting hyperfine field is found to be approximately — 322
kOe, a value typical for 4f” core polarization. The spectra obtained in moderate applied fields can be
fitted very well using relaxation theory. The exchange field at the Eu ion is less than 0.5 kOe. This
implies that the magnetic ordering temperature is less than 0.1 K, one of the lowest for Eu’*
compounds and unusual because of the material’s metallic conductivity. A spin-spin relaxation rate of
about 50 X 10° sec™! is observed. This is in good agreement with a calculated value 88 X 10° sec™!,

based upon dipolar interactions and no exchange.

I. INTRODUCTION

Many divalent and monovalent metals dissolve
readily in liquid ammonia yielding characteristic
deep-blue solutions. Compounds can be crystal-
lized from the divalent metal solutions withbody-cen-
tered-cubic (bcc) structures and general formula
M(NH;)g. These hexammines haveunusually large
lattice constants and are relatively unstable towards
chemical decomposition. They are metallic gold in
appearance and exhibit high electrical conductivity.

Recent magnetic-susceptibility measurements'®
of Eu(NH;)g indicated an unusual temperature de-
pendence of 1/, with a low-temperature (below
47 K) slope corresponding to an ionic moment of
about 10 g. This is far larger than the normal
moment of about 7.9u5. A mechanism was postu-
lated which could imply enormous consequences
for the Eu hyperfine fields; either the configuration
4% or 4f"5d? is “frozen out” at low temperatures.
The 4f° configuration, under Hund’s rule, is the
same as for Dy®*. The nuclear magnetic hyper-
fine field could then be as large as 5 MOe, some
ten times larger than in any other Eu compound.
The other possibility 4f " 5d% with quenched d-
orbital momentum, could give hyperfine fields
some three times larger than expected for typical
divalent europium. For SmBg, 70% of the Sm ions
are postulated? to be in a 4f° (5de,—6s) state, and
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only 30% in the normal 4f° divalent state. The
former divalent state is presumed possible be-
cause of the “large” Sm-Sm separation, which is
some 109 greater than the metallic diameter of
Sm. The f5 core and the 5d-6s spin couple to pro-
duce a nonmagnetic ground state, in contrast to
the presumed enhanced moment reported for
Eu(NH;)g. In dilute metallic systems, screening
of the excess charge at the trivalent-rare-earth
site leads to 5d virtual bound states. In suscepti-
bility measurements of rare earths in Au and Ag,
the 5d state is apparently nonmagnetic, affecting
only a cubic crystal-field parameter.® For Er®*
in Zr, Mossbauer measurements indicate a large
enhancement of the hyperfine field, * although the
exact mechanism is not clear.

In order to clarify the Eu ionic configuration
and investigate the associated magnetic hyperfine
interaction, an extensive study of Eu(NH;s)g was
conducted using the Mo6ssbauer effect of the 21. 6-
keV y-ray transition in '®Eu as a microscopic
probe. Experiments were performed in the tem-
perature range 1. 2-77 K with and without applied
magnetic fields. The nuclear Y-resonance spectra
were very sensitive to Eu impurities and decom-
position products, and samples were prepared in
several different ways to distinguish extraneous
effects. With the pure compound, exchange in-
teractions are found to be much smaller than indi-
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cated by the macroscopic susceptibility and mag-
netization measurements, and magnetic ordering
was not observed. With a large lattice constant®
ay=9.55 A and nearest-neighbor Eu-Eu distance
of about 8.3 A, paramagnetic relaxation effects
were anticipated and have been examined in con-
siderable detail. It is interesting to note that
Eu(NHj)g can be considered to be almost as “mag-
netically dilute” as 1-at.% Eu® in CaF,, for ex-
ample, where the average Eu density is about ten
times less but the nearest-neighbor shell at 3. 86
A has about an 11% probability of containing an Eu®
ion.

In following sections, the experimental proce-
dures are described, followed by a presentation
of the results. First to be considered are the
B51Ey recoilless fraction, MGssbauer linewidth,
and isomer-shift measurements as functions of
temperature in the absence of external magnetic
fields. Next, the saturation magnetic properties
of Eu(NH;) are derived from data taken in large
applied fields. Then the magnetic relaxation ef-
fects are investigated using intermediate strength
applied fields. A theoretical description of the
relaxation process is introduced since the relaxa-
tion-rate and exchange-field parameters are model
dependent. Finally, there is a brief discussion of
the apparent lack of magnetic exchange.

II. EXPERIMENTAL

Europium hexammine, prepared by the direct
reaction of the metal with liquid ammonia, is a
relatively unstable compound. The hexammines
decompose reversibly to the metal at sufficiently
high temperatures, and irreversibly to the amide
M(NH,),.° The latter reaction should be suffi-
ciently slow (for a catalyst-free system at low
temperatures) to have a negligible effect on ob-
served Mossbauer-resonance spectra. In addition,
the Eu® ion reacts readily with external contami-
nants such as water vapor. A further experi-
mental complication lies in the possible nonstoi-
chiometry of the ammine compound. For the iso-
morphous alkaline earth hexammines, the num-
ber of NH; molecules per metal ion is reported to
deviate significantly from six.®

Because of the above potential difficulties in
preparing and keeping Eu(NH;)s, special precau-
tions were taken to avoid undesired contaminants
and to maintain the material at low temperatures.
All operations in the synthesis and subsequent
mounting of the compound were carried out under
an argon atmosphere in a glove box. Samples for
study were prepared in several different ways to
give an experimental indication of the possible
interference from decomposition products or im-
purities. The common details will be described
first. Eu metal, 99.9% or 99.999 purity (obtained

from United Mineral and Chemical Corp.), was
scraped clean of its oxide coating, then cleaned in
hexane. The ammonia (99. 99% purity, Matheson,
Inc.) was singly distilled from Na metal, using a
liquid-nitrogen cold trap as a condenser. The Eu
metal was placed in a cleaned Plexiglas absorber
holder, and the distilled ammonia flowed through
Tygon tubing and condensed onto it in excess, using
a Cu cold finger immersed in liquid nitrogen. Af-
ter sealing the holder, the ammonia was allowed
to melt and dissolve the Eu metal. A deep-blue
solution characteristic of the metal-ammonia sys-
tems resulted. The holder was then cooled again
on the cold finger and the gold color characteristic
of the hexammine appeared. From phase diagrams
of the Ca-NH; system, " this transition corresponds
to the precipitation of Eu(NH;)s, leaving solid NH,
behind. The absorber holder was then placed in a
brass mount precooled to liquid-nitrogen tempera-
ture. Attachment of the sample to the Mossbauer
drive apparatus and insertion into a precooled De-
war were done with the absorber below 100 K, en-
suring that any decomposition would be slow.

The differences in preparation of the various
samples were as follows:

(i) Sample A was prepared from 99, 9% Eu metal;
sample holder closed with a snap-fit Plexiglas plug,
but no vacuum seal was made.

(ii) Sample B was prepared as with sample A, ex-
cept that after reaction the sample was allowed to
warm up to room temperature to drive off the ex-
cess NH;. A gold solid resulted, contrary to pre-
vious assumptions® that Eu(NH,), is a liquid at room
temperature.

(iii) In sample E, a vacuum line was introduced
into the glove box so that, once the Eu metal (99.9%)
was in the absorber holder, the sample was iso-
lated from the glove box environment. A Plexiglas
tube was used for entry into the absorber holder,
and after the Eu(NH;) was obtained, the tube was
sealed off thermally.

(iv) Samples I and J were prepared from 99.99%
Eu metal. Other than using Eu from a new batch
with higher rated purity, all other procedures
were the same as for sample E, i.e., synthesis
was effected under vacuum-line conditions and the
sample holder was sealed off leak tight. As will
be seen below, these samples exhibited no impurity
(presumably oxide) Mossbauer peaks, either diva-
lent or trivalent, indicating that the oxides came
from the metal ingot and not from the method of
preparation. The oxides are insoluble in liquid
ammonia.® Sample I was relatively thick (~ 60
mg Eu/cm?).

As a check on chemical identity, x-ray diffrac-
tion data were obtained at 77 K for one sample pre-
pared as in (iv) above. With the sample sealed in
its Plexiglas holder and using MoKa radiation, the
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observed reflections were in good agreement with
the bec structure and lattice constant expected!
for Eu(NH;)g -

The reactive nature of the hexammines neces-
sitates special precautions to avoid buildup of im-
purities with time. A solution of NaNH; did not
etch a Plexiglas surface, so presumably the ab-
sorber holder was sufficiently inert to the samples
to preclude reaction with them. Over a period of
about a month at 77 K, the unsealed sample A ex-
hibited decomposition to the trivalent oxide as
shown by the growth in the trivalent M6ssbauer im-
purity peak. Another unsealed sample substantially
decomposed in about 2 days at 110 K. This is con-
trary to previous reports ® that hexammines open
to the atmosphere at 77 K showed no visual change.
Part of the difference lies in the sensitivity of the
Mossbauer technique to impurities at 77 K. A
sealed sample was maintained at dry-ice tempera-
ture for several weeks with only slight decomposi-
tion to the amide, as evidenced by the color at 77
K.

The Mossbauer-resonance experiments were
performed in standard transmission geometry us-
ing a Mossbauer spectrometer equipped for low-
temperature high-field studies. The room-tem-
perature velocity drive system shared a common
vacuum space with the bore of a superconducting
magnet, and the whole cryostat assembly was
mounted in a Dewar fitted with Mylar windows and
coupled to a high-speed pumping line. Tempera-
tures below 4.2 K were obtained by pumping on the
liquid-helium bath, with the temperature measure-
ments having an accuracy better than 0.02 K using
vapor-pressure thermometry. Using liquid nitro-
gen, the temperature range 63.5-"77 K was covered
with an accuracy of about 0.1 K. From 4.2 to 63
K, a small resistive heater was used, and tem-
peratures were measured with a carbon resistor
and a Cu-constantan thermocouple. Stability was
+1 K at the higher temperatures, and somewhat
better below.

The Méssbauer-radiation source consisted of
250-mCi **'Sm as Sm,0,, and the resonant 21.6-
keV 7 rays were detected with a Kr-CO, proportion-
al counter located outside the Dewar. The Moss-
bauer-velocity spectra were accumulated succes-
sively in 512-channel groups of a 4096 channel
analyzer which was synchronized with the velocity
drive sweep and coupled to a minicomputer. The
Mobssbauer data were analyzed off line using least-
squares-fitting programs. Velocity calibrations
were performed with Mossbauer spectra from nat-
ural Fe foil and isotopically enriched a-Fe,04
powder, employing a *"Co M6ssbauer source at-
tached to the room-temperature end of the velocity
drive shaft. This procedure yields an accuracy
of better than 1% for the velocity scale. Some of
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the data reported here exhibit changes less than
this, but from previous experience the velocity pa-
rameters are known to remain constant to within
0.3%. Thus, for some of the data, only the statis-
tical errors will be given.

III. RESULTS AND DISCUSSION

A. Recoilless Fraction

With its large lattice constant, Eu(NH;)g can be
considered to be a weakly bound solid. The melt-
ing point for isomorphous Ca(NHj)s has been re-
ported as = 5°C "or slightly above room tempera-
ture.!® One thus expects a rapid increase in the
strength of the Mossbauer resonance with decreas-
ing temperature. This trend is clearly demon-
strated in Fig. 1 which shows the MGssbauer spec-
tra for samples I and E at three temperatures,

77, 4.2, and 1.2 K. In Fig. 1, the resonance ab-
sorption in sample I is due solely to Eu(NHg)g,
with no indication of either divalent or trivalent
impurities even at 77 K, where the Eu(NH;), peak
is very small. For comparison, the spectra of
sample E in Fig. 1 exhibit significant resonances
from divalent and trivalent impurities, as can be
seen from the absorption peaks at 77 K. The pos-
sible origin and effect of these impurities will be
discussed more fully later. All resonance peaks
in these spectra could be excellently fit with single
Lorentzian line shapes. No evidence was found in
any of the samples for magnetic ordering down to
1.2 K.

The fraction of ¥ rays emitted or absorbed with-
out recoil is given by!!

f=exp{~ 3E/kO)[1+4(T/0)*Q"(2)] }, (1)

where E is the free nucleus recoil energy, © is
the effective Debye temperature of the lattice,

and Q'(z) =Q'(©/T) is a definite integral whose val-
ues have been tabulated in Ref. 11. This expres-
sion gives the expected temperature dependence

of the area of the Mossbauer resonance, which is
proportional to the product of the depth and width
of the Lorentzian line, if saturation effects can be
neglected. If the thin-absorber width of the line
is constant, then f describes the dependence of the
depth. Figures 2 and 3 show the measured depth
and width for sample I as functions of tempera-
ture. In the present case, the thin-absorber width
is constant over much of the temperature range
investigated.

Both width and depth require correction for sat-
uration. Heberle and Franco'®"'® have recently
developed methods to treat the case of arbitrary
source and absorber linewidths. The relative
transmission is given by
© m
Leatv,si0=5 20,0, (2)

m=0
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where ¥=T, /T is the ratio of absorber to source
linewidth and s =¢/K,, With f=n,f40s, 74 iS the
number density of resonant nuclei in the absorber,
fa is the recoilless fraction, and o, is the nu-
clear cross section for the ¥ ray at resonance.

K, is given by I'y=k, I', with I" the natural line-
width. The parameter x is proportional to the en-
ergy deviation from resonance, and will be taken
as zero. The @,, are functions tabulated to sixth
order, and all are used here. The quantity mea-
sured is the fractional absorption at resonance,
given by

€(v,5;0)=1-1,,..(7,s;0). (3)

The relationship for the full width at half-maxi-
mum (FWHM) is given by

W=Wo+LiT,s+T%s2/32Wy -5k T s, (4)
where
Wo=(ks+K,) T =T +T, (5)

is the FWHM for a thin absorber.

Mossbauer measurements with the oxide source
against an oxide absorber indicate I';=1.4 mm/
sec. From sample E (a thin absorber) at 4.2 K,
with a FWHM (W,) of 8.60 mm/sec, Y is found to
be about 5.0. This ratio is slightly high due to
saturation. The expressions for W and € were
manipulated to obtain the best fits for the data in
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FIG. 2. Temperature dependence of fractional reso-
nance depth for sample I. The solid curve represents
the Debye model prediction with a Debye temperature
®=43 K and a thickness saturation parameter s=1.12 at
4.2 K.
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Figs. 2 and 3, using as independent variables s
(evaluated at 4.2 K), ©, and I'y. For computer
purposes, an approximation for f was used'*:

f=exp{- }(Er/kO)[1+4(T/0)*Q(2)+E(2)) },

(6)

with Q(z) and E(z) given in Ref. 14. The final re-
sults are shown as the solid curves in Figs. 2
and 3, with the parameters

©=43.0K, s=1.12 (at 4.2 K),

Y =4. 65.
As can be seen, the agreement with the experimen-
tal data is very satisfactory.

The accuracy for © is estimated to be about
+1 K; an absolute upper limit (s=0) is 46 K. Us-
ing the observed dip for sample E at 4,2 K, the
FWHM is predicted to be about 8. 5 mm/sec, in
excellent agreement. Thus, over most of the tem-
perature range, the thin-absorber FWHM | Eq.

(5)] is indeed constant. Sources of error for the
© measurement include the temperature uncertain-
ties, some very slight drift in the Y-ray window,
and slightly different (although still weak) back-
grounds under the 21.6 keV Y-ray peak when using
liquid helium and liquid nitrogen in the Dewar.

In addition, the source temperature varies ap-
proximately with the absorber’s, which changes
the recoilless fraction in the source. Since @

~ 240 K for Sm,0j, '° this yields an additional ap-
proximate 7% change in the range 4-77 K, which
can be neglected.

The derived Debye temperature of Eu(NH,;); is
remarkably low. For Li(NH,),, heat-capacity mea-
surements® yield 6>55 K at 0 K, and there is
some indication that € decreases with increasing

Wy="17.9 mm/sec,
r',=6.5 mm/sec,

T. PARKER AND M. KAPLAN 8

Debye temperatures usually given different results
due to the varying dependence on lattice frequen-
cies, but considering that Eu is more massive than
Li, a lower © is expected in Eu(NH;)¢ as is ob-
served.

The anomalous peak (see Fig. 1) from a divalent
Eu impurity observed in the samples prepared be-
fore sample I showed little change in depth as the
temperature varied from 77 K to about 100 K. The
FWHM at 77 K was somewhat less than at 63.5 K,
much less than at 4.2 K, and nearly down to typical
S1Eu widths. Since the divalent impurity apparent-
ly originates in the Eu metal, a good possibility
is that finely divided EuO (©=~ 250 K)'® particulates
are causing the anomaly. This point will be dis-
cussed further in Sec. IOIC on isomer shifts. From
the relative areas at 77 and 4.2 K, at 4.2 K ap-
proximately 10% of the Mossbauer spectrum for
sample E arises from the divalent impurity, al-
though no anomalous prominences are visible at
4.2 K. The divalent impurity comprises about
6 at. % of the europium in the sample; the trivalent
impurity about 2%.

The recoilless fraction of Eu(NH;)g follows the
expected curve (see Fig. 2) for a Debye model
solid quite well except at the highest temperature
measured, 77 K. At this temperature, there is a
steep drop in percent of effect, and also in FWHM,
yielding a resonance area much less than predicted.
There is no indication in the susceptibility mea-
surements’ of a transition at this temperature.

The susceptibility data do indicate a transitional
region at 47 K which has no counterpart here. As
will be covered in Sec. IIB, the collapse of the
linewidth at 77 K is apparently caused by a change

temperature. Different techniques of measuring in the Eu®*-Eu®* spin-spin relaxation mechanism.
11.0 T T T T T T T T T T T T
oy
100k [ - FIG. 3. Temperature
dependence of the resonance
linewidth for sample I, fit
90 — as a single broadened
- Lorentzian. The same pa-
S rameters used in Fig. 2 are
L80oF I . employed here. The satura-
E tion correction works well,
; indicating that the thin ab-
< 7O { m sorber FWHM is constant
E from about 4.2 to 67 K,
broadens below 4.2 K, and
601 N apparently narrows above
67 K. (Statistical errors
sol- B only.)
40 | TR T N N A | 1 ] [ L ]
1.0 2.0 4.0 6.0 8.010.0 20 40 60 80100
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Since the Eu(NH;)s resonance has become so small,
impurity effects such as mentioned above could

be causing the drop in linewidth. However, the
isomer shift remained constant.

B. Linewidth and Relaxation

As the experimental data indicate a constant
thin-absorber linewidth for most of the tempera-
ture range investigated, the relaxation mechanism
is most likely to be of the Eu?* spin-spin type.

The relaxation process should not depend on tem-
perature if kT > E,, where E; is the overall crys-
tal field splitting. It is easy to show'” that the
electronic-spin correlation time 7 is proportional
to the linewidth in excess of that expected for very
fast relaxation. Another relaxation mechanism,
described by the Korringa relation, '® predicts that
the correlation time is inversely proportional to
kT.' The perturbation for this type of relaxation
is of Ruderman-Kittel-Kasuya-Yosida (RKKY) na-
ture,

==y S -5, (7)

where S is the Eu®* spin operator, § is the conduc-
tion electron operator, and Jg is an exchange con-
stant. Since the FWHM (adjusted for saturation)
shows no temperature dependence from 4. 2 to 67
K, the ionic spin-spin mechanism dominates.

At 77 K, the sharp drop in FWHM could indicate
that some higher-order spin-lattice relaxation
processes are involved. The temperature depen-
dence of the rate would probably be T® (Raman pro-
cess), 2 which gives approximately the correct nar-
rowing from 67 to 77 K. The anomalous drop in
recoilless fraction must then arise from some
other mechanism, perhaps the anharmonicity of
lattice vibrations expected for T much larger than
©. Another possibility is a change in site sym-
metry, which will be covered below.

At temperatures below 4 K, the FWHM begins
to broaden. In Fig. 4 the data for sample E are
presented. All samples showed similar broaden-
ing. To account for this low-temperature varia-
tion, the crystal-field splittings must be discussed.

The Eu® ion in cubic symmetry experiences an
effective crystal field given by?

3= B,(0} +50%) + B4(0% - 210y), (8)

where the B, are constants and the O are operator
equivalents for the °S;,, ground state. For Eu®,
the B, are not obtainable from first principles.

For example, in the octahedrally coordinated MO
series? the fourth-order parameter changes sign
where the host cation has the same ionic size as
Eu®*. For our calculations, the available data for
CaF,: Eu® will be used.? Setting B¢g=~0, there are
crystal-field levels I'y, Ty, and I'g in increasing
energy, with the over-all splitting E = 0. 25 K.
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FIG. 4. Temperature dependence of the resonance
linewidth for sample E below 4.2 K. The solid line rep-
resents the dependence expected for a cubic Eu?* site
symmetry, I'; ground state, with some simplifying as-
sumptions including g, =0. This gives an over-all cubic
crystalline-field splitting of about 2.5 K, which is much
larger than expected. (Statistical errors only.)

The I'glevel is a quartet, and the other two are
doublets.

The increasing linewidth at low temperatures
does not agree very well with calculations based
upon cubic site symmetry, as can be seen from the
following. For a simple model, the assumptions
are (i) relaxation can proceed only between levels;
(ii) the relaxation matrix elements are the same;
(iii) the effective hyperfine fields (proportional to
(S¢)) for the three levels are equal; and (iv) that
the nuclear and electronic spins are effectively
decoupled by a weak exchange and/or dipolar field.
The rate can be taken as proportional to the suitably
weighted Boltzmann occupation factors, and the
FWHM obtained from the inverse plus the fast-
relaxation FWHM. Withthis model, the relaxation
rate slows down as available paths are decreased;
avalue E;~2.5 K is obtained. The solid curve in
Fig. 4 exhibits the predicted temperature depen-
dence with I'; as the ground state. This seems to
be far too large. Using a I'g ground state, the
curve is more nearly linear, but with an even lar-
ger E of about 3.7 K. Furthermore, one would
expect that relaxation of the form I';= I'; should al-
so occur within the cubic levels, since g, #0 (for
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any of the I';). This would tend to cancel the tem-
perature dependence and make agreement with ex-
periment worse.

The rapid change in linewidth below 4. 2 K may
be explained by noncubic site symmetry, with the
lowest state having g,=0. Assuming only a D term
(axial symmetry) in the crystal-field Hamiltonian,
theoretical Mossbauer spectra were generated us-
ing a method to be discussed later. Although struc-
ture in the calculated spectra was becoming evi-
dent, an estimate of D~ -0.03 K was obtained by
comparing relative broadening of theoretical and
experimental spectra. A similar value was de-
rived®* from ESR measurements of Eu® in silver
chloride. With the apparent deviation from cubic
symmetry, one might expect that a quadrupole
splitting could also be present, although no evi-
dence of this was found in the data.

Among the prime candidates for sources of D is
the reported deviation in stoichiometry for hexam-
mines. Another is a possible change in Eu® site
symmetry from cubic to trigonal if the rotation
of the NH; groups slows to the order of the hyper-
fine interaction frequencies. A sudden onset of
quadrupole splitting is visible in iron(ir) hexammine
chloride?® as the temperature is lowered below
about 109 K. Bates and Stevens?® indicate that
static arrangements yield trigonal symmetry, and
that the chlorine should have little effect on the
cooperative transition temperature. Another ori-
gin is suggested by the cubic-to-hexagonal transi-
tion?” in Li(NH,), below 82 K. Both of the latter
mechanisms would provide sharp changes in the
Eu®* wave functions.

With the large chemical reactivity of Eu(NHjz)g,
some concern must be given to the effect of pos-
sible impurities on the FWHM. The divalent im-
purity exhibited in the earlier samples (A-E) ap-
parently is not responsible for the broadening,

-14.2
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since samples I and J also broaden. If there were
a small amount of impure amide present, with
magnetic-ordering temperatures of the various
microscopic regions scattered below 4.2 K, an
effectively broader line would result. However,
sample B should then show the sharpest change
since its method of preparation should enhance the
formation of amide. Instead, it shows approximate-
ly the same temperature dependence below 4.2 K.
A slightly narrower line, compared to the other
samples, was observed and could arise from a
somewhat smaller lattice constant due to a slight
NH; deficiency and thus faster relaxation.

Similar Mossbauer line broadening below 4.2 K
is observed®® with La:Eu®. Below the La super-
conducting transition temperature, the pairing of
the conduction electrons is expected to produce an
exponential decrease in relaxation rate. The
La : Eu® data also fit reasonably well with the ap-
proximate 1/T? dependence expected for crystal-
field-population effects. A 1/T (Korringa) depen-
dence is also possible, unless “T'y” is not the fast
relaxation limit.

C. Isomer Shift

The experimental isomer shift results for sam-
ple I are plotted as a function of temperature in
Fig. 5. At the higher temperatures, the isomer
shift is relatively constant at about —13.6 mm/sec
with respect to the Sm,;O5 source. The isomer
shift shows a gradual, but accelerating trend to-
wards more positive values as the temperature de-
creases. At 21 K the isomer shift is — 13. 62
£0.02 mm/sec (statistical error only). At4.2K
it is —13.54+0.01 mm/sec, and at 1. 22 K it has
increased to - 13.38 £0. 02 mm/sec. This “iso-
mer-shift shift” (ISS) corresponds to increasing
s-electron density at the Eu nucleus at lower tem-
peratures. There are some experimental data

1

H

[e]
T

[

&

@
T

-13.41
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FIG. 5. Temperature
dependence of the Méssbauer
isomer shift for sample I,
referred to an Smy03 source.

A trend towards more posi-
tive values is visible at
lower temperatures. The
solid curve is based on an
apparent change in conduc-
tion electron density, as sug-
gested for Li(NH;),. (Statis-
tical errors only.)
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which provide a possible explanation of the ISS. In
the hexagonal phase of Li(NH,),, 2" below 82 K,
there are two Li atoms per unit cell and likely con-
tact between the Fermi surface and the Brillouin-
zone boundary. At low temperatures, Li(NHj), thus
has some characteristics, such as complete com-
pensation, similar to a divalent metal®® or to
Eu(NH,;)s. Recent Hall-effect measurements® show
that the number density (r,) of electrons is much
less than that (n,) calculated on the basis of one
electron per Li atom. At 77 and 62 K, n,/n,
~4.4%103. Below 47 K the ratio increases, reach-
ing 4.9x10°% at 1.5 K. The Eu®* isomer shift is
usually interpreted as arising from two parts; a
negative shift of about — 15 mm/sec due to the 4f
shielding for Eu®, and a positive contribution of

15 mm/sec per 6s conduction electron per ion. 3!
The solid curve in Fig. 5 was obtained by scaling
the results from Li(NH,),, using —13. 64 mm/sec
as the no-conduction electron limit. The 1.5-K
data point corresponds to n,/ny~1.3%x1072 6s elec-
tron. The ratio should be less here than in Li(NHj),
since only the s partof the conductionband is signif-
icant. The high-temperature limit - 13.64 mm/
sec is typical of the nonionic, nonmetallic divalent
Eu compounds, and is probably indicative of some
covalent bonding of the 4f or 5p shell of Eu®* with
the nitrogen ligands.

Recently, an ISS was observed in Eu-rich EuO. %
As the exchange field increases below the EuO
Curie temperature, the model envisions that the
electron-Eu? magnetic localization energy is lost,
and metallic conductivity occurs. Conductivity
data indicate a net increase in conduction electrons
to n,~2x10' cm™. The ISS is about +0.15 mm/sec,
from —12.25 mm/sec at 70 K to —12.10 mm/sec
at 50 K. Assuming that »n, represents idealized
free s electrons, this indicates an expected shift
of about 0.01 mm/sec, far less than observed.

For the absorbers other than samples I and J,
the isomer shifts at 77 K were all about — 12.6
mm/sec, and at 63.5 K, —13.0 mm/sec. These
values are considerably more positive than found
for the pure samples (I and J), and indicate the
sensitivity to impurities. The trend to more nega-
tive isomer shifts as the temperature is lowered
indicates that the Eu(NH3)s MOssbauer effect be-
comes more important than the impurity effect as
its recoilless fraction increases. The isomer
shift at 77 K is slightly more negative than that in
Eu0, * - 12.2 mm/sec. In addition, the Mdssbauer
resonance has broadened substantially at 63. 5 K,
but nearly full hyperfine splitting would be expected
if the impurity were pure EuO with a Curie tem-
perature of 69.2 K. 3®

At 4.2 K and below, the Eu(NH;)s resonance is
dominant. Low-temperature isomer-shift results
for several samples are shown in Fig. 6. All sam-

4325
-13.8
- ¥ 3
g -13.61 : ¥ F
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;_‘
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o I
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1.2 16 20 24 28 32 36 40
T (K)
FIG. 6. Temperature dependence of the observed iso-

mer shifts for samples A, B, E, and I below 4.2 K.
Since various means of preparation and amounts of im-
purities are represented, the temperature dependence is
most likely not due to an impurity effect. (Statistical
errors only.)

ples show a shift towards more positive values as
the temperature is lowered, indicating that the im-
purity contribution is not a significant factor. The
isomer shift for sample B appears to be more posi-
tive than the others, even when one allows for a
possible variation of 1% in absolute velocity cali-
bration between samples. Recall that sample B
was warmed to room temperature to drive off all
excess ammonia, and hence may contain some de-
composition products.

There are several other mechanisms which are
unable to account for the observed temperature-
dependent shift. The postulated 47" 5d2 condensa-
tion model requires a net reduction in s-electron
density. The second-order Doppler shift is far too
small. Lattice contraction at low temperatures,
which could give a positive shift, * would cause a
width decrease. The orbit-lattice interaction ad-
mixes the 4f ®6s configuration into the 4f" ground
state with increasing temperature, % and this in-
creases the isomer shift. A Debye-model calcula-
tion indicates a variation at T =43 K of about 0. 02
mm/sec, too small to be observed here.

By fitting the experimental data with a single
Lorentzian function, an apparent ISS would be ob-
served if, for example, quadrupole splitting or off-
diagonal terms in the hyperfine interaction changed
significantly with temperature. A similar effect
could occur from a change in the spin relaxation
rate. Presumably, the data should exhibit some
asymmetry under these conditions. A further dis-
cussion of this ISS origin will be given later.

D. Induced Hyperfine Fields

It appears that Eu(NH;)g does not order magneti-
cally for T=1.2 K. None of the samples (includ-
ing sample B which was free of excess NH; and
samples I and J which were free of Eu impurities)
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* FIG. 7. Eu(NH3)g Mdss-
bauer spectrum at H,=22
kOe, T=1.2 K (sample B).
With essentially only the
ground S, level populated,
a normal magnetic Hamil-
tonian was used to fit the
data, with the constraint
that the AM; =0 transitions
have zero intensity in the
longitudinal field. A small
trivalent impurity is indi-
cated by the dashed curve.
For this particular spec-
trum, the source was in a
magnetic field, which re-
sulted in some broadening
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gave any indication of hyperfine splitting in the
Mossbauer spectra. However, some EuM, (M a
transition metal) intermetallic compounds show
very small hyperfine fields in the ordered state.
In order to obtain the hyperfine fields correspond-
ing to a fully magnetized state, Mossbauer experi-
ments were carried out in large external fields at
1.2 K. An example of the observed data is shown
in Fig. 7 for sample B at H,= 22 kOe, T=1.22 K.
The solid curve denotes a least-squares fit to a
pure magnetic Hamiltonian for Eu* and a single-
line trivalent impurity. With the external mag-
netic field applied along the observation axis, the
AM ;=0 transitions are eliminated and the fit in Fig.
7 assumes this constraint. As can be seen, the
agreement is excellent. In a later section, some-
what smaller H, /T data require the use of relaxa-
tion parameters. For the present data, the oc-
cupation of the ground ionic Eu?* level is about
90%, and the assumption of “fast” relaxation is
adequate for fitting purposes.

For large external fields, the observed effective
hyperfine field decreases with increasing applied
field. Figure 8 shows this variation for sample
E at T=1.2 K. The fitted line is given by

Hoqp=H,+312(S,)/3.5 kOe

and the net hyperfine magnetic field which would
be expected in the fully magnetized (S,)= -1 state
is Hogg=~ 31217 kOe. The small demagnetizing
fields (and a possible weak exchange field) are less
than the statistical errors and will be ignored here.
This value of saturation field is typical for Eu®
compounds. 3" The 4f core polarization of the filled
s shells yields about - 340 kOe, 3% and typically
fields slightly more positive are observed. For
the postulated 4f° configuration, with a ground term
®H,5/, and a magnetic moment of 10y, the orbital
angular momentum would dominate. The satura-

(0] +125

of the lines.

tion hyperfine field would then be®® about 5 MOe.
The other suggested possibility 4f" 5d% would yield
fields dependent on the orbital quenching of the £,,
d electrons. If there is total quenching, the core
polarization induced by the 5d electrons would
dominate. With a 5d core-polarization field*® of
- 550 kOe/gS, and assuming that the 4f and 5d core
polarization fields are additive, a net hyperfine
field of about — 1. 45 MOe would be expected. Fur-
ther evidence for a 41" configuration lies in the
magnetization measurements.! Extrapolation of
w-vs-1/H curves indicate the saturation moment
is about 7.0pup, which is expected for Eu®. If
Eu(NHj)s were magnetically ordered, the approach
to saturation could depend on anisotropy or spin
canting. Since it is not ordered, the magnetization
measurements indicate a 4f" configuration.

There are small differences in the hyperfine

300

2901
2801 i T=1.2K
270
S 260
' 250+

240+

.
~

H ff (kOe)

{ 1 | 1 1 1 1 I\
0 10 20 30 40 50 60 70 80 90
Ha (kOe)

FIG. 8. External field dependence of the magnetic hy-
perfine field in sample E. The solid curve represents
an effective hyperfine field of — 312 kOe. For the lowest
values of external field, a Boltzmann average was em-
ployed. This assumes ‘fast” relaxation, which is suffi-
cient for the small populations in the excited Zeeman levels.
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TABLE I. Comparison of derived saturation hyper-
fine fields for Eu(NH;)g.

Sample Hggs (kOe)
A -315
B -303
E -316
I -323
J -321

Velocity calibration error is +3 kOe

fields observed for the various samples studied.
For comparison purposes, most samples were
run at an external field of about 20 kOe at 1. 2 K.
In Table I the results for samples A-J are pre-
sented, corrected for net ionic magnetization and
external field. The data for sample J were taken
at 60 kOe, 1.2 K, and are corrected for external
field only. The lowest field for sample B could
result from impurities produced by warming the
sample to room temperature. Samples A and E
were similarly prepared (except for the somewhat
cleaner method used for sample E) and exhibit the
same field. Samples I and J exhibit a somewhat
larger hyperfine field. Since they exhibited no di-
valent impurity, the lower fields observed in A and
E could be caused by the possible admixture of
small amounts of EuO impurity. Pure EuO has a
somewhat lower saturation field®® than Eu(NH,)s;
in the present case, the field could be reduced and
vary somewhat due to a deviation from stoichiome-
try.

Since there is a possibility of a D term in the
ionic Hamiltonian, an attempt was made for sam-
ple-B data to include a quadrupole hyperfine inter-
action of the form*

_eQV,, 3Mi-1(+1)
T4 121-1)

where 1eQV,, is the quadrupole interaction parame-
ter and a is the local angle between the magnetic
and quadrupole axes. Since the sample was not a
single crystal, a suitable grid in angles was chosen,
and the resultant Mossbauer spectrum was obtained
as the weighted average over this grid. The fit was
found to be too insensitive to this quadrupole per-
turbation, with only a slight broadening for large
values of ;eQV,,.

(%cosza-—é), (9)

AW,

E. Intermediate External Fields-Relaxation Spectra

Mossbauer spectra of CaF,: Eu® exhibit*? broad
zero-field resonances as well as relaxation pheno-
mena for small values of H,/T. Similarly, the
spectra for Eu(NHg)g shown in Figs. 9 and 10 ex-
hibit the typical non-Lorentzian shapes expected
for time modulation of the hyperfine field resulting
from relaxation effects. Figure 9 represents the
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data for sample J at 4.2 K in applied fields H,, as
indicated. The results at lower temperatures in
applied fields are given in Fig. 10. For both fig-
ures, the line shapes (solid curves) were calculated

1.00 .
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093 wg =300 .

0.86
1,00l
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FIG. 9. Mbssbauer spectra of Eu(NH;)g (sample J) at
4.2 K in applied magnetic fields H,. The solid curves
are theoretical relaxation spectra with the indicated values
of the parameters Hy, the net ionic field, SR=~(S,)/3.5,
and wg, the spin-spin relaxation frequency. For the H,
=0 data, single-level relaxation is employed. The other
spectra were derived using the multilevel formalism.
The parameters indicated in the figure are in units of kOe
for Hy and Hy, °K for T, and 10° sec™ for wg.
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FIG. 10. Mdssbauer spectra of Eu(NHj)g (sample J)
in applied magnetic fields at temperature below 2 K.
The solid curves are theoretical relaxation spectra, with
the defined parameters and units as for Fig. 9.

by the rate equation method. ** The agreement with
experiment is amazingly good, and yields the pa-
rameters shown in the figures. These will be dis-
cussed more fully below, after presentation of the
necessary theory.

From Van Vleck, * in the case of zero crystal
field and external field large compared to the di-
polar field, the spin Hamiltonian can be written

je= guBHNZS + T A, Sy B;,Sist, (10)
1244 k>j

where H) is the net ionic field,

A== 2T +8"057 G afu - 2), ()
and

By,=—-3(A;,+2J).

J is the isotropic exchange parameter, 7;, the

separation of ions j and k2, and a;, is the cosine of
the angle between the external field and the j-&
axis.

Considering only the second term of Eq. (10), the
spin-flip part of the Hamiltonian for ion & is

3es== 20 [ T +3G (1 - 3ad,)] (ShS? +S%s?), (12)
s
with G,,=g%u57;7. The probability for a transition

M, —~M, with a neighboring ion j going from M,— M,
is then**"*®

PM,~M,;)= ;ﬂ 2i[ J+5G (1 - 303,)1%
i
x T | My, My| SES+S2S?| My, My )|
My
X P(M,) P(E), (13)

where P(M,) is the Boltzmann probability for oc-
cupation of the M, state at ion j and P(E) is the
level density, taken as the inverse linewidth of the
ionic levels.

In the absence of exchange, the ionic linewidth
arises solely from the third term in the Van Vleck
Hamiltonian. For a polycrystal, the mean-square
frequency averaged over angle is

(AV )zv=% h2S S+1)Z Gfk (14)

Inserting the dependence on ionic occupation®” and
summing over the bcc lattice,

(B )= 22. 1h72G3((S2) r ~ (S, )2), (15)

with G =g?u2/d®, where d is the Eu?*-Eu® nearest-
neighbor separation and the subscript T refers to
the thermal average. With small H, /T in Eu(NHy),,
this yields a full width at half-maximum (or line-
width) of the approximately Gaussian distribution

Avy)z=2.35 ((Av?),,)" /%~ 2300 MHz

corresponding to an energy width of 110 mK.
The relaxation-rate constant is taken as

wg= %zz_” ? [J+3G (1 = 30,212 P(E), (16)

and should be independent of temperature except
for the P(E) temperature dependence as shown in
Eq. (15). Squaring and averaging over the poly-
crystal, using the dipolar sum, and assuming z
nearest neighbors for the exchange term,

wg = (27/K)(2J% +0. 61 G®)P(E). amn

For the probability P(M, —~M,) in Eq. (13), the
sum over M, is valid only if the ionic levels are
equally separated by the external field. If the crys-
tal field is large enough so that the transition en-
ergies differ by more than about an ionic linewidth,
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then the energy-conserving Hamiltonian demands
that only one term be in the sum. In the Van Vleck
case of equal splitting (denoted by ML for multi-
level), if M,—~M,—1, then for the j ions M,~M,
+1, My+1-+-M,+2, etc., are allowed. For non-
equal splittings (denoted by SL for single level),
ifM,-M,-1, thenonly M,~-1-M, is possible for
the j ions. P(E) also changes depending on the me-
chanism causing the differences in the ionic transi-
tion energies. If the cubic crystal-field splittings
are comparable to the dipolar interactions, the
linewidth exhibits broadening. ** A calculation us-
ing the B, parameter for CaF,:Eu® indicates an
increase of about 100% in the Eu(NH;)g linewidth.
Typical Eu®* axial splitting terms are less impor-
tant. The ML model should be the proper one to
use here, although the results obtained assuming
SL will also be given.

The calculated ML spectrum at an applied field
H,=5.7kOe and temperature T=1. 20 K [denoted
by (5.7, 1.20)] yields a net ionic field Hy of about
4.9 kOe with a relaxation rate wp=~70x10° sec™!
(see Fig. 10). Extrapolating to zero Hy /T, one
obtains wg (0)~50%10° sec™’. Errors for Hy and
wp for this data are estimated to be +0. 3 kOe and
+20x10° sec™, respectively. The correlation be-
tween the two variables is slight.

The net field Hy observed at an ion is given by

Hy=H,-&n-N)M, (18)

with the first term in parentheses corresponding
to the demagnetization plus Lorentz fields for the
disk-shaped absorber, and the second term ac-
counting for any exchange field Hz=NM. The mag-
netization M is a function of Hy and T through a
Boltzmann distribution. With M equal to 150 Oe in
the S,= -+ state, the observed H, for the (5.7,
1. 20) data corresponds to N= 0. With SR=-(S,)/
3.5=0.64, an upper limit on the paramagnetic
value of exchange field at T=0 is given by |Hz(0)|
=0.5 kOe. For ferromagnetic exchange, this cor-
responds to an upper limit on the Curie tempera-
ture T, of about 0.1 K. For antiferromagnetic ex-
change, the paramagnetic Curie temperature [© ]|
=0.1 K. This value of © is much more positive
than that obtained from the susceptibility mea-
surements -~ 5 K. From simple molecular-field
theory, *° Ty= 10y| for antiferromagnetic exchange
with the bcc magnetic lattice. Thus, the ordering
temperature in Eu(NH;)g should be less than 0.1
K, in contrast to the magnetization measurements
indicating a ferromagnetic ordering temperature
of 5.5 K. This would apparently be the lowest-
ordering temperature in any Eu?® compound. s

The data at 4.2 K and various H, (see Fig. 9)
indicate wpy is as expected roughly constant, in-
cluding the slight effect of the Hy /T dependence
of P(E). The fairly good fit at (4.2, 4.2) using

4329

the same wg(0) as at larger fields is in contrast
to the results obtained in CaF,:Eu® at this field,
where a much larger wy had to be employed due
to assumed cross-relaxation processes.** For the
(0, 4.2)data, the plotted curve in Fig. 9 assumes
SL and isotropic nuclear radiation, but that the

M g states are pure. The derived rate is then
about 300x10% sec™!. Using ML, wg=~50x 108
sec™, or about the same as for the H, #0 data.
Fitting single Lorentzians to the H, = 4.2 kOe and
H, =0 data, the same FWHM is obtained in each
case. The excellence of the fits indicates that
these spectra (and all zero-field spectra) are Lo-
rentzian in shape. The added spin-Hamiltonian
terms and the overlapping ionic levels in zero
field make a proper analysis difficult.

The (H,, 1.2) intermediate-field data (Fig. 10)
exhibit fitting parameter linewidths some 109
larger than the high-temperature data. Since no
broadening is observed at (60, 1.2), quadrupole
splitting can be ruled out. The increased line-
width is most likely due to locally varying H,q,,
either due to a variation in (S,) due to crystal
fields, or to the shape-dependent demagnetizing
field in the various polycrystals. If the latter is
true, then the average Hy is slightly larger than
for an external field perpendicular to a uniform
infinite disk.

Numerous spectra were obtained for sample I
in applied fields. These data had very good statis-
tics, and although saturation effects were prom-
inent, an ISS dependent on T could be observed.
The shift, as determined from the steep outer
slopes, is about —0.12 mm/sec from 1.2 to 4.2
K. This is in reasonable agreement with the zero-
field single-Lorentzian data in Fig. 5, consider-
ing that the relaxation data were first folded and
then analyzed. The apparent independence of Hy
rules out quadrupole splitting, crystal-field per-
turbation of the ionic levels, or I+ §terms in the
Hamiltonian as possible causes of the ISS. There
is a small asymmetry in the depths of the two cen-
tral peaks for various SR=0. 58 data, with the
more positive velocity peak slightly broader and
shallower. All samples showed this anomaly, so
impurity effects can be ignored. The asymmetry
anomaly could be caused by slightly differing hy-
perfine fields and isomer shifts characteristic of
Eu(NH;); -

Using the SL relaxation model, the (16.7, 4.2)
data for sample J (Fig. 9) can be fit well with wpg
~250%10°% sec™!, and H,~14.1 kOe, instead of the
parameters shown in Fig. 9. This would imply
an antiferromagnetic exchange field at SR=1 of
Hg(0)~- 3.4 kOe. Atlower H, and 4.2 K, how-
ever, the calculated spectra are somewhat too
broad, implying that the relaxation rate should in-
crease. In addition, for the (H,, 1.2) data, a
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much different exchange field must be used if w zx(0)
is taken as the 4.2-K value: Hg(0)~ -1.0 kQOe.
This apparent variation in exchange field is prob-
ably an artifice of the model, since for all sample
J data Hy /H,~0.8. It appears that even allowing
wpg to vary at low temperature, no satisfactory fit
can be obtained with the high temperature H(0).
The SL model seems unsatisfactory.

With the exchange Hamiltonian for an ion i,

Hop=—22 Iy S . § , (19)
J

assuming that only z =8 nearest neighbors are in-
volved in the exchange process, then

JEJ” = ‘LBHE(O)/ZS.
Thus,
|J] <1.0x107" eV =1.2 mK.

Inserting the various parameters into Eq. (17),
the theoretical relaxation rates are

wr(0)=88%10° sec™! (dipolar terms only),

Wk(0)=170x10° sec™* (dipolar plus limiting
value of exchange, z=8).

The dipolar-only rate agrees well with the ex-
perimental value wg(0)=~ (50 + 15)x 108 sec™!, since
(a) crystal-field terms will decrease wg and (b)
correction for (slight) saturation will increase
wg(0). In Fe(NH,)(SO4), - 12H,0, the theoretical
relaxation rate was about twice the experimental,
with the exchange term dominating. ¢

It is worthwhile to consider the possibilities of
other corrections to the relaxation rate. A small
exchange field has a marked effect on the relaxa-
tion rate through the I dependence of wp. Ex-
change also affects wy through P(E), because of the
phenomenon of exchange narrowing. Using the
upper limit on Hg(0), the Anderson-Weiss for-
mulas, *! and Anderson’s curves, *?the ionic line-
width is calculated to be within a few percent of the
dipolar-only width. The hyperfine splitting of the
electronic states is of the order of a few mK and
can be neglected.

F. Exchange Considerations

The lack of significant magnetic exchange inter-
actions in Eu(NHj;)g is unexpected since the high
electrical conductivity would be expected to pro-
mote exchange. Consider first the localized in-
direct mechanism.* The nearest-neighbor inter-
action (J;) depends on the virtual excitation of a 4f
electron to the 5d band, with the d-f overlap at the

nearest-neighbor site providing the exchange terms.

For the Eu chalcogenides, the overlap dependence
of the exchange constant on distance is given by

Ji(R)=J,(Ry) ™R/ R0 | (20)

Joo

with J,(R) the constant for EuO, with a nearest-
neighbor distance of Ry. In Eu(NH;)g the overlap
should be less, both because of the increased R and
the directional aspect of the 5d-¢,, wave functions
in Eu(NHg)g, which are not directed towards the
nearest-neighbor cations as in the chalcogenides.
Ignoring the latter aspect, the differences in ex-
citation energy, and number of nearest neighbors,
and comparing the hexammine (%) to the oxide,

J1(R,) =10 J,(Ry),

with R,=8.27 A, Rg=3.64 A.

Since the oxide orders at about 70 K, the hexam-
mine critical temperature is predicted to be less
than 0.1 K, in good agreement with the experi-
mental results. The next-nearest-neighbor inter-
action (J,) proceeds via a cation-anion—anion-cation
interaction, and should be very small. %

The long-range RKKY interaction from Eq. (7)
leads to a paramagnetic Curie temperature O giv-
en by55

— 317272, 8(S +1)
€p=—— st ") 5 F(2kzR,) (21)
P 4kFEF n#Em £
with

F(x)= (x cosx — sinx)/x*,

where Z is the number of conduction electrons per
atom, kpand Ezarethe Fermiwave vector and energy,
and R,,, is the interatomic distance between Eu®*
ions. For the generally used spherical Fermi sur-
face, the summation is independent of lattice con-
stant since kra, is independent of a,. Barring a
null in the sum, the experimental value of ©p re-
quires Z or Jg to be small. Assuming at high
temperatures a negligible s occupation of the con-
duction band, from the ISS data the measured shift
at low temperatures corresponds to less than 0. 02
s electrons per Eu® ion. This should still lead to
a substantial ferromagnetic interaction. % Another
model’ envisions the conduction electrons to be
generally outside the ammonia cage surrounding
the Eu® ion. Due to the short-range nature of J o>
this would substantially reduce ©,. A third pos-
sibility is that the RKKY and short-range mecha-
nisms approximately cancel at 1.2 K. From the
constancy of wg from 4.2 to 1.2 K (ML model),
this is unlikely.

G. Conclusion

The experimentally derived Eu hyperfine parame-
ters in Eu(NH,)g correlate well with the normal 47"
configuration expected for Eu®*. Our results
strongly indicate that Eu(NH;)g is not magnetically
ordered at temperatures down to 1.2 K, and an or-
dering temperature of about 0.1 K is predicted.
Previously reported inferences of magnetic order-
ing may have been due to sample impurities.
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The temperature dependence of the Mossbauer
recoil-free fraction is found to be in very good
agreement with a simple Debye model, yielding a
Debye temperature of 43 K for Eu(NH;)g. The un-
usual and interesting variations in linewidth and
isomer shift have been explained with reasonable
models, but the full interpretation must await other
corroborative experimental work.

Experimental data obtained in applied magnetic
fields were used to derive the saturation hyperfine
field for Eu(NH3)g. The result — 322 kOe corre-
sponding to a fully magnetized (S,)= -7 state, is
very similar to values reported for other Eu® com-
pounds and can be interpreted as arising from 4f"
core polarization. The complicated Mossbauer
spectra observed in moderate applied fields can be
reproduced very well using spin-relaxation theory.
The extracted spin-spin relaxation rate is in good
agreement with calculations based upon dipolar in-
teractions and no exchange field at the Eu ion.

It would be very useful to have more x-ray dif-
fraction data below 77 K for detailed crystal-struc-
ture information, and ESR measurements to detect
possible site symmetry changes and exchange in-
teractions. Current Mossbauer studies being car-
ried out in our laboratory will investigate the ef-
fects of Eu dilution in nonmagnetic isomorphous
hexammine lattices.
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Since the completion of this work, another study®’
of the Mossbauer effect in Eu(NH;)g has appeared.
The spectra taken at various temperatures with-
out an external magnetic field indicate little tem-
perature dependence of the strength of the reso-
nance. There arethree chemical phasespresentin
the sample studied, two divalent and one trivalent.
The divalent phase with the highest Debye tem-
perature, which the authors consider to be the
hexammine, exhibits the same isomer shift at 77
K as found in the earlier impure samples dis-
cussed in this paper. This phase orders magneti-
cally between 4.2 and 20.4 K. The second diva-
lent phase exhibits the properties ascribed here to
Eu(NH;)g. The authors consider this phase to
represent Eu dissolved in ammonia, however no
such phase has been identified by others.
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