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Anomalous behavior of the Mossbauer resonance width in mixed-valence EuNi,P,

R. Nagarajan
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Bombay 400005, Maharashtra, India

G. K. Shenoy
Argonne National Laboratory, Argonne, Illinois 60439

L. C. Gupta and E. V. Sampathkumaran*®
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Bombay 400005, Maharashtra, India
(Received 1 June 1984)

We present here the results of our detailed Mossbauer measurements on the mixed-valence system

EuNizP;_.

The linewidth of the resonance exhibits a broad peak at ~40 K. We argue that this

feature is anomalous in that it cannot be understood in terms of the known mechanisms that can
give rise to line broadening. The system exhibits strong mixed valence—the average valence being
~2.5—even at T=1.4 K. This is the first Eu-based material having truly mixed valence behavior
as T—0; all others tend to approach the trivalent configuration as 7—0.

I. INTRODUCTION

Interconfiguration fluctuation of europium has been re-
ported in a number of Eu-based materials, such as
EuCu,Si, (Ref. 1) and EuPd,Si, (Ref. 2). Mdssbauer
isomer-shift (IS) measurements have proved to be of cru-
cial importance in all of these investigations. One ob-
serves® a single, motionally averaged, line in such systems
as the valence fluctuation is fast enough to satisfy the
condition 7¢(S, —S3) < 1. Here 1/7 is the frequency of
fluctuation and S, and S; are the isomer shifts of europi-
um in the divalent (4f7) and the trivalent (4/°) configura-
tions. The isomer shift of the averaged line lies between
S, and S;. The spectrum does not exhibit, in many cases,
any significant variation of the resonance linewidth with
temperature. EuPd¢B,, however, behaves rather different-
ly in that the variation of the resonance linewidth as a
functlon of temperature is rather strlkmg Felner and
Nowik* pointed out that this behavior is a consequence of
the sensitivity of E, the interconfiguration excitation
energy, to local disorder that could be, for example, due to
the presence of vacancies or other crystallographic de-
fects. The actual line shape of the spectrum depends upon
the relative magnitudes of the following energies: the ex-
citation energy E.,., the width & of the localized 4f level
[or the valence fluctuation temperature Tsf——h /7srkp)],
and the inhomogeneous spread A of E.,, arising from dis-
order in the sample. In the fast fluctuation limit and with
A small, there is almost no variation of the resonance
width as a function of temperature.

We had reported® recently EuNi,P, to be an intermedi-
ate valence system. We have now performed extensive
Mossbauer investigations on this material and have ob-
served a line broadening as a function of temperature in
the interval 1.4—300 K. In this paper we wish to present
these results and demonstrate that this behavior of the
linewidth cannot be understood in terms of the known
sources of line broadening.

II. EXPERIMENTAL

The material EuNi,P,, both in the form of single-
crystal platelets and polycrystalline powders, was
prepared following the procedure suggested in the litera-
ture.%” Small single crystals were obtained by carefully
cooling the melt in a tin flux. Polycrystalline samples
were synthesized by heating together stoichiometric
amounts of Eu, Ni, and P in a sealed quartz tube. The x-
ray powder diffraction of the samples gave identical pat-
terns corresponding to the ThCr,Si, structure (space
group Dy;,) and showed that they were single phase. The
lattice constants (a=3.911 A and ¢=9.482 A) of the
tetragonal unit cell agreed very well with those reported in
the literature.® GdNi,P,, the other material used in this
work as a reference, was also prepared by heating the con-
stituents directly in a quartz tube. The lattice constants
of thls material were also in good agreement with litera-
ture.5

151Eu Mossbauer measurements on EuNi,P, were made
using 200 mCi *!Sm,0; source. A conventional cryostat
was used to study the temperature dependence of the
Mossbauer resonance in the temperature interval 1.4—300
K. The IS values reported here have been expressed with
respect to Sm,03;. ">Gd Mossbauer measurements were
also performed on GdNi,P, as a function of temperature.
GdNi,P, provides us with a good reference to estimate the
lattice contribution to the electric field gradient. Magnet-
ic susceptibility was measured in the same temperature in-
terval and in applied fields of about 3 kG using a Faraday
microbalance.

III. RESULTS

Figure 1 shows the Mossbauer spectra of EuNi,P, at
various temperatures of specific interest in the interval 1.4
to 300 K. A very noticeable feature of these spectra is the
absence of an additional component which has been ob-
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served, for instance, in EuCu,Si, and EuPd,Si,—the two
very well studied mixed-valence systems with the same
structure. This component is usually weak (~10—15%
of the main line) and is believed to arise due to the disor-
der in the near-neighbor shells of Eu. The absence of this
weak component in EuNi,P,, therefore, is an indication
that a crystallographic order of high degree exists in this
material. This is consistent with the fact that EuNi,P, is
more like a chemical compound unlike EuCu,Si, and
EuPd,Si,. As a consequence of this, we expect that in
EuNi,P,, A may not be appreciable.

The observed spectra are fitted to a single Lorentzian
with T, the full width at half maximum (FWHM), and S,
the isomer shift, as variable parameters. It may be noted
that even though the fit is not good around the tail region
of the spectra, this inadequacy of the fit does not affect
the systematics of the temperature dependence of S and
I'. The spectra are characterized by a temperature depen-
dent S (S=—6.3 mm/s at 300 K and —4.25 mm/s at 1.4
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FIG. 1. Mossbauer spectra of '*'Eu in EuNi,P, at various
temperatures. The solid lines are single Lorentzian fits to the
data points.
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FIG. 2. Temperature dependence of the width (i) and the
isomer shift (O ) of the Mdssbauer line. The smooth line drawn
through the data points (i) is a guide to the eye. The error in
the isomer-shift values is smaller than the size of the circle (O).

K), which is intermediate between that typically observed
for divalent (~—8to —12 mm/s) and trivalent
(~0 to 4+4.5 mm/s) europium ionic states. Furthermore
no hyperfine splitting was discernible even at 1.4 K.
These observations clearly suggest that Eu is in an inter-
mediate valence state in EuNi,P,. The temperature
dependence of S over the entire temperature interval stud-
ied here is shown in Fig. 2. It may be noted that the
overall variation of S in EuNi,P, with temperature is
much smaller than that in EuCu,Si, and EuPd,Si,, sug-
gesting that the variation of the average valence of europi-
um is also much smaller.

Figure 2 also shows I' as a function of temperature. It
is interesting to note that above 40 K, I" increases progres-
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FIG. 3. Temperature dependence of the susceptibility (O)
and isomer shift (@) in EuNi,P,. The solid line passing through
the susceptibility data is a fit using Egs. (1) and (2). The solid.

" line passing through the isomer-shift data is generated using

Egs. (1) and (3b) with E..=160 K and Tys=80 K obtained
from the susceptibility fit. The broken line shows the tempera-
ture dependence of the average valence ¥, Eq. (4).
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sively as the sample is cooled; it exhibits a maximum in
the neighborhood of 40 K and then decreases again as the
temperature continues to drop further down.

Magnetic susceptibility X(7T') of the sample, measured
as a function of temperature, is displayed in Fig. 3. The
low-temperature behavior of X(7) is typical of a mixed-
valence material—it saturates below ~40 K and does not
diverge as T—0. It is clear that such a temperature
dependence of susceptibility cannot arise if Eu were in a
stable divalent state. In addition, no hyperfine field was
observed in our Mossbauer spectra even at 1.4 K. This
clearly rules out any magnetic ordering in the sample at
least down to 1.4 K which is consistent with the mixed-
valence nature of the sample. The results of independent
runs on samples drawn from different batches were in ex-
cellent agreement.

|

PZ 8exp( —‘Eexc/kBT*)
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IV. DISCUSSION
A. Susceptibility and the isomer shift

The interconfiguration fluctuation gives rise to
broadening of the 4f levels. While calculating various
thermodynamic quantities, the level width is taken into
consideration by introducing®® an effective temperature
T* (of the ions) that is different from the lattice tempera-
ture T. Following Franz et al.,® T is replaced by

T*=(T*+ T2,
where T is the width (in units of temperature) of the 4f
level. All the sublevels belonging to the two configura-
tions 4% and 4f7 are assumed to be broadened by the
same amount. The occupation probabilities Py(E ., T™)
and P;3(E..,T*) of the 2%+ and 3% configurations—which
may simply be written as P, and P;—are given by

P;  1+3exp[(—480 K)/T*]+5exp[(—1330 K)/T*]+7 exp[(—2600 K)/T*]

where E.,. is the excitation energy of the 4f7 configura-
tion with respect to the ground-state level (J =0) of 4°
configuration and P, +P;=1. ;

The magnetic susceptibility for such a system is given
by

X(T) =P X5(T*)+P3X5(T*), (2)

where X,(T*) is the Curie susceptibility of 4f7 ions and
X5(T*) is the Van Vleck susceptibility of 4/° ions at ef-
fective temperature T*. A very good fit for X(T) is ob-
tained with E../kg=160 K and T;r=280 K as shown in
Fig. 3. The analysis of X(T), therefore, fixes the values of
E.. and T, and suggests that these two quantities are
temperature independent in EuNi,P,. However, an expli-
cit and strong temperature dependence of E.,. and Tif
had been considered in the recent mixed-valence studies’
of EuCu,Si,. It must also be pointed out that we did not
have to introduce A here as was done, for example, in the
case of EuPd¢B,.

For the case A=0, the resonance absorption intensity is
given by

/7

Iw)= (3a)
O P {0—S(Eee, T
with
S(Eexc,T*)=P2S2 +P3S; . (3b)

Here S, and S; are the isomer shifts of the divalent and
trivalent states and o represents the photon energy. Usu-
ally one chooses S, and S; as the isomer shifts observed
experimentally in isostructural materials with europium in
pure divalent and trivalent states. One also prefers choos-
ing those materials as references whose cell volumes are

close to the cell volume of the material under considera-
tion, as there are volume effects on the isomer shift.!® In
our case, however, the freedom of independently choosing
S, and S3 is limited as E., and Ty, have already been
fixed. The isomer shift calculated from Eq. (3b) with
S,=—8.8 mm/s and S;=+0.4 mm/s agrees reasonably
well with the experimental data as shown in Fig. 3. In
view of the fact that isomer shift of europium in divalent
state could be in the range —8 to —12 mm/s and in the
trivalent state could be in the range of 0 to + 4 mm/s,!!
the values of S, and S obtained in our above analysis are
not unreasonable. It may be noted from Fig. 3 that the
calculated shifts are not in good agreement for tempera-
tures around 40 K. The values agree fairly well again at
low temperatures (below 10 K). The temperature varia-
tion of the average valence V(T) is obtained from the re-
lation '

V(T)=2P,+3P; 4)

and is shown in Fig. 3. It is clear that W(T) varies be-
tween 2.25 (at 300 K) and 2.50 (at 1.4 K). A very notice-
able feature of this system which distinguishes it from
other Eu-based mixed valence systems and which has im-
portant bearing on the valence fluctuation phenomenon is
the following: The mixed-valence materials involving Eu
ions known so far tend to approach a low-temperature
ground state wherein Eu is close to being trivalent.
EuNi,P, is the first Eu-based material which exhibits
strong mixed valence (V=~2.5) even as T—0. The
ground state of this system is, therefore a truly quantum-
mechanical mixed-valence state.

B. Linewidth

The behavior of the linewidth of the Mossbauer reso-
nance with respect to temperature is anomalous as it is



difficult to account for in terms of the known sources of
line broadening as discussed below.

(i) The rapid fluctuation between two valence states
with isomer shifts S, and S; gives rise to a single line of
width T given by?

I'=To+m(S;—S3 )7 [1—(P,—P3)*] . (5)

This expression predicts an increase in I" as the difference
between P, and P, decreases, i.e., we get a maximum
width I',,,, given by

Chax=To+7(S; —S; )szf (6)

as P, and P;—0.5. Thus one may expect a change in the
linewidth simply because of the changes in P, and Pj.
However, the magnitude of this change also depends upon
T, through the relation to 7,,. In our case the value of
Ty (=80 K) and its temperature independence corre-
sponds to a variation in I' which is not appreciable. Fur-
ther, in this system, the limiting value of P; is ~0.5 and
therefore this mechanism cannot produce the drop of the
width which is observed below 40 K.

(ii) In EuPd¢B4, much more pronounced temperature
dependence of the linewidth has been reported and ex-
plained* as a consequence of relatively large A. Even
though our susceptibility analysis indicates that A~O0,. we
investigated if a reasonable value of A could explain the
observed behavior of I" in EuNi,P,. Following Felner and
Nowik,* the intensity I(w) of the resonance absorption in
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FIG. 4. Results of the calculations of the width (A) of the
line for the parameters T,,=80 K, E./kp=160 K, and
A/kp=20 K [see expression for I(w), Eq. (7), in the text].
Vertical bar represents the computational resolution for the cal-
culated width. The lower part of the figure shows a simulated
spectrum for A/kp=40 K, with other parameters being the
same. One sees clearly a distortion in the simulated line shape
suggesting that A=40 K is too high an inhomogeneous spread
in E... Compare the observed spectra in Fig. 1.
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the presence of A is given by
o A/
)= T I ——
o=, [A2+(E—Eexc)2 I

L' /m
M4+ [w—S(E,T*7]?

(7

Spectra were generated for various values of A using Eq.
(7). Small values of A such as 5 or 10 K do not lead to
any appreciable variation of linewidth. Figure 4 gives the
calculated variation of I'" for A=20 K. It is clear from
Fig. 4 that although the calculated I" does increase with
decrease of temperature, however, it saturates as 7—1.4
K and does not exhibit the experimentally observed drop
at low temperatures (1.4 K <7 <40 K). Higher values of
A (>20 K) lead to excessive distortion in the line shape
(Fig. 4) which is not the case in EuNi,P,.

(iii) The possibility of unresolved quadrupole-split reso-
nance lines contributing to the observed linewidth cannot
be ruled out. We, in fact, get a better fit with the ob-
served spectra if the possibility of quadrupole interactions
is allowed (Fig. 5). The quadrupole interaction e2gqQ(T)
obtained from this analysis is shown as a function of tem-
perature in Fig. 5. Thus, if the observed linewidth varia-
tion is to be associated with the variation of e2¢Q(T), it
would imply that e?qQ(T) exhibits a very unusual
behavior. One observes, generally, either a monotonically
increlzzsing or decreasing variation of e?qQ with tempera-
ture.

In order to obtain an estimate of the lattice contribution
to the electric field gradient (EFG) at the Eu-nucleus
(with Eu in trivalent state) we studied '’>Gd Mdssbauer
resonance in GdNi,P, (whose cell constants are very close
to those of EuNi,P,) and obtained e’gQ at the Gd site to
be + 1.51 mm/s at 25 K. From this it is possible to
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FIG. 5. Spectrum at 40 K fitted with quadrupole interaction
(QI), e*qQ, as an adjustable parameter and with a fixed reso-
nance linewidth. One gets a better fit with QI than without QI
(see spectrum at 40 K and the solid line representing the single
Lorentzian fit in Fig. 1). Inset shows the temperature depen-
dence of e?qQ extracted (O) from such an analysis of the line
shape. It is to be compared with the calculated (@) values of
e2gQ as explained in the text.
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evaluate the lattice and the intraionic contributions to the
EFG at the Eu nucleus when Eu is divalent and trivalent.
Our calculations show that the net EFG—which includes
contribution from the lattice and from J=0,1, and 2
states—in the trivalent configuration is of opposite sign
with respect to that when Eu is in divalent state. Figure 5
shows e2¢Q (T) calculated using the relation®!3

e’qQ (T)=P,[e*qQ (T*)** +P3[e’qQ(T*)I’* . (8)

It is clear from Fig. 5 that both the magnitude and the
relative variation with temperature of the calculated
e2qQ(T) are not in agreement with e2gQ(T) extracted
from the line-shape analysis. ]t may be mentioned here
that the relation of the type given above was found to ac-
count for the variation of e?gQ (T) of copper isotopes in
EuCu,Si, (Ref. 13) very satisfactorily. Thus, either (1)
quadrupole interactions themselves are inadequate to ac-
count for the observed variation of linewidth or (2) the
processes which induce the quadrupole interactions and
their temperature dependence in EuNi,P, are not under-
stood properly.

A phase transition as the cause of the observed line
broadening seems to be rather unlikely as in mixed-
valence systems it would lead to a change in the valence
state of the rare-earth ion (in this case the Eu ion) giving
rise to a change in the magnetic susceptibility of the sam-
ple which is not observed in this case. ;

Thus, the origin of the unusual variation of the
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Mossbauer resonance width in EuNi,P, is not clear. One
is motivated to consider new mechanism(s) of line
broadening which either do not contribute significantly in
the cases reported in literature earlier or get masked by ef-
fects such as inhomogeneous spread of E.,.

V. CONCLUSIONS

The magnetic susceptibility and the Mossbauer isomer-
shift measurements suggest that EuNi,P, has a truly
quantum-mechanical mixed-valence ground state. The
linewidth of the Mossbauer resonance absorption exhibits
an anomalous temperature dependence in that it cannot be
explained either as a consequence of slowing down of the
valence fluctuations, or the presence of inhomogeneous
spread of E.,., the interconfiguration excitation energy,
or the unsplit quadrupole components. Detailed measure-
ments of Eu Ly edge and low-temperature x-ray diffrac-
tion measurements are in progress which should be of im-
portance in getting further insight into this anomalous
behavior of EuNi,P;.
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