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Evidence of mixed magnetic phases in ThRiGe,
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In compounds with normal rare earths at the same crystallographic site, mixed magnetic phases with two
distinct rare-earth magnetic states, namely, a zero moment one and another with a high moment, can be
stabilized at low temperature not only in zero applied field but also in different field-induced magnetic phases
of a metamagnetic process. These characteristics are observed in tetragon&&bfmn neutron diffraction
and magnetization measurements on a single crystal. It is shown that such magnetic structures may originate
from a moment instability due to the crystal field in the presence of frustrated exchange interactions. Numerical
simulations using the periodic-field model allowed us to satisfactorily account for the observed properties and
emphasize the crucial role played by the crystal figg0163-182@8)00209-4

I. INTRODUCTION present fascinating magnetic properties frequently character-
During the last ten years few materials with a “mixed” ized by complex phase dlagrams showing several magnetic
(Riructures, depending on field and temperature. From previ-

magnetic phase, where the same element lying on a uniq tizati d tron-diffracti s th
crystallographic site has two distinct magnetic states, a nor24S Mmagnetization and neutron-difiraction measurements the

magnetic one and the other with a well-defined moment!©!lowing lqgopgrtles of TbRyGe, have been
have been observed. Such phases are stabilized when Gatablished: (i) The huge magnetocrystalline anisotropy
change interactions are frustrated in systems close to a maffivors thec axis. (i) The magneticH-T phase diagram
netic instability. In RMn, compounds R=rare earth), along thec axis is particularly complex with a large number
mixed phases, which occur in particular at low of different phasesiiii) It orders atTy=37 K in an ampli-
temperaturé;? involve the Mn atoms and were interpreted astude modulated structure with propagation vectQ
resulting from the instability of band magnetisnin CeSb,  =(7,0,0) with 7=0.247 for T{<T<Ty and 7=0.233 for
mixed phases, where so-called “paramagnetic” Ce planeg<T/, the transition temperaturg being 30 K. The latter
coexist with magnetic Ce planes, were observed in severglajye of r does not change significantly down to low tem-
h!gh-terr)lperature phases of the compléx-T phase perature. (iv) Above another transition temperatur®
diagram. Many studies were devoted to the understanding oL 4 3k ' observed in susceptibility and heat capacity, two
this behavior. Although not completely understood, it is ad-patamagnetic transitions take place in high field alonthe
mitted that the original properties of this compound are re1ow-field susceptibility being rather largév) Below T,, as

lated top-f mixing that leads to a Kondo effect in presence - " : o
: : : shown in Fig. 1, three additional metamagnetic transitions
of frustrated exchange interaction®More recently mixed ppear below 1.3 T, the differential susceptibility between

phases with normal rare earths have been suggested to exi :
o R - fhe steps being much smaller than above 4 K. At 2 K, satu-
However one has to distinguish between systems in Whlcration is reached above 3 T, the magnetization be

the mixed phase with “paramagnetic” planes is induced by ~ : . :
temperature, such as those proposed in F36J and those =9.0ug/fu.in 7T, ie., the maximum value of the Tb

in which the mixed state, with atoms in a “zero moment” ) w,H=
state are, on the contrary, expected only at low temperature " ] k 127
such as could be the case in ThRi.2® In this paper we S 1sle | WMW*LU—L
provide clear evidence for the existence of the latter situation .

in TbRW,Ge, from magnetization measurements and neutron-
diffraction experiments on a single crystal performed at the . ——2K 05T
Laboratoire Louis Nel and at the Japan Atomic Energy Re- 05 27 R B F F I b

search Institut€Tokyo), respectively. Furthermore from nu- Vi TbRu,Ge,
merical simulations, using the periodic-field modtiwe % 05 1 o [ TN
show that crystalline electric fiellCEP effects in frustrated K H(T)

systems can be at the origin of the moment instability needed
for such properties.
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FIG. 1. Left: Low-field magnetization process in increasing
field at 2 and 6 K. Right: magnetic structurds2aK in zero field
Il. EXPERIMENTAL RESULTS and in the first three field induced phases. Magnetization of 17
successive Tb planes perpendicula}as represented. Black dots
TbRwGe, belongs to a large family of tetragonal com- correspond to nonmagnetic planes. Insé¥l vsH at 2 K up to 3.5
pounds(ThCrSi,-type structure] 4mmmspace groupthat .
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ion. In the following we will focus on the low-field meta- 10‘
magpnetic transitions. . 03
Neutron-diffraction experiments were performed on a

single crystal a2 K in different applied fieldg.oHo=0, 0.5, 1 oz
1, and 1.2 T, i.e., within each of the different low-field g 12T
phasedphase I, I, lll, and IV, respectively As shown in 10‘;

Fig. 2, for all these patterns, well-defined peaks associated
with high-order harmonics of the same propagation vector
were observed and allowed its accurate determination:
=0.2352+0.0007. From this value and from the multistep
metamagnetic process, it can be concluded that this propaga-
tion vector corresponds to a long period commensurate struc-
ture with 7=4/17=0.2353. With such a value af keeping ;
in mind that the structure is body centered, there are only 17 1 02 ;
independent sites in the magnetic cell and the description of 1 01
the magnetic moment can be written as

10":
102;

104k

Intensity (arb. units)

10°f

103
8 102
M(Ri):nZS Mg €Xp(2i 7nQR;) with M _,o=M7%q. e

The intensities associated with the 8 independent Fourier
components fon=1 to 8 are well observed. For each field
the moduli|M,g| of these Fourier components have been FIG. 2. q scans of the typél k 0) at 2 K in different applied
deduced from the intensities after correction for the Lorent#ields. The values ok for the peaks corresponding to the har-
factor and for the Tb form factor. The corresponding ob-monics(n=1 to 8 are reported in the lower panel.
served values of thiM o|/|M | ratios are reported in Table
| and plotted vs the harmonic number in Figga)3-3(d) sition would then involve either a -8 Mg process, or a
(open squares and full linesThe statistical uncertainties of —M¢—0 process, and not & M— M spin-flip process as
these ratios are smaller than the size of open squares in thegenerally observed in this type of material. At this stage,
figures. From the neutron diffraction pattern we did not ex-analysis of the neutron-diffraction patterns is needed in order
tracted then=0 (or n=17) Fourier component, associated to confirm this assumption and to know more precisely the
with the ferromagnetic component, as the correspondingnagnetic structure of each phase. For each pattern we have
peaks fall on the nuclear peaks, leading to large uncertaintiesompared théM o|/|Mg| observed ratios with those calcu-
in its determination. Rather we extracted this componentated for all the possible structures compatible with the ob-
with good accuracy from magnetization measurements.  served magnetization. In each case a unique structure ac-

It is worth noting that the magnetization jumps of the first counts for the experimental values. The observed ratios are
three metamagnetic transitions are approximabdlyl7. If =~ compared with those of the good model in Table | and Figs.
one considers that, at the low temperature considered, all T&(a)—3(d). We also reported in these figures the ratios of one
moments are equal and have the maximum valye such a  or two tested models that do not account for the experiments.
jump is half that corresponding to the spin flip of one over 17 Within phase 1, the natural sequence_of Tb planes ex-
Tb moments of the magnetic cell. Knowing thatdoes not  pected for ther=4/17 propagation vector i& 5 4 4), where
change, the hypothesis of Tb atoms in a zero moment statén’ (‘ n’) stands forn successive planes with moments up
i.e., of mixed magnetic structures, within one or several low(down). This structure cannot be correct for two reasons.
temperature phases, has to be made. One metamagnetic trdgirst it would lead to a spontaneous magnetizatioMsf17,

TABLE I. Comparlson of the observed and calculated values of ¥hg,)|/|M | ratios of the different harmonics within the different
magnetic phaseR==5_,[M ol (0bs)— Mgl (cal)l/=E_ Mol (0bs). v.w=very weak.

uoH=0T uoH=05T uoH=10T poH=12T

Harmonic Obs. calc. Obs. calc. Obs. calc. Obs. calc.
1 1 1 1 1 1 1 1 1

2 0.048 0.017 0.108 0.089 0.208 0.183 0.280 0.264

3 0.336 0.325 0.297 0.291 0.285 0.282 0.217 0.211

4 0.043 0.036 0.088 0.074 0.162 0.166 0.179 0.191

5 0.171 0.186 0.118 0.127 0.112 0.120 0.042 0.027

6 0.054 0.057 0.044 0.049 0.130 0.139 0.092 0.096

7 0.119 0.123 0.044 0.043 0.068 0.076 V.W. 0.020

8 0.087 0.084 n.o. 0.012 0.105 0.103 V.W. 0.014

R=4.0% R=3.2% R=2.8% R=1.7%
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FIG. 3. Experimental and calculated Fourier components of the magnetization, normalizig, tat 2 K and under different applied
fields. Squares are the experiment points. Black dots are the calculated points for the models that fit with the experiments. Other symbols
corresponds to examples of some of the tested structures which do not agree with the experiments.

which is not observed. Second, as shown in Fi@) 3he (see beloy, the planes concerned during the metamagnetic
associated Fourier components do not account for experprocesses are those that are near a node of the exchange field.
mental ones[the reliability factor R=32_,||Mq|(0bs) The result obtained from the joint analysis of magnetiza-
—|an|(Ca|)|/Eﬁ=1|'Vlnq|(0b5) is 13.9. The other solutions tion and neutron diffraction is quite original. The mixed
compatible with the absence of spontaneous magnetizatiadphases with normal rare earths, characterized by two moment
have an odd number of planes, denoted ‘0", of Th atoms witivalues, i.e., 0 an#, are shown to exist at low temperature
zero moments. As shown in Table | and in Figa3 the  not only in the zero-field phase but also in the field-induced
good solution is then obtained with the seque@td 0 4 4) phases. The origin of such phases is certainly different from
that leads to a reliability factor of 4.0%. those occuring irRMn, and CeSb. Indeed with normal rare
Within the first field-induced phas@hase 1), in particu-  €arths the interactions driving the magnetic properties are
lar for a field of 0.5 T, we have considered all the possibili-mainly the exchange and CEF interactions and, in some
ties for the magnetic arrangements having a magnetization gompounds in particular of cubic symmetry, the quadrupolar
M¢/17. The structure that gives the best agreemeninteraction.
(R=3.2%, see Table) with experiments is shown in Figs. 1

and 3b). It is worth noting that the first transition mvolvgs a L. NUMERICAL SIMULATIONS AND DISCUSSION
—M —0 process, and not a-@Mg process, then leading

surprisingly to a magnetic arrangement with two zero mo- In order to understand the origin of mixed phases in this
ments over 17 rare-earth atoms rather than the “natural” ongype of uniaxial rare-earth compounds we have performed
(45 44). numerical simulations considering only the exchange and
Within the second field-induced phagehase Il), in par-  CEF interactions considering that the latter interaction is the
ticular for a field of 1 T, we found the structure shown in same for all atoms as they belong to a unique crystallo-
Figs. 1 and &). The reliability factor is 2.8%. This structure graphic site whereas the exchange field can varies from one
has only one zero moment showing that the second metatom to the other. The approach was made in the frame of
magnetic step is associated with a0 process. the self consistent periodic fieldP model which has al-
Finally within the third field-induced phagphase IV, in ready been used to describe quite satisfactorily the magnetic
particular for a field of 1.2 T, one has again a structure withproperties of rare-earth antiferromagnets showing metamag-
two zero moments within the magnetic cedkee Figs. 1 and netic processe¥. This PF model is based on aN-site
3(d)]. The comparison between experiment and calculatiorHamiltonian,N being the number of magnetic ions over one
leads to a reliability factoR=1.7%. As for the first transi- period, i.e., 17 in the present case:
tion the third transition involves a& M — 0.
It is worth noting that the solutions found for each phase N N N
?re quite logical. Indeeq, kegplng in mind that. the exchange sz HCEF(i)+_E Hz(i)+2 Hg(i). (1)
ield has the same periodicity as the magnetic arrangement i=1 i=1 i=1
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The first term is the CEF coupling. The second term is the ' ' ' T
Zeeman coupling-H-M(i) between the internal magnetic -
field (external field corrected for the demagnetizing field
and the 4 moment at sité, M(i)=—g;ugJ(i). The third
term is the exchange interactionHq(i)M (i) where the ex-
change field can be written, in the mean-field approximation,

-~
7~
/ F
as 2L v o;<_
/

Hex<i>=<gJuB>—2;J(ij><M<j>> o 1z 3 4

HH (D)

M (1,/Th)

5 . inQ-R; FIG. 4. Calculated terbium moment, &=0 and 5 K, as a
=(gsue) ; JE# J(i)M e function of the effective field for the following CEF param-
eters: Vo=798 K, V3=432 K, V3=1643 K, V§=514 K, and
B , , Vg‘=74900 K. Inset: field dependence of the three lowest energy
=(9sm8) 2; J(”Q)MnoemQ'Ri:; Hnoe"? R, levels of TB™.

(2)  third induced experimental onév) Considering the slope of
M vs H within each phase: it is zero within phase Il
hereas it is nonzero within phases | and Ill, being two times
arger within phase Il than within phase I. This can be un-
derstood from the variation dfl vs H at 0 K shown in Fig.
4 and considering that there is zero, one and two Tb atoms
with zero moment out of 17 within phases II, I, and llI,
respectively. Within phase | the slope corresponds to the
low-field susceptibility on the site with weak moment,
hereas within phase Il it corresponds to the low-field sus-
ptibility on thetwo sites with weak moments. In principle,
is feature could be a good way to deduce, from the experi-
mental variation ofM vs H, the nature of each phase, i.e.,
mixed or not mixed and if mixed the number of atoms with
zero moment. Unfortunately except for phase Il, the field
rrPange of the other phases is rather narrow and the observed
slope is strongly modified by the rounded effects that occur
a/%/hen approaching the transition fields.

The main features of the experimental characteristics are
then well reproduced, although some details are different due
%o the fact that the parameters are certainly not perfect. In
conclusion, numerical simulations clearly show that mixed

whereM, o andH,q are the components of the Fourier ex-
pansion of the magnetic moment and of the exchange fiel
which have then the same periodicity(q) is the Fourier
transform of the exchange interaction. The full Hamiltonian
is diagonalized self-consistently for tié ions of the mag-
netic period, theM ,o’s obtained after diagonalization being
reinjected into the initial Hamiltonian through E@). For a
set of CEF andJ(nQ) parameters, it is then possible to
evaluate for any field and temperature, the magnetic momeri¥
on each site and the free energy. In our case the number
CEF parameters is five whereas in principle nifaQ) val-
ues are neededn fact a least two, i.e.J(0) andJ(Q), are
often sufficient. Due to this large number of parameters it is
a great task to determine them. Many data obtained fro
different types of experimenténelastic neutron-scattering
experiments for instangeare required and, in their absence,
we tried to find representative parameters with the purpose
showing that mixed phases can be stabilized at 0 K.

The first step was to find CEF parameters in order to hav
a system with two Th magnetic statesii) one with a zero

(or weak moment below a threshold field arii) the other h . -
: . e . K ases, as they are observed in THRe, originate from
with a high moment above this field. This arises when th.eDCEF effects in a system where exchange interactions are

ground state is a singlet and when the first excited level IS Ustrated. The existence of a nonmagnetic CEF singlet

i i =+ . .
oo 20 o oewme T8 2comt o T ones ot e found it s not enough o mixed states (o be cbserve
9 e first excited state must be strongly magnetic and not too

to a crossing between the two lowest levels. A set of param-
eters was found that gives the calculated variation of the Tb

moment as a function of the effective field reported in Fig. 4. 4| S - K H(a.u)=
Among these parameters, reported in the caption of this fig- iR brey s
ure, the second-order one is close to the value that can be .3 1T e
deduced directly from the shift at 300 K between the recip- =

rocal paramagnetic susceptibilities measured along and per-g r T 2
pendicular to the fourfold axi¥ As a second step a set of - L | HUHHT HHHH
exchange parameters, namel§0)=—-30K, J(Q)=25K,

J(2Q)=15K, andJ(3Q)=15K, was found that gives the 0 Y T Tt tHt o

o

123 45 6 17 8 [ 1

metamagnetic process and the structures correspondlng 1c IJ»OH (arb. units)

the steps reported in Fig. 5. The main characteristics of the
simulation are the followings: (i) The zero field structure FIG. 5. Numerical simulationta0 K using the PF model.
(phase ) is the same as that observ@d The amplitude of | eft: |ow-field magnetization process in increasing field.
the first step is equal tV /17 as observed whereas that of Right: magnetic structures in zero field and in each of the field
the second step reachesvg/17. (iii) The first induced induced phases. Magnetization of 17 successive Th planes perpen-
phase(phase I} contains only Th magnetic planes whereasdicular toQ is represented. Black dots correspond to nonmagnetic
the second induced structu(ghase 1) is the same as the planes.
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far above, and a crossing between the two lowest energstructure, the magnetic cell contains 26 Tb atoms and a step
states must occur under the effective fiédeée insert of Fig. associated with aM—0 or 0— Mg process has /26
4). The simulation shows that such mixed phases can bamplitude. Therefore from the present study and as sug-
stabilized only at very low temperature. As soon as temperagested previousl§® mixed phases certainly exist in the Si-
ture increases the Tb moment varies continuously with thdased compound. As the magnetic cell contains an even
effective field as shown in Fig. 4 far=5 K. Between 0 and number of Th atoms, the zero field phase is likely not mixed
5 K there is a transition from a mixed phase, in which a nodevhereas the first induced phase should be mixed. The tran-
of the modulation of the exchange field falls on the 0 mo-sition observed al,=5 K in the Si-based compound likely
ment Tb plane, toward an amplitude-modulated structure ifmas the same origin as in the Ge compound. This is in con-
which no node of the exchange field falls on a Tb plane. Theradiction with the interpretation proposed for the heat-
low-field metamagnetic behavior is replaced by a linearcapacity anomaly af; in TbRuSi, that considered that the
variation with a high susceptibility. This is in agreement with low-field antiferromagnetic structure has become a mixed
the observed transition temperatuteteK and with the low-  phase with one out of the thirteen Tb planes paramagnetic,
field magnetization process observed above this temperaturghereas the others have the same maximum Value.
in particular 46 K asshown in Fig. 1. One can wonder what  DyRu,Si, and DyRyGe, exhibit magnetic phase dia-
is the nature of the phase transitidirst, second order, or grams rather similar to those of the Tb-based
other type below 5 K as it ischaracterized by a phase slip of compounds$#*°and the possibility of mixed phases has been
the exchange field. This point remains to be clarified, takingnvoked!® This is rather surprising for a Kramer's ion in
into account the unusual broadness of the specific-heat peakhich singlet CEF levels cannot exist. However, if the CEF
observed at 4.3 K. would lead to a low(instead of zerbmagnetic state for a low
The phase diagrams of TbRBe, and TbRySi, are very effective field, the free energy of the system could be smaller
similar!? In the latter, at low temperature, the zero-field when a node of the exchange field falls on a Dy plane, which
phase and the five first field-induced phases have the saniethen nonmagnetic, than when no node falls on a Dy plane,
propagation vecto®=(3/13,0,0) and the amplitude of each as is the case for an antiphase structure with all moments
step is equal taM (/26 (indeed, due to the body-centered equal.
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