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Antiferromagnetic order in pure CeFe, under pressure
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The low temperature and high pressure ferromagnetic and antiferromagnetic phases of pure single crystals of
CeFe, and cobalt doped Ce(Fe,_,Co,), are studied by ac susceptibility measurements. We find that in the
cobalt doped system, the low temperature antiferromagnetic phase is reinforced by the application of pressure.
In pure CeFe,, a probable switch to an antiferromagnetic ground state at low temperature occurs at a pressure
of less than 2 GPa, and the ferromagnetic state is completely replaced at a pressure of about 6 GPa. This
ground state is discussed in light of previous experiments on the cobalt and aluminum doped systems.
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I. INTRODUCTION

Among the cubic Laves phase ferromagnets of the RFe,
(R=rare earth) family, CeFe, is an exception, showing an
abnormally low Curie temperature (230 K) and reduced
saturation moment (M¢=2.3uz), both attributed to the strong
hybridization of the Ce valence bands with the Fe3d
electrons.! Inelastic neutron scattering reveals a coexistence
of antiferromagnetic (AFM) fluctuations in the ferromagnetic
(FM) ground state,” indicating that the system is close to an
AFM instability. Furthermore, doping CeFe, with a small
amount of various materials (Co and Al) produces an AFM
ground state. Many studies have been devoted to the quan-
tum phase transition between an AFM state and a paramag-
netic state in cerium compounds, but so far, little attention
has been paid to quantum effects related to transitions be-
tween other kinds of states. Thus, this system might provide
a nice example to study the quantum phase transition be-
tween a FM and an AFM ground state at low temperature. In
this study, we show that it is also possible to achieve the
AFM ground state through the application of a pressure of
about 2 GPa on pure CeFe,, opening the possibility to study
the transition in very clean samples, whereas the doped
samples are inevitably somewhat disordered. Several previ-
ous studies hinted that high pressure might be able to stabi-
lize the AFM ground state in pure CeFe,. In an >’Fe Mdss-
bauer spectroscopy study,® the spectral shape was found to
become asymmetric at a pressure of 4—5 GPa, suggesting a
possible shift to AFM order. Magnetization and neutron dif-
fraction measurements up to 0.8 GPa showed a decrease of
the static FM moment and an increase of the AFM fluctua-
tion intensity.* A parallel can also be made between high
pressure and doping with Co, where AFM order appears
in Ce(Fe,;_,Co,), for x=0.07 with Ty of the order of 60 K.
With increasing cobalt concentration, 7 reaches a maximum
of about 90 K for x=0.15, then decreases for higher
concentrations.> A high pressure resonant x-ray magnetic
scattering study® showed that for the x=0.07 crystals, the
Néel temperature Ty increases with pressure, whereas for
x=0.1, Ty decreases. This would replicate the effect of cobalt
doping although a discrepancy exists between this latter re-
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sult and high pressure magnetization measurements’ where
Ty was found to increase for samples with x=0.1. Magneti-
zation measurements are one of the few macroscopic tech-
niques (available under pressure) able to distinguish unam-
biguously between AFM and FM order. However, static
magnetization measurements are usually limited to pressures
below about 1 GPa, which is too low to usefully study pure
CeFe,. Therefore, we applied a recently developed very high
sensitivity ac susceptibility technique® to extend this kind of
measurement on pure and cobalt doped CeFe, to higher pres-
sures.

II. EXPERIMENTAL DETAILS

For this study, new batches of pure and cobalt doped
single crystals of CeFe, were grown using the self-flux
techniqueg with cobalt concentrations of x=0, x=0.07, and
x=0.2. The samples were characterized by transport and spe-
cific heat measurements to determine the ordering tempera-
tures. The Curie temperature 7 for the pure CeFe, crystals
was found to be 229 K, and 7 for the cobalt doped system
with x=0.07 (x=0.2) was 198 K (179 K). The Néel tempera-
ture for the doped x=0.07 samples (x=0.2) was 67.5 K
(88 K). All these temperatures are compatible with the nomi-
nal cobalt concentrations to within about 1%. The resistivity
of the pure CeFe, crystals was measured down to 0.05 K.
The low temperature behavior follows a 72 law, with a coef-
ficient of about 0.04 uQ) cm/K? and a residual resistivity of
about 0.5 u{) cm, attesting to the excellent quality of the
samples. This is in agreement with a previous report,'” but
the residual resistance ratio in these new samples is about
160, which is almost five times better than any other reported
result. The ac susceptibility was measured in a moissanite
anvil cell using the technique described in Ref. 8, where a
pickup coil consisting of about ten turns of 12 um diameter
copper wire is inserted in the sample chamber. The primary
coil placed outside the sample chamber produced an excita-
tion field of about 1 Oe at a frequency of 733 Hz. For most
of the experiments, the pressure transmitting medium was
Daphne oil. This medium provides good hydrostatic condi-
tions up to about 3 GPa, and quasihydrostatic conditions at
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FIG. 1. (Color online) ac susceptibility curves for a single crys-
tal of Ce(Fe,_,Co,), with x=0.07 at different pressures. On cooling,
the sharp increase of ' corresponds to the onset of ferromagnetic
order, and the decrease at lower temperature corresponds to the
ferromagnetic to antiferromagnetic order transition. The transition
temperatures are determined as the temperature where half the total
jump has occurred.

higher pressures. The pressure was measured using the stan-
dard ruby fluorescence technique at room temperature. The
pressure change on cooling is estimated to be less than
0.2 GPa. To check the influence of the transmitting medium
in the case of pure CeFe,, a final run was performed with the
cell loaded with argon, thus providing excellent hydrostatic
conditions. In this case, the pressure was determined by the
ruby fluorescence in situ at low temperature with an accuracy
better than 0.1 GPa. The cell was cooled in a simple cryostat
with nitrogen or helium depending on the temperature range.

III. RESULTS AND DISCUSSION

In Fig. 1, the real part of the susceptibility is shown at
different pressures for the x=0.07 cobalt doped system. The
curves qualitatively resemble similar measurements at ambi-
ent pressure.!! With increasing pressure, we observe a con-
tinuous decrease of 7~ and an increase of Ty, until at pres-
sures above about 2.6 GPa, we no longer observe any
reliable transition. This is probably the indication that a pure
AFM phase has been reached, or at least that the FM contri-
bution is too weak to be detected. The results on the x=0.2
compound are similar, except that the relevant pressures are
lower. The two obtained phase diagrams are shown in Fig. 2.
The implications of this phase diagram will be discussed
further on. We now turn to the pure CeFe, system. In Fig. 3,
we show the real part of the susceptibility for three pressures.
Because of the experimental method, it was not usually pos-
sible to obtain a continuous curve over the whole tempera-
ture range as the switch between nitrogen and helium per-
turbed the measurement. However, between the cooling and
warming procedures, the whole temperature range was sys-
tematically explored. At low pressures, below 1.6 GPa, the
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FIG. 2. (Color online) Phase diagram of Ce(Fe,_,Co,), under
pressure for x=0.07 and x=0.2. At higher pressures, no reliable
transition was found within the experimental precision.

FM transition appears clearly at the expected temperature
[Fig. 3(b)] and no further transition is observed at low tem-
perature. However, at pressures above 2 GPa, a second tran-
sition was found, similar to the FM to AFM transition seen in
the cobalt doped compound, and almost certainly corre-
sponding to the onset of AFM order in the pure system. With
increasing pressure, the behavior is also similar to that found
in the cobalt doped compounds: the Curie temperature de-
creases and the Néel temperature increases until shortly be-
fore the two temperatures coincide, and no further reliable
signs of a transition are seen. This occurs between 5 and
6 GPa. The results for the phase diagram are shown in Fig. 4,
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FIG. 3. (Color online) ac susceptibility curves for a single crys-
tal of pure CeFe, at various pressures in the (a) low temperature and
(b) high temperature ranges. At pressures below 1.6 GPa, no tran-
sition was found at low temperature. However, for P>2 GPa, a
relatively sharp decrease in x’ was found at low temperature, simi-
lar to the transition found in the cobalt doped system and probably
corresponding to a transition from ferromagnetic to antiferromag-
netic order.
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FIG. 4. (Color online) Phase diagram for pure CeFe, under pres-
sure. The arrow marks the highest pressure where no AFM transi-
tion was found. The dashed lines are guides for the eye, showing
the probable existence of a tricritical point. Green diamonds show
the ordering temperature found by Méssbauer spectroscopy (Ref.
3). Solid (open) red circles show measurements using Daphne oil
(argon) as pressure medium. The horizontal error bar on the point at
about 3 GPa shows the maximum error in pressure determination
due to changes on cooling. The error and gradient of pressure for
the points measured in argon are less than the size of the points. The
scatter of points around 2 GPa and very broad transitions suggest a
first order transition at this point. The inset shows the pressure
dependence of the size of the jump in x’' at the FM and AFM
transitions.

where the dashed line shows the results obtained from Moss-
bauer spectroscopy.® The agreement between the two experi-
ments is excellent and several aspects of the Mossbauer
study are now clearer. The change in slope in the pressure
dependence of the ordering temperature around 5 GPa corre-
sponds to the change to an AFM ground state, thus confirm-
ing the authors’ speculation that the change in the spectral
shape was due to this. The reason that this change was found
in the pressure range 4—5 GPa whereas we find the onset of
AFM order below 2 GPa is that the low temperature Moss-
bauer measurements were carried out at 77 K. From our
phase diagram, a Néel temperature of 77 K corresponds to a
pressure of about 4 GPa.

The most interesting point in the phase diagram of pure
CeFe, is potentially the point where AFM order appears at
low temperature. If this is a second order transition, it pro-
vides the opportunity to study a quantum transition between
FM and AFM order, and the various possible phenomena at
such a critical point. To study this point in detail, we per-
formed numerous measurements with four different cells to
look for the appearance of AFM order in the region
1.6—2 GPa. The lowest pressure where the AFM transition
was seen was 1.65 GPa; however, the transitions found at the
lowest pressures were invariably broad, with widths of
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20-30 K. To reduce pressure gradients, the last cell was
loaded with argon, and an in situ pressure tuning device'?
was used to finely scan this region. The lowest temperature
where the transition was found was about 20 K. The width of
the transition cannot be directly related to pressure gradients
as broad transitions are also found in the argon loaded cell.
Furthermore, the scatter of the points in this region is greater
than would be expected from the uncertainties in the pressure
determination. This, together with the absence of any clear
transition below 20 K, tends to suggest that the switch be-
tween a FM and an AFM ground state is a first order transi-
tion as indeed is the case for the cobalt doped system. The
probable cause for the scatter of points is the sample history
(increasing or decreasing pressure and temperature) and the
hysteresis of the associated lattice distortion. Of course, the
strong decrease in the ac susceptibility is not proof of an
AFM ordered phase. However, a return to a paramagnetic
phase can probably be ruled out because the Mossbauer re-
sults continue to show magnetic order within this phase.
There remains the possibility of a state with a FM compo-
nent. The amplitude of a FM transition measured by ac sus-
ceptibility is not a good probe of the moment; however, if we
plot the amplitude of the jump at the two transitions (see
inset of Fig. 4), we see that the amplitude of the lower tran-
sition is initially considerably less than the higher one, but
with increasing pressure, the two amplitudes are approxi-
mately equal. This suggests that if there is any remaining FM
component at high pressure, it is not large. No conclusions
can be drawn from the different amplitudes at lower pres-
sure, which could indicate a remaining FM component, an
inhomogeneity in the sample with coexisting FM and AFM
domains, or just a reduction of the ferromagnetic signal in
the ac susceptibility at lower temperatures due to a flatter
hysteresis cycle.

The high pressure part of the phase diagram of pure and
cobalt doped CeFe, is also of interest. The instability of the
FM state arises through the competition between the ferro-
magnetic Fe 3d-Fe3d interaction, and the antiferromagnetic
interaction due to the Ce 4f-Fe 3d hybridization. To explain
the phase diagram of the cobalt doped system, where Ty goes
through a maximum and then decreases with increasing co-
balt concentration, Fernandez et al.'' proposed that this latter
behavior was caused by a weakening of the Ce moment due
to the increasing hybridization. Simply drawing a parallel
between doping with cobalt and applying pressure, both of
which lead to a decrease of the lattice parameters, we might
expect the Néel temperature to show a similar behavior, i.e.,
to increase to a maximum and then decrease. Instead, the
effect of pressure is to favor AF order to the extent that the
FM state is replaced. This can probably be understood by
increasing hybridization due to the reduction of the Ce-Fe
distances, but this means that the behavior of the cobalt
doped system cannot be understood simply through a volume
effect, especially as the volume of the system with the high-
est Ty (x=0.15) would correspond to a pressure of about
only 0.5 GPa (Ref. 13) on pure CeFe, (the bulk modulus'* is
By=97 GPa). The phase diagram that is obtained is actually
similar to that found by doping not with cobalt but with
aluminum,!! although this might appear surprising as the ef-
fect of doping with aluminum is actually to increase the lat-
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tice parameter. One important difference between doping
with cobalt and aluminum is that, in the first case, the en-
tropy jump at the transition is large, coming not exclusively
from the electronic origin but partly from a lattice contribu-
tion due to a structural transformation at the transition.'' It
would be interesting to see whether this structural transition
is also present in pure CeFe, when it becomes antiferromag-
netic. The sequence of magnetic structures found here with
increasing temperature (AFM-FM-paramagnetic) is quite
rare, though not unknown. The cases of Ce;Al;; (Ref. 15)
and probably CeAgSb, (Ref. 16) are other examples, though
in both cases pressures greater than 3 GPa are needed to
reach the critical point of the AFM phase compared to less
than 2 GPa here, making CeFe, a particularly attractive sys-
tem for future studies. The fact that the FM/AFM instability
can be reached by pressure in pure CeFe, rather than by
doping should also make theoretical approaches easier. Al-
though band structure calculations for CeFe, exist,!” to our
knowledge, the question of a volume induced instability to
an AFM state has not been examined, and this would be of
great interest. Finally, for the cobalt doped system, an impor-
tant question remains open. Whereas this study and a previ-
ous magnetization study’ find that Ty increases monoto-
nously with pressure for all values of cobalt doping, the
resonant magnetic x-ray (RMXR) experiment® seems to
show unambiguously that 7) decreases with high pressure
for 10% cobalt doping. Of course, the macroscopic magne-
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tization and neutron diffraction experiments are sensitive
mainly to the magnetism from the Fe site, whereas RMXR is
sensitive only to the moment on the Ce site. If it is con-
firmed, such different behavior of the ordering temperature
on the two sites would be a spectacular though surprising
result.

IV. SUMMARY

We have prepared very clean single crystals of CeFe, and
Ce(Fe,_,Co,),. The magnetic phase diagrams under pressure
determined by ac susceptibility show that pressure system-
atically favors the low temperature AFM state. In the pure
CeFe, system, the transition to the AFM state at low tem-
perature occurs at less than 2 GPa. This quite low pressure
opens up the way for many other types of measurements,
including thermodynamic, structural, and neutron scattering
studies in order to study in a pure system this low tempera-
ture phase which has attracted so much attention in the
doped materials.
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