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A method for Mossbauer data treatment is proposed for texture-free samples. Parameters of hyperfine
interactions, Debye temperature, temperature dependence of the electric-field gradient components, site occu-
pancies, and magnetic moments of the ground state are measured for UFesSn. Spin reorientation is evidenced
and anomalous temperature dependence of magnetic moments at specific sites is revealed. The presented
results do not contain full information about parameters of hyperfine interactions but are free of ambiguity
typical for 3/2-1/2 nuclear-spin transitions because only experimentally available information is being consid-
ered. It is proven that the presented method could be easily employed with the help of widely used standard

Mossbauer packages when some constraints are applied.
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I. INTRODUCTION

It was recognized already in the 1960’s that details of the
hyperfine structure cannot be unambiguously determined
from the Mossbauer spectrum of a randomly oriented, thin
absorber in which mixed interactions (e.g., magnetic dipole
and electric quadrupole) are present.! This limitation applies
even to the simplest case of a single site and is called the
ambiguity problem.?- Application of the external magnetic
field,® use of single crystals,” or polarimetric methods®® are
helpful issues in the complete determination of the hyperfine
interactions. More serious problem arise when many sites are
present or when distribution of hyperfine interactions causes
an overlap of the absorption lines.!%!!

Although the randomly oriented absorber information ob-
tained by Mossbauer spectroscopic methods is poorer than in
the case of using single crystals, obviously the availability of
powders and difficulties in some single-crystal growth make
the use of powdered absorbers still highly desirable. Thus,
the ambiguity problem has to be properly treated. This paper
demonstrates an effective method of Mossbauer data treat-
ment, applied to the particular case of a UFesSn intermetallic
alloy. An additional advantage of the presented method stems
from the possibility of using (under proposed interpretation)
the results obtained by standard Mdossbauer packages
equipped in full Hamiltonian formalism.

This paper is organized as follows. We present exact, ex-
plicit solutions for the positions and amplitudes of absorption
lines in the case of 3/2—1/2 mixed transitions. Next, it is
shown how to obtain a set of all possible hyperfine param-
eters, which realizes the specific absorption spectrum. The
shape of the spectrum is given by a set of invariants. Then
we show how to find the set and how to easily find its rep-
resentation by the parameters of hyperfine interactions. Fi-
nally, the method is applied to the analysis of experimental
data of UFesSn. Spin reorientation in this compound is
clearly evidenced by a discontinuity in the temperature de-
pendence of invariants.
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II. INVARIANTS IN THE CONTEXT OF THE
AMBIGUITY PROBLEM

Line positions in the Mdssbauer spectra are calculated by
diagonalization of the spin-Hamiltonian matrix, while line
amplitudes are given by a product of the eigenstates.'? Since
one has to deal with 4 X 4 matrices, the discussion of the spin
Hamiltonian of the eigenvalues and thus line intensities is
rather difficult for spin 3/2. We have shown in Ref. 13 that
the concept of the intensity tensor'#~!7 leads to the line in-
tensities, which are given explicitly by scalars S, S|, and S,,
constructed from the electric-field-gradient (EFG) tensor V
and hyperfine magnetic-field (hmf) pseudovector B:

It 2
So=aNTr V=,

Sl=amT-V~m,

Sy=a\m”-V*-m, (1)
where
a=eQc/E, (2)

is the proportionality constant between EFG components [in
(V/m?) SI units] and invariants expressed conveniently for
applications in (mm/s). Q is the nuclear quadrupole moment,
e is the elementary charge, c is the speed of light, and E, is
the energy between the ground and the excited state
(=144 keV). In Eq. (1), m=B/B (B is the modulus of B) is
the unit vector parallel to B.

The invariants S,, S;, and S, (or Tr V2, m'Vim, and
m'V?m) have a clear physical interpretation. In Eq. (1),
6728, appears to be equal to aV,.(1+ 7%/3)"?/2 and would
be just a separation between /,=3/2 nuclear sublevels when
the hmf is zero, or would be a separation between the ab-
sorption lines in the paramagnetic state. The asymmetry pa-
rameter 7 has the common meaning, i.e., defined by the di-
agonal components of the V:9=(V,,—V,,)/V_,. The diagonal
components V;; are chosen so that |V, |=<|V,,|=|V_], result-
ing in 0=n=1.
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m"Vm is the component of the EFG tensor V in the di-
rection of the hmf, and its sign may be positive or negative.
The average value of m’Vim [when m is randomly oriented
in the principal-axis system (PAS) of the V] is zero.!® S, is
proportional to the shift of the absorption lines 2, 3, 4, 5 with
respect to the 1 and 6 in the Zeeman sextet caused by a small
quadrupole interaction in the first-order approximation.'’

The invariant m”V?m is the component of the V? in
the direction of the hmf, V2 (1-7)2/4=m"V’m=V_ It also
shows the length of Vm. Indeed, m"V>m=(Vm)-(Vm). Some
additional properties of invariants [Eq. (1)] are given in the
Appendix. Finally, it should be noted that the choice of the
invariants [Eq. (1)] is not unique.

Some results from Ref. 13 are essential to the present
considerations, and are recalled as follows. The secular equa-
tion for the eigenvalues E of the excited /,=3/2 state is

M+ pN+gh+r=0,

N=2E/vy, 3)

where vg=g3,uyBc/E,, is the Zeeman splitting between
1,=3/2 sublevels expressed in velocity units, wy is the
nuclear magneton, and g3, is the nuclear g-factor of the
excited state. The coefficients p, ¢, and r are

1
p=-10- 5(50/03)2,
q=-38S,/vg,

F= i(p +4)2 —4(Sy/vp)*. (4)

The absorption line intensity for a randomly oriented ab-
sorber in the case of a 3/2—1/2 magnetic dipolar transition
is proportional to the trace of the intensity tensor I, and the
explicit form is (Ref. 13)

3 40N2—dgh + (p+4)(p+16)—4r
Tr Ip==-+p 3 )
8 16(4N] +2pN, + q)

The index B= =1 corresponds to two ground states, while
four eigenvalues A\, are roots of secular Eq. (3).

The explicit form of the roots can be found in Ref. 18.
The line positions v, (expressed conveniently in the veloc-
ity units) are

Vo= (N o= B81/2/832)V5/2, (6)

where g/, is the nuclear g-factor of the ground state.

The results [Egs. (1), (5), and (6)], fully determining the
absorption line positions and intensities, depend on four in-
variants only: B, S, S|, and S,, while there are five indepen-
dent hyperfine parameters: B, 6, ¢, V,,, and 7, where 6 and ¢
are polar and azimuthal angles of the B vector in PAS of the
V tensor.

It would be helpful to consider a typical example (for
instance, assuming no accidental relations between param-
eters), which illustrates the ambiguity problem. Let us take
eQcV, /E,==2 mm/s, B=|eQV_/(4g3,uy)|(=7.364...T),
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FIG. 1. (a) Simulated Méssbauer absorption spectrum for hyper-
fine field B=|eQV.,./ (4g35my)| (=7.3641 T), and invariants Sy, S|,
and S, (1) equal to (57/8)"2, =5/4, (217/64)"? (all in mm/s), re-
spectively. (b) Thick lines drawn on part of the unit sphere show
possible values of the polar € and azimuthal ¢ angles of the B
vector in the principal axes system of the electric-field-gradient ten-
sor V. At some points marked by numbers 1, 2, 3, 4, (c) values of
the main diagonal component V., [R=eQV../(2g3my, see text af-
ter Egs. (1) and (3) for explanation of the symbols], the asymmetry
parameter 7 and angles 6 and ¢ are given in the table. For all points
located on the thick lines, the values of the invariants do not
change. This means that the spectrum shown in (a) remains
unchanged.

n=3/4, 0=m/6, and ¢=m/4. So, S,, S|, and S, invariants
[Eq. (1)] are equal to (57/8)"2, =5/4, (217/64)"? (all in
mm/s), respectively. The line positions [Eq. (6)] and intensi-
ties [Eq. (5)] as well as the absorption spectrum are shown in
Fig. 1(a). In Fig. 1(b), as thick lines, we show all possible
values of the V_,7, 6, and ¢ for which the invariants S, S,
and S, and thus the spectrum remains unchanged. For clarity,
only 0=60=mx/2 and 0= ¢=m/2 are shown in Fig. 1(b).
Other values, such as V_, n, 6, and ¢, can be obtained by
mirror reflections with respect to the xy, xz, and yz planes in
the PAS of the V tensor. Some numerical values, such as V,
7, 6, and ¢, are given in Fig. 1(c).

Two important specific cases (e.g., for special choice of
the hyperfine parameters) have to be mentioned. (i) If 7=0,
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the problem has axial symmetry, and thus, in Fig. 1(b), there
are additional circles (f#=const, 0= ¢=2). (i) If in the
considered case of axial symmetry the angle € is a magic
angle, i.e., cos #=37"2, all invariants [Eq. (1)] expressed by
(V... m, 6, ) will not contain terms linear in V., thus making
the determination of the sign of V,, impossible. In that case,
the pair of circles (for =V_.) would overlap in Fig. 1(b).

III. PRINCIPLES OF DATA TREATMENT BASED
ON THE INVARIANTS METHOD

Because line intensities and their positions are fully deter-
mined by four invariants: B, Sy, S|, and S,, it is obvious that
only these values (or their functions) could be extracted if no
other information is available. Thus, it would be desirable to
have a method in which fitted or simulated parameters were
expressed in terms of B, Sy, S}, and S,. In principle, one can
construct such a routine based on Egs. (1), (5), and (6), how-
ever, we propose a more convenient solution. The observa-
tion is that the thick lines, which show possible values of ¢
and 6 [Fig. 1(b)] for constant values of B, S,, S;, and S,
always cross the meridian ¢=0 or ¢=m/2, or equator 6
=1r/2. This is quite a general situation, which is shown in the
Appendix. Thus, one could use standard fitting packages,
which properly treat mixed interactions, and in order to find
hyperfine parameters describing the experimental data, one
must check all possibilities related to the main meridians and
the equator. By doing so, e.g., traveling on the main merid-
ians and the equator with the angles @ and ¢, we are sure of
probing all possibilities of Sy, S;, and S, invariants (see the
Appendix for a mathematical proof).

IV. PROPERTY OF INTERMETALLIC UFesSn

COMPOUND
The intermetallic compound UFesSn, discovered by
Gongalves et al.,”® crystallizes in an orthorhombic

CeCusAu-type structure (space group Pnma). The unit cell
contains 4 U atoms located on the 4c site, 4 Sn atoms on 4c,
8 Fe atoms on 8d (Fel), and 12 Fe atoms on 4c¢ (Fe2, Fe3,
and Fe4) sites.?” The relative populations of the iron atoms at
the four different sites fulfill the 2:1:1:1 ratio. The iron atoms
Fel and Fe3 have identical chemical nearest surroundings (3
uranium, 2 tin, 7 iron atoms), however, they differ by the
arrangement of atoms. The surroundings of Fe2 and Fe4 are
(3 uranium, 3 tin, 5 iron atoms) and (3 uranium, 1 tin, 8 iron
atoms), respectively. According to magnetization data per-
formed on a powder sample, UFesSn shows a weak ferro-
magnetic behavior at room temperature and undergoes two
magnetic transitions at 248 and 180 K.?° The latter transition
was reported to be magnetic-field dependent and disappears
for B.,,>1 T. It was reported also that the magnetization
below 248 K strongly increases with decreasing temperature.
More precise experiments on a single crystal’! have revealed
that the transition at 248 K is associated with the ferromag-
netic ordering of iron magnetic moments along the ¢ axis,
while anomalies observed at 180 K are associated with re-
orientation of Fe moments toward the b axis. This conclusion
was deduced partially from Mossbauer measurements. How-
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ever, in our opinion, a more exact description of the UFesSn
spectra can be obtained by using the mixed hyperfine inter-
actions instead of the first-order perturbation theory pre-
sented in Ref. 21. Since the electric quadrupolar interactions
are not small with respect to the magnetic dipolar ones, the
full Hamiltonian should be used for a correct description of
the Mossbauer spectra.

An important initial step in the analysis involves the de-
termination of the temperature behavior of parameters of hy-
perfine interactions expressed by invariants, which may de-
scribe properly the experimental Mdssbauer spectrum.

V. SAMPLE PREPARATION

A single crystal of UFesSn was grown by the Czochralski
method. The sample characterization is given elsewhere.?
The powdered sample studied in this work was made by
crushing part of a large single crystal, and the obtained pow-
der was mixed with both Li,CO; and epoxy glue. Such a
preparation ensures the random distribution of the grains,
resulting in a texture-free sample. The sample thickness used

in our experiment was 12 mg UFesSn per cm?.

VI. MOSSBAUER MEASUREMENTS AND QUALITATIVE
DESCRIPTION OF THE SPECTRA

Mossbauer measurements at various temperatures were
carried out in a closed-cycle refrigerator equipped with an
antivibration shroud. The source of radiation was >'Co in a
Cr matrix. The velocity scale was calibrated with respect to
a-Fe at room temperature.

All spectra were analyzed initially by a commercial Moss-
bauer package “Normos” using a transmission integral.”> Re-
coilless fraction of Fe atoms in UFesSn was assumed to be
the same as in a-Fe.?* The resulting values of the effective
thickness of the absorber extrapolated to 7=0 was estimated
to be 7=2.41*0.11.

The Mossbauer spectrum measured at room temperature
was fitted using two doublets with the same values of the
width of the Lorentzian lines [D(1),D(2)], shown on the top
of Fig. 2. The ratio of the areas of these two doublets is close
to four, consistent with an assumption that a stronger doublet
D(1) is created by 8 Fe atoms at 84 and by 8 Fe atoms at 4¢
sites, while the D(2) doublet is created by 4 Fe atoms at the
4c¢ site. The difference of the isomer shift (IS) between the
D(2) and D(1) doublets is 0.18 mm/s. Because the Sn atoms
located in the nearest neighborhood (NN) of Fe should in-
crease its IS,> the D(2) doublet must be ascribed uniquely to
the Fe2 site, which has three Sn atoms in the NN shell; NNs
are located at distances ranging from 2.61 to 2.93 A.20 How-
ever, the overall situation may be more complicated. In par-
ticular, the Fe4 site has only one atom Sn in NN, with an
interatomic distance of 2.77 A, and no extra doublet con-
nected with this site is resolved in the measured spectrum.
The absorption lines are almost not broadened (their widths
are almost equal to the widths of the lines in the calibration
spectrum of a-Fe). It is puzzling that three different sites
(Fel, Fe3, and Fe4) could be fitted by a single doublet. We
will show in Sec. VII that some reasonable assumption about
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FIG. 2. Selected Mossbauer spectra taken at different tempera-
tures. Solid lines represent the best simultaneous fit described in
Sec. VIIL

temperature dependences of hyperfine interactions leads to
the conclusion that these three sites have in fact slightly dif-
ferent parameters of hyperfine interactions, and the proposed
method of invariants allows us to derive these parameters.

The selected Mossbauer spectra measured in the tempera-
ture range 13-295 K are presented in Fig. 2. The spectra
from room temperature down to 250 K contain doublets only.

At T=240 K, the spectrum starts to broaden, indicating
that from room temperature down to 240 K, the magnetic
hyperfine field is equal to zero and the iron ions are in the
paramagnetic state. The temperature where the broadening of
the doublet is observed corresponds well with the first tran-
sition temperature previously reported in the magnetization
measurements.”’ The spectra taken between 240 and 13 K
exhibit a complicated magnetically split pattern, whose be-
havior must be connected with the four different local iron
surroundings. The local values of the hmf gradually increase
with decreasing temperature.

VII. RESULTS OF ANALYSIS WITH UNCONSTRAINED
INVARIANTS METHOD

An initial analysis of the magnetically split spectra mea-
sured at 13 K was done using a full Hamiltonian and fitting
four magnetic components S(n) (n=1,2,3,4), and one dou-
blet (D) located in the central part of spectra, all exhibiting
very sharp lines (the width of the lines connected with the
absorber is I';=0.130.01 mm/s). Each sextet was fitted as
described in Sec. 111, and we were able to find the set of the
invariants, which describe well the measured spectrum. Be-
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cause the population of Fe at the 8d sites should be two times
larger than those of the remaining sites, one expects that the
most intense component S(1) corresponds to the Fel site.
Assuming that the hmf of Fe increases with the number of Fe
atoms in the NN, such as in the case of U-Fe-Al (Ref. 26)
and in Fe-Sn (Ref. 27) systems, one suspects that S(2), S(3),
and S(4) come from the Fe2, Fe3, and Fe4 sites, respectively.
This conjecture is consistent with that reported in Ref. 21
and agrees well with the identification of the NN surrounding
the small doublet observed in room-temperature data. How-
ever, in contrast to the previous results,?! the relative area
under the doublet D observed at low temperatures is two
times smaller than that of the sextet (B,=2 T).?! Because
its relative area is small, the origin of this doublet is not clear
at present. Nevertheless, a comparison of the hyperfine pa-
rameters obtained here indicates that the value of IS for the
doublet D is close to that of the S(3) component, which in
turn implies that this doublet can be rather associated with
the Fe3 site. However, it is difficult to understand why part
of the iron atoms at the Fe3 site should be paramagnetic at
T=13 K. Therefore, it seems more likely that the considered
doublet results from a small fraction of Fe atoms located at
an antisite positions, U, or Sn atoms. Two additional features,
evidenced in the change in shapes of measured spectra,
should be noticed.

The first important feature is visible on the left-hand side
of the spectra measured at 13, 100, and 150 K shown in Fig.
2. The change in the first three lines located at velocities
-2.6, =2.2, and =2.0 (mm/s,T=13 K) are attributed to the
Fe4, Fe3, and Fel surroundings. The visible sequence of the
intensities of respective lines at 7=13 K and 100 K is:
small, small, and large. If one looks at the spectrum obtained
at T=150 K, this sequence is different: small, large, and
small. This situation might occur if the hmf of the compo-
nent due to the Fe3 surrounding decreases much faster with
increasing temperature than the B, intensity of Fel and Fe4
sites.

The second feature visible in the change of spectral
shapes appears between 150 and 185 K. The singlelike line
seen in the central part of the spectra (at v=0.3 mm/s) at
185 K (Fig. 2) disappears at 150 K. Assuming that the EFG
in metals is rather slightly dependent on temperature, a
strong rearrangement of the line positions and the change in
intensities are then presumably associated with a strong
change of the direction of local magnetic moments in the
PAS of the EFG for at least one iron position.

VIII. RESULTS OF SIMULTANEOUS FITS WITH
CONSTRAINED INVARIANTS

Using invariants, we were able to find reasonably good
fits to the spectra measured at low temperatures, where many
absorption lines were narrow and relatively well separated.
At temperatures higher than 7=200 K, the spectra are
strongly collapsed and there is a little hope for their proper
decomposition. In this situation, we decided to fit simulta-
neously all measured spectra under some constraints stem-
ming from physics of the problem:

(i) The relative intensities of the local components were
kept constants for all spectra;
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TABLE 1. The local invariants (6725,5;,S,), isomer shift (IS), and relative intensities extrapolated to
T=0 K. The last row shows the site occupancies resulting from the crystal structure.

PHYSICAL REVIEW B 78, 014411 (2008)

S(1) S(4) S(3) S(2) D
IS (mm/s) 0.113£0.005  0.078=0.005  0.052+0.03  023+0.01  0.08%0.01
67125, (mmy/s) 0.74 0.68 0.67 0.50 0.65
S, (mmy/s) 0.8 -0.9 -05 0.52 —
S, (mm/s) 1.02 1.06 0.71 0.91 —
hmf (T) 13.3+0.2 14.9+0.2 131403 8.1+0.2 0.0
1 (%) 33+2 23+2 23+4 17+4 4+3
Terysisir. (%) 40 20 20 20

(ii) the temperature behavior of the second-order Doppler
(SOD) shift was approximated by the Debye model with the
same value of the characteristic temperature for all iron sites;

(iii) the 7% law for the EFG components was assumed.
The experimental fact is that the temperature dependence of
the EFG in various noncubic metals is approximated reason-
ably well by V,,(T)=V;;(0)(1-AT*?), which results from the
mean-square displacement of the host atoms.?®

The best results of simultaneous fit to all the spectra are
presented in Fig. 2 by solid lines for all performed tempera-
ture measurements. The measured spectra are described very
well although there are small misfits in the central part of
spectra. The hyperfine parameters extrapolated to 7=0 K are
presented in Table I. The values of hyperfine parameters of
the ground state presented can be directly compared with
electronic structure calculations. The behavior of the isomer

where the second anomaly was observed.’?! In addition,
one can see that the hmf of Fel and Fe4 have different values
at T=13 K, and they become almost equal to each other at
T=170 K.

The dependence of the local hyperfine field extrapolated
to T=0 K on the number of iron atoms located in NN show
an almost linear relation between these two quantities. The
Fe atom in the NN increases the hmf by (2.3+0.2) T.

Let us estimate the local iron magnetic moments at the
ground state on the basis of the hmf extrapolated to T
=0 K. In order to do that, one has to estimate the coupling
constant between the hmf and iron magnetic moment on the
basis of neutron and Mdossbauer results for a similar class of
compounds. One of the best choices is UFe,Alg, which crys-
tallizes in the tetragonal ThMn,-type structure and under-

shift (and SOD shift) and hmf versus temperature are pre- 0.25 ————— T T T T
sented in Figs. 3(a) and 3(b), respectively. As one can see, ool | v ]
the results of the IS can be divided into two groups. The Tl \W\
surrounding of the Fe2 has clearly higher values of IS than @ 015 vy, ]
those of the three remaining sites (Fel, Fe3, and Fe4). If one E ot0fF T V\ ]
considers the composition the NN. thus one can conclude = '\.\.\ M
that the increase in the IS of Fe2 sites is connected with a £ 005 r TS S S ]
higher number of Sn atoms in the NN. The Sn atoms as a NN @ 000 | "™ Ee; \A\::tc :::.\ -
increase the value of the IS observed in the Fe nuclei.?® In § 005 L ,X, ng A \;:\' ]
spite of that, such an influence is not visible on the Fe4 T L |-e—Fe4 a \.
atoms that have only one Sn atom in the NN. Moreover, in -0.10 - |+.D : . . L, AI 7
spite of similar composition of the NN, the IS for Fel and 0 50 100 150 200 250 300
Fe3 is different. It means that the IS depends not only on the 16 ———7—T
composition of the NN but also on other factors, such as the 14 ’\. i
symmetry and the local distances of the NN atoms. The De- 1 ]
bye temperature that corresponds to the SOD shift shown in = 13 i \lsﬁik ]
Fig. 3(a) is equal to (301 = 10) K for all types of surround- = I \ e,
ings, in agreement with the value previously obtained by g 8 v— A '\ 7]
Gongalves et al.>' The observed value is in the range typical 2 s6f v\\A -\ .
for so-called 151 uranium compounds, UCusAl (329 K) S 4f [Carer \\\kLA . .
(Ref. 29) and UCusSn (250 K).3 S 2L TR p Yva ]
The temperature dependence of the local hmf is presented ol e Ezi i"\‘ ]
in Fig. 3(b). The onset of the nonzero hmf is visible slightly F . E
below 250 K, which agrees well with the temperature of the 0 50 100 150 200 250

first transition observed in the magnetization measurements.
Moreover, the unusual behavior of hmf of Fe3 is clearly
observed. Its hmf decreases apparently faster than the hmf of
the remaining components. The fastest decrease in the hmf
for Fe3 is observed when the temperature approaches 170 K,

temperature [K]

FIG. 3. The local isomer shift (a) and hyperfine magnetic field
(b) vs temperature. The points on the isomer shift are calculated
from the Debye model. The lines are guides to the eye.
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FIG. 4. Temperature dependence of invariants 6725, §;, S, for
different Fe sites. The lines in (b) and (c) are guides to the eye.

goes a transition to magnetic state at 7=155 K. The hmf of
the latter compound at 13 K equals 11 T and the iron mag-
netic moment inferred from neutron-diffraction measure-
ments is up.=1.04 wp.3' So in this case the coupling con-
stant is equal to 0.095 up/T. Using this value, the estimated
local Fe magnetic moments in UFesSn are g, =1.27 wup,
,LLF32=0.76 MpBs MEe3= 1.24 MpBs and MEea= 1.41 MB. Based
on the value of the saturation magnetic moment per formula
unit extrapolated to 7=0 K and being equal to 5 uz,%° oc-
cupations of the local sites by iron atoms, and taking also the
assumption that the Fe moments are collinear, the uranium
atom would acquire a magnetic moment of uy=-0.79 up.
In other words, the direction of the uranium magnetic mo-
ments becomes opposite to the direction of the iron magnetic
moments, as expected from the results given in Ref. 32.
The temperature dependence of invariants S,, S;, and S,
are presented in Figs. 4(a)-4(c), respectively. The invariant
S, reflects a (1—A-T%?) dependence assumed above. The
obtained value A=(3.0=0.1) X 107> K*? confirms our as-
sumption about the lattice dynamics’ origin of the EFG tem-
perature dependence. Indeed, recent ab initio calculations
show that A is a positive constant in a range 10™4-107 K32
and in many cases reproduces well the temperature depen-
dence of the V_..% Values of the S, parameter for different Fe
sites, similar to the IS, can be divided into two groups. The
values observed for Fe2 have smaller values compared to
those of the remaining sites. Moreover, the values for the
sites with the same average volumetric constraints Fel and
Fe3 show different values. It means that the value of the EFG
reflects the symmetry of local surroundings rather than the
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FIG. 5. The Mossbauer spectra measured at room temperature in
the external magnetic field parallel to the gamma beam. The solid
thick lines in (a) represent the best simultaneous fits for the first
model from Sec. VIII. The solid thick lines in (b) and (c) represent
the best fit using fixed values of invariants obtained in the simulta-
neous fit and assuming 7=0 for all local iron sites. The experimen-
tal data for B=0 are the same as shown on the top of Fig. 2.

distances and composition of the NN. The use of constraints
for temperature dependence of some hyperfine parameters
allow us to show that the singlelike doublet in the room-
temperature spectrum, discussed in Sec. VI, should be con-
sidered as three components for Fel, Fe3, and Fe4 sites with
a similar value for parameter S, while this parameter for Fe2
differs clearly from those of the remaining Fe sites, as shown
in Fig. 5(a) and Table II.

The invariants S| and S,, which reflect an orientation of
the hmf pseudovector in the PAS of the EFG, show a clear
discontinuity around 7=170 K for Fe3 sites [Figs. 4(b) and
4(c)]. This discontinuity is much more visible on the invari-
ant S, than for S;. This is correlated with a fast decrease in
the value of the hmf. The behavior of the S, invariant of Fe2
shows relatively high amplitudes of change and also a
change in the sign in the temperature range 170-200 K. The

TABLE 1II. Invariant 6725, and isomer shift (IS) from room-
temperature measurement.

67125, IS (mm/s)
S(1) 0.62 —0.031 £0.005
S(2) 0.42 0.083 +=0.005
S(3) 0.56 —0.092 = 0.005
S(4) 0.57 —0.066 = 0.005
D 0.54 —0.059 = 0.005
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FIG. 6. The isomer shifts (a) and hyperfine magnetic fields (b)
vs temperature. The second-order Doppler shift was calculated
within the second model described in the text.

invariants for the remaining sites behave much more
smoothly, although even these for Fel show a decrease but in
the temperature between 150 and 170 K.

The invariants S; and S, can be determined only in the
temperature range for which the hmf is nonzero. Thus, the
increase of S; with a temperature for Fe4 at around T
=235 K is, in our opinion, connected with an analysis of
poorly resolved spectra and has no physical meaning. Since
the temperature dependences of S| and S, indicate a sudden
change around 7=170 K, one has to consider a possibility of
the phase transition and thus the change in the electronic
structure. We have performed simultaneous fits under an as-
sumption that is similar to that discussed at the beginning of
this section, where the possibility of the temperature discon-
tinuity in both the IS and EFG was allowed (in the vicinity of
T=170 K). This was made in such a way that for every Fe
surrounding a step function was used, e.g., for the center
shift (CS) of the components: CS=SOD(T)+IS for T
<170 K, while CS=SOD(T)+IS+dIS for T>170 K,
where SIS was an additional free parameter [see Fig. 6(a)].
Similarly, for the components of the EFG: V;(T)=V;;(0)(1
—-A-T%?) for T<170 K, while V;(T)=[V;;(0)+5V,;](1
—A-T%?) for T>170 K, where 8V;; were additional free pa-
rameters, see Fig. 7(a). This model fits slightly better for all
the measured spectra, particularly in their central part. The
obtained results of the IS and hmf are presented in Figs. 6(a)
and 6(b), respectively. The behavior of the local hmf shows
practically the same picture as that in the first model. It
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FIG. 7. Temperature dependence of invariants 67125, S, S, for
different Fe sites assuming the possibility of a transition at a tem-
perature of about 170 K. The lines are guides to the eye.

means that this parameter is not sensitive to the assumption
about discontinuity. On the other hand, the behavior of the
isomer shift [Fig. 6(a)] shows a distinct discontinuity for the
Fe3 site, while those for the remaining sites are disturbed
weakly. Within the scope of this model, the strong reduction
of the Fe3 hmf is presumably associated with the change in
the electronic structure, and also reflected in the IS at this
site.

The temperature dependence of the S, S;, and S, invari-
ants is presented in Figs. 7(a)-7(c), respectively. As one can
see, the possibility of the transition around 170 K is con-
nected with the discontinuity of the S invariant clearly vis-
ible on all iron sites. For the Fe2 site the invariant decreases
crossing 170 K toward a higher temperature, while for the
remaining sites the invariants increase. The results obtained
for the invariants S; and S, do not differ much from the
results found within the first model. So, the conclusions are
the same as for the first model.

To recapitulate, the results presented above lead to the
following conclusions:

(i) The hmf on Fe3 sites decreases with increasing tem-
perature much faster than those on the remaining sites, and
the fastest change takes place at around 170 K.

(ii) The discontinuity in the temperature dependence of
the invariants S; and S, for the Fe3 sites is connected with a
change of orientation of the magnetic moments of Fe3 with
respect to the PAS.

(iii) The invariant S, reflects a (1—A-T%?) dependence
originating from lattice dynamics with the value A
=(3.0+0.1) X 107> K32,
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(iv) The electronic structure of the studied compound may
change at around 170 K.

IX. IN EXTERNAL MAGNETIC-FIELD
ROOM-TEMPERATURE MEASUREMENTS

In order to get the iron local invariants in the paramag-
netic state, measurements in B.,=1 T and 1.3 T external
magnetic fields parallel to the gamma beam were carried out.
The measured spectra are presented in Figs. 5(b) and 5(c). As
one can see, the influence of the external magnetic field on
the shape of the spectra is rather small. The spectra were
analyzed according to the procedure given by Blaes et al.,*
where random distribution of the EFG and the fixed direction
of the hmf (By,) induced by an external magnetic field have
been assumed. In principle, this kind of analysis can provide
information about the local asymmetry parameter as well as
the values of the local EFG. Unfortunately, because the ap-
plied field is too small with respect to the quadrupole inter-
actions, the spectra presented in Figs. 5(b) and 5(c) are not
well resolved, so the separation of these two quantities is a
difficult task. Future experiments in higher external fields are
needed in order to obtain these quantities. The solid thick
lines in Fig. 5 represent the fits with invariants obtained by
the method described in Sec. VII with the assumption of 7
=0 for all iron local surroundings. It should be stressed that
only one free parameter, namely, the hmf, was used in the fit.
As one can see, the theoretical curves fit well to the experi-
mental points. However, the analysis reveals that the ob-
served hyperfine fields are 0.61 T and 0.38 T for B,
=1.3 T and 1 T, respectively. It means that the induced local
hmf’s are relatively large and directed antiparallel to the ap-
plied external field. This observation agrees well with the
results of magnetization measurements, where one could de-
tect a weak ferromagnetic component in the compound still
existing at room temperature, i.e., fairly far above 7.

X. CONCLUSIONS

High quality texture-free absorbers, prepared from a pow-
dered UFesSn single crystal and the use of a constrained
invariant method, allowed us to interpret the shapes of the
Mossbauer spectra at different temperatures, in terms of the
contributions coming from separated Fe components. The
theoretical intensities agree very well with the site occupan-
cies resulting from the crystal structure. The presented
method of invariants, dedicated for texture-free samples,
may have potential application in material science and geol-
ogy, where powdered absorbers are widely used.

Parameters of hyperfine interactions including hmf, IS,
and invariants constructed from the EFG tensor and the hmf
pseudovector for the ground state of UFesSn were deter-
mined. These values could be directly compared with the
results of electronic band-structure calculations. The pro-
posed method of data treatment avoids any inconsistency
caused by an ambiguity problem, although the hyperfine in-
formation is still incomplete.

Mossbauer spectra of UFesSn measured at different tem-
peratures show that all iron ions in the compound are para-
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magnetic at room temperature. The measurements carried out
in the external magnetic field show that the hmf’s observed
on Fe nuclei are much smaller than those of an applied B.,;.

The temperature behavior of the hmf shows that the iron
atoms order magnetically at 7=250 K, indicating that the
transition is mainly due to the ordering of the iron magnetic
moments.

Our Mossbauer data imply that the transition observed in
the magnetization data at 7~ 180 K is associated with a
much faster decrease of hmf with temperature on Fe3 atoms
(as compared with the behavior of the other local hmfs), and
with the distinct change of the invariants S; and S, for Fe3,
and likely for Fe2 sites.

The analysis of Fe at different sites—the spectrum mea-
sured at 7=13 K—shows that the magnetic moments of Fe
at different sites are linearly correlated with the number of
NN iron atoms. Using a coupling constant derived from the
UFe,Alg compound,! the contribution of the iron magnetic
moments to the spontaneous magnetization per formula unit
was found to be ©=5.79 up, and the magnetic moments of
uranium atoms are estimated to be —0.79 up, which are an-
tiparallel to the iron magnetic moments.
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APPENDIX
1. Lemma 1

Let V and m be a traceless, symmetric, real tensor, and a
unit vector, respectively (both in R?). Let us define p, ¢, and
r according to Egs. (1) and (4). Without losing generality, we
may assume that a=vz=1, because this results in simple
scaling of all components of V. There exists the traceless,
symmetric, real tensor £2 and the unit vector n for which
equalities Egs. (1) and (4) hold (upon replacement V— 2
and m—n) and n is perpendicular to one of the diagonal
directions of 2.

Proof

Without losing generality, we may choose n”=(100). We
will find an explicit form of the £2. Let us assume that the
diagonal direction is (001). Thus

Qn Qp 0
2=Qy Oy 0 ) (A1)
0 0 -09,-Qp
then
nT -2-n= Qll’

T 2 — 02
n'- 0 '"—Q“+012921,
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Tr £22 =207, +20%,+ 20,0 +20,,Q0,,.  (A2)

Thus, using definition (2) and solving Eq. (A2), four solu-
tions are obtained:

-4
9112 s
16
[ P
Q=0 = = 1—6\'64+4p(8 +p)—q°—16r,

1
Qp=plg* Vg? = 16p(32+ p) + 64(r— 64)].  (A3)

Among these four solutions, there are two pairs. Each pair
has the same eigenvalues and the eigenvectors, which differ
by mirror reflection with respect to the xy, xz, or yz planes.
Thus, Eq. (A3) is an explicit expression for the traceless,
symmetric tensor £2. Equation (A3) is real only when the
expressions under square roots are not negative. Using ab-
breviations (1) and (4), these two conditions are equivalent
to

m'-V:m—-m"-V-m?=0, (A4)

m"-V-m)P?+2Te V2 —d4m” - V2-m=0. (A5)

Inequality (A4) follows from the properties of the scalar
product. Indeed, for any two vectors @ and b, we have

a*b®> = (a - b)>. (A6)

Let us take a=V-m, b=m. Inserting these a@ and b into Eq.
(A6), we get Eq. (A4). Inequality (A5) is valid for any trace-
less Hermitian matrix in R>, as a result of Lemma 2.
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2. Lemma 2

For a traceless, Hermitian matrix V in R> and a unit vector
m, the following inequality holds:

m"-V-m?+2Te V2 —4m” - V?.m=0. (A7)

Proof

Without losing generality we may choose a coordination
system in which m will have only one nonzero coordinate,
e.g., m'=(1,0,0). In this system,

(mT' V'm):V“,
(m"- V2 m)= Vi + Vi,V + VisVay,

Tr V2= Vi + Vi + Vi3 + 2(V oV  + VisVay + Vas V).
(AB)
Let us abbreviate:
F=m"-V-m)?+2Te V> —4m"-V?>-m, (A9)
thus
F=Vi+2(Vi + Vi + Vag) + 4(VioVay + VisVy + Va3 Vi)

=4V + ViV + Vi3V3))

= (V3,+ V33) = Vi, +4V3Vs,. (A10)
For the traceless and Hermitian matrix
Vip==(Vy+V33) and Vy3V3 =0, (A1)
hence,
F=(Vy—Vi33)* +4V,3V5, = 0. (A12)
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