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Abstract. A careful analysis of neutron diffraction experiments under magnetic field performed
on a single crystal of tetragonal TbRu2Si2 is presented. It shows that the zero-field–low-
temperature magnetic phase is not thenatural compensated antiphasestructure proposed so far
for theQ = (3/13, 0, 0) propagation vector, but amixed phase where the moment of two of
the 26 Tb sites of the unit cell vanishes. The magnetic structures of the first three field induced
phases of the multistep metamagnetic process agree with previous analysis whereas the fourth
field induced phase is not the non-mixed proposed one but a mixed one with two zero moments
as in zero field. Contrary to previous interpretations, the transition at 4.7 K observed by specific
heat and susceptibility corresponds to the change of the magnetic structure from the mixed low-
temperature one to a slightly modulated non-mixed one. Numerical simulation allowed us to
account for the main properties observed and emphasizes the crucial role of the crystal field.

1. Introduction

TbRu2Si2 belongs to the large series of rare earth R based compounds having the tetragonal
ThCr2Si2-type structure (space groupI4/mmm) and which present a great variety of
magnetic properties (Gignoux and Schmitt 1997). In particular, due to the frustration of
RKKY-type exchange interactions and the large uniaxial anisotropy, the field–temperature
magnetic phase diagrams are often complex. This is the case for TbRu2Si2 on which
the following properties have been established. (i) It orders atTN = 56 K into an
incommensurate amplitude-modulated structure of propagation vectorQ = (τ, 0, 0) with
τ = 0.23 in reduced units, magnetic moments being along thec axis due the strong
magnetocrystalline anisotropy (Slaskiet al 1984). (ii) At low temperature a squaring up
of the modulation develops and a structure with equal moments was announced to occur at
3.1 K (Chevalieret al 1985). (iii) Just aboveTt = 4.7 K a two-step metamagnetic process
is observed alongc (figure 1), the intermediate phase being a double-Q structure (Shigeoka
et al 1992, Kawanoet al 1993). (iv) BelowTt , the metamagnetic process alongc is much
more complex (figures 1 and 2). It exhibits at least six sharp transitions, the steps of the five
first transitions being close toMs/26, whereMs = 9 µB is the saturation magnetization per
Tb atom (Shigeokaet al 1995b, Garnieret al 1995). As neutron diffraction experiments on
a single crystal showed that the high-temperature propagation vector persists belowTt in
zero field and up to the sixth transition it has been considered thatQ is commensurate with
τ = 3/13= 0.23 (Shigeokaet al 1995a). The following interpretation of the intensities has
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Figure 1. Magnetization processes along thec axis at 1.5 and 7 K. The inset shows the low-
temperature region of the field–temperature phase diagram.

Figure 2. Details of the low-field magnetization processes at 1.5 and 7 K.

been given: in zero field the 26 magnetic moments of the unit cell have thenatural antiphase
structure (5̄445̄44̄) sequence, where ‘5’ or ‘4̄’ means 5 or 4 successive ferromagnetic planes
along the [100] direction with their moment alongc up or down, respectively. The proposed
first induced phase is amixed structurewith a sequence of the type (54̄40̄444̄) for instance,
where ‘0’ stands for one site with zero moment among the 26 ones of the magnetic cell.
This structure is in agreement with the observed step ofMs/26 whereas the flipping of the
moments of one plane would lead to a step of 2Ms/26. The magnetic field then induces a
succession ofnon-mixedand mixed magnetic phases. (v) AtTt one observes pronounced
anomalies of the susceptibility (Garnieret al 1995) and of the specific heat (Salgueiro da
Silva et al 1995). The latter has been interpreted as aλ-type order–disorder transition of
1/13 of the magnetic moments, the zero-field magnetic structure aboveTt being mixed with
one over thirteen paramagnetic planes (Salgueiro da Silvaet al 1995).
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In order to check all these results and explanations, and to have a better insight into
the magnetic properties of this compound, we reanalysed the neutron diffraction data on a
single crystal and we did numerical simulations using the periodic field model.

2. Experimental results

Experiments were performed on a double-axis neutron diffractometer at the Research Reactor
Institute, Kyoto University, Osaka. The incident wavelength was 1.006Å. q-scans of the
type (1k0) performed belowTt for µ0H = 0, 0.35, 1.1, 1.6 and 1.9 T, i.e. in zero field
(phase I) and within the first four field induced phases (phases II, III, IV and V), are
shown in figure 3. For all these patterns, well defined peaks associated with fundamental

Figure 3. q scans of the type (1k0) at 2.2 K in different applied fields. The values ofk of the
peaks corresponding to thenτ harmonics (n = 1 to 12) are reported in the lower part.
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and higher-order harmonics of the same propagation vector were observed and allowed its
accurate determination:τ = 0.230±0.001 which confirms the lock-in of the periodicity on
the commensurate value 3/13. With such a value ofτ , keeping in mind that the structure is
body centred, there are 26 independent sites in the magnetic cell and the magnetic moment
can be described by means of 14 independent Fourier components:

M (Ri ) =
13∑

n=−12

MnQ exp(inQ·Ri ) with M−nQ =M ∗
nQ. (1)

The intensities associated with the components forn = 1 to 12 are well observed.
For each field the modulus|MnQ| of these Fourier components have been deduced from
the intensities after correction of the Lorentz factor and of the Tb form factor. The
corresponding observed values of the|MnQ|/|MQ| ratios are plotted versus the harmonic
number in figure 4 (open squares and full lines). We did not determine then = 13 Fourier
component as the corresponding peaks fall on forbidden nuclear peaks of the type (hkl)
with h+ k + l = 2n+ 1 where a small contribution of theλ/2 wavelength clearly appears
on the spectrum in the saturated ferromagnetic induced phase. From the neutron diffraction
patterns we did not extract then = 0 Fourier component, associated with the ferromagnetic
component, as the corresponding peaks fall on the nuclear peaks leading then to large
uncertainties on its determination. We rather extracted this component with a good accuracy
from magnetization measurements. For each pattern we have compared the|MnQ|/|MQ|
observed ratios with those calculated for all the possible structures compatible with the
observed magnetization. In each case a unique structure accounts for the experimental
values. The observed ratios are compared with those of the good model in figure 4(a) to
4(e). We also report in these figures the ratios of one or two tested models which do not
account for the experiments. The magnetic structures of phase I to V are schematized in
figure 5.

Surprisingly, the zero-field magnetic structure is not the natural previously proposed
antiphase structure (Shigeokaet al 1995a) but a mixed structure with two Tb sites with
zero moment per unit cell. Indeed the reliability factors

R =
12∑
n=1

||MnQ(obs)| − |MnQ(cal)||
/ 12∑

n=1

|MnQ(cal)|

are 3.8% and 16.7% for the mixed and non-mixed phase, respectively. (The misinterpretation
of the neutron diffraction data has been probably due to the fact that only thenatural
antiphase structure was considered to exist). Also the structure under 1.9 T is not antiphase
(R = 22.4%) but mixed with two zero moments (R = 9.1%). The first and second
transitions then involve sites with a 0→ Ms process leading to a mixed phase with one Tb
site with zero moment and then to a non-mixed phase, respectively. The third and fourth
transitions involve−Ms → 0 processes leading to new mixed phases with one and two Tb
sites with zero moment, respectively.

In zero field there is no dramatic change of the neutron diffraction pattern when
increasing temperature just aboveTt . One mainly observes a slight reduction of the
n = 7 andn = 9 harmonics which probably originates from a slight modulation of the
moment amplitude near the node of the modulation due to thermal effects. Assuming
constant or zero moments the experimental Fourier components slightly better fit with a
non-mixed structure than with the low-temperature mixed one. This existence of a non-
mixed phase just aboveTt and in zero field is supported by the fact that there is no boundary
between this region of the phase diagram and that corresponding to phase III (see inset
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(a) (b)

(c) (d)

(e)

Figure 4. Experimental and calculated Fourier components of the magnetization, normalized to
MQ, at 2.2 K and under different applied fields. Squares are the experimental points. Black
dots are the calculated points for the models which fit with the experiments. The reliability
factorR =∑12

n=1 ||MnQ(obs)| − |MnQ(cal)||/∑12
n=1 |MnQ(cal)| is 3.8%, 9.3%, 6.4%, 10.0%

and 9.1% forµ0H = 0, 0.35, 1.1, 1.6 and 1.9 T, respectively. Other symbols corresponds to
examples of some of the tested structures which do not agree with the experiments.

of figure 1). It can then be concluded that, atTt , there is a transition from the low-
temperature mixed phase toward a non-mixed phase associated with a shift of the phase of
the modulation.
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Figure 5. Schematic representation of the different magnetic structures. The sequence of the
26 Tb ferromagnetic plane along the propagation vector is shown.

3. Analysis and discussion

The results obtained from the joint analysis of magnetization and neutron diffraction
experiments are quite original, in particular in zero magnetic field where a non-mixed
structure was expected whereas a mixed one with two Tb atoms with zero moments per
unit magnetic cell is observed. This result rejects the interpretation of the specific anomaly
observed atTt (Salgueiro da Silvaet al 1995). Indeed this interpretation was based on
the assumption of an antiphase structure at low temperature and a mixed phase aboveTt
whereas the contrary is observed.

Mixed magnetic phases have already been observed at low temperature in systems where
magnetic interactions are frustrated when the magnetic element is close to a magnetic–non-
magnetic (M–NM) instability. This latter situation is that found in the RMn2 (R = rare
earth) compounds where the 3d Mn magnetic moment is close to the Stoner criterion for the
onset of itinerant magnetism (Ballouet al 1991) and in CeSb (Rossat-Mignodet al 1985,
Kasuyaet al 1993) or UNi4B (Lacroix et al 1996) where the magnetic instability comes
from the Kondo effect. In the compound under investigation with normal non-Kramers ions
the only source of M–NM instability can be the crystalline electric field (CEF), the effect
of which can lead to a non-magnetic singlet ground state.

In order to understand the origin of mixed phases in this type of uniaxial rare earth
compound we have performed numerical simulations considering only the exchange and
CEF interactions, the latter interaction being the same for all atoms as they belong to a
unique crystallographic site whereas the exchange field can vary from one atom to the
other. The approach was made in the frame of the self-consistent periodic field (PF) model
which has already been used to describe quite satisfactorily the magnetic properties of
rare earth antiferromagnets showing metamagnetic processes (Blancoet al 1992, Ballet al
1993). This PF model is based on anN -site Hamiltonian,N being the number of magnetic
ions over one period, i.e. 26 in the present case:

H =
N∑
i=1

HCEF (i)+
N∑
i=1

Hz(i)+
N∑
i=1

HB(i). (2)

The first term is the CEF coupling. The second term is the Zeeman coupling−µ0H ·M (i)

between the internal magnetic field (external field corrected for demagnetizing field effect)
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and the 4f moment at sitei, M(i) = −gJµBJ(i). The third term is the exchange
interaction−µ0Hex(i) ·M (i) where the exchange field can be written, in the mean-field
approximation, as

Hex(i) = (gJµB)−2
∑
j 6=i

J (ij)〈M (j)〉 = (gJµB)−2
∑
n

∑
j 6=i

J (ij)MnQ einQ·Rj

= (gJµB)−2
∑
n

J (nQ)MnQ einQ·Rj =
∑
n

HnQ einQ·Rj (3)

whereMnQ andHnQ are the components of the Fourier expansion of the magnetic moment
and of the exchange field, which have then the same periodicity.J (q) is the Fourier trans-
form of the exchange interaction. The full Hamiltonian is diagonalized self-consistently for
theN ions of the magnetic period, theMnQ obtained after diagonalization being reinjected
into the initial Hamiltonian through (3). For a set of CEF andJ (nQ) parameters, it is then
possible to evaluate for any field and temperature, the magnetic moment on each site and the
free energy. In our case the number of CEF parameters is five whereas in principle 14J (nQ)

values are needed. Due to this large number of parameters it is a great task to determine
them. Many data obtained from different types of experiment (inelastic neutron scattering
experiment for instance) are required and, in their absence, we tried to find representative
parameters with the purpose to show that mixed phases can be stabilized at 0 K.

The first step was to find CEF parameters in order to have a system with two Tb magnetic
states: (i) one with a zero (or weak) moment below a threeshold field and (ii) the other with
a high moment above this field. This arises when the ground state is a singlet and when
the first excited level has a large intrinsic magnetic moment. Moreover the components of
these levels are such that the effective field acting on the Tb ions must lead to acrossing
between the two lowest levels (Ballet al 1992). A set of parameters was found which gives
the calculated variation of the Tb moment as a function of the effective field reported in
figure 6. Among these parameters, reported in the caption of this figure, the second-order
one is close to the value which can be deduced directly from the shift at 300 K between the
reciprocal paramagnetic susceptibilities measured along and perpendicular to the fourfold
axis (Garnieret al 1995). Concerning the exchange interactions, the basic properties are
accounted for with only two parameters, namelyJ (0) = −30 K andJ (Q) = 35 K. However
in order to have calculated results closer to the experimental behaviour we have included
two additional parameters,J (2Q) = 10 K andJ (3Q) = 8 K.

Figure 6. Calculated terbium moment, atT = 0 and 5 K, as a function of the effective field
for the following CEF parameters:B0

2 = −8.0 K, B0
4 = 5.3× 10−2 K, B4

4 = 2.0× 10−1 K,
B0

6 = −5.8× 10−4 K andB = 5.5× 10−3 K.
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The main characteristics of the simulation are the following.

(i) At low temperature, in particular at 0 K, one obtained the metamagnetic process
reported in figure 7 together with the field dependence of the energy of each phase. Phases I,
II, IV and V are mixed phases identical to those observed. Phase III is the mixed phase
(4̄40̄304̄45) with two Tb atoms per unit cell with zero moment whereas the non-mixed
phase (̄454̄44̄5) is observed. Note that the energy of the latter, the field dependence of
which is reported in the dashed line in figure 7, is slightly higher than that of the former. In
agreement with experiments, the amplitude of the steps is equal toMs/26. It is worth noting
that no mixed phase can be obtained if the ground state of the Tb ion is a magnetic doublet.

Figure 7. Numerical simulation at 0 K using the PF model. Lower part, low-field magnetization
process in increasing field. Except the second field induced phase (III), all the other simulated
phases (I, II, IV and V) are identical to the experimental ones. Upper part, field dependence of
the energy of the different phases. Dashed line corresponds to the energy of the experimental
non-mixed second field induced phase (III).

(ii) As observed, there are two transition temperatures:TN at 58 K and a transition
temperatureTt at 3.3 K. The latter corresponds to the transition from the low-temperature
mixed phase toward the natural antiphase structure, slightly modulated. Although smaller
than observed there is an entropy discontinuity atTt . It is worth noting that, in zero field,
the nature of the low-temperature mixed phase found in this study and that of the high-
temperature phase previously assumed (Salgueiro da Silvaet al 1995) to account for the
specific heat measurements are quite different. In the present study there is no entropy
associated with the sites with zero moment whereas in the previous interpretation a finite
entropy (R ln 2) is associated with these sites on account of the degeneracy of the magnetic
ground state (| ± 6〉).
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(iii) The slope ofM againstH within each phase is twice as large for the mixed phase
with two sites over 26 with zero moments as for a mixed phase with only one site with zero
moment. Moreover this slope should be almost zero for a non-mixed phase as observed
for phase III. This can be understood from the intrinsic initial susceptibility ofM against
H at 0 K shown in figure 6 and considering that there is no, one and two Tb atoms with
zero moment over 26 for the non-mixed, mixed with one null moment and mixed with two
null moments phases, respectively. These characteristics are effectively those observed, in
particular for phases III, IV and V. On a more general point of view, this feature could be
a good way to deduce in other materials, from the experimental variation ofM againstH
and in the absence of neutron diffraction experiments, the nature of each phase, i.e. mixed
or not mixed and, if mixed, the number of atoms with zero moment.
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