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The magnetic susceptibility of Ho2Mn2O7 with a spontaneous rise below about 40 K and a
paramagnetic Curie temperature of139 K suggests a ferromagnetic ordering. Indeed neutron
diffraction profiles show strongly enhanced Bragg peaks with a temperature dependence which
indicates an apparentTc'35 K. Nonetheless, the magnetic diffraction pattern is not consistent with
a collinear ferro or ferrimagnetic ordering of the Ho31 and Mn41 sublattices. Furthermore, specific
heat and small angle neutron scattering~SANS! show features which are also incompatible with
conventional long-range order. ©1996 American Institute of Physics.@S0021-8979~96!24008-9#
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I. INTRODUCTION

Two necessary but not sufficient conditions for the
currence of spin-glass-like ordering in a given material
site disorder and magnetic frustration.1 Recently, some pyro
chlore structure materials have been studied extensivel
they seem to exhibit spin-glass-like ordering based on m
netic frustration alone, having apparently negligible s
disorder.2–8 The pyrochlore compounds R2M2O7 ~R315rare
earth; M415transition metal! crystallize in the face-centered
cubic structure with the space group Fd3m.9 Each of the
metal atoms in the these compounds forms a th
dimensional network of corner-sharing tetrahedra. Such a
pology leads to a very high degree of magnetic frustratio
the nearest neighbor interactions are antiferromagnetic.10

The series of pyrochlores R2Mn2O7 ~R5Dy2Lu, or Y!
have been reported to show ferromagnetic ordering ba
upon the observation of positiveup values and spontaneou
magnetization.3 Further studies of neutron scattering a
heat capacity provided no evidence for long-range magn
ordering in Y2Mn2O7.

4 Small angle neutron scatterin
~SANS! studies indicated the presence of ferromagnetic c
ters of finite size in the temperature range 13–20 K.6 A va-
riety of studies on a related series of compounds R2Mo2O7
~R5Sm, Gd, Tb, or Y! demonstrate the presence of sp
glass-like ordering.5,7,8 In contrast recent studies of magne
and electrical along with SANS data on Tl2Mn2O7 and
In2Mn2O7 are consistent with the long-range ferromagne
ordering below about 120 K in both materials.11

Ho2Mn2O7 has been reported to show spontaneous m
netization below about 40 K with a paramagnetic Curie te
perature,up , of 133 K.3 To understand the nature of th
magnetic ordering, a variety of studies, ac and dc magn
susceptibilities, specific heat, SANS and powder neutron
fraction were performed and the results are discussed in
III.
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II. EXPERIMENT

The polycrystalline powder sample used in the pres
measurements is the same as that described in Ref. 3
susceptibility,x8, was determined as function of temperatu
using a Lake Shore 7000 Susceptometer. Dc susceptib
and magnetization were measured with the help of a SQ
magnetometer~Quantum Design, San Diego!. The specific
heat of the sample, in the form of powder, was measure
the temperature range 2–90 K using a fully automated qu
adiabatic calorimeter equipped with a Ge thermometer.
SANS experiments were performed at the instrument at
DR3 reactor at Riso” National Laboratory. The powder ne
tron diffraction data, at different temperatures were obtai
at the McMaster Nuclear Reactor with 1.3913 Å neutron

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the
part of the ac susceptibility,x8, of Ho2Mn2O7 at 10 G at
different frequenciesx8 increases rapidly below about 40

FIG. 1. ac susceptibility,x8, of Ho2Mn2O7 at four different frequencies
from top to bottom:~8, 33, 143, and 222 Hz!.
617373/3/$10.00 © 1996 American Institute of Physics
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and frequency dependent behavior is seen below 38.0 K
a broad maxima around 33 K. The dc susceptibility, m
sured at 100 G, is plotted against temperature in Fig. 2. It
be seen that a spontaneous magnetization develops b
about 40 K and deviations occur between zfc and fc susc
tibilities below 35 K which is expected for a spin-glass tra
sition. A plot of2d(xT)/dT againstT is generally useful to
determine the transition temperature more accurately f
the dc susceptibility data. Such a plot given in the inset
Fig. 2 indicates aTc of 37.161.0 K. The magnetization as
function of applied field was measured at 5.0 K. Saturat
occurs only above 1.5 T with a value of 12.3mB/Ho2Mn2O7
at 5.0 T. In Y2Mn2O7 a magnetic moment of 2.3mB/Mn at
4.0 T was reported.4 Assuming the same Mn41 sublattice
contribution in Ho2Mn2O7 leaves a saturation moment of 3
mB/Ho

31 which is very small compared with an expect
value ofgJ510.0 mB per Ho

31 free ion ~g51.25 andJ58

FIG. 3. Powder neutron diffraction profiles at different temperatures
Ho2Mn2O7. The base line intensities for different temperatures are shi
arbitrarily for the clarity of the plots.

FIG. 2. Zero field cooled~ZFC! and field cooled~FC! dc susceptibility of
Ho2Mn2O7 measured at 100 G. The inset shows the negative tempera
derivative of the product of the FC susceptibility and temperature.
6174 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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for Ho31 with a ground state of2I 8!. The significant reduc-
tion in Ho31 moment from the expected value suggests th
existence of strong crystal field effects. This is consiste
with the specific heat data discussed later.

The powder neutron diffraction profiles at different tem
peratures are plotted in Fig. 3. First, note that the intensity
each nuclear Bragg peak, indicated by the arrows, is e
hanced as the temperature is decreased and that there i
apparent change in the peak width. Further the temperat
dependence of the intensity of the~111! reflection at 13.85°,
as shown in Fig. 4, is consistent with the susceptibility da
in suggesting aTc of about 36 K. The observed magnetic
diffraction pattern is not consistent with a collinear ferro o
ferrimagnetic structure as found for Nd2Mo2O7 or Yb2V2O7

for
ted

FIG. 4. The intensity of the Bragg reflection~111! against temperature.

FIG. 5. ~a! Measured specific heat,Cp , of Ho2Mn2O7. The continuous line
represents the estimated lattice specific heat,C1. ~b! Magnetic specific heat,
Cm , obtained by subtracting theC1 from theCp . ~c! Magnetic entropy,Sm ,
vs temperature.
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and no solution has yet been found.5,12 From the resolution
of our neutron diffraction data we determine a lower limit f
the spin correlation length of;115 Å.

The measured specific heat,Cp , of Ho2Mn2O7 in Fig.
5~a! displays an anomaly at about 35 K. TheCp of insulating
Ho2Mn2O7 consists of contributions from the lattice specifi
heat,C1, and the magnetic specific heat,Cm . The C1 of
Ho2Mn2O7, represented by continuous line in Fig. 5~a!, was
evaluated to separate the contribution ofCm. The details of
this procedure can be found in Ref. 7. The magnetic spec
heat, in Fig. 5~b!, shows a broad maximum around 33 K. Th
absence of a sharpl-type anomaly and the presence ofCm to
temperatures much above the apparentTc suggests the ab
sence of a conventional long-range magnetic ordering
the presence of short-range correlations. At temperatures
low about 4 K there is an up turn inCm . The magnetic
entropy,Sm , involved in the magnetic anomaly is determine
as a function of temperature by numerically integrati
Cm/T ~Cm/T behavior is extrapolated below 2 K!. A plot of
the magnetic entropy,Sm , versus temperature is displayed
Fig. 5~c!. It can be seen thatSm reaches a value of 30
J mol21 K21 at 90 K which is far less than the expecte
magnetic entropy for Ho2Mn2O7 with J58 for Ho31 and
S53/2 for Mn41, 2R ln(2J11)12R ln(2S11)570.2
J mol21 K21. This corroborates the reduced saturation m
ment of Ho31 described above.

Figure 6 displays the temperature dependence of
scattered neutron intensity at different wave vectors,Q. For
the highest wave vector~i.e.,Q50.122 Å21!, the SANS in-
tensity shows a broad maximum centering about 36 K, wh
is close to theTc observed in the previously described e
periments, and decreases with the temperature below theTc .
As theQ is reduced down to 0.055 Å21, the broad maximum

FIG. 6. Small-angle neutron-scattering intensity~in arbitrary units! as a
function of temperature at different wave vectors for Ho2Mn2O7.
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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and persists but the intensity rises towards the lower tem
peratures. With a further decrease in theQ, the intensity does
not exhibit any peak but a plateau below 36 K and star
increasing below 30 K. For the lowestQ of 0.013 Å21, the
intensity increases sharply below 40 K and continues to i
crease with the decrease in the temperature. For a long-ran
ordered material, the SANS intensity observed at lowQ as a
function of the temperature shows a pronounced cusp at t
Tc with a rapid fall off in the intensity both above and below
theTc . The SANS intensity of Ho2Mn2O7, at the lowQ of
0.013 Å21, does not show any cusp at theTc providing evi-
dence for the absence of long-range magnetic ordering. It
of interest here to mention the SANS intensities of Tl2Mn2O7
and Y2Mn2O7 against temperature.

11 In Tl2Mn2O7, the SANS
intensity shows a sharp peak at the transition temperatu
indicating a long-range ordering and consistent with th
other experimental evidence. However, in Y2Mn2O7 where
long-range order is absent, the SANS intensity rises sharp
below the Tc . A detailed analysis of SANS data for
Y2Mn2O7, Ho2Mn2O7, and Yb2Mn2O7, to be published else-
where, gives evidence for correlation lengths of the order
500 Å and greater associated with a random field scatterin
It is thus likely that the apparently complex ordering seen i
Ho2Mn2O7 is not truly long range and thus it is possible to
reconcile the neutron diffraction and heat capacity results.
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