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In the quasi-one-dimensional cuprate PrBa2Cu4O8, the Pr cations order antiferromagnetically at 17 K in zero
field. Through a combination of magnetic susceptibility, torque magnetometry, specific heat, and interchain
transport measurements, the anisotropic temperature-magnetic-field phase diagram associated with this
ordering has been mapped out. A low-temperature spin-flop transition in the Pr sublattice is found to occur at
the same magnetic field strength and orientation as a dimensional crossover in the ground state of the
metallic-CuO chains. This coincidence suggests that the spin reorientation is driven by a change in the
anisotropic Rudermann-Kittel-Kasuya-Yosida interaction induced by a corresponding change in effective
dimensionality of the conduction electrons.
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I. INTRODUCTION

The complex interplay between charge and spin degrees
of freedom plays a key role in the physics of correlated elec-
tron systems. In the majority of cases, this interplay is mani-
fest in a response of the charge sector to changes in the
�localized� spin background. Notable examples include
lightly doped, insulating cuprates, where a metamagnetic1 or
spin-flop transition2 of the Cu moments is accompanied by a
marked change in the hopping conductivity of the doped
holes, the organic salt �-�BETS�2FeCl4, where an insulator-
metal transition coincides with a field-induced ordering of
the Fe3+ spins3 and the frustrated metallic antiferromagnet
2H-AgNiO2, where a cascade of magnetic transitions on the
localized Ni sites induces corresponding changes in the mo-
bility and Fermiology of the itinerant d electrons.4

Here we demonstrate a rare, if not unique, counter ex-
ample of a transformation of the spin configuration on a
magnetic sublattice driven by a fundamental change in the
ground state of the mobile carriers. The system in question is
PrBa2Cu4O8 �Pr124�, a nonsuperconducting analog of the
underdoped superconducting cuprate YBa2Cu4O8 �Y124�,
with edge sharing, highly conducting CuO double chains ori-
ented along the b axis, sandwiched between ab plane CuO2
bilayers �see inset in Fig. 1�.5–7 Due to strong hybridization
of the 2p orbitals of oxygen with the Pr 4f orbitals,8 the
CuO2 plane carriers localize and order antiferromagnetically
around TN�Cu��220 K.9 The Pr cations also order antifer-
romagnetically at TN�Pr�=17 K,10 a temperature that is one
order of magnitude higher than the TN values found in all the
other rare-earth element containing layered cuprates.11

Early neutron-diffraction measurements on Pr124 sug-
gested that the Pr ions order collinearly along the c axis.9 A
similar arrangement of spins was originally proposed in the
single-chain compound PrBa2Cu3O7 �Pr123� �Ref. 12� but
later it was suggested that the spins are actually tilted out of
the plane.13,14 These latter measurements, however, could not
resolve the direction �a or b axis or both� of the tilting. One
initial motivation for our study was to shed light on the na-

ture of the Pr ordering in Pr124 by carrying out a detailed
study of the bulk transport and thermodynamic properties of
Pr124 single crystals. From the combined torque and suscep-
tibility data, the spins on the Pr sublattice were determined to
be aligned predominantly along the a axis. The ordering of
the Pr ions at TN�Pr� also induces a peak in the heat capacity
and a kink in the temperature dependence of the interchain
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FIG. 1. �Color online� Top panel: magnetic susceptibility of
Pr124 �sample #3� as a function of temperature for the magnetic
field applied along the three crystallographic axes. Inset: crystal
structure of Pr124. The diamonds represent the CuO double chain
network while the pyramids represent the five oxygen atoms sur-
rounding each planar Cu atom. Bottom panel: Curie-Weiss law fits
�dashed lines� to the same magnetic-susceptibility data. The arrow
indicates TN�Pr�, the temperature at which the Pr ions order.
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resistivity �c�T�.6 By studying the evolution of both the peak
and the kink as a function of magnetic field and temperature,
the magnetic-phase diagram of the Pr ordering has been
mapped out.

A strongly hysteretic discontinuity, characteristic of a
spin-flop transition, was also revealed in both the heat capac-
ity C and the magnetic torque � with a magnetic field of 10 T
aligned along the easy axis �H �a�. At precisely the same
field value, a kink was observed in the field derivative of the
c-axis resistivity d�c /dH, suggesting that the two phenomena
are correlated. Significantly, the kink in d�c /dH is nonhys-
teretic and persists to temperatures well above TN�Pr�. More-
over, a similar feature has also been observed in nonmag-
netic Y124 �Ref. 15� and attributed to a field-induced
dimensional crossover �FIDC� in the conduction electrons
located on the CuO chains.7,15 The striking coincidence of
the two-field scales implies that the spin-flop transition in
Pr124 is, in fact, induced by the FIDC of the chain carriers,
presumably mediated via dominant and highly anisotropic
Rudermann-Kittel-Kasuya-Yosida �RKKY� interactions.

II. EXPERIMENTAL

The Pr124 crystals were grown by a self-flux method in
MgO crucibles under high-pressure oxygen gas of 11 atm.16

The susceptibility measurements were performed using a
Quantum Design superconducting quantum interference de-
vice magnetometer. The c-axis resistivity measurements
were carried out using a standard four-probe ac lock-in tech-
nique �at an excitation frequency of 77 Hz� in a �14 T� su-
perconducting magnet �in Bristol� and in a large �32 T� dc
magnet at the National High Magnetic Field Laboratory in
Tallahassee. Torque magnetometry measurements were per-
formed with a piezoresistive cantilever while heat capacity
was measured as a function of temperature and field by a
temperature modulation technique17 in fields up to 14 T. The
torque and heat-capacity measurements were carried out on
sample #1 �dimensions 0.22�0.28�0.022 mm3 and mass
�9 �g� while the c-axis resistivity measurements were car-
ried out on both sample #1 and a second crystal, sample #2
�dimensions 0.4�0.15�0.04 mm3�. The susceptiblity data
were taken on a third, much larger crystal, sample #3, with a
total volume of 1.8 mm3.

For the C�T ,H� measurements, sample #1 was attached to
a flattened 12-�m-diameter chromel-constantan thermo-
couple with IMI-7031 varnish. It was heated either with a
modulated light source or a very small resistive heater, at a
frequency of �typically� 8 Hz. At this frequency �Tac was
approximately independent of frequency �, and so C
�1 /Tac.

18 The field dependence of the thermocouple sensi-
tivity was determined in a separate run by measuring the
field-dependent heat capacity of a similarly sized polycrys-
talline Cu sample. The temperature of the main stage was
measured with a Cernox thermometer. The small size of the
sample means that the contributions to the measured heat
capacity from the thermocouple and glue are not negligible
and are estimated to be �50% of the total at
T=20 K. This also makes estimates of the absolute specific
heat difficult and so the data are presented in arbitrary units.

Absolute data for a large polycrystalline sample have been
reported in Ref. 10.

III. RESULTS

A. Magnetic susceptibility

The top panel in Fig. 1 shows the magnetic susceptibility
along all three crystallographic axes between 2 and 200 K in
a magnetic field of 5 T. The main features of the data, in
particular the strong Curie-Weiss Law dependence and the
kink at 17 K, are similar to those reported previously in
polycrystalline samples of Pr124 �Refs. 9 and 10� and
Pr123.12 The magnitude of the susceptibility for the field
applied along the c axis is roughly twice that for in-plane
fields. Such anisotropy is commonly observed in layered cu-
prates with divergent susceptibilities and is attributed to an-
isotropic g factors.19

To further analyze the susceptibility, the data are plotted
in the bottom panel of Fig. 1 as �	−	0�−1 versus temperature
to compare with the Curie-Weiss law, 	�T�=	0+C / �T−
�,
where C is a measure of the effective magnetic moment and

 is a parameter related to the interaction between the ions.
Values obtained for the temperature independent 	0 values
are 13.6�10−3 emu /mol, 8.76�10−3 emu /mol, and
12.3�10−3 emu /mol for H �a, b, and c, respectively. The
four main contributions to 	0 are: 	P the Pauli paramagnetic
term, 	dia the Landau diamagnetization, 	core the diamagnetic
contribution of the core levels, and 	orb the orbital Van Vleck
paramagnetism. Of these, the first two, due to conduction-
electron effects and related to the density of states at the
Fermi level, are expected to be the dominant terms. The
other terms are typically of order 10−5 or 10−4 emu /mol,20

significantly less than the observed 	0. From the fits
shown to the data in Fig. 1 we can extract �eff, the
effective moment per Pr ion, using the Curie-Weiss Law:
	�T�=n�eff

2 /3kB�T−
�, where n is the number of magnetic
ions per mole. If we neglect the small Cu-saturation moment,
this yields �eff values of 3.50, 3.56, and 4.70 �B for each
field orientation, broadly consistent with the value of 3.11
reported previously10 and also with the magnetic moment of
a free Pr3+ ion ��eff=3.58 �B�.

Above the ordering temperature, the spins on the Pr ions
are thus behaving as independent or very weakly interacting
moments. The ordering transitions are clearly seen in the
data as deviations from the Curie-Weiss Law behavior. Due
to the directions along which the spins order at the transition,
the effects of the ordering transition on the magnetic suscep-
tibility are dependent on the orientation of the external field
with respect to the crystallographic axes. The susceptibility,
	�T�, shows a clear maximum at TN�Pr� when field is applied
along the a axis and a kink for field applied along the c axis.
For field applied along the b axis, on the other hand, only a
weak inflexion point is observed. From symmetry
arguments,21 this implies that the spins are aligned predomi-
nantly along the a axis. As we shall show below, this iden-
tification is corroborated by angular-magnetic torque mea-
surements.

B. Magnetic phase diagram

Figure 2 shows the heat capacity of a Pr124 single crystal
�#1� between 5 and 25 K for H �c. In zero field, there is a

XU et al. PHYSICAL REVIEW B 81, 224435 �2010�

224435-2



nonhysteretic peak in C /T at T=TN�Pr�=17�0.1 K �taking
the midpoint of the initial rise�, indicative of a second-order
phase transition. As the strength of the external field is in-
creased, the main anomaly in C /T shifts to lower tempera-
ture, decreases in size, and broadens considerably. For
�0H�12 T, the position of the transition is difficult to dis-
cern. Taking the midpoint of the rise as the magnetic-
ordering temperature of the Pr ions at each field, the
magnetic-phase diagram of Pr124 can thus be constructed.
Similar measurements were performed for the other two field
orientations, H �a and H �b �not shown� to complete the
phase diagram, which is shown in Fig. 6 and discussed in
more detail below.

As shown in the inset to the top panel in Fig. 3, the zero-
field magnetic ordering of the Pr ions at TN�Pr� also mani-
fests itself as a small kink in �c�T�.6 The top panel of Fig. 3
shows �c�T� for sample #2 as a function of differing field
strength directed along the c axis. As the field is increased,
the kink shifts to lower temperatures. At sufficiently high
fields ��0H
11.5 T�, the kink is no longer visible, suggest-
ing that the ordering has become completely suppressed. No
corresponding kink is observed for I �a or I �b �except in
more disordered crystals that exhibit resistivity upturns at
low T�,22,23 suggesting that the dominant spin-charge cou-
pling is along the c axis.

As is often found for itinerant magnetic systems,24 the
evolution of the C /T anomaly with field is mirrored in the
temperature derivative d�c /dT. Plotting the derivatives of the
resistivity curves, d�c /dT, as shown in the bottom panel of
Fig. 3, we can see this suppression effect more clearly. The
ordering of the Cu moments in the CuO2 planes at 220 K
�Ref. 9� also manifests itself as a minimum in the derivative
d�c /dT �not visible in the inset of Fig. 3—for more details,
please refer to Fig. 3 of Ref. 6�.

A striking new feature of the phase diagram is revealed
upon performing field sweeps of the specific heat with H �a.
Figure 4 �panels �a� and �b�� shows C�H� sweeps carried out

on sample #1 at fixed temperatures between 3 and 20 K, the
temperature range of interest. Below T=12.5 K, C�H� de-
velops a steplike feature around �0H�10.2 T. The width of
the hysteresis grows rapidly as the temperature is reduced
further, though the onset of hysteretic behavior on increasing
the field is relatively insensitive to temperature, as indicated
by the vertical dashed line in Fig. 4. For 12 K�T�TN�Pr�,
the hysteresis vanishes and C�H� exhibits a smooth decline
with increasing field. Above TN�Pr�, C�H� is flat and
featureless.25 Field sweeps in the other field directions �H �b
and H �c� did not show any hysteretic jumps.

In order to investigate further the nature of this transition,
complementary torque magnetometry measurements were
performed on the same sample with H �a, as shown in panels
�c� and �d� of Fig. 4. Just as in the C�H� sweeps, ��H� ex-
hibits a steplike feature at low T around �0H�10.2 T that
becomes increasingly hysteretic with decreasing tempera-
ture. For 12 K�T�TN�Pr�, the jump in ��H� is transformed
into an inflexion point while above TN�Pr�, ��H� varies as
H2, corresponding to a linearly increasing magnetization. Al-
though a small kink is still visible in ��H� above TN�Pr�, it
slowly diminishes with increasing temperature. The similar-
ity in C�H� and ��H� sweeps, both in terms of the width and
location of the hysteresis is clear and confirms the magnetic
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FIG. 2. �Color online� Temperature dependence of the heat ca-
pacity of sample #1 for different field strengths with H �c. In this
sample, a second smaller peak resulting from some unknown mi-
nority phase is detected at 12 K in zero field. Note that this peak is
rapidly suppressed with applied field and vanishes for fields 
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FIG. 3. �Color online� Top panel: temperature sweeps of the
c-axis resistivity of sample #2 at different magnetic field strengths
for H �c. Inset: zero-field �c�T� curve for the same single crystal.
The arrow indicates the kink due to the antiferromagnetic ordering
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nature of the first-order transition. Consistent with other
uniaxial antiferromagnets,26,27 we attribute this hysteretic
feature to a spin-flop transition to a canted antiferromagnet
state. We reiterate that the location of the spin flop, as de-
fined by the position of the step on the increasing field
sweep, is almost independent of temperature.

Figure 5 shows the variation of the field dependence of
the torque magnetization for different angles within the ac
plane. The torque signal is found to be minimize when the
magnetic field is oriented along the a axis. Moreover, as
shown in the inset of Fig. 5, the onset field for the step in
��H� �for increasing field strengths� is also a minimum for
H �a. Both these features confirm that the a axis is the easy
axis for the ordered Pr spins. This alignment of the spins is
qualitatively consistent with that determined from the behav-
ior of the magnetic susceptibility below TN�Pr� �see Fig. 1�
but conflicts with earlier neutron-diffraction measurements
of Li et al.9 that suggested that the Pr ions order collinearly
along the c axis and contrasts with the situation in Pr123,
where the Pr spins are found to be canted �35° out of the
plane.13,14

Figure 6 summarizes the resultant magnetic phase dia-
gram of Pr124 as derived from the high-field c-axis transport
measurements �shown as diamonds for H �a and �H�
15 T�
and heat-capacity measurements �circles�. The application of
a magnetic field along any of the crystallographic axes sup-
presses the ordering anomaly though the suppression is most

pronounced for H �c. The points corresponding to the spin-
flop transition are defined for each temperature as the onset
field during the up sweep of the hysteresis in the heat-
capacity �or torque� data �Fig. 4�. The spin-flop transition is
seen to occur at approximately 10 T for all T�12 K. As we
shall discuss in the following section, this is precisely the
same field �H �a� at which the conduction electrons in Pr124
undergo a field-induced dimensional crossover from three-
dimensional �3D� to two-dimensional �2D�, suggesting an
intimate relation between the two phenomena.

0

10

20

30

40

50

60

∆C
(a

rb
.u

ni
ts

) 2.9K
4.4K
5.3K
6.4K

7.7K
8.8K
9.9K
11.0K

a

-30

-20

-10

0

11.9K
12.4K
12.9K
13.8K
14.7K
15.7K
16.6K
20.5K

b

-0.05

-0.04

-0.03

-0.02

-0.01

0

0 2 4 6 8 10 12 14
µ

0
H (Tesla)

12K
12.5K
13K
14K

15K
16K

17K
20K

d

30K-0.05

-0.04

-0.03

-0.02

-0.01

0

0 2 4 6 8 10 12
µ

0
H (Tesla)

τ
(a

rb
.u

ni
ts

)

4.2K
5.0K
6.0K
7.0K

9.0K
10.0K
11.0K

c

H//a

FIG. 4. �Color online� The magnetic field dependence �H �a� of
�a� and �b� heat capacity and �c� and �d� torque magnetization of
sample #1 at various temperatures, as marked, above �right panels�
and below �left panels� T=11 K. The direction of the variation of
the field is indicated by arrows in certain cases. The vertical dashed
line is included to highlight the T independence of the step in C /T
and � on the increasing arm of the field sweep.

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0 5 10 15

τ
(a

rb
.u

ni
ts

)

µ
0
H (Tesla)

#1

θ
6o

0.7o

0o

-0.7o

-5o

-9o

-16o

10

11

12

-40 -30 -20 -10 0 10 20 30

θ (deg)

µ
0
H (Tesla)

T=10K

c

a) θ

FIG. 5. �Color online� Torque magnetization of Pr124 �sample
#1� as a function of magnetic field at different orientations within
the ac plane. The 
 values represent the angle away from the easy
axis H �a. Inset: angle dependence of the onset field for the step in
��H� �for increasing field strengths�.

0

5

10

15

20

25

30

0 5 10 15

µ 0H
(T

es
la

)

T (K)

H//c

H//b
H//a

FIG. 6. �Color online� The magnetic phase diagram of the Pr
ordering in Pr124, as determined from c axis transport �solid dia-
monds� and heat-capacity �solid circles� measurements. The dashed
lines are fits to a mean-fieldlike model. The horizontal dashed line
is a guide to the eyes.

XU et al. PHYSICAL REVIEW B 81, 224435 �2010�

224435-4



C. Magnetic field-induced dimensional crossover

It was shown previously that in high-quality Pr124 crys-
tals, electrical resistivity at low T is metallic in all three
orthogonal directions and varies approximately as T2, consis-
tent with the development of a 3D Fermi-liquid ground state.
The resistive anisotropy at low T is extremely large, how-
ever, ��a :�b :�c�1000:1 :3000�,6 with a similar anisotropy
in the ratio of the squares of the hopping energies. At high T,
the interchain resistivities �a�T� and �c�T� have maxima
around T=150 K above which d�a,c /dT�0.6 These maxima
can be interpreted either as a thermally induced 3D to 1D
crossover in the electronic ground state28 or the emergence of
a second conduction channel �e.g., the insulating CuO2
planes� at higher temperatures.29,30

The Fermi surface of Pr124 is believed to consist of
two pairs of corrugated sheets extending normal to the
reciprocal space axis kb. Within a simple tight-binding
picture, the c-axis dispersion �for a single chain� is
E=−2t�

c cos�kcc�. For H �a, the dominant Lorentz force
e�0�vF�H�=e�0vFHĉ=�dkc /dt causes carriers to traverse
the Fermi sheet along kc. The sinusoidal corrugation then
gives rise to an oscillatory component to the c-axis velocity
v�

c and hence to a real-space sinusoidal trajectory with am-
plitude Ac=2t�

c /e�0vFH. Thus Ac shrinks as H increases un-
til eventually at �0Hcr

a =2t�
c /evFc, Ac=c and the charge car-

riers become confined to a single plane of coupled chains.
Note that �0Hcr is independent of the scattering rate 1 /�0.
This magnetic field-induced dimensional crossover is a clas-
sic signature of a quasi-1D conductor.15,31,32

The main panel in Fig. 7 shows d�c /dH versus H at vari-
ous temperatures above and below TN�Pr� for both crystals
#1 and #2 with H �a. There are two features in the field
derivative of both crystals �marked by vertical dashed lines�,
one at 6 T, the other at �10 T. Both features are character-
ized by a drop in d�c /dH �the changes being more pro-
nounced in #2� that occur at roughly the same field value for
all T. Other Pr124 crystals with differing impurity levels
have been found to exhibit similar features at precisely the
same field strengths �see, e.g., Fig. 4 of Ref. 7�. As discussed
above, such insensitivity of �0Hcr to the strength of both the
elastic and inelastic scattering rates is a notable feature of the
Gorkov-Lebed theory of the FIDC.31,33

The signatures of the FIDC in Y124 and Pr124 are two-
fold: a reduced d�c /dH at Hcr

a and a change in the T coeffi-
cient of �c�T�, �= �1 /���d� /dT�, from positive to negative
�see inset of Fig. 7�.7,15 The two signatures do not necessarily
occur at the same field value, however. Indeed, while the
kinks in d�c /dH are found to be identical in all crystals
measured to date, the metal-to-nonmetal crossover in �c�T�
has been observed to occur at fields less than 10 T,15 at fields
equal to 10 T,34 and, as seen here, at fields above Hcr

a . In
order to understand why this is so, it is important to note that
while the residual c-axis resistivity is proportional to 1 /�0,
the interchain magnetoresistance is proportional to �0

2. Thus,
in contrast to the kink field�s�, the crossover field from me-
tallic to nonmetallic �c�T� depends on 1 /�0. Nevertheless,
both phenomena are related to the same FIDC.

Due to hybridization effects, the separate sheets of the
double CuO chain unit in Pr124 are expected to have slightly

different kF values and likewise different c-axis warpings, as
seen in the calculated electronic band structure of isostruc-
tural Y124.35 With regards to the theory, we therefore at-
tribute the lower-kink field to the sheet with the smallest t�

while the higher-kink field corresponds to Hcr
a for the domi-

nant, more highly warped chain sheet. The t� values thus
obtained are consistent with the temperature scales at which
each feature becomes smeared out.7 Above Hcr

a for the sec-
ond sheet, the chain carriers will be confined to the ab plane
and the T dependence of �c�T� becomes nonmetallic. Note
that a similar FIDC also occurs in the reciprocal configura-
tion, i.e., for I �a and H �c, though at a much higher field
�0Hcr

c =60 T since there �0Hcr
c =2t�

a /evFa and a�c /3.34

IV. DISCUSSION

Figure 8 summarizes the resultant magnetic phase dia-
gram of Pr124 for H �a as derived from �C�H ,T� �solid
circles�, ��H ,T� �solid diamonds�, and d�c /dH�T� �open
squares�. The points corresponding to the spin-flop transition
are defined as the onset field during the up sweep of the
hysteresis in either �C�H� or ��H� data �Fig. 4�. The spin-
flop transition is seen to occur at approximately 10 T for all
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T�12 K. Consistent with other uniaxial antiferromagnets,
the spin-flop transition ends at a triple point �at T�12 K�,
below which there is a significant enhancement of the anti-
ferromagnetic �AFM� ordering of the Pr ions.

As stressed throughout, the second kink feature in d�c /dH
at �0Hcr=10.2 T occurs at precisely the same field strength
as the step in C /T�H� and ��H�. This striking coincidence
between the FIDC and the hysteretic-thermodynamic transi-
tion is the main result of this paper. Given how closely
d�c /dT mirrors the Pr ordering anomaly in C /T for H �c
�Fig. 3�, the lack of hysteresis in d�c /dH strongly suggests
that while the two H �a features are coupled, they correspond
to different physical phenomena. Were the kink in d�c /dH
that occurs at 10 T on the up sweep induced by the canting of
the Pr spins, then either a similar anomaly would be ob-
served in d�c /dH on the down sweep at exactly the same
point where the AFM alignment is recovered or there would
be no response at all. In this case, however, there is a kink at
10 T on both the up and the down sweeps. This lack of
hysteresis, coupled with the persistence of the kink in
d�c /dH to temperatures way beyond TN�Pr� and the obser-
vation of similar behavior in nonmagnetic Y124 �Ref. 15�
constitutes strong evidence therefore that it is the dimen-
sional crossover in the charge sector �at 10 T� that drives the
spin-flop transition in the Pr sublattice, rather than the other
way around.

Within this scenario, the survival of the kink in ��H� to
temperatures above TN�Pr�, where it continues to track the
kink in d�c /dH�T� �see inset of Fig. 8�, can be attributed to a
change in the anisotropy of the Pauli susceptibility induced
by the FIDC. The only viable alternative scenario would be
to attribute the resistive kink to some residual spin-flop dy-

namics occurring on the planar Cu moments �which order
antiferromagnetically at T�200 K�.9 However, we note that
there is no experimental signature of a first-order jump in
either C�H� or ��H� beyond T=12 K �see Fig. 4� and to the
best of our knowledge, no such spin-flop transition has ever
been detected in the �magnetically ordered� Y-based cu-
prates.

This symbiosis between the dimensionality of the conduc-
tion electrons and the rearrangement of the Pr spins suggests
the presence of a strong, RKKY-type coupling between the
two subsystems. The ordering temperature of the localized Pr
moments is determined largely by the c-axis exchange inter-
action, both direct �super�exchange JS

c between neighboring
ions and indirect exchange JRKKY

c between the Pr ions and
the conduction electrons. Since the Pr cations are far apart
�c=13.6 Å�, the superexchange term is expected to be rather
small and thus may not play the dominant role here. The
RKKY interaction, on the other hand, decays slowly with
distance. It is proportional to the hybridization between the
localized and itinerant carriers �or between the single-ion
wave function and that of the itinerant carriers�. Hence, the
magnitude of the individual matrix elements of JRKKY will
depend on the individual hopping �kinetic� energy terms of
the conduction electrons, via their Pauli paramagnetic sus-
ceptibility, and hence ultimately, on the topology of their
Fermi surface.36

At the FIDC, t�
c of the chain carriers is effectively renor-

malized to zero. This corresponds to an effective change in
the spatial distribution of the wave function of the itinerant
carriers. Naïvely one would expect this to affect the degree
of hybridization between the two subsystems �localized mo-
ments and itinerant carriers� and thus to modulate the
strength of the RKKY interaction. This renormalization of
the c-axis component of the exchange interaction matrix
JRKKY

c �toward zero� at Hcr
a then destabilizes the spin configu-

ration and induces the spin-flop transition. While the Pr mo-
ments may well have undergone a similar spin-flop transition
without the intervention of the conduction electrons, it would
appear that the precise field at which this occurs is set pre-
dominantly by the dimensional crossover.

V. CONCLUSIONS

In summary, through a combination of electrical resistiv-
ity, magnetoresistance, specific heat, and magnetization mea-
surements, performed on single crystalline samples, we have
been able to generate a coherent picture of both the geometry
and the dynamics of the antiferromagnetic ordering of the
localized Pr spins in Pr124. The Pr spins are found to be
aligned predominantly along the a axis, in contrast to previ-
ous claims from neutron-diffraction measurements of collin-
ear ordering of the Pr spins along the c axis.9

In addition, a spin-flop transition has been found whose
location in the magnetic-phase diagram is coincident with a
field-induced charge confinement of the conduction elec-
trons, implying an intimate relation between the two phe-
nomena. We speculate that the spin-flop transition and the
corresponding enhancement of the AFM ordering of the Pr
ions for H �a at 10 T are a direct manifestation of the aniso-
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FIG. 8. �Color online� Magnetic phase diagram of the Pr order-
ing in Pr124 for H �a from C�T ,H� �solid circles�, plotted together
with the positions of the kinks seen in d�c /dH �open symbols� and
��T ,H� �solid diamonds�. The labels AFM, PM, and CAF stand for
the antiferromagnetic phase, the paramagnetic Curie-Weiss phase,
and the canted AFM phase, respectively. The different shaded re-
gions represent the 3D-2D FIDC in the chain conduction-electron
subsystem. Inset: Hkink�T� from �c�T ,H� �open squares� and ��T ,H�
�solid diamonds� over an extended temperature range. The arrow
indicates the position of TN �Pr� in zero field.
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tropic RKKY interaction in Pr124 with the �c-axis� interac-
tion strength JRKKY being substantially renormalized at the
crossover field Hcr

a . To the best of our knowledge, this finding
represents a unique example of a spin-flop transition being
driven by a dimensional crossover in the electronic state of
the charge carriers. It also implies that the field-induced real-
space confinement of the chain carriers in Pr124 is a genuine
physical effect with instantaneous consequences. Further in-
vestigation is envisaged to understand fully the dynamics of
the relation between the spin-flop transition and the FIDC. In
this regard, it would certainly be interesting and informative
to study electron-spin resonance of the Pr spins to see if the

Zeeman splitting of the magnetic sublevels displays a non-
linear response at or near Hcr

a .
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