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We review the complementary roles that 119Sn Mössbauer spectroscopy and neutron
diffraction are playing in developing a complete description of magnetic ordering in
the R3Cu4Sn4 and R3Ag4Sn4 intermetallic compound series. We show that the two
techniques yield consistent pictures of the order, and in many cases both are essential to
obtaining a complete description. The recent neutron diffraction work on Sm3Cu4Sn4,
Sm3Ag4Sn4 and Gd3Ag4Sn4 is highlighted.
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1. Introduction

Mössbauer spectroscopy and neutron diffraction play complementary roles in the

study of magnetic order in rare-earth intermetallics. The first provides local infor-

mation on magnetic environments through both the hyperfine field (either intrinsic

in the case of magnetic ions, such as many of the rare earths, or transferred in the

case of non-magnetic probes, such as tin) and the electric field gradient. The sec-

ond yields values for ordered moments and a description of the long-range magnetic

order. Each technique has strengths and weaknesses, and while neutron diffraction

remains the method of choice for investigating magnetic order in rare-earth inter-

metallics, its blanket sensitivity to all structural and magnetic changes occurring in

the sample can make interpretation of the data quite challenging. This is especially

true when two or more magnetic species are present, or when structure factor ef-

fects lead to weak or highly distributed magnetic scattering. By contrast, Mössbauer

spectroscopy cannot be used directly to determine the nature of the long-ranged

ordered state as it is local probe, but this limitation brings many advantages as it

remains exquisitely sensitive to the presence of magnetic order and is unlikely to

be blinded by long-range complexities. Both methods are quantitative and provide

phase specific data, crucial when impurity effects may be present, and as we will

show in the examples below, they are most effective when they are used together.

The orthorhombic R3T4X4 family (where R is a rare earth, T = Cu, Ag, Au,

and X = Si, Ge, Sn) represents an extensive series of isostructural compounds that

exhibits a rich variety of magnetic ordering. They crystallize in an orthorhombic

Gd3Cu4Ge4-type structure (space group Immm, #71).1 The rare earth atoms oc-

cupy two crystallographically distinct sites (4e and 2d), with the transition metal

(T) on the 8n site and the X atoms filling two sites (4h and 4f). In general, the

rare earth moments order antiferromagnetically (AF), often with quite different

moment values,2–6 and with distinct magnetic structures being adopted by the two

rare earth sublattices. In some cases the two rare earth sites will also have quite

different ordering temperatures.7

The complexity of the magnetic ordering exhibited by the R3T4X4 series makes

identifying the nature of the order quite challenging, however in some cases it is

even difficult to locate the onset of magnetic order with any certainty as conven-

tional bulk magnetic measurements, such as susceptibility or magnetization, can

fail to yield an unambiguous signature. Two striking examples of this are provided

by Sm3Ag4Sn4 where the transition was revised8 from ∼ 9 K to 26 K on the basis

of 119Sn Mössbauer data,9 and Gd3Ag4Sn4 where the transition was revised8 from

∼ 8 K to ∼ 29 K on the basis of both 119Sn Mössbauer data10 and neutron diffraction

work.11 In both cases, there are clear magnetic events that reflect reorientations,

but only extremely weak susceptibility markers of the onset of long-ranged order.

Heat capacity has also been used to locate magnetic transitions in several com-

pounds,12,13 however, even here there are difficulties and, as we will show below,

the situation in Sm3Cu4Sn4 is quite different from that originally inferred from χac

or heat capacity data.13
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In the examples that follow, we will show how data from 119Sn Mössbauer spec-

troscopy have been used to develop a much clearer understanding of the magnetic

ordering in the R3T4Sn4 system. In doing this, in no way do we intend to argue

that Mössbauer spectroscopy should replace neutron diffraction; indeed all of the

systems presented here have been actively studied by neutron diffraction. We wish

rather to demonstrate that neutron diffraction should not be used in isolation, and

that by bringing more than one technique to bear on a problem, a much clearer

and unambiguous picture emerges.

2. Experimental Methods

The silver-based compounds were prepared by induction melting stoichiometric

quantities of the pure elements (rare earth 99.9 wt.%, Ag and Sn 99.999 wt.%) in

sealed tantalum crucibles under high-purity argon. The alloyed buttons were then

sealed under vacuum in quartz tubes, annealed for 20 days at 873 K and quenched

in water. Cu-Kα X-ray diffraction and electron microprobe analysis confirmed the

majority phase to be the intended orthorhombic R3X4Sn4 compound. Refinement

of the X-ray diffraction patterns showed the presence of less than 2 wt.% of the

ζ-phase Ag79Sn21.

The copper-based compounds were prepared in a tri-arc furnace with a base

pressure of better than 6 × 10−7 mbar. Stoichiometric amounts of pure elements

(Cu 99.9 wt.%, others as above) were melted several times under pure (< 1 ppm

impurity) argon to ensure homogeneity. The ingots were sealed in quartz tubes with

a partial pressure of He, annealed at 1073 K for one week and water quenched. Small

amounts (usually less than 2 wt.%) of a RCu2Sn2 impurity phase were detected by

Cu-Kα X-ray diffraction.

Basic magnetic characterization was carried out on a Quantum Design PPMS

system. 119Sn transmission Mössbauer spectra were collected on a constant acceler-

ation spectrometer using a 0.4 GBq 119mSn CaSnO3 source with the samples either

in a helium flow cryostat (T < 20 K) or a vibration-isolated closed-cycle refrigerator

(T > 20 K). The spectrometer was calibrated using a 57CoRh source and an α-Fe

foil. The spectra were fitted using a conventional nonlinear least-squares minimiza-

tion routine with line positions and intensities calculated from a full Hamiltonian

solution.14

Neutron diffraction measurements were made using the C2 multi-wire pow-

der diffractometer on the NRU reactor at the Chalk River Laboratories, Ontario

Canada. Temperatures down to 3.7 K were obtained using a closed-cycle refrigera-

tor. Two neutron wavelengths (∼1.33 Å and ∼ 2.37 Å) were used to cover a q-range

of 0.2 Å−1 to 8 Å−1 in two 80◦ banks. The samples were mounted in conventional

5 mm inside diameter vanadium cans, except for the Sm and Gd based compounds

where the extreme neutron absorption of these elements necessitated a different ap-

proach. For these materials we used a large-area flat-plate holder with single crystal

silicon windows that was developed to work with highly absorbing samples.15 This
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Table 1. Lattice parameters for the orthorhombic R3Cu4Sn4 com-

pounds.

a b c

Compound (Å) (Å) (Å) Ref.

Ce3Cu4Sn4 14.903(3) 6.925(1) 4.542(1) 4

Pr3Cu4Sn4 15.004(7) 6.981(3) 4.567(2) 20

Nd3Cu4Sn4 14.964(5) 6.976(2) 4.545(1) 20

Sm3Cu4Sn4 14.856 6.968 4.520 13

Gd3Cu4Sn4 14.743(4) 6.939(2) 4.4736(11) 10

Tb3Cu4Sn4 14.6655(9) 6.9183(4) 4.4470(3) 2

Dy3Cu4Sn4 14.612(1) 6.9110(5) 4.4312(3) 2

Ho3Cu4Sn4 14.5744(8) 6.9052(3) 4.4187(2) 2

Er3Cu4Sn4 14.5327(8) 6.8978(3) 4.4050(2) 2

Note: the data for Ce3Cu4Sn4 were taken at 12 K, the remainder are
ambient temperature values.

Table 2. Lattice parameters for the orthorhombic R3Ag4Sn4 compounds
at ambient temperatures.

a b c

Compound (Å) (Å) (Å) Ref.

Ce3Ag4Sn4 15.547(8) 7.362(3) 4.679(1) 21

Pr3Ag4Sn4 15.451(4) 7.349(2) 4.654(1) 5

Nd3Ag4Sn4 15.404(6) 7.339(3) 4.632(2) 5

Sm3Ag4Sn4 15.300(3) 7.324(2) 4.597(1) 9

Gd3Ag4Sn4 15.223(4) 7.309(2) 4.565(1) 10

Tb3Ag4Sn4 15.1581(4) 7.3034(17) 4.5502(11) 22

Dy3Ag4Sn4 15.1150(32) 7.2826(13) 4.5296(8) 6

holder allowed us to place about 1.6 g (Sm-based compounds) and about 300 mg

(Gd-based compounds) of sample in the 8 cm × 2.4 cm beam and obtain a usable

scattering signal.

Refinement of the Cu Kα X-ray diffraction patterns and the non-magnetic neu-

tron diffraction patterns was carried out using GSAS16 via the EXPGUI17 user

interface to extract lattice parameters (Tables 1 and 2) and to check sample purity.

All refinements of the magnetic neutron diffraction patterns were carried out us-

ing the FULLPROF/WinPlotr package18,19 and analysis of the neutron diffraction

patterns included a correction for the rather high neutron absorption by Dy. The

patterns from the Gd and Sm-based compounds were truncated at 60◦–2θ to mini-

mize the effects of angle dependent absorption effects from the flat plate geometry

on the observed peak intensities.
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Fig. 1. Tin coordination shells for the Sn-4h (left) and Sn-4f (right) sites in Gd3Cu4Sn4. Both
tin sites have four Gd-4e neighbors, but the Sn-4f has only a single Gd-2d neighbor. The 1 Å bar
(bottom center) provides a scale. The c-axis is approximately vertical.

3. General Considerations

Tin atoms carry no local moment of their own, so all observed magnetic split-

tings in R3T4Sn4 are the result of hyperfine fields transferred from the moments

on the neighboring rare earth sites. As the tin atoms occupy sites with identical

crystallographic multiplicities, spectral area cannot be used to distinguish the two

contributions to the spectra, however, the coordination of the two tin sites is suffi-

ciently different that in many cases site assignments can be made. Figure 1 shows

that the Sn-4h site has two rare-earth 2d neighbors (R-2d) and four equidistant R-4e

neighbors, while the Sn-4f site has a single R-2d neighbor and four R-4e neighbors

(in two sets of equidistant pairs, one approximately 0.5 Å further than the other

depending on the lattice parameters). Given the frequency of independent ordering

at the two R sites in these compounds, and the fact that it is the R-2d that gen-

erally orders at the higher temperature when separate ordering occurs, the single

R-2d neighbor of the Sn-4f site is particularly valuable: any ordering of the R-2d

moments must lead to a magnetic hyperfine field at the Sn-4f site. By contrast,

the complex magnetic structures adopted by these compounds frequently leads to

magnetic environments around the tin atoms in which the contributions from the

R-4e moments cancel at one (e.g. Nd3Ag4Sn4)
23 or even both (e.g. Ho3Cu4Sn4)

23

of the tin sites.

One very simple way to estimate the magnitudes of the transferred hyperfine

fields at the two tin sites, if the magnetic structure is known, is to assume that

the transfer process is purely isotropic and to construct a vector sum of the first

neighbor moments (ignoring the small variations in distance, but taking account of

the different moment sizes). As can be seen in Table 3, this process leads to a quite

reasonable agreement with the observed field ratios, and can therefore be used to

assign the observed subspectra to specific tin sites. The special case of Sm3Ag4Sn4,
9

where a significant contribution to Bhf must come from anisotropic transfer24,25
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Table 3. Calculated isotropic transferred hyperfine field ratios compared

with measured hyperfine fields (Bhf ) at the two tin sites in R3T4Sn4.

Sn-4h:Sn-4f Sn-4h:Sn-4f

Compound (isotropic) Ref. Bhf ratio Ref.

Pr3Cu4Sn4 1.17 20 —

3.1 20 4.56 26

(aniso)

Nd3Cu4Sn4 — — 1.74 23

Nd3Ag4Sn4 5.55 5 4.11 23

Sm3Cu4Sn4 complex 26

0 9 —

Sm3Ag4Sn4 0.57 9 0.37 9

(aniso)

Gd3Cu4Sn4 complex 10

Gd3Ag4Sn4 2 11 2.08 10

Tb3Cu4Sn4 — 2 — 26

Tb3Ag4Sn4 complex 22 2.07 22

Dy3Cu4Sn4 — 2 — 9

Dy3Ag4Sn4 Sn-4h1:Sn-4h2:Sn-4f Sn-4h1:Sn-4h2:Sn-4f

1.98:0.58:1 6 3.42:2.0:1 6

Ho3Cu4Sn4 2 27 2.17 23

Er3Cu4Sn4 2 2 2.86 7

Note: Sm3Cu4Sn4 exhibits slow paramagnetic relaxation effects and does
not form a long-ranged ordered state above 3.6 K,26 while Tb3Ag4Sn4 un-
dergoes a first-order orthorhombic → monoclinic distortion on cooling.22

The cell-doubled magnetic order in Dy3Ag4Sn4 leads to a subsplitting
of the Sn-4h crystallographic site into two magnetically distinct sub-sites
(Sn-4h1 and Sn-4h2). The anisotropic contribution to the transferred hy-
perfine field appears to dominate for Pr3Cu4Sn4 and Sm3Ag4Sn4, so both
isotropic and anisotropic field ratios are given in these cases.

will be discussed below. Where the magnetic structure is not known, the hyperfine

field ratio can be used to restrict the set of possible structures.
119Sn Mössbauer spectroscopy is particularly sensitive to the onset of mag-

netic order, especially at the R-2d site, and in some cases it is more sensitive than

neutrons. We will describe two very different example Nd3Cu4Sn4 (Ref. 23) and

Sm3Ag4Sn4,
9 where neutron diffraction has encountered difficulties. However there

is one other situation in which 119Sn Mössbauer spectroscopy provides unique in-

sights: when long-ranged order does not develop at all. Sm3Cu4Sn4 (Ref. 26) shows

only slow paramagnetic relaxation effects and does not order above 3.6 K, thus

neutron diffraction, which relies on the presence of long-ranged periodic magnetic

order, yields no magnetic signal despite clear indications of magnetic effects in both

susceptibility and heat capacity.13



Magnetic Ordering in R3T4Sn4 7

Fig. 2. Left: Temperature dependence of the hyperfine fields at the two tin sites in Nd3Ag4Sn4
showing an average transition temperature of 4.8(1) K. The solid lines are fits to J = 9

2
Brillouin

functions. Right: 119Sn Mössbauer spectrum at 1.6 K with the components assigned to the Sn-4h
and Sn-4f site shown separately.

4. Some Simple Examples

4.1. Nd3Ag4Sn4

Both Nd sites in Nd3Ag4Sn4 order together at 5 K, adopting independent antifer-

romagnetic structures with quite different moments.5 The 1.3 µB Nd-2d moments

order parallel to the a-axis, while the 2.3 µB Nd-4e moments lie in the ab plane

making an angle of 144◦ with the a-axis. The 119Sn Mössbauer spectrum at 1.6 K

(right panel of Fig. 2) shows two equal area components with fields of 5.43(2) T

and 1.32(2) T consistent with the crystallographic populations of the two tin sites.

Tracking the temperature dependence of the two hyperfine fields (left panel of

Fig. 2) yields an average ordering temperature of 4.8(1) K consistent with the neu-

tron diffraction results. We can use the known magnetic structure5 to estimate the

transferred fields at the two tin sites. The Sn-4h site has two Nd-2d (1.3 µB) neigh-

bors oriented parallel to the a-axis and four Nd-4e (2.3 µB) neighbors aligned in

the ab plane, making an angle of 144◦ with the a-axis. However, the four Nd-4e

neighbors of the Sn-4f site occur as two anti-parallel pairs and their contribution

should cancel, leaving only a single Nd-2d moment to affect the Sn-4f site. If we

assume, as discussed above, that the local field is simply a vector sum over the

magnetic neighbors (including the different magnitudes of Nd moments) then we

estimate a Sn-4h:Sn-4f field ratio of 5.6:1 which compares well with the observed

ratio of 4.11(6):1 and allows us to assign the higher field component to tin atoms

in the Sn-4h site.
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Fig. 3. Left: Temperature dependence of the hyperfine fields at the two tin sites in Ho3Cu4Sn4
showing an average transition temperature of just over 8 K. The solid lines are fits to J = 1

2

Brillouin functions (see text). Right: 119Sn Mössbauer spectrum at 1.6 K with the components
assigned to the Sn-4h and Sn-4f site shown separately.

4.2. Ho3Cu4Sn4

Ho3Cu4Sn4 exhibits more complex ordering27 with the Ho-2d and Ho-4e sublat-

tices reported to order at separate temperatures (7.6 K and 3.3 K respectively)

and each undergoing at least one reorientation below their initial ordering events.

Examination of the 1.6 K 119Sn Mössbauer spectrum (right panel of Fig. 3) reveals

an immediate difference from Nd3Ag4Sn4: not only does the larger-field site have a

smaller splitting, but the ratio of the two fields is clearly smaller (Table 3). We find

that J = 1
2
Brillouin functions (rather than the expected J = 8) give the best fits

to the basic trends up to ∼8 K (left panel of Fig. 3) and yield an average ordering

temperature of 8.2(1) K, consistent with magnetization data, but somewhat above

that inferred from heat capacity. There is a weak break from the smooth curves

near 6 K that might be associated with a reorientation of the Ho-2d sublattice, but

the effect is small.

Examination of the complex magnetic structure adopted by the Ho-4e moments

leads us to expect that their contribution to the transferred hyperfine field at both

tin sites will be zero. The two Ho-2d neighbors of the Sn-4h site are parallel to each

other, and the Sn-4f site has a single Ho-2d neighbor, leading to a simple prediction

of a 2:1 field ratio for Sn-4h:Sn-4f. The observed ratio at 1.6 K is 2.17(3):1, and

this allows us to assign the higher field component to the Sn-4h site.

4.3. Nd3Cu4Sn4

Nd3Cu4Sn4 provides a third relatively simple example of magnetic ordering in the

R3T4Sn4 compound series. It also serves to illustrate the power of 119Sn Mössbauer
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Fig. 4. Left: Temperature dependence of the hyperfine fields at the two tin sites in Nd3Cu4Sn4
showing an average transition temperature of 2.0(1) K. The solid lines are fits to J = 9

2
Brillouin

functions (see text). Right: 119Sn Mössbauer spectra at 1.6 K and 3.5 K showing the clear changes
in both the overall form and the maximum absorption as magnetic order appears.

spectroscopy in detecting magnetic order. Heat capacity and susceptibility measure-

ments both place the onset of magnetic order at 1.8 K,13 however a more recent

neutron diffraction study failed to find any magnetic scattering at 1.5 K.20 It is im-

mediately clear from the 1.6 K spectrum shown in Fig. 4 that a magnetic splitting

is present at that temperature. Moreover, tracking the temperature dependence of

the observed splitting yields an estimated ordering temperature of 2.0(1) K, fully

consistent with the previously reported values. The observed hyperfine fields are

not especially small and more than 50% of the extrapolated maximum has been

achieved by 1.45 K (our lowest temperature), so it is unclear why no magnetic sig-

nal was observed in the neutron diffraction pattern. It is possible that Nd3Cu4Sn4
adopts a complex magnetic structure that leads to distributed and therefore fairly

weak scattering, but resolution of this discrepancy awaits a more detailed neutron

diffraction study. An initial measurement at 0.38 K did show clear magnetic con-

tributions28 so the material does indeed order magnetically. Finally, we note that

the observed field ratio of 1.74:1 suggests that we are seeing only the effects of the

Nd-2d moments and that the Nd-4e sublattice is either not ordered or it adopts a

magnetic structure that leads to a cancellation at the two tin sites (as is the case

in Ho3Cu4Sn4).

5. More Complex Examples

The compounds discussed in the previous section all exhibit relatively simple or-

dering effects, at least as far as the 119Sn Mössbauer spectra are concerned, and the

Mössbauer work was done after an initial or complete neutron diffraction study had

been carried out. The next two examples were studied in parallel, using results from
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Fig. 5. Left: Temperature dependence of the hyperfine fields for the three components observed
in the 119Sn Mössbauer spectra of Dy3Ag4Sn4. The two larger field components (� and ▽) each
account for 25% of the total area, while the third component (©) accounts for the rest. The
solid lines are fits to Brillouin functions that yield an average ordering temperature of 16.5(3) K.
Site assignments are discussed in the text. Right: 119Sn Mössbauer spectrum of Dy3Ag4Sn4 at
2.0 K. The outer component (lines at ±6 mm/s) is clearly weaker than would be expected for
a subspectrum contributing 50% of the total area — compare this with the 1.6 K spectra of
Nd3Ag4Sn4 (Fig. 2) or Ho3Cu4Sn4 (Fig. 3). The components assigned to the Sn-4h1, Sn-4h2 and
Sn-4f are shown separately.

neutron diffraction and 119Sn Mössbauer spectroscopy each to aid in understanding

the other.

5.1. Dy3Ag4Sn4

χac places the onset of ordering in Dy3Ag4Sn4 at ∼15 K, with no evidence of further

changes at least down to 1.7 K.6 The 2 K 119Sn Mössbauer spectrum (Fig. 5) is

clearly magnetically split, but it cannot be fitted with a simple pair of equal-area

sextets. This is easily seen by examining the outer sextet: the lines are simply too

weak to account for half of the total area. We found that a three site model with an

area ratio of 1:1:2 (in order of decreasing field magnitude) gave an excellent fit, and

tracking the fitted hyperfine fields as a function of temperature (Fig. 5) gives an

average transition temperature of 16.5(3) K, in good agreement with the χac value.

The sub-splitting into three components suggests that the magnetic structure of

Dy3Ag4Sn4 is more complex than it is in the previous examples and that it leads

to one of the two crystallographically inequivalent sites dividing further into a pair

of magnetically inequivalent sites.

Our neutron diffraction study6 yields an ordering temperature of 16.5(5) K, fully

consistent with that deduced from the 119Sn Mössbauer data, but it also revealed

more details. The diffraction patterns shown in Fig. 6 show the development of

many strong magnetic reflections on cooling, but there are a number of peaks that
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Fig. 6. Neutron diffraction patterns for Dy3Ag4Sn4 at several temperatures taken with a wave-
length of 2.3719Å. Several strong magnetic reflections appear on cooling below 20 K, and one, due
to incommensurate order appears first, but is lost on further cooling.

appear first at incommensurate positions and subsequently vanish on further cool-

ing. The temperature dependence of several commensurate and incommensurate

peaks is shown in Fig. 7. It is clear that the initial order established in Dy3Ag4Sn4
is incommensurate and only later does it adopt a commensurate structure. A fit to

the temperature dependence of the commensurate peak intensities in Fig. 7 yields

a transition temperature of 14.5(2) K.

Analysis of the diffraction pattern at 3.7 K shows that the magnetic structure is

doubled along the b-axis. The 8.3(3) µB Dy-2d moments are aligned with the a-axis,

while the 7.7(5) µB Dy-4e moments adopt a more complex structure lying in the

ab plane.6 On warming, the Dy-2d sublattice does not change structure, while it is

the Dy-4e sublattice that becomes incommensurate.

It is not certain why the 119Sn Mössbauer hyperfine fields in Fig. 5 do not

reflect the 14.5 K transition seen by neutron diffraction, however it is likely that

the line overlap caused by having three components with relatively modest splittings

masks the effects so close to the initial onset of order at 16.5 K. Analysis of the

magnetic structure deduced from the neutron diffraction pattern at 3.7 K reveals

that all of the Sn-4f sites have the same magnetic environments, while the Sn-4h

sites split into two equal sub-groups. This provides both an explanation for the

observed subsplitting of the Mössbauer spectra and an independent confirmation

of the deduced magnetic structure for Dy3Ag4Sn4. The assignment of the sub-split

components to the Sn-4h crystallographic site is also consistent with the tin atoms
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Fig. 7. Temperature dependence of several strong magnetic reflections for Dy3Ag4Sn4. The upper
panel shows the peaks associated with the low temperature commensurate ordering, while the
lower panel shows those peaks associated with the incommensurate order that is present for
12K < T < 17K.

Fig. 8. AC susceptibility (χac) as a function of temperature for Tb3Ag4Sn4. The inset shows
the region below 40 K in more detail. Two magnetic transitions at 13 K and 28 K are apparent.

in this site having the larger hyperfine field in almost all compounds where such an

assignment can be made.

5.2. Tb3Ag4Sn4

The behavior of Tb3Ag4Sn4 is, so far, unique within the entire R3T4X4 compound

series. χac shows two magnetic transitions (Fig. 8), at 13 K and 28 K, a relatively
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Fig. 9. Left: Temperature dependence of the hyperfine field (Bhf ) at the two tin sites in
Tb3Ag4Sn4 showing the clear break at about 13.5 K for the lower field site, but no feature at the
upper transition (28 K) seen in χac(T). (Figure 8. Note the persistence of the magnetic splitting
to over 40 K). Right: 119Sn Mössbauer spectrum of Tb3Ag4Sn4 at 1.9 K. The two equal-area
components used to fit the pattern are also shown.

common feature of this series. Similarly, the 119Sn Mössbauer spectrum at 1.9 K

(Fig. 9) is unremarkable, showing two well-resolved, equal area sextets with a field

ratio of 2.07:1, suggesting a structure in which the effects of the Tb-4e moments

cancel at both tin sites, and the transferred hyperfine field is derived primarily from

the Tb-2d moments. It is the temperature dependence of the two hyperfine fields in

Fig. 9 that provides the first surprise: while there is a clearly resolved feature at the

13 K transition, nothing happens at 28 K where the initial ordering was expected to

occur. Indeed the fields at both sites persist until ∼45 K, where χac(T) is essentially

featureless. As we will show in the final group of examples below, this inability of

susceptibility to identify correctly the magnetic transitions in these compounds is

remarkably common.

Figure 10 shows spectra at several temperatures for Tb3Ag4Sn4 which reveal

more details about the nature of the magnetic order in this compound. If one

follows the leftmost peak in the pattern (at about −4 mm/s) one sees that as the

temperature is increased, the peak does not move to the center as it would for a

decreasing hyperfine field, but rather decreases in intensity. Indeed, by 35 K it has

nearly vanished entirely, but its location has barely changed. The total fitted area

of the two magnetic sites is plotted on the left panel of Fig. 10, where it is clear

that the 28 K peak in the χac data in Fig. 8 reflects the abrupt loss of the magnetic

components. This behavior is more reminiscent of a first order magnetostructural

transition than a conventional second order Néel transition. Neutron diffraction

confirms this expectation.
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Fig. 10. Left: Temperature dependence of the magnetic area in the 119Sn Mössbauer spectra
of Tb3Ag4Sn4. Note the clear break at about 28 K marking the first-order structural transition.
Right: 119Sn Mössbauer spectra of Tb3Ag4Sn4 at several temperatures.

Fig. 11. (Color online) Left: Temperature dependence of the peaks near 2θ = 52◦ showing
the structural distortion that occurs at 28 K. Right: Series of neutron diffraction patterns for
Tb3Ag4Sn4 taken at a wavelength of 2.3724 Å. As the sample cools from 37 K (rear) to 22 K
(front) the (411) peak near 2θ = 52◦ splits as the sample undergoes a structural transformation
from orthorhombic to monoclinic. The patterns at 35 K, 30 K and 25 K are plotted in red.

Figure 11 shows a small segment of the neutron diffraction pattern for

Tb3Ag4Sn4 on cooling from 37 K to 22 K. Some weak magnetic peaks de-

velop at about 48.5◦ and just above 53◦, while the overlapping (121) and (510)
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reflections are unchanged. However it is the splitting of the (411) peak at 52.3◦

that is inconsistent with simple magnetic ordering. Examination of the full pat-

terns reveals a very large number of changes on cooling through 28 K, as several

peaks split and many new peaks appear. Unfortunately, the richness of the changes

observed is actually too much information, as neutron diffraction is sensitive to both

the structural and magnetic changes that are occurring, and with both happening

simultaneously, it is not immediately obvious which are due to structure changes,

and which reflect the magnetic ordering.

The solution was to turn to X-ray diffraction which is blind to the magnetic order

and sees only the atomic structure. By combining the two diffraction techniques it

has been possible to separate the magnetic and structural changes and determine

that on cooling through 28 K, Tb3Ag4Sn4 undergoes a structural transition from its

room temperature orthorhombic Immm form to a monoclinic C-centered structure

(either Cc or C2/c). This transformation is accompanied by the development of

magnetic order, suggesting that the ordering temperature of the monoclinic form is

much higher than that of the parent orthorhombic structure. Indeed, enough of the

monoclinic form persists on heating that we can estimate its ordering temperature

using the data in Fig. 10 where the field goes to zero at about 45 K. We have no

way of determining the ordering temperature of the parent orthorhombic form as

it appears to be converted to the monoclinic form before it orders.

A detailed structural and magnetic refinement of this complex material is cur-

rently underway.

6. Special Cases: Where Neutrons Have Problems

Many of the rare earths have rather large absorption cross-sections for thermal neu-

trons and require special consideration when being used in a diffraction experiment.

For example, dysprosium-based compounds (σabs = 994 barn29) are often run in

narrower cans to reduce absorption losses, and it is essential that proper absorption

corrections are applied during the analysis. However, Eu (σabs = 4530 barn29) and

Sm (σabs = 5922 barn29) combine extreme absorption with small moments, mak-

ing them both unattractive to use and very difficult to analyze. They are typically

avoided. Finally, Gd (σabs = 49700 barn29) has nearly twenty times the absorption

of cadmium. The metal has an absorption (1/e) length of about 7 µm and is far

better suited to neutron shielding than scattering measurements. Attempts to make

neutron diffraction measurements with Gd-based materials usually involve massive

dilution (with Al or Si powders) to spread out a small sample, isotopic substitution

(the even isotopes of Gd, while expensive, are much less absorbing) or short wave-

length spectrometers (the absorption at 0.5 Å is much reduced, but the resolution

is poor and most, if not all, of the low-q magnetic peaks are too close to the straight

through beam to be observed). All of these approaches provide significant experi-

mental challenges and yield weak scattering from small samples, or poorly resolved

patterns from the short wavelengths used. As a result, few Gd-based compounds

have been studied by neutron diffraction.
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The absence of neutron diffraction data, combined with the problems encoun-

tered using bulk magnetic measurements to determine ordering temperatures, has

left 119Sn Mössbauer spectroscopy as the primary characterization tool available

in these highly absorbing compounds. However, we recently developed a large-area

flat-plate sample holder based on single-crystal Si plates that can be used for even

Gd-based materials30 and we will show examples of data obtained using this method

for both Sm and Gd-based compounds.

6.1. Sm3Ag4Sn4

Initial magnetization work on Sm3Ag4Sn4 placed the onset of order at 9.1 K,8

however there was a weak feature around 25 K that was not considered significant.

Our more recent study9 confirmed both features and found that a 24 K event

was clearly present in the out of phase AC susceptibility (χ′′), suggesting that it

might be significant. As we will show here, the ordering temperature is 26 K, so in

hindsight, the bulk measurements can be interpeted as “detecting” the transition.

This failure of bulk magnetization measurements to yield an unambiguous signature

even of the primary ordering was noted earlier in our discussion of Tb3Ag4Sn4, and

will recur in each of the three examples covered in this section.

The 119Sn Mössbauer spectrum of Sm3Ag4Sn4 at 2.2 K (Fig. 12) shows the

expected two equal-area components, and the temperature dependence of the two

hyperfine fields clearly confirms the two magnetic events detected by susceptibil-

ity. More significantly, the 119Sn Mössbauer data demonstrate that the onset of

order occurs at 26.0(5) K, and that the lower event at 8.3(3) K is due to a spin-

Fig. 12. Left: Temperature dependence of the hyperfine field (Bhf ) at the two tin sites in
Sm3Ag4Sn4 showing the onset of order at 26.0(5) K and the clear break at 8.3(3) K that cor-
responds to the spin reorientation. Note the reversal of the site assignments as the Sn-4f is now
the high-field component. Right: 119Sn Mössbauer spectrum of Sm3Ag4Sn4 at 2.2 K. The two
equal-area components used to fit the pattern are also shown.
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Fig. 13. Top: Neutron diffraction pattern for Sm3Ag4Sn4 taken at 3 K showing a weak magnetic
peak at 2θ = 9◦ (dotted line). Middle: Difference between the 3 K and 50 K patterns (scaled by
a factor of 3) to emphasize the magnetic peak. Bottom: Difference between the 10 K and 50 K
patterns enlarged by the same factor of 3, showing no apparent magnetic signal. All measurements
were made at a wavelength of 2.3722 Å.

reorientation, as there are breaks in both Bhf (T) and the fitted angle (θ) between

the hyperfine field and the principal axis of the local electric field gradient (Vzz)
9

at each site.

As noted above, neutron diffraction measurements on highly absorbing Sm-

based compounds present special challenges, and the small moments typically en-

countered in samarium compounds led us to expect rather weak magnetic scat-

tering. The flat-plate holder allowed us to place a total of 1.6 g of Sm3Ag4Sn4
in the beam and obtain useful diffraction patterns at a wavelength of 2.3722 Å.9

Figure 13 shows the diffraction pattern obtained at 3 K along with the differences

between the 3 K and (non-magnetic) 50 K pattern which clearly shows that a single

magnetic peak is observed at 2θ = 9◦. This peak could be indexed as (100) and

its temperature dependence gave a transition temperature of 8.3(4) K, consistent

with the reorientation observed by 119Sn Mössbauer spectroscopy at 8.3(3) K. No

magnetic scattering is observed at 10 K (Fig. 13, lowest curve), however an anal-

ysis of the allowed commensurate orderings for this compound revealed that only

two spin arrangements lead to a strong magnetic reflection, and that all others are

characterized by a larger number of much weaker reflections. As we know that the

sample is ordered up to 26 K, we conclude that the ordering belongs to one of these

weak reflection modes for 9K < T < 26 K.
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Analysis of the magnetic environments of the two tin sites in Sm3Ag4Sn4 for

the two candidate magnetic structures shows that the isotropic contribution at

the Sn-4h site is zero in both cases, and that the anisotropic contribution24,25 is

only non-zero for one of the possible structures (Ipmmm′), permitting an unam-

biguous determination of the magnetic structure by combining 119Sn Mössbauer

spectroscopy with neutron diffraction. While the Sn-4h sites only experience an

anisotropic transferred field, the Sn-4f sites have a larger anisotropic contribution

and an additional parallel isotropic contribution, leading us to assign the higher

field site in Fig. 12 to the Sn-4f site. This is the reverse of the situation in all other

compounds studied to date.

The Ipmmm′ structure only permits ordering of the Sm-4e sites (a very rare

situation in the R3T4X4 system, where it is normally the R-2d site that orders

first), and places the moments parallel to the b-axis. The loss of the (100) peak

on heating through 8 K reflects a rotation of the ordering direction towards the

a-axis, and not a loss of magnetic order, as the 119Sn Mössbauer spectra clearly

show a significant magnetic splitting up to 26 K. With the structure identified, it

was also possible to estimate the Sm moment and we obtained a Sm-4e moment of

0.47±0.10µB at 3 K.9

6.2. Sm3Cu4Sn4

The magnetic behavior of Sm3Cu4Sn4 is surprisingly different from that of

Sm3Ag4Sn4 described above, and serves to provide an example of a limitation inher-

ent to neutron diffraction beyond the obvious, and quite severe problems caused by

the highly absorbing samarium. Susceptibility and heat capacity appear to indicate

the presence of several magnetic transitions, starting at 9 K followed by another at

7.5 K and finally a first-order event at 5 K.13 The 119Sn Mössbauer spectrum at

1.6 K presents the usual two equal-area magnetic sub-spectra with quite substan-

tial fields (Fig. 14). The temperature dependence of the hyperfine fields shows no

apparent evidence of the three events previously identified at 9 K and below, and

a magnetic splitting persists in the spectra until at least 40 K, well beyond any

expected ordering temperature.

The neutron diffraction pattern, measured using the same flat-plate sample

holder as before, shows no evidence of magnetic order (Fig. 15). Indeed, the differ-

ence between the 3 K and 20 K patterns is flat apart from statistical fluctuations,

and appears more consistent with a paramagnetic state at 3 K.

A visual inspection of the 119Sn Mössbauer spectra shown in Fig. 16 reveals some

unusual changes on heating: rather than simply moving together as the hyperfine

field decreases with increasing temperature, the outer lines seem to broaden and

become less distinct, while the central region fills in. Attempting to model this

behavior using a pair of gaussian distributions of hyperfine fields yields adequate

fits but the derived parameters do not follow expected trends.
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Fig. 14. Left: Temperature dependence of the hyperfine field (Bhf ) at the two tin sites in
Sm3Cu4Sn4 showing a weak break around 10 K, but with significant fields persisting to at least
40 K. Right: 119Sn Mössbauer spectrum of Sm3Cu4Sn4 at 1.6 K. The two equal-area components
used to fit the pattern are also shown.

Fig. 15. Top: Neutron diffraction pattern for Sm3Cu4Sn4 taken at 3 K showing clearly resolved
nuclear peaks, but no apparent magnetic scattering. Bottom: Difference between the 3 K and 20 K
patterns (scaled by a factor of 5) to emphasize the absence of magnetic scattering. Measurements
were made at a wavelength of 2.3715 Å.

The fitted widths of the two distributions (left panel of Fig. 17) increase abruptly

at about 5 K, and then decrease gradually above about 10 K. However it is the be-

havior of the subspectral area, shown in the right panel of Fig. 17, that is unphysical.

In all of the R3T4Sn4 compounds discussed here, it is possible to fit the spectra us-

ing two (or in one case, Dy3Ag4Sn4, three) subspectra with well defined areas that
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Fig. 16. (Color online) 119Sn Mössbauer spectra of Sm3Cu4Sn4 for various temperatures. Solid
lines are the result of dynamic fits (blue) for T ≥ 6 K, and static fits (red) for T ≤ 5 K (see text).

remain relatively stable as a function of temperature, even if they are left as free

parameters in the fit. This process fails here, and we see the low-field component

becoming completely dominant as the distributions broaden. This behavior, taken

with the appearance of the spectra, leads to another possible approach — dynamic

relaxation.

Fitting the spectra using a conventional dynamic up/down relaxation model31

yields good results for T ≥ 6 K, however below this, the fitted fluctuation rates

are so slow as to be effectively static and a static model was used for the lowest

temperatures. The fits shown through the spectra in Fig. 16 reflect this distinction.

We emphasize that the change in model used at low temperatures is solely for

operational convenience and is based on the observation that the fluctuation rates

are too slow to be resolved. It does not mean that we believe that the samarium

moments are actually static, or that they have formed a long-range ordered state.

Indeed, the trend in relaxation rates shown in Fig. 18 shows a fairly steady decline

on cooling and it is likely that this trend continues once it passes below our ability

to resolve it.
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Fig. 17. Left: Temperature dependence of the width of the two gaussian hyperfine field distri-
butions (σB) used to fit the 119Sn Mössbauer spectra of Sm3Cu4Sn4. Right: Areas of the two
components used showing the clear departure from the expected 50%:50% ratio.

Fig. 18. Temperature dependence of the fluctuation rates for the dynamic fits to the 119Sn
Mössbauer spectra of Sm3Cu4Sn4. Above 40 K the fluctuation rates are so high that the spectra
exhibit motional narrowing and can be fitted equally well using a static paramagnetic doublet,
while below 6 K, the fluctuations are too slow to be resolved, and the spectra present as statically
ordered.

The observation of an effectively static ordered state in the 119Sn Mössbauer

spectra without any sign of order in the neutron diffraction pattern is a result of

the very different ways in which the two techniques detect magnetism. Mössbauer

spectroscopy is a local probe, providing information on the immediate surroundings

of the probe nucleus during the fraction of a microsecond over which the γ-nuclear

interactions occur. As long as the magnetic environment does not change during
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that time, the experiment yields a “static” pattern. By contrast, neutron scattering

is a global probe, providing an instantaneous snapshot of the Fourier transform

of the spatial arrangements of the nuclei and atomic moments. A fully static, but

randomly frozen array of moments yields no coherent scattering and hence no mag-

netic Bragg peaks are observed. For neutron diffraction to yield a peak, the moments

must be both static and organized. The results of our measurements on Sm3Cu4Sn4
suggest that this system does not exhibit long-range magnetic order, at least not

above 3 K.

6.3. Gd3Ag4Sn4

Gadolinium-based compounds present extreme challenges to neutron diffraction

measurements, and they are usually avoided. As we will now show, this is unfortu-

nate as the results that can be obtained are extremely valuable.

Susceptibility measurements placed the ordering of Gd3Ag4Sn4 at 8.2 K, with

an easily suppressed feature in the χac curve at 22 K that might reflect additional

order.8 Our own susceptibility work confirmed the 8 K feature and identified a

second, extremely weak feature in χ′′(T) near 30 K.10 These ambiguous data on

transition temperatures clearly demands direct investigation.

The 119Sn Mössbauer spectrum of Gd3Ag4Sn4 at 2.3 K consists of two somewhat

broadened equal-area sextets (Fig. 19). The temperature dependence of the two

hyperfine fields reveals an event at 8 K and the onset of magnetic order at 28.8(2) K.

The changes at 8 K clearly reflect only a reorganisation of the magnetic order, and

it it puzzling that this, rather than the onset of order at 29 K, should provide the

dominant feature in susceptibility measurements. Examination of the quadrupole

shift at the two sites provides further insight into the nature of the changes at 8 K.

Fig. 19. Left: Temperature dependence of the hyperfine fields (Bhf ) at the two tin sites in
Gd3Ag4Sn4 showing the onset of order at 28.8(2) K and a clear break in behavior at 8 K.
Right: 119Sn Mössbauer spectrum of Gd3Ag4Sn4 at 2.3 K. The two equal-area components used
to fit the pattern are also shown.
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Fig. 20. Temperature dependence of the quadrupole shifts at the two tin sites in Gd3Ag4Sn4
showing the reorientation at 8 K. Symbols used correspond to those in Fig. 19.

If we treat the electric field gradient (efg) as axially symmetric, then we can write

the observed quadrupole shift ǫ as:

ǫ =
eQVzz

4
(3 cos 2θ − 1) (1)

where θ is the angle between the z-axis of the efg (determined by the crystallo-

graphic environment) and Bhf (due to the surrounding magnetic moments). Within

this approximation, ǫ represents the projection of the efg onto Bhf at each of the

two tin sites. Plotting the temperature dependence of this projection in Fig. 20

reveals evidence for a change in field direction below 8 K in addition to the changes

in Bhf apparent in Fig. 19. The change in ǫ is close to a factor of −2 at both tin

sites. This is best seen at the high-field site where line overlap is less severe and

the fits are more reliable: ǫ changes from ∼0.6 mm/s above 8 K to ∼−0.3 mm/s

below 8 K. This change suggests that there is a ∼ 90◦ change in the orientation of

the hyperfine field at the two tin sites.

Confirmation of these changes can only come from neutron diffraction. The

factor of ∼8 larger absorption cross section for gadolinium compared with samar-

ium means that we must reduce the sample size by this factor to compensate.

However, the expected Gd moments of 7 µB are about fifteen times larger than the

Sm moments we were able to detect in Sm3Ag4Sn4, and the magnetic scattering

intensity scales as the square of the moment, leading us to expect that the magnetic

scattering from Gd3Ag4Sn4 should be significantly easier to detect than it was in

Sm3Ag4Sn4.

Working with 230 mg of Gd3Ag4Sn4 loaded into our flat-plate sample mount30

we were able to obtain the diffraction patterns shown in Fig. 21. Many clear mag-

netic reflections are evident at 2.8 K demonstrating that this approach does make

it possible to obtain neutron diffraction data from Gd-based compounds. Tracking
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Fig. 21. Neutron diffraction pattern for Gd3Ag4Sn4 taken in the paramagnetic state (33.7 K)
showing only nuclear peaks, and on cooling to 2.8 K where many magnetic peaks are evident.
Measurements were made at a wavelength of 2.3721 Å.

the intensities of some of the stronger reflections (Fig. 22) shows that the onset of

long-range magnetic ordering occurs near 25 K, consistent with the earlier 119Sn

Mössbauer data, and that a major rearrangement follows near 10 K.

A complete Rietveld analysis using FULLPROF18 has been carried out,11 and

shows that at 2.8 K (Fig. 23), both the Gd-2d and Gd-4e sublattices adopt an-

tiferromagnetic structures with the moments oriented parallel to the c-axis. The

Gd-2d structure is incommensurate, while that of the Gd-4e moments is commen-

surate with the crystal lattice. Above 9 K, the Gd-4e moments reorient onto the

ab plane and adopt a magnetic structure that is doubled along the b-axis and has

the moments tilted by ∼ 20◦ from the a-axis. The Gd-2d sublattice remains incom-

mensurate but the weak signal and limited number of distinct reflections precludes

a more detailed analysis. However, given the strength of the exchange interactions

implied by the 29 K ordering temperature, it is very likely that the Gd-2d moments

follow the Gd-4e reorientation into the ab plane.

Analysis of the tin environments implied by the fitted magnetic structures (pre-

sented in Fig. 24) provides confirmation of the derived structures. Both the Sn-4h

and the Sn-4f sites each have four Gd-4e neighbors, and at 3 K these are arranged
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Fig. 22. Temperature dependence of several magnetic reflections from Gd3Ag4Sn4. Left: The
(200) at 18.1◦ and (110) at 14.7◦, in Fig. 21, appear below 10 K. Right: The (0 1

2
0) at 9.3◦

appears near 25 K and is lost on further cooling.
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Fig. 23. 2.8 K neutron diffraction pattern for Gd3Ag4Sn4 with complete magnetic refinement.11

The data and calculated pattern are shown at the top, while the lowest trace gives the residuals.
The Bragg markers are: nuclear (top), Gd-2d magnetism (middle) and Gd-4e magnetism
(bottom). The measurement was made at a wavelength of 2.3721 Å.
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Fig. 24. Magnetic environments of the two tin sites in Gd3Ag4Sn4 at 3 K (left) and 9 K (right)
derived from our fits of the neutron diffraction patterns. Note: No moments are shown for the
Gd-2d sites at 9 K as a complete description of their order above the reorientation temperature
could not be detemined (see text).

as two antiparallel pairs, so their net influence at the two tin sites should cancel.

The two Gd-2d moments near the Sn-4h site are parallel while the Sn-4f site has

a single Gd-2d neighbor leading us to expect the 2:1 hyperfine field ratio noted in

several examples above. This prediction compares extremely well with the observed

ratio of 2.08:1 at 2.3 K. Above the spin reorientation (shown as 9 K in Fig. 24) we

see that the Gd-4e contributions now add at the Sn-4h site and partially cancel at

the Sn-4f site, leading to net Gd-4e contributions at both tin sites. If we consider

only the effects of the Gd-4e moments, then we find that the transferred fields at

the tin sites rotate by 90◦ (from along the c-axis at 3 K to along the a-axis at

9 K) consistent with the factor of −2 change in the quadrupole shift (ǫ) in Fig. 20,

but the predicted field ratio remains at 2:1 and does not correspond well with the

3.4:1 ratio that is observed. The change in field ratio means that the Gd-2d con-

tinue to contribute to the net transferred hyperfine fields above the reorientation

temperature. However, in order for the Gd-2d moments to have a significant im-

pact on the total transferred hyperfine fields at the two tin sites, they must be at

least close to parallel to the Gd-4e moment directions: i.e. they must also undergo

a ∼ 90◦ reorientation along with the Gd-4e moments. The strength of the Gd–Gd

exchange interactions implied by the 28.2(2) K ordering temperature coupled with

the weak anisotropy typical of Gd3+ moments makes it reasonable to expect that

the two sublattices rotate together. Without a complete description of the Gd-2d

ordering it is not possible to predict the expected hyperfine field ratio in any detail,

and many Gd-2d configurations could be consistent with the observed increase in

the transferred hyperfine field ratio, however the change in hyperfine field direction

and the increase in field ratio both suggest that the Gd-2d moments follow the

c-axis to ab plane rotation of the Gd-4e moments on heating through 9 K. Thus the
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combination of neutron diffraction and 119Sn Mössbauer spectroscopy leads nat-

urally to a self consistent and quite detailed description of the magnetic order in

Gd3Ag4Sn4, both above and below the 9 K spin reorientation.

7. Conclusions

The combination of 119Sn Mössbauer spectroscopy and neutron diffraction is essen-

tial to obtaining a complete description of magnetic ordering in the R3T4Sn4 com-

pound series. We have shown that the differing sensitivities of the two techniques

can be used to great advantage and when used together, the cross-consistency leads

to increased confidence in the conclusions.

Much work remains to be done in understanding the physical mechanisms that

lead to the complex orderings and re-orderings that occur in these materials. Even

the simple question of why changes of order so often lead to much clearer suscepti-

bility signatures than the actual onset of order is, as yet, unanswered. However it

is clear that Mössbauer spectroscopy and neutron diffraction will continue to play

key roles in understanding these, and many other, problems in magnetism.
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