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We have studied (Tb,_,La,),Mo,0; pyrochlores by neutron diffraction and wSR at ambient and under
applied pressure. (Tb, La) substitution expands the lattice and induces a change from a spin-glass-like
state (x = 0) to a noncollinear ferromagnet (x = 0.2). In the ferromagnetic structure, the Tb moments
orient close to their local anisotropy axes as for an ordered spin ice, while the Mo ones orient close to the
net moment. The temperature dependence of the wSR relaxation rates and static local fields suggests a
second transition of dynamical nature below the Curie transition. Under pressure, the long range order
breaks down and a spin-glass-like state is recovered. The whole set of data provides a microscopic picture
of the spin correlations and fluctuations in the region of the ferromagnetic—spin-glass threshold.
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In the pyrochlore compounds R,M,0;, both the rare
earth R and the M*' transition metal form a three-
dimensional network of corner-sharing tetrahedra. The
pyrochlore lattice is geometrically frustrated for both anti-
ferromagnetic (AF) and ferromagnetic (F) nearest-
neighbor exchanges, leading to intriguing magnetic states
such as spin liquids, spin ices, or chemically ordered spin
glasses [1,2].

In R,Mo,0; pyrochlores, electrical and magnetic prop-
erties strongly depend on the rare earth ionic radius r.
Compounds with a small ionic radius (Y, Dy, and Tb) are
spin-glass (SG) insulators, whereas those with Gd, Sm, and
Nd are F metals. The (RR');Mo,0; series shows a univer-
sal dependence [3,4] of the transition temperature versus 7,
suggesting that the sign of Mo-Mo interactions controls the
formation of the spin-glass—ferromagnetic state. Photo-
emission experiments and band structure calculations
[5,6] point out that the concomitant changes of the trans-
port and magnetic properties come from strong electron
correlations in the Mo(t,,) band near the Fermi level.

Up to now, there has been no microscopic investigation
of the SG-F threshold, so as to follow the changes in the
magnetic correlations and spin fluctuations. All micro-
scopic studies deal with compounds far from the threshold
radius r.. Y,Mo,0; and Tb,Mo0,0; with r <r. were
intensively studied [7—10], since the SG transition is sur-
prising with regards to their chemical order. Nd,Mo, 0,
with » > r, showing a giant abnormal Hall effect was also
much studied [11,12]. F compounds near the threshold (Sm
and Gd) are difficult to study by neutrons due to their
strong absorption. So the microscopic evolution of mag-
netism throughout the threshold was not clarified so far.

To understand the role of interatomic distances in the
SG-F transition, the most direct way is to combine applied
pressure and chemical pressure. In Gd,Mo,0;, magnetic
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measurements showed that an applied pressure as well as
(Gd, Dy) substitution could suppress the ferromagnetic
transition and induce spin-glass-like anomalies [13,14].
Here we have studied the (Tb;_,La,),Mo0,0; system by
neutron diffraction and wSR at ambient and applied pres-
sure. Starting from the spin glass Tb,Mo,07, the dilution
by a nonmagnetic La ion induces long range magnetic
order. By neutron diffraction, we follow this evolution at
a microscopic level. For x = 0.2, we observe a new or-
dered magnetic structure, involving noncollinear ferro-
magnetic arrangement of both Tb and Mo moments.
Under pressure, the x = 0.2 sample transforms into a
spin glass similar to Tb,Mo0,0,. While neutron diffraction
probes magnetic correlations, the uSR technique allows
one to study spin fluctuations. For x = 0.2, we observe by
1SR a dynamical anomaly at a temperature 7* well below
the Curie temperature 7. Under pressure, the two tem-
peratures seem to merge. The whole data provide the first
and complete microscopic picture of the F-SG threshold.

The crystal structure of (Tb,_,La,),Mo0,0; powders
(x =20, 0.05, 0.1, 0.15, and 0.2) was characterized at
300 K by combining x-ray and neutron diffraction.
FULLPROF refinements [15] show that all samples crystal-
lize in the Fd3m space group, with a lattice constant a
between 10.3124(7) (x = 0) and 10.3787(8) A (x = 0.2).
The x = 0.1 sample [a = 10.3461(8) A] is above the criti-
cal threshold (a,. ~ 10.33 A). The lattice constant was
measured under pressure for x = 0 and 0.2 on the ID27
beam line of the European Synchrotron Radiation Facility
(ESRF). Susceptibility data show an evolution from a spin
glass with irreversibilities below Tgg ~ 22 K (x = 0) to-
wards a ferromagnetic state with a strong increase of
magnetization below T¢ ~ 58 K (x = 0.2).

Magnetic diffraction patterns were recorded on the pow-
der diffractometers G61 and G41 of the Laboratoire Léon
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Brillouin (LLB) at ambient pressure and under pressure on
G61 in its high pressure version [16]. They show the
evolution of the magnetic order when going through the
critical threshold by substitution of Tb for La [Fig. 1(a)]
and by applied pressure [Fig. 1(b)]. It is clear evidence that
magnetic changes induced by chemical and applied pres-
sures are microscopically equivalent.

In Tb,Mo0,0; (x = 0), short range order yields diffuse
maxima around ¢ = 1 and 2 A~!. An intense signal at low
q values reveals ferromagnetic correlations. For x = 0.1,
Lorentzian peaks start to grow at the position of the diffuse
maxima, revealing the onset of mesoscopic magnetic order.
For x = 0.2, the low ¢ signal almost disappears, and we
clearly see magnetic Bragg peaks showing long range
magnetic order. When we apply pressure on the x = 0.2
sample, the intensity of the Bragg peaks decreases, and the
ferromagnetic correlations and diffuse maxima start to
grow. The magnetic pattern for x = 0.2 at 1.05 GPa
(3.7 GPa) is very similar to that for x = 0.1 (x =0) at
ambient pressure.

In the range g = 0.5-2.5 A~!, we analyzed the mag-
netic correlations in Tb,Mo,0 by a short range magnetic
model as in Ref. [8]. A fit of the diffuse magnetic intensity
by the sum of radial correlation functions yields the spin
correlation parameters ‘y up to the fourth coordination shell
(~7.3A). The Tb-Tb correlations are F (Y134 > 0),
while the Tb-Mo are AF (y, <0) in agreement with
previous results [8]. The AF Mo-Mo correlations yielding
the frustration in the SG state are not seen, being about
50 times smaller than the Tb-Tb ones due to the smaller Mo
moment. The intense signal below 0.5 A~! was not de-
tected in previous patterns measured in a higher g range
[8,9]. It cannot be accounted for by the short range mag-
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FIG. 1. Magnetic intensity of (Tb,_,La,),Mo0,0; at 1.4 K
versus the scattering vector ¢ = 447 sinf/A. The neutron wave-
length is A = 4.741 A. A spectrum in the paramagnetic phase
(70 K) was subtracted, and the magnetic intensity was scaled to
the (222) nuclear peak intensity.

netic model, even when increasing the correlation range up
to the seventh coordination shell. We attribute it to Tb-Tb
ferromagnetic correlations and evaluate their length scale
to 20(8) A.

The magnetic Bragg peaks observed for x = 0.2 belong
to the face centered cubic lattice, showing that the mag-
netic structure is derived from the chemical one of Fd3m
symmetry by a propagation vector k = 0. The two mag-
netic peaks (200) and (220), forbidden in the pyrochlore
structure, suggest a noncollinear F structure.

The magnetic structure was solved by a systematic
search, using the program BASIREPS [17] and symmetry-
representation analysis [ 18] combined with FULLPROF [15].
Since neither a collinear F structure nor the k = 0 AF
structure allowed by Fd3m symmetry were compatible
with the data, we searched for a solution in the space group
14, /amd, the highest subgroup allowing F and AF compo-
nents simultaneously. The best refinement (R = 4%) is
shown in Fig. 2(a). In the ordered structure with k = 0, the
four tetrahedra of the unit cell are equivalent, for both Tb
and Mo lattices. In a given Tb tetrahedron [inset in
Fig. 2(a)], the Tb®*" moments orient in the local spin ice
structure [1] with a small angle 6, = 11.6° at 1.4 K with
the local (111) anisotropy axes connecting the center to the
vertices. Their F component orders along a [001] axis. The
Mo moments align close to a [001] axis [inset in Fig. 2(a)],
with a slight tilting by the angle #,, = 6.8° at 1.4 K
towards the local (111) axes. Both Mo-Mo and Tb-Mo
correlations are F, in contrast with the spin glass.

As a striking feature, long range order (LRO) is induced
by diluting the Tb lattice with a nonmagnetic ion. It proves
that the main effect of dilution is the lattice expansion.
From the lattice constant, a small La content (x ~ 0.06)
should induce the SG-F transition. We notice that Tb
magnetism should play a role in this transition together
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FIG. 2. (a) Magnetic intensity in the x = 0.2 sample at 1.5 K

versus the scattering angle 26, with A = 2.426 A. A spectrum at
70 K was subtracted. The solid lines show the best refinement
(Rp = 4%) and the difference spectrum (bottom). In the inset is
the magnetic structure of the Tb and Mo tetrahedra. (b) Ordered
magnetic moments versus temperature. In the inset are the angles
6, and 6,, made by Tb and Mo moments with the local anisot-
ropy {111) and the [001] axes, respectively. The solid lines are
guides to the eye.
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with the change in sign of the Mo-Mo interaction, since
(Y,_,La,),Mo,05 compounds do not show LRO [19]. At
higher dilution (x = 0.2), the Bragg peaks are better de-
fined, but they still coexist with short range order (SRO), as
shown by a diffuse scattering which increases below 40 K.
The SRO has the same symmetry as the LRO. It likely
arises from the different local (Tb, La) environments.

As for the LRO moments [Fig. 2(b)], My, is almost
T-independent below 40 K while M, keeps increasing
below T.. At 1.4 K, we obtain My, = 4.66(2)up and
My, = 0.64(3)up. The SRO moments are correlated
over about 20 A and evaluated to 4.3(2)up (Tb) and
0.2(5) g (Mo). The total moments of 6.3(1) g (Tb) and
0.7(2)up (Mo) are still well reduced from the free ion
values of up and 2up, respectively. For Tb, this strong
reduction could be explained mainly by crystal field ef-
fects. As for Mo, it could arise from orbital frustration or
the proximity of the threshold leading to quantum fluctua-
tions. The two tilting angles slightly decrease with decreas-
ing temperature [inset in Fig. 2(b)].

The noncollinear structure for both Tb3* and Mo**
originates from the uniaxial anisotropy of the Tb3* ion,
which brings spin ice frustration to the ferromagnetic
phase. The ground state is determined by Mo-Mo F ex-
change interactions like in Nd,Mo,0; [11], while in the
“ordered spin ice”” Tb,Sn,0; with similar orientation of
Tb** moments [20] it results from F dipolar interactions
between the Tb?* ions.

Under pressure, the ordered moments (x = 0.2) de-
crease and reorient (Fig. 3). For P = 1.05 GPa, we observe
the coexistence of LRO and SRO phases of the same
symmetry. The LRO Tb moments keep the local spin ice
configuration with a different 6, = 28.3°. Mo moments
also turn to a local spin ice order, making an angle 8’,, =
7.3° with the local (111) axes. The ordering temperature
decreases with increasing pressure. At 3.7 GPa, the Bragg
peaks disappear. From our fits, we obtain short range F Tb-
Tb (134 > 0) and AF Tb-Mo correlations (y, < 0), with
a ferromagnetic correlation length of 18(7) A. These pa-
rameters are similar to those of Tb,Mo,0;. Our recent
results also reveal the same behavior in Gd,Mo,0 under
pressure [21].

MSR measurements (Fig. 4) shed new light on the
magnetic order by probing the spin fluctuations and the
static local field below T-. The recent availability of ©SR
under pressure allows us to probe them on both sides of the
threshold. We measured the x = 0.2 sample at ambient
pressure on the GPS and GPD instruments of the Paul
Scherrer Institut (PSI) and under a pressure of 1.3 GPa
on GPD.

Sample SR spectra above T were best fitted with a
stretched exponential function P,(t) = exp(—Az)?. Below
T, Py(r) was fitted by the function P,(r) =
[exp(—Az1)P + 2exp(—Art) cos(y ,(Bioc)1)]/3, expected
for the magnetically ordered state of a powder sample
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FIG. 3. (a) Magnetic intensity in x = 0.2 sample at 1.4 K and

P = 1.05 GPa, with A = 4.741 A. The solid lines show the best
refinement (Rz = 20%) and the difference spectrum;
(b) magnetic moment versus pressure; (c) magnetic intensity
of x=0.2 at 1.4 K and P = 3.7 GPa versus scattering vector.
The fit is made with the short range model (bottom line),
including longer range F correlations (upper line). In the inset
is the temperature dependence of the correlations coefficients;
(d) phase diagram for (Tb;_,La,),M0,0; in the threshold re-
gion. The open symbols are measured at ambient pressure for
several x contents. The solid symbols are for x = 0.2 under
pressure, taking into account ESRF data to determine a(P).

[22]. The first term of the function relevant for tempera-
tures below T corresponds to the depolarization by spin
fluctuations perpendicular to the direction of the muon
spin, whereas the second term reflects the precession of
the muon spin in the average local field (B),.) at the muon
site. The transverse relaxation rate Ay can have both static
and dynamical character. Both expressions of P,(f) are
expected to merge in the high temperature limit, when
the dynamics of Tb>* and Mo*" moments is fast, yielding
Ay = Az, {(Bjo.) = 0,and B8 = 1. We notice that a fit with a
dynamical Kubo-Toyabe function is possible for a small
temperature range below T, but the function used above
gives better results at low temperature and close to 7. The
background contribution from the cryostat walls was de-
termined at 70 K in a transverse field of 50 G. The total
function is written as P,(r) = 0.9P,(r) + 0.1 exp(—0.17).
Spectra are shown in Fig. 4(a).

The longitudinal relaxation rate A, shows a cusp at T ~
60 K, then a broad maximum at 7* ~ 25 K. The transverse
relaxation rate Ay is about 10 times larger than A,(T). It
smoothly increases below T. in a way similar to the
average local field (B,..). This leads us to assign A; mainly
to the width of the distribution of local fields. Both quan-
tities scale with the ordered moment M, (T) measured by
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FIG. 4. uSR results for x = 0.2. (a) Muon depolarization
function P,(r) at ambient pressure for several temperatures,
taking into account the background term. (b) Temperature de-
pendence of A, and B at ambient pressure; (¢) (Bjo.), Ay, and
M7, (scaled) at ambient pressure; (d) A at P = 1.3 GPa.

neutron diffraction. It suggests that the local field seen by
the muon comes mostly from the Tb*>* ions with much
larger moments, although more localized, than the Mo*+t
ones. Previous wSR data [7] also show that the static
internal field is about 10 times larger in Tb,Mo,0; than
in Tb,Mo,0; spin glass.

Under pressure and below T, it was difficult to extract
any information from the SR spectra at small times (the
2/3 term), due to the large background of the pressure cell
and the fast depolarization of the 2/3 term. Therefore,
below T we fitted the data only to the 1/3 term, with an
exponential depolarization function, skipping the first
0.2 ws of the uSR spectra. The T value decreases under
pressure, in agreement with the neutron data, and the
anomaly at 7™ is strongly suppressed. The results at
1.3 GPa suggest that T will tend to merge with T* as
pressure increases further, so that a single spin-glass tran-
sition will occur.

The anomaly at 7* is akin to that observed by wSR in
Sm,Mo,0; [23]. It also recalls observations [24,25] in
reentrant spin glasses (RSG’s). In contrast, it does not
seem to exist in Gd,Mo,0; with the isotropic Gd ion,
where the ground state is a collinear ferromagnet [21].
This shows that, in R,M0,0; compounds, the occurrence
of the T* anomaly does not require chemical disorder like
in RSG’s. It may be induced by the crystal field anisotropy
of the R ion, either uniaxial (Tb and Nd) or planar (Sm),
and the consecutive frustration of the ferromagnetic state.

We notice that the long range magnetic order does not
break at 7* and that there is no anomaly in the ordered
moments or canting angles. The static field seen by the
muon shows no anomaly either. It suggests a dynamical
effect, possibly connected with the freezing of the short
range correlated moments. We could check it in the future
by inelastic neutron scattering.

In conclusion, in (Tb;_,La,),Mo0,0; we showed that
long range magnetic order can be induced by diluting the
Tb lattice with a nonmagnetic La ion and then be destroyed
under pressure. We could study the microscopic changes of
magnetism when crossing the F-SG threshold, for both
statics and dynamics.
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