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The ferromagnet CeRh3B2 has a Curie temperature Tc near 117 K, two orders of magnitude higher

than anticipated from simple de Gennes scaling. To shed light on the nature of the anomalous magnetic

state, the hydrostatic pressure dependence of Tc was measured to 7.0 GPa using a diamond-anvil cell

with dense He as pressure medium. As a function of pressure, Tc(P) initially increases at the rate of 1.0
K/GPa but then passes through a maximum near 2.5 GPa and falls rapidly at higher pressures. This

qualitative behavior can be accounted for by a simple phase diagram proposed some time ago by

Doniach for dense Kondo systems. This diagram is also used to compare the evolution of magnetism in

related substitutional compounds to that for CeRh382 under pressure. For selected Ce compounds, a
universal relation between the coupling strength J and the ordering temperature Tc is found.

I. INTRODUCTION

The ternary boride compound series, RM3B2, where R
is a rare earth and M belongs to the 41 (Rh or Ru) or 5d
(Os or Ir) transition-metal series, was reported by Ku
et al. ' Subsequently, Dhar, Malik, and Vijayaraghavan
examined one member of this series, CeRh3B2, and found
it to be ferromagnetic with a Curie temperature of
Tc-—115 K, the highest magnetic ordering temperature
of any Ce compound with nonmagnetic elements and two
orders of magnitude higher than the value Tc = 1 K es-
timated using simple de Gennes scaling of the Curie tem-
perature (-93 K) for the isostructural compound
GdRh3B2. Whereas the saturation moment p, of
CeRh&Bz at 77 K and g kOe is only -0.31ptt/Ce, at
temperatures well above Tc, the static susceptibility fol-
lows Curie-Weiss behavior with p,s ——3.Op~ /Ce and
0 = —373 K. X-ray diffraction is consistent with the
hexagonal CeCo3B2-type structure (space group
P6/mmm) with lattice parameters a =5.477 A and
c =3.091 A. Dhar, Malik, and Vijayaraghavan interpret
the anornalously low value of the unit-cell volume corn-
pared with the other R Rh382 systems as evidence that Ce
in CeRh3Bz is in a mixed-valent state. However, I-»&-
edge x-ray-absorption spectra indicate that the occupan-
cy of the 4f level is nf -—0.95, i.e., Ce is nearly trivalent.
In view of the fact that the saturation moment p, in

CeRh382 is small compared to p,&, Dhar, Malik, and Vi-
jayaraghavan suggest that the magnetism is itinerant in
nature and arises from the Rh 4d band. However, the
small density of Rh 4d states at the Fermi energy and
the results of substitution experiments clearly show that
the ferromagnetism is not itinerant but is due to the or-
dering of local moments at the Ce sites. Subsequent "8
NMR (Ref. 5) and neutron-diff'raction studies confirm
this picture. However, the direction of the easy axis of
magnetization has not yet been unequivocally established;
magnetization and neutron-diffraction studies differ on
whether the easy axis is perpendicular or parallel to the c

axis, respectively.
It has been proposed by several groups that the mag-

netic behavior of CeRh3B2 can be explained by consider-
ing it to be a dense Kondo system. ' ' ' The magnetic
behavior of a dense Kondo system is largely controlled by
the strength of the f dhybridiz-ation Vdf between the
magnetic f electrons and the conduction d electrons.
The exchange-coupling strength J, where J ~

~ Vdf ~, can
be varied in CeRh3B2 by either chemical substitution or
the application of pressure. A number of years ago,
Doniach'o examined the one-dimensional (1D) Kondo
lattice, or "Kondo necklace, " problem in the mean-field
approximation and obtained an antiferromagnetic ground
state with a simple phase diagram seen in Fig. 1 which
gives the magnetic ordering temperature Tc as a function
of

~
JN(EF) ~, where N(EF) is the density of states at the

Fermi energy. Application of pressure is known to in-
crease the value of ~JN(EF)~ in Ce compounds. " With
increasing pressure, therefore, Tc would be expected to
initially increase, then pass through a maximum and drop
precipitously as Tz rapidly overtakes Tz~zY. In addi-
tion, the rapid increase in Tz would be expected to lead
to a monotonic decrease in the saturation moment p, at a
given temperature. '

A good deal of theoretica1 work' on one-, ' two-, '

and three-dimensional' Kondo lattices has been carried
out since Doniach s origina1 work. This subsequent work
indicates that both antiferromagnetic and ferromagnetic
ground states are possible, depending on the extent of
band filling, and that the magnetic/nonmagnetic transi-
tion, which occurs at ~JN(EF)~=1 in Doniach's mean-
field calculation, takes place at significantly lower values
of ~JN(EF)~. Thus, we should view the Doniach phase
diagram in Fig. 1 as only a qualitative description of the
functional dependence of Tc on

~
JN(EF ) ~. For

sufficiently large values of ~JN(EF)~, the system enters
the mixed-valence regime where the above Kondo lattice
models are all of limited validity.

Shaheen et al. ' investigated the pressure dependence
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of the magnetization in CeRh3Bz to 1.2 GPa and found
that the Curie temperature increases weakly with pres-
sure at the rate d lnT&/dP =+0.9%%uo/GPa, whereas the
saturation moment decreases at the rapid rate
d lnp, /dP = —6.6%/GPa .Since

~
JN(E~)

~

increases un-
der pressure, these results would indicate that this com-
pound is situated just to the left of the maximum in the
phase diagram in Fig. 1, as shown. It would be useful to
extend these measurements to higher pressures to see
whether Tc(P) passes through the anticipated maximum.
We have determined the Curie temperature of CeRh3B2
in a diamond-anvil cell as a function of hydrostatic pres-
sures as high as 7.0 GPa. With increasing pressure, the
value of T& initially increases, passes through a max-
imum near 2.5 GPa, and then decreases rapidly. Above
6.3 GPa, the ferromagnetic transition can no longer be
detected in the ac-susceptibility measurements.

II. EXPERIMENT

with 0.5-mm culets. Gaskets of TaW with diameter 3
mm and thickness —300 pm are preindented to —120
pm. The sample with volume —10 mm is placed to-
gether with small pieces of ruby in a 250-pm-diam hole
drilled through the center of the gasket. The pressure
clamp is placed in a continuous flow cryostat; superfluid
He is loaded into the gasket hole at 2 K to serve as pres-

sure medium. The pressure in the gasket hole is changed
at a temperature above the melting curve of He by load-
ing a membrane' with helium gas to force the diamonds
together. The magnitude of the pressure in the cell is
determined by the standard ruby fluorescence tech-
nique. ' The Curie temperature is detected inductively
by a sensitive measurement of the ac susceptibility y„(T),
using a PAR 124 lock-in amplifier, as a function of slowly
varying temperature (0.3—0.5 K/min). After the subtrac-
tion of a temperature-dependent background from
y„(T), the ferromagnetic transition becomes clearly visi-

ble; the onset of the transition is used to define T&. '

The polycrystalline CeRh3B2 sample for the present
study was the same as used in previous work' and was
prepared by argon-arc-melting stoichiometric amounts of
high-purity Ames Lab rare earths ( 15 ppm of any sin-

gle metallic impurity) together with commercial rhodium
(99.9%, Thiokol Corp. , Alfa Products) and boron
(99.995%, Research Organic-Inorganic Chemical Corp. ).
To promote homogeneity, each sample was turned over
and remelted six times. Powder x-ray-diffraction studies
confirm the anticipated hexagonal (P6/mmm) structure
with no trace of a secondary phase. The high-pressure
techniques used in the present experiments have been de-
scribed in some detail by Klotz, Schilling, and Muller. '

The high-pressure apparatus consists of a copper-
beryllium diamond-anvil clamp using —,

' carat diamonds

III. RESULTS

The pressure dependence of Tc for CeRh382 was deter-
mined in four different experiments on four distinct
pieces from the same sample. The four pieces studied all
exhibit a zero-pressure value of the Curie temperature
given by Tc =118.2+0.2 K. In Fig. 2, T& is seen to ini-
tially increase as pressure is applied, but then to decrease
at higher pressures. In Fig. 3 we give an overview of the
dependence of T~ on pressure for all four pieces studied.
After an initial increase in T~ under pressure to 2.5 GPa
at the rate dTc/dP =+1.0+0.3 K/GPa, a value compa-
rable to that obtained by Shaheen et al. ,

' Tc(P) is seen
to pass through a maximum and then decrease rapidly;
no transition could be detected above 6.3 GPa. The
Tc(P) curve was found to be reversible in pressure, with
the value of Tc for all samples returning to the same
value at zero pressure. Since

~
JN(EF)~ increases under

pressure for Ce compounds, these results are fully con-
sistent with the conclusions of the earlier experiments'

Tc
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FIG. 1. The phase diagram of the one-dimensional "Kondo
necklace" adapted from Ref. 10. T«KY is the temperature as-
sociated with the RKKY interaction energy, T& the Kondo
temperature, T& the magnetic ordering temperature, J the cou-
pling strength and N(EF ) the density of states at the Fermi en-

ergy. The approximate positions of the compounds CeM382
(M =Rh, Ir, Co, Os, and Ru) are indicated (0), as discussed in
the text. The position of a given Ce system in this diagram
moves to the right as pressure is applied.
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FIG. 2. Measured ac-susceptibility signal in nanovolts versus
temperature at various pressures for a —1-pg sample of
CeRh3B2. The applied ac field is 20 Oe at 820 Hz. %ith in-

creasing pressure, the onset temperature of the ferromagnetic
transition is seen to first rise but then fall.



49 HIGH-PRESSURE STUDY OF THE ANOMALOUS FERROMAGNET. . . 3957

1.0
140 —

I

1.2

120 ~ ~l-&+0 ~-~ CeRh3B2

100—

80—

60—

40—

20—

0 I

0

120-

116-

114

+
\

1

I I
1 3

Pressure (GPa)

I

1

I

I

I

I

I

I

6

FIG. 3. The dependence of the Curie temperature Tc of
CeRh3B2 on hydrostatic pressure to 7 GPa. For clarity only a
fraction of all data is shown. The closed (open) symbols

represent measurements made for increasing (decreasing) pres-
sure during four separate runs on four different pieces from the
same sample. The error bars for Tc are smaller than the sym-

bols. The upper horizontal scale gives the relative coupling
strength J/Jo (see text). The inset shows on an expanded scale
all measurement made with increasing pressure to 3.5 GPa. The
dashed lines are guides to the eye.

that CeRh3B2 is a dense Kondo system positioned just to
the left of the maximum in the phase diagram in Fig. 1.
The present pressure range is suScient not only to push
the magnetic ordering temperature through a maximum,
but also to drive the sample past the magnetic-
nonmagnetic transition near 6.3 Gpa.

The effect of volume change on the magnetism of
CeRh3B2 has also been studied by Malik et al. in chemi-
cal pressure experiments in the CeRh3(B, Si )z series
by substituting Si for B to expand the lattice. Expanding
the lattice would be expected to decrease the magnitude
of the coupling strength J and cause the system to move
to the left in Fig. 1. The results given in Fig. 4(a) for the
dependence of both Tc and the saturation moment p, on

y confirm this expectation. With increasing y, Tz de-
creases, whereas the saturation moment increases. The
deviation in p, (y) from the extrapolated line for y &0.3
may arise from the fact that the temperature at which p,
is determined (-4 K) is not sufficiently low compared to
the Curie temperature Tc ——15 K.

We now compare these results with those from chemi-
cal substitution experiments on the Rh site. The magnet-
ic state in CeRh382 can be altered by replacing Rh by

other transition metals in Ce(Rhl „M„)3Bz(M=Ru, Ir,
Co, or Os). ' ' ' The ground states of these com-
pounds are quite diverse: CeRh3Bz is ferromagnetic,
CeIr3Bz, the only member that does not crystallize in the
hexagonal structure is mixed valent, CeCo3B2 is non-

magnetic, and CeRu3B2 and Ce03B2 are superconduct-
ing. Whereas CeRh3B2 is positioned to the left of the
maximum in Fig. 1, the other four compounds are posi-
tioned to the right of the magnetic-nonmagnetic bound-
ary since they are all nonmagnetic. Since for
Ce(Rh& „Ru„)3B2,the magnetic-nonmagnetic transition
occurs at x -0.1 the smallest value of x for any of the
CeM3B2 compounds, CeRu3B2 should lie farthest to the
right. The other compounds are placed to the left of
CeRu3B2 in increasing order of the degree of substitution
x required to reach the magnetic-nonmagnetic boundary.
Substitution of a concentration x of any of the transition
metals M=Ru, Ir, Co, or Os for Rh would be expected
to cause an increase in ~JN(EF)~ and thus mimic the
effect of high pressure, i.e., with increasing x, p, (x) de-
creases, whereas Tc(x) passes through a maximum. This
behavior, in fact, has been observed for Ce(Rh&, Ir, )3B~

by Hsu and Ku, as seen in Fig. 4(b), where Tc(P) is seen
to pass through a maximum at x =0.3. For the corre-
sponding series with M =Co, Ru, or Os, the data in Figs.
4(c) and 4(d) are not spaced closely enough to show une-
quivocally that Tc(x) passes through the maximum indi-
cated by the lines drawn in the figures. However, the sat-
uration moment p, (x) does decrease with increasing x,
but at a rate 3X and 10X more rapidly for Co (Ref. 23)
and Ru or Os substitution (Refs. 4, 20, and 21) compared
to Ir substitution, respectively.

Utilizing chemical substitution, therefore, it is possible
to cause

~
JN(EF ) ~

for CeRh3B2 to either increase by sub-

stituting a transition metal (M =Ir, Co, Ru, or Os) for Rh
or decrease by expanding the lattice through Si substitu-
tion for B. The above chemical substitution experiments
on CeRh3B2 seem to yield the qualitative behavior of
Tc(x) and p, (x) anticipated for a dense Kondo system
which lies for x =0 just to the left of the maximum in the
phase diagram in Fig. 1. We now attempt a more quanti-
tative comparison of the chemical substitution and high-
pressure experiments.

IV. DISCUSSION

Dense Kondo (or Kondo lattice) systems are character-
ized by a competition between the magnetic ordering of
local moments through Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions and the eventual destruction of the
local moments by the Kondo efFect. The energies of these
competing phenomena are characterized by
Tx ~N(EF) exp(1/~JN(EF)~), the binding energy of
the Kondo singlet, and TRKKv ~ J N(Ez), the energy of
the RKKY interaction. For small values of ~JN(EF)~,
the RKKY term dominates and magnetic ordering will
occur. For large values of ~JN(Ez)~, the Kondo term
dominates and the magnetic ordering is destroyed due to
Kondo compensation. In Doniach's solution' for the
one-dimensional "Kondo necklace" in the limit of very
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weak coupling, i.e., ~ JN(Ez)l && 1, the ordering tempera-
ture increases initially as Tc ~J N(E~). With increasing
l JN(EF )l, Tc eventually passes through a maximum and
then falls rapidly, approaching zero as
Tc ( l —

l JN(EF ) l
). &n contrast, the saturation moment

p, decreases monotically with increasing
l JN(E~)l over

the entire range. '

As hypothesized by Doniach, ' this general behavior
for a 1D system may even hold for 3D systems. In fact,
the phase diagram in Fig. 1 has been used to account for
the experimental results on a variety of Ce-based systems
that display a well-defined maximum in T&, including, for
example, high-pressure studies on CeAg, and high-
pressure and substitution experiments on CeMzX2
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FIG. 4. The Curie temperature Tc (0) and the saturation moment p, (~) as a function of x or y for (a) CeRh3(B& ySiy)2 from Ref.
8 (p, at 4K and 5 kOe), (b) Ce(Rh& Ir )3B2 from Ref. 9 (p, at 5 K and 10kOe), (c) Ce(Rh, Co„)3B&from Ref. 23 (p, at 5 K and 10
kOe), and (d) Ce(Rh, Ru ),B2 (closed symbols) from Ref. 4 (p, at 5 K and 8 kOe) and Ce(Rh& Os„)382(open symbols) from Ref.
21 (p, at 5 K and 50 kOe). All lines are guides to the eye. The maxima in the T&(x) curves in (c) and (d) are drawn to facilitate the
discussion in the text; the data density is insufficient to reveal the maxima.
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(M =Ag, Au, Pd, or Rh; X =Si or Ge), CeSi„' and

CePt1 „Ni . ' More recently, Endstra, Nieuwenhuys,
and Mydosh have combined the Doniach phase dia-
gram with the ideas of Harrison and Straub ' to
categorize the magnetic behavior of a sizable number of
Ce and U compounds. They use the Schrieffer-%olf ex-
pression

df
F f

to relate the coupling strength Jdf to the hybridization
between the localized f electrons and the conduction d
electrons, where Vdf is the d fhyb-ridization and Ef is
the energy of the f level. According to Harrison and
Straub, ' for an isostructural series Vdf is given by

Vdf ~ Q ( rf rd )/d, where rf and rd are the atomic radii
of the f and d atoms, respectively, and d is the separation
between them. These radii are derived from the muSn-
tin orbital bandwidths of pure f and d metals. Endstra,
Nieuwenhuys, and Mydosh calculated relative values of
Vdf for a given Ce or U series, and using Doniach's phase
diagram, were able to successfully categorize the various
members of a given system according to their values of
Vdf. If the 4f level is pinned at the Fermi energy, i.e.,
EF Ef is co—nstant, Eq. (I) tells us that the value of Jzf
should depend only on the atomic radii and the separa-
tion of the f and d atoms in the manner given by

V=V. "+1
—1/4

140
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where P is the pressure and the bulk modulus is equal to
B=141 GPa.

The dependence of both Tc/Tco and JM, on J/Jo can
now be calculated using Eq. (3) for both the high-pressure
and the substitution experiments; ' ' the results are
displayed in Fig. 5. The results for both the present pres-
sure measurements on CeRh3B2 and the Ir- and Si-
substitution experiments are seen to be in reasonably
good agreement with each other, as well as with the qual-
itative dependence given in the phase diagram in Fig. 1,
where for constant N(Ez), Tc initially increases with in-

creasing
~ J~ with an apparent positive curvature, followed

by a maximum and a subsequent rapid drop when ap-
proaching the magnetic-nonmagnetic phase transition.

5 3rf rd
df" I Vdf

We now use Eq. (2) to estimate the change in J+ under

pressure for CeRh382. The separation between Ce and
Rh in this hexagonal compound is given by
d =()/a +c )/2, where a and c are the lattice parame-
ters. In both the high-pressure and the substitution ex-
periments, the values of rf and rd are assumed to remain
unchanged. If the 4f level is pinned at the Fermi energy,
as was observed by Allen et al. for the
Ce(Rh& „Ru„)3B2series, then the value of J relative to
that for CeRh3B2 will be given by
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where ao and co are the ambient pressure values of the
lattice parameters for CeRh3B2, and rd and r&h are the
averaged cubed values of the d-atom radius at the
transition-metal site and the cube of the atomic radius of
Rh, respectively. If we assume the compressibility is
isotropic, the pressure-dependent values for a and c are
given by

a=a 1+ AV
3V

and c =cp 1+ hV
3V

(4)

where hV= V—Vo is the change in volume. The initial
values of the lattice parameters are ao=5.472 A and

0
co=3.094 A. Setting B'=4, the Birch equation of
state is given by

FIG. 5. (a) The dependence of the Curie temperature T& on
the coupling strength J, normalized to its value Jo for CeRh3B2
at ambient pressure, for the current high-pressure experiment
on CeRh3B2 (0), and substitution experiments on
CeRh3(B, „Si~)z (0), Ce(Rh& Ir„)3B2 (+), and
Ce(Rh& „Ru„)3Bz (0). With the exception of
Ce(Rh& „Ru„)3B2,the data roughly follow a curve represented
by the shaded region which resembles the qualitative phase dia-
gram in Fig. 1, where Tz~ J for small J. (b) The dependence
of the saturation moment p, on the coupling strength J normal-
ized to its value Jo for CeRh3B2 at ambient pressure. The high-
pressure data from Ref. 12 are represented by a solid line corre-
sponding to the dependence d 1np, /dP = —6.6%/GPa. Except
for Ce(Rhl Ru )3B&, the data roughly follow a linear depen-
dence given by the shaded region.
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This would imply that the variation of the magnetic state
in these experiments can be understood primarily as aris-
ing from changes in J alone; apparently, the changes in
N(EF) are negligible compared to those of J. In con-
trast, in Fig. 5 it is seen that the data for Ru substitution
are in poor agreement. The same poor agreement is also
obtained for Ce(Rh, „Os„)3Bzand Ce(Rh, Co, )3Bz
which are not shown in Fig. 5. For these latter two sys-
tems, it appears that N(EF) may vary significantly with x
and/or our assumption that E~ —Ef is constant is in-
correct. It is interesting to note that Allen et al. have
shown that N(EF) increases by more than a factor of 2
from CeRh3Bz to CeRu3Bz.

In relatively few Ce systems has the magnetic ordering
temperature been found to pass through a maximum as a
function of the lattice parameter without substituting for
the d-metal atom. In addition to this work on CeRh, Bz,
these systems include the substitution of Ge for Si in
CeMzSiz (M=Pd, Rh, or Ru) (Refs. 25, 26, and 38), as
well as high-pressure work on CeAg. The compounds
CeMzXz (M =Pd, Rh, Ru, or Cu; X=Ge or Si) crystal-
lize in the tetragonal ThCrzSiz-type structure and display
interesting magnetic behavior. CePdzSiz orders antifer-
romagnetically at Tc = 10 K, a value comparable to that
of the isostructural Gd compound with TC=13 K.
CeRhzSiz orders antiferromagnetically at T~ =37 K, the
second highest ordering temperature of any Ce com-
pound with nonmagnetic elements (CeRh3Bz has the
highest). CeRuzGez is ferromagnetic at Tc =9 K, but Si
substitution changes the ordering to antiferromagnetic
with the end member CeRuzSiz being nonmagnetic.
CeCuzSiz is a heavy-fermion superconductor below 0.6 K.;
its structure has been studied to pressures of 30 GPa, and
the bulk modulus was determined to be 110 GPa. The
magnetic ordering temperatures of all systems
CeMz(Si& „Ge„)zwith M=Pd, Rh, or Ru are observed
to pass through a maximum at some value of x.
The magnetic ordering temperature for M=Pd or Rh
has been found by Thompson, Parks, and Borges to de-
crease rapidly with applied pressure to 1.4 GPa. The
CsCl-structure compound CeAg exhibits ferromagnetic
order below Tc=5.6 K; Tc(P) passes through a max-
imum at 0.7 GPa.

We have calculated from Eq. (3) the relative change in
J for the above compounds using the published lattice pa-
rameters for the substitution experiments and assuming
isotropic compression for the pressure experiments. We
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use the Birch equation of state with 8=110 GPa for
CeMzSiz (Ref. 40) and B=57 GPa for CeAg (Ref. 41). In
Fig. 6 the normalized ordering temperature Tc/Tc,

„

is

plotted versus J/Jr, where Jr is the value of the
C, max C, max

coupling constant which gives the maximum ordering
temperature Tz,„.The observed dependence is seen to
generally be in approximate agreement with that for
CeRh3Bz. As can be seen, all systems can be mapped
reasonably well onto a Doniach-like universal curve.
This apparent universality is particularly significant in
view of the fact that for the compounds shown there is
appreciable variation in the ordering temperatures, the
type of magnetic order, and the crystal structures.
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FIG. 6. The magnetic ordering temperature versus the cou-
pling strength for five di6'erent Ce compounds. Both quantities
have been normalized to their values where Tc is a maximum.
The systems displayed are (0) CeRh382 (F, Tc=117 K), (X)
CeRh2Siz (AF, Tc=37 K), (+) CePdzSi2 (AF, Tc=1O K)
CeRu2Si (nonmagnetic), and (V) CeAg {F,Tc =5.6 K), vrhere F
represents ferromagnetic and AF represents antiferromagnetic
ordering. The shaded region is identical to the one used in Fig.
5(a) and resembles the qualitative phase diagram in Fig. 1.
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