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The bulk magnetic properties, including dc and ac susceptibilities and heat capacity, of the pyrochlore oxides
Ho,Mn,0; and YbMn,O; are reported and compared with those of the previously stud@hXO,. In the
latter case the magnetic ¥h ions occupy the 16 sites in Fd3m which define a potentially frustrated
three-dimensional array of corner sharing tetrahedra. FgMHgO; and YibMn,O; magnetic rare earth ions
occupy the 18 sites, as shown by powder neutron diffraction, which are topologically equivalent to the 16
sites but displaced by a vect@/2 1/2 1/2. Ho,Mn,0; and YipMn,0; display sharp increases in both dc and
ac susceptibilities near 38 K. In addition field-cooled-zero-field-cooled irreversibilities appear, also at 38 K,
followed by broad maxima centered near 30 K. The ac data are similar with frequency variability setting below
38 K and broad, frequency dependent maxima at somewhat lower temperatures. Heat capacity data show only
broad maxima centered near 30—35 K with a high temperature tail extending up to 80 K. The bulk behavior of
Ho,Mn,0; and YipMn,O; just described parallels the spin-glass-like behavior g¥iY,O; but with a dou-
bling of the temperature scale. Surprisingly, neutron diffraction data for bojMRi®D; and YkMn,O; show
resolution limited reflections of magnetic origin in contrast to the heat capacity results. The resolution of the
neutron diffraction data places a minimum on the correlation length of 100 A. Small angle neutron scattering
data for all three materials are reported for @eange 102 A~1 to 2x10 ! A~ and the temperature range
6—100 K. Data for the fulQ range can be fitted for all three materials to a model consisting of a Lorentzian
and a Lorentzian-squared term, i.5Q)=A/(Q?+ 1/¢%) + B/(Q?+ 1/£3)?, a cross section commonly found
in spin-glass-like materials. A surprising result is that the correlation lengjtfesd & are unequal and in
generalé,>¢;. & remains finite reaching maximum values which range from 10 to 20 A depending on the
compound, while, shows a very strong temperature dependence and reaches large vaits80oh for Y
and Ho and appears to saturate near 400 A for Yb. The temperature dependence of theBgpisuotder
parameter like. The above behavior is compared to that of reentrant spin glasses but with ferromagnetic and
spin glass temperatures nearly coincid¢80163-182€06)07034-9

[. INTRODUCTION structure oxide, SrG6Ga;,_,0,4, the garnet Gg5a;0,,, and
the pyrochlore structure oxide familie®,Mo0,0; and

Magnetically frustrated materials have attracted considerR,Mn,0O,, where R is a rare eartA=® In the case of
able attention recently, particularly those in which the frus-SrCr,Ga,_,O,9 the geometric frustration arises due to the
tration appears to be primarily geometrical or topological inlocation of magnetic Gf ions on layers with &agometo-
origin rather than induced by positional disordéiSuch ma-  pology, i.e., corner shared equilateral triangle€urrent
terials often order in unusual, noncollinear magnetic structhinking suggests that the magnetically frustrated unit com-
tures, such as the 120° structure found in triangular latticeprises two kagomelayers sandwiching a triangular layer
and exhibit critical exponents which are different from thosewhich is equivalent to a bilayer of distorted corner sharing
predicted by universalityIn some cases the level of frustra- tetrahedra. There exists a detectable level of disorder in this
tion is so extreme that true long range order is nevematerial as Cf' and Ga&" compete for occupation of the
achieved but instead there exists evidence for a transition tkagomeand triangular sitedIn Gd;Ga;0;, the G&* sublat-
a spin-glass-like state. Among the best studied examples dice forms two sublattices of three-dimensional corner shar-
this latter category of compounds are the magnetoplumbiteng triangles! As superexchange is very weak between rare
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earth ions, long range dipolar coupling is competitive. C. dc susceptibility

The pyrochlore oxides represent a somewhat different 4. susceptibility data were obtained using a SQUID mag-

situation than the af_orgmentmned materials in that site d'sorﬁetometer(Quantum Design, San DiegaZero-field-cooled
der is generally minimal and that superexchange clearl

; g , : XZFC) susceptibility data were obtained by cooling the
dominates the magnetic interactioh3his report concerns sample downd 5 K in afield of less than 0.5 G and mea-

results for three pyrochlore structure oxides,,Ma,0;, suring at an applied field of 100 G. Field-cool&eC) data

Yb,Mn;0O,, and Y,Mn,O,. For the latter material a reason- \yere measured after cooling the sample from room tempera-
ably detailed study already exists? Pyrochlore oxides of e down 6 5 K in afield of 100 G.

the composition in question are described in space group
Fd3m with Rin 16d, Mn in 16c, O1 in 4&, and O2 in &.*
There is generally little evidence for site mixing among the
cations or for significant vacancy concentrations on the oxy- Real and imaginary partg’ andy”, of the susceptibility
gen sites. This issue will be addressed in more detail for thevere determined with an ac Lake Shore 7000 susceptometer.
Ho and Yb materials. Both the @iéand 1& sites indepen- The samples were first cooled in the earth’s magnetic field
dently form three-dimensional arrays of perfect corner sharand then an ac field was applied ranging from 0.5 to 10 G.
ing tetrahedra and thus there exists the potential for geomeFor each temperature frequencies ranging from 8 to 222 Hz
ric frustration if the nearest neighbor exchange iswere used. In order to correct the dephasing angle indicated
antiferromagnetic. YMn,O; is the simplest of the three ma- by Lake Shore, the curveg'/y’ were plotted withg=90°.
terials as only the I@site is occupied by magnetic ions. This For the highest temperatures this ratio is approximately con-
compound seems to be an unlikely candidate for magnetistant and equal to t&f). The angles extracted from these
frustration as the Weiss constant=+41 K, indicating the  values allow replotting of the susceptibilities with appropri-
predominance of ferromagnetic exchange coupliniyone-  ate angle corrections.
theless, dc and ac susceptibility, specific heat, and neutron
diffraction studies show no evidence for long range magnetic
order of any type and instead a spin-glass-like behavior is n ]
seen belw 7 K preceded by an apparent ferromagnetic tran- The specmc.heat of the samples in the form of .powders
sition at 17 K® Analysis of the diffuse magnetic scattering is Was measured in the temperature range 2—90 K using a fully
consistent with a nearest neighbor antiferromagnetic exdutomated quasiadiabatic calorimeter equipped with a cali-
change and ferromagnetic interactions for more distanPrated Geathermometer. The apparatus has been described
neighbors. Small angle neutron scatteri@#\NS) data over elsewheré? To ensure good thermal condqctmty of the
a limited Q range indicate that the 17 K ferromagnetic Powder samples, the powders were placed in a duran glass
anomaly is due to the formation of finite-size ferromagnetic@Mpoule and sealed under a helium atmosphere.
clusterst®

Ho,Mn,0; and YkMn,O, represent more complex cases F. Small angle neutron scattering(SANS)
as there are magnetic ions on thelEites as well. Much less
is known about these materials except that the Curie-Weis\ﬁl
6, values are also positivé.In this work the results of a N
reasonably comprehensive study of NMm,0O;, and
Yb,Mn,0; including dc and ac susceptibilities, specific heat,
and neutron diffraction data are reported. In addition, th
magnetic microstructure of these compounds apin,O,
were examined by SANS over wide ranges of temperatur
andQ.

D. ac susceptibility

E. Specific heat

The small angle neutron scatterif§ANS) experiments
ere performed at the instrument at the DR3 reactor at Riso
ational Laboratory? This instrument uses a cold neutron
source and it is situated after a 20 m long curved neutron

uide in a low background environment. The neutrons are

onochromatized by a mechanical velocity selector which in
the present experiments was set at a wavelength resolution of
98% (full width at half maximum valug The neutrons are

collimated by two circular apertures with diameters of 18
and 8 mm, respectively, for the source and sample apertures.
Il. EXPERIMENT The distancd. between the apertures can be varied in steps
of 1 m(from 1 to 6 m) and the sample-detector distance can
be varied continuously from 1 to 6 m. In the present experi-

The sample preparation has been described previousiyents two settings were use@ A=6.5 A, L=1 m and(ii)
and requires the firing of MnOand ROs under hydrother- A=6.5 A, L=3 m, where\ is the neutron wavelength. These
mal conditions in a sealed gold tube at 500 °C and 3 kbasettings cover the range of scattering vectQrdrom 0.01 to
pressuré? The high pressure is necessary to stabilize thé.2 A~ The samples were held in a He flow cryostat afford-
Mn** oxidation state. ing temperature control af0.02 K. The magnetic contribu-
tion to the total SANS intensity at low temperatures was
obtained by point-by-point subtraction of a data set obtained
in the paramagnetic state, 50 K fé&t=Y and 80 K for

Neutron powder diffraction data used for the refinementR=Ho and Yb, where the SANS intensity is due to nuclear
of the crystal structures and for magnetic scattering studiescattering and a small background from paramagnetic scat-
on Ho,Mn,O; and YbMn,O; were obtained at the McMas- tering. For the samples studied here the magnetic contribu-
ter Nuclear Reactor using monochromatic neutrons withion at low temperature is quite large relative to the nuclear
A=1.392 A. The position sensitive detector and other experiscattering which arises, presumably, from the grain bound-
mental details have been described previodsly. aries and voids in the powders. In the range 0.01-0.2 A

A. Sample preparation

B. Neutron powder diffraction
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the Q-integrated intensities are 40—50 % greater at 6 K than 5000
at 50 K forR=Y and 400% greatert® K than at 80 K for

R=Ho with intermediate enhancements f&=Yb. The 4000+ i Yb,Mn,0,
measured intensities were corrected for variations in the ef- 4 ]
ficiency of the two-dimensional position-sensitive detector & ]
by dividing the spectrum recorded for water, whichQs S 30007 ' i
independent as it is mainly due to incoherent scattering from % ] j
hydrogen. Transmission coefficients were in excess of 85% 2000+ |
for experimental setting8) and(ii) indicating the absence of & 1
multiple scattering. 953 1000+
£
Ill. RESULTS AND DISCUSSION 01
A. Crystal structure and disorder levels in Ho,Mn ,0; and -1000 —
Yb,Mn,0; 0 20 40 60 80 100 120

0
As mentioned in the Introduction the structure of pyro- 260)

chlore materials with composition ,B,0; is described in ) _
space groug-d3m with A(lll) in 16d B(IV) in 16c, O1 in FIG. 1. Powd(_er n'eutron diffraction data fqr Mn,O; at room _
48f, and 02 in &, where the numbers in parentheses repre_temperature. $oI|d line throggh the datg pglnts shows the profile
sent the formal oxidation states of the cations. As the ques2Ptained by Rietveld analysis. Lower solid line corresponds to the
tion of disorder in these materials is of importance it is usefufiierence between the fit and the data. Vertical bars indicateahe 2
to recall that the pyrochlore structure can be described as 6}airpgles for possible reflect'lons. Marked with an asterisk are the
ordered superstructure of the Gafructure. This structure is k.1~ odd supercell reflections.
described inFm3m and an oxide of composition AChas )
A(IV) in 4a and O in &. To form the ordered pyrochlore f.uIIy or_dered mod_eI._The appearance of Fig. 1 and the results
supercell the cubic CaFstructure is doubled along all three listed in Table I indicate that the fully ordered model pro-
axes and the A sublattice is divided into two equal parts, Avides an excellent fit to the data. Refinement of a cation
and B, which are each distributed over exactly half of thedisorder parameter indicates a maximum mixing level of
original fcc positions which are the ¢6and 1@l sites in  1.24)%. A similar analysis of the possibility of oxygen va-
Fd3m. The A and B ions order only when they differ sig- cancies on e|ther_the 48r 8b sites yields a maximum va-
nificantly in ionic radius. Empirically, the pyrochlore super- €&ncy concentration of 02)%. Results for HgMn,O, are
structure is found for a radius ratio(W)/B(IV)>1.46 in  Similar with a 1.37)% limit for cation mixing and 0.64)%
oxide systems and a disordered Gaffructure obtains for ©Of oxygen vacancies. According to the above analyses, these
smaller ratios. In addition the oxygen atoms order as wellare crystallographically well-ordered materials. From analy-
driven by the different coordination requirements ofily  Sis of diffraction data it is possible only to set rough upper
and B1V). The larger Alll) ion retains eight fold coordina- limits to various defect levels. In any real solid defects will
tion but is highly distorted from the ideal cubic environment €Xist at concentrations undetectable by diffraction methods
of CaF, while the BIV) ion obtains six fold octahedral co- and thus no materials, including these, can be considered to
ordination. The potential 64 oxygen sites of the doubled

CaF, cell are reduced to 56 since half of the cations are TABLE I. Results of crystal structure refinements fyMn,O;
formally in oxidation statglll) and these sites are divided (R=Ho, or Yb) at room temperature.

into two sets, 48, which coordinate both All) and BIV)

and & which coordinate only All). Thus the full compo- Ho Yb

sition of the pyrochlore unit cell . i§ R (12 1/2 1/2

A(lI1)16B(1V) 101,025, wherel represents vacancies in 2

the oxide sublattice. Biso (A%) 0.446) 0.905)
In a diffraction experiment this high degree of ordering isMn © S 0

manifested in the appearance of reflectionklf, h, k, and| Biso (A) 0.21) 0.21)

all odd, and information regarding the extent of order/©1 (3/2 3/8 318

disorder is contained in these reflections. The neutron powBiso (A°) 0.31) 0.51)

der method is ideally suited to probe these materials as M2 (x 1/8 1/8

has a negative scattering length=—3.37 fm, and O, X 0.32712) 0.328%3)

b=5.80 fm, has a scattering length comparable to that of th&iso (A) 0.444) 0.805)

remaining cations, Hob=8.08 fm, and Yb,b=12.4 fm. a (&) 9.90711) 9.8381)

There is thus a high level of contrast for both cation andvolume (A3 972.470 952.180

oxygen ordering. Rup 5.49 5.91
In Fig. 1 is shown the neutron powder diffraction patternR.,; 3.37 3.47

for Yb,Mn,0O;. The reflections marked with af¥) are the 2 2.65 291

h,k,l-odd supercell reflections which are seen to represersraggR factor 8.37 10.2

the strongest set of reflections in the pattern. The figure alsp-F factor 6.92 6.80

shows the results of a Rietveld fitting of the pattern to the
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FIG. 2. Inverse molar susceptibilities against temperature for 20- Yb,Mn,0O, .
Yb,Mn,0; and HgMn,O;. Solid lines represent Curie-Weiss be-
havior. 10 \ -
be perfectly ordered at the microscopic level. The role of 0 . : . — e
defects at such low levels in the determination of magnetic 0 10 20 30 40 50
properties is unclear. In conventional spin glasses defects are T (K)

the source of the frustration but in the pyrochlore oxides,
frustration is geometric in origin and the role of defects may F|G. 3. Zero-field-cooledZFC) and field-cooledFC) suscepti-

be more subtle. We are not aware of any detailed study oilities for (a) Ho,Mn,0; and (b) Yb,Mn,O; at low temperatures.
this problem in geometrically frustrated systems and any dis-
cussion would be highly speculative at this time. Yb,Mn,0O; at 5 K for applied fields higher than 1.0 and 0.5

Indirect evidence for defect levels can be obtained fromT, respectively. For YMn,0O,, complete saturation behavior

other sources such as electrical transport. In the original rewas not observed at similar fields and temperatfirébe
port on these materials all were characterized as insulatoesxpected magnetic momentg,), for free HG" and YB*
with room temperature resistivities in the ®20 Qcm  ions are 10.Qug and 4.0ug , respectively. Assuming that the
range'? The samples used in the present studies are from thein*" sublattice saturates near the theoretical limit of 3.0
same source and have unit cell constants indentical to thogg/Mn*" in these material§S=3/2, g~2.0) the observed
in Ref. 12. When carrier levels reach even the level of*10 rare earth moments, per atom, are ggfor Ho and 1.6ug
per formula unit, as reported for the isostructurgiMih,O,,  for Yb. The smaller observed values in comparison with the
room temperature resistivities drop to the range of P—10expected ones indicate a strong crystal field splitting of the
Q cm!® Thus the carrier concentrations in our samples areespective ground states, which will be substantiated by the
likely to be considerably below the level of Tbper formula  heat capacity results in Sec. Il D. In a previous report on
unit but are not presently known. isostructural YBV,0,, the ground state doublet of ¥b
gave rise to a moment of 1,Zs/Yb®*" from neutron diffrac-
B. dc susceptibilities tion and magnetization studiS%As the crystal fields at the
. Yb site in these materials are likely to be very similar, the Yb

_ dc susceptibility data for HMn,O; and YbMnO; are yoments should also be very similar and the agreement is
similar in appearance; see Fig. 2. Both obey a Curie-Weisg ity ing. This observation supports the assumption that the
law in the range 60 K'T<300 K with positived, INtercepts  \1n4+" guplattice does saturate with its full value of 3.0
of 37.29) and 43.98) K for R=Ho and b, respectively, in _n4+ at high fields and low temperatures. There are no
excellent agreement with previous wdfkAlso, the Curie comparable data for any Ho pyrochlore oxide. In summary,

1
constant values of 302 and 7.92) emuKmol™ for  yho magnetization data for both Kn,0, and YbMn,O,

R=Ho and Yb, respectively, are in very good agreement. Ay, saturation behavior at low temperatures and high fields
low temperatures, Figs(& and 3b), both compounds show

two features in common, a sharp susceptibility increase just

below 40 K accompanied by the appearance of FC-ZFC ir- 12 I o__;_o,;_o__c'woﬁl
reversibilities and broad maxima in the ZFC data at lower = e

temperatures, about 33 K f&®=Ho and 23 K forR=Yb. ) gl gpoar—or ]
Such results are very similar to those already reported for ot :

Y ,Mn,0; for which the sharp rise and divergence is at 16 K o o HoMNO

and the broad maximum is at 7%KThat these features occur 5 4 Va0, |
in a higher temperature range fB=Ho and Yb is attribut- =

able to the additionaR-Mn interaction in these materials 06 ] > 4 ' 5

which is lacking wherR=Y.

Magnetic moment as a function of applied field is plotted
in Fig. 4 forR=Ho and Yh. Saturation magnetization behav-
iors are observed with 12 45 for Ho,Mn,O; and 9.2ug for

FIG. 4. Magnetization as a function of
Ho,Mn,0; and YbMn,O; at 5.0 K.

2 3
Field (Tesla)

applied field for
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; 101 ] the dynamical slowing down of the spin fluctuations near the
5 (®) ] glass transition temperature which has the well-known power
law dependence
0 r r r r s
0 10 20 30 40 50 T ~zv
T r= TO(T——l) , @
C

FIG. 5. The real parts of the ac susceptibility measured at dif
ferent frequencies(increasing from top to bottom for (a)
Ho,Mn,0; and(b) Yb,Mn,O5.

‘wherer is the measured relaxation timeand v are critical
exponents, and, is usually taken as 10> sec!’ A more
convenient form for comparison with experiment is

with saturation moments which can be understood in terms

of a collinear ferromagnetic coupling between the*¥and

R3* sublattices with a full spin only value for the former and

crystal field reduced values for latter. Analysis of the data of HIn,O; according to(3), shown in
Fig. 6, yieldsT.=32.343) and zv=7.797). These critical
exponents are typical for spin glasses.

Tg=Te[1+(7of ). ®)

C. ac susceptibilities
1. Ho,Mn,0, 2. YpMn,0;

The results are shown in Fig(@ and it is clear that the ~ Corresponding data for this material, Fig(bh show
x' behavior of this material is quite complex. First, there is amuch less dr'amauc freq'uen'cy dependence, but similar fea-
sharp increase in the' below 40 K, also seen in the dc data, tures. There is a sharp rise i and the onset of frequency
and a strong frequency dependence which sets in at 38 lependence at 38_ K with a sharp cusp which is followed by
matching the onset of the FC-ZFC divergence in the dc re@ Very broad maximum near 30 K. As the frequency depen-
sults. A fairly sharp, frequency independent maximum at 35ience of this sample was much weaker, no attempt was made
K is followed by a broader, frequency dependent maximurf© Carry out a quantitative analysis.
at about 33 K and they’ drops rapidly. The presence of a
frequency dependent maximum is often taken as a sign of 3. Y,Mn,0;
either spin glass or superparamagnetic behavior. To distin- The frequency dependence gf for this material has al-

guish between these possibilities it is common to comput@e,qy heen noted in Ref. 6. Interestingly, while a monotonic

the quantity increase iny . 0ccurs with increasing frequency, there ex-
ists an apparent saturation above about 200 Hz. Analysis of

AT the data of Ref. 6 in the frequency range 10—200 Hz in terms
K= ﬁ (1)  of (1) givesK=0.03685) which is clearly in the spin glass
gA In(t) regime. An attempt to extract critical exponents by fitting to

(2) was unsuccessful with any physically reasonable value
whereT, is the maximum iny’, f is the frequency, and  for 7. A more detailed experimental study and analysis, in-
refers to differences between measurements at differemiuding bothy’ and y”, is currently underway.
frequencies’ For spin glasseK is found to be of the order In summary of this section there is good evidence for both
of 0.01 while for superparamagne{s>0.1. Ho,Mn,0; and Y,Mn,O; for spin glass rather than super-

For HoMn,O,;, K=0.01510) which is consistent with paramagnetic behavior. The situation is less clear for
the spin glass category. Another property of spin glasses i¥b,Mn,0;.
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FIG. 7. Measured specific specific he@t,, of (a) Ho,Mn,0O;, FIG. 9. Development of magnetic entropy with temperature for
and (b) Yb,Mn,O,. Solid lines represent the corresponding lattice (8) Ho,Mn,O; and(b) Yb,Mn,O;. Arrows mark the transition tem-

specific heats. peratures.

ture is seer® The magnetic heat capacity for both
Ho,Mn,0; and YipMn,0; is however, more sharply peaked
than that of ¥Mn,0O; (Ref. 6 indicating, perhaps, a longer
correlation length in the former materials but still no true
Apng range magnetic order.

Figures %a) and 9b) show the temperature dependence of
e magnetic entropy for both materials. At 90 K the entropy
gains are 30 and 37 J mdiK ! for R=Ho and Yb, respec-

D. Heat capacity

Results for both HgMn,O; and YMn,O; are shown in
Figs. 7a) and 7b) for a reasonably wide temperature range.
In both cases the magnetic contributions, Figs) &nd 8b),
are dominated by a very broad feature, peaked near 35 K f
R=Ho and slightly higher at 38 K foR=Yb, but extending
over the entire temperature range investigated. There is, thug]
no evidence for a-type anomaly which would be indicative 2 .
of true long range magnetic order in these materials. This iQVEIy' Th_ese can b? compared with values%g]alé:ulatedsi\ssum-
in contrast to the situation for the related vanadium pyro-'zng| free ion pehawor for the rare h?ﬁirths, 0 |8’.Yb ’
chlores, LyV,0; and YhV,0,, where a sharpy-type fea- Fz12 and spin only behavior for » 5=3/2 using the

standard expression

S=2R[In(2J+1)+In(2S+1)]. 4
Ho,Mn,0, .

The calculated values are 70.2 and 57.6 Jthl™* for
Ho,Mn,O,; and YbMn,0O,, respectively. Clearly, the en-
tropy gains are very much smaller than expected on the basis
of Eq. (4). The magnetic entropy of X1n,O,, where only

C,(mol KT

FIG. 8. Magnetic specific hea€,, of (a) Ho,Mn,O; and (b)

30+

20+

10+

(b)

T(K)

Mn** is magnetic, reaches 45% of its expected vaRién 4
=11.5Jmol* K™% atT,, where magnetic data shows spon-
taneous magnetization, and close to its full value around 90
K, well above theT . .® The magnetic entropy values of spin-
glass-like pyrochlores SyWo,0; and GgMo,0; corre-
sponds to a two-level and an eight-level ground state for
Snt™ and Gd" ions, respectively.Snt* develops a Kram-
er's doublet magnetic ground state as the crystal field re-
moves the degeneracy %, ground state. However, &t

ion with an isotropic ground stafts,,, is not much affected

by the crystal fields. Also, in yet another pyrochlore
Yb,V,0,, where a long-range magnetic ordering occurs be-
low 70 K, Yb*" has a doublet magnetic ground stHte.

From these evidences, it may be assumed that Had
Yb** ions in HeMN,O, and YbMn,O;,, respectively, have
doublet ground states and Kfhhas a quartet. The total ex-
pected magnetic entropy fdR,Mn,O; (R=Ho, Yb) with
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FIG. 10. Magnetic specific hea,,, versusT>? for Yb,Mn,0O,

at low temperatures. FIG. 11. Low angle powder neutron diffraction profiles for

such a scheme of ground states is 35 Jthel™%. The mag-  H02Mn207 at 9 and 50 K.
netic entropy of HgMn,O, reaches 64% of this expected . )
value atT, and 86% at 90 K indicating the presence of shortt0:Mn;O; and Fig. 12 the difference plot for the 9 and 50 K
range interactions well above tfig. On the other hand, the data. Two features are immediately apparent. First, the tem-
magnetic entropy of YfMn,O, reaches 69% of the expected perature dependent reflections are coincident with those of
value atT, and 36.4 J molt K1 at 90 K, slightly higher the chemical unit cell although two reflection®00) and
than the expected value. This small discrepancy could eithé##20), violate thed-glide symmetry. Second, and remark-
be due to the errors involved in estimating the lattice part ofably, all of the reflections are enhanced, there are apparently
the heat capacity or the weak contributions from the levelio systematics and indeed from Fig. 12 the intensities fall
above the doublet. In summary, the heat capacity studies abughly as expected from the magnetic form factor behavior.
R,Mn,0; (R=Ho, Yb) indicate(i) the absence of true long In addition a detailed examination of the reflection widths
range magnetic ordetii) the presence of short range inter- shows no change within the temperature range investigated,
actions well above th&, and(iii) doublet ground states for j.e., the reflections are resolution limited at all temperatures.
Ho*" and YB™* ions as for the other rare earths in relatedFrom the resolution of the data a minimum correlation length
pyrochlores. ) of about 100 A can be estimated. The second observation,
It is important to determine the temperature dependencg,e nearly uniform distribution of magnetic scattering among
of the heat _capaC|ty. In the low temperature regime foline various Bragg peaks, is unprecedented for pyrochlore
Y,Mn,0; a linear dependence &, on T was observed mgaterials and is not consistent with any simple collinear or
below abot 7 K which is often regarded as the definitive approximately collinear magnetic structure involving ferro or
result for spin glass materials. On the other hand[°&  terrimagnetic coupling between the Ho and Mn sublattices
dependence has also been observed in systems usually (g5 the so-called 109° structure where moments are directed
garded as canonical spin glas®igure 10 showg/ghe mag- toward the corners of the tetrahedra comprising both mag-
netic heat capacity of YMn,O; as a function off**in the  petic sublattices wherein théakih) reflections are systemati-
temperature range 15-4 K. It is evident that % behavior cally absenf?°
holds_ from 11 to 4 K. It i; noted that the onset temperature  pp, attempt was made to determine the magnetic structure
for this power law behavior corresponds to roughly U3 4t 9 K by Rietveld analysis. Although a satisfactory solution

which is consistent with reports for other spin glassfor the magnetic structure could not be found, it was ob-
systems? Our results also show B=0 K intercept of about

0.144) Jmol'* K™%, a feature also seen in the canonical

systems? It has been speculated that this excess heat capac- 6000 ' ' ' ' '

ity is associated with the unblocking of the remnant magne- 2 5000- Ho,Mn,0,

tization. Unfortunately, the appearance of ¥ dependence 5

) . ) i . S ——9K- 50K

is not subject to unambiguous interpretation, as this is also o 40001 ]

the result expected for a material in which spin wave type 8 3000 q

excitations exist. Evidence from neutron scattering in the > 1 1 1

next two sections suggests such a possibility fosMis,0-. @ 2000+ f - |
A similar analysis cannot be carried out for J¥n,0;, o 'li T||+ i

due to the increase in heat capacity evident at low tempera- = 10001 monit AR 1T

. ; o LR RV AN iy

tures; see Fig.@). This increase may be the source of some 0 P e b 0% ¥

of the missing entropy in this material and measurements to 0 10 20 30 40 50 60

lower temperatures are planned. 20 (%)

E. Low temperature neutron diffraction
FIG. 12. Differences in the intensities of powder neutron dif-
fraction data between 9 and 50 K for pMn,O,. Solid line is to
Figure 11 shows the temperature dependence of the lowignify that the fall of intensities agains¥2s similar to that of the
angle part of the neutron powder diffraction pattern formagnetic form factor.

1. Ho,Mn,0,
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S 1600- FIG. 14. Powder neutron diffraction profiles for Y¥n,O at 8
o and 60 K.
< 1400 _ o )
= from the saturation magnetization data at modest fields for
[2] 3 g .
< Yb®" and Mrf", respectively. This suggests a more complex
T 12004 P P 99 P
r= situation than a collinear structure which may take the form
- of sublattice canting or the coexistence of short and long
1000 5 Y A AR range order although there is no clear evidence for diffuse
T (K) scattering around any of the Bragg peaks. These results

should also be compared with those for the isostructural
_ ) Yb,V,0; where heat capacity, magnetization and neutron
FIG. 13. (a) The temperature dependence of the intensity of thegjffraction are consistent with a long range ferromagnetic

reflection(111) for Ho,Mn,O5. (b) The temperature dependence of coupling between Y& and V** with the full moment values
the intensity of the reflectio222) for Yb,Mn,O;. for both species in zero fiel$

) . . . ) In contrast to the above the results fosh,0, reported
served_ that a configuration of nearest n.elghb'or Ho spins W'tBreviously showed, primarily, diffuse magnetic scattering
a canting angle of-110° andnn Mn spins with a canting \yith an onset near 15 K, the point below which the magnetic
angle of~75° lying in thea-b plane generate magnetic in- g sceptibility anomalies set friThe diffuse scattering is cen-
tensity in the(200 and(420 reflections which are forbidden tered about th€111) and (113 nuclear reflections. At lower
for collinear magnetic structures. However, these Cantingemperatures, near 7 K, weak narrow components appear to
angles are not necessarily unique but do indicate the cantggh present as well but their significance is ambiguous as the
hature of magnetic order in HAn0;. ) sharp components are superimposed on relatively strong

The temperature evolution of the intensity of L) 1 cjear peaks and the weak resultant feature could be an
reflection is shown in Fig. 18). This has the appearance of gifact of the subtraction process. The presence of a pre-
an order parameter and is consistent with a critical temperggominant diffuse scattering is consistent with the heat capac-
ture near 35 K. Heat capacity data indicate that the orderlngy data which is not significantly peaked for,Mn,O, un-
involved cannot be of long range and indeed there is a COlke the situation for HgMn,O-, and YBMn,O,.
relation with the spin glass temperature determined earlier. 14 summarize this section the low temperature neutron

Such behavior has been seen in other spin glass systems @fraction data forR=Ho and Yb phases together with the
WI|.| be discussed !ater, and is attributed to the formation of,g5¢ capacity results are consistent with the onset of some as
spin-canted domains. yet unidentified form of intermediate range magnetic order
with a strong component of spin canting and a minimum
2. YpMn,0; correlation length of about 100 A. Apparent critical tempera-
Neutron diffraction data at 8 and 60 K are shown in Fig.tures are~35 and~37 K, respectively, foR=Ho and Yb.
14. In sharp contrast to Hdn,O,, only two Bragg reflec-
tions, (222) and (004), indicated by arrows in the figure, are
enhanced due to magnetic ordering. The temperature varia-
tion of the intensity of the magnetic reflectidi222), as Figures 1%a)—15(c) display the temperature variation of
shown in Fig. 18b), also appears to be order parameter likethe magnetic component of the SANS for each material stud-
with an onset temperature of37 K. Magnetic structure ied for a range ofQ values. In all three cases the trends are
analysis of the datat® K indicates a collinear FM coupling similar. For largeQ the SANS data mimic the susceptibility
of the two sublattices with 0O(@®) #B/Yb3+ and 1.72) results, showing a cusp at 17 K f&®=Y and 38 K for
ug/Mn**. The structure refinement results are found to beR=Yb with a broad maximum foR=Ho. These features
independent of the spin orientation with respect to the crystallisappear gradually with decreasi@guntil for the smallest
lattice demonstrating the isotropic nature of the exchang® all three materials show a steep increase followed by ap-
coupling. The refined magnetic moment values at zero apparent saturation at low temperatures. In all cases the low
plied field are only~40% and~60% of the ones deduced temperature scattering at sm&)l exceeds that at larg®,

F. Small angle neutron scattering(SANS)
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® 0.01 L T T T T FIG. 16. Q dependence of the magnetic SANS intensities at 10
104 ~__ Yb.Mn.O 3 and 17 K for ;Mn,0O,. The open and solid symbols represent the
(c) e 2 data obtained with the experimental settitigsnd(ii), respectively
%tﬂg o Q0018 A (for details see Sec. Il F in the texiThe solid lines and dotted lines
1 S Y Qw0034 ] are fits to Eq.(6) including the resolution function and without
ooy —e—Q=0.049 A" including the resolution function, respectively. For details, see Ref.
e, —+—Q=0.132 A" 22
0.13 1
NI 3 I .
' the susceptibility anomaly at 17 K. The present data which
0.01 . . . - . . span a much wide@ and temperature range allow a more
0 10 20 30 40 50 60 70 thorough analysis for ¥vin,O; and the other materials as
T (K) well. The observed scattered intensity for all three materials

can be well fitted to the following model which is a sum of a
FIG. 15. Magnetic SANS intensities against temperature oblorentzian ) and a Lorentzian-squaret?) term:
tained at differenQQ values for(a) Y,Mn,0, (b) Ho,Mn,O, and
(¢) Yb,Mn,0O;. A B

Q)= + ,
| (T R (T

often by several orders of magnitude as Rs=Ho and Ybh.
These results cont(ast sharply with the behavior seen fayhereB is an additional constant an§§ and &, are correla-
other pyrochlore oxides such as,Mn,0;_, (Ref. 15 and  tion lengths associated with theandL? terms, respectively.
Nd,Mo,0-.% The former phase is a long range ordered fer-The fitting procedures were based on the detailed procedures
romagnet which displays the classic increase in SANS upogiven in Refs. 21 and 22. Some results fogMh,0O, are
approachingr; from above followed by a decrease to lower shown in Fig. 16. Note that for larg@ the intensity varies as
temperatures which reflects, first, a build up of subcriticalQ =2 while at smallQ the dependence approact@s* which
clusters followed by a decrease in their population as thés consistent with Eq(6). Such a model cross section is
infinite cluster grows belowl .. Nd,M0,0;, a long range commonly found for spins glass materials including metallic
ordered ferrimagnet, shows parallel behavior. Clearly, thejlasses and site-disordered insulafdr&

(6)

SANS data for the three #¥n,O; pyrochlores are not con-  For the case;=¢, there exists a theoretical justification
sistent with true long range order and thus are in accord witlgiue to Aharony and Pytte based on a random anisotropy field
the susceptibility and specific heat results. the influence of which is reflected in the presence oflthe

It is possible to obtain a more detailed description of theterm?® It has been argued that the same cross section should
magnetic microstructure from analysis of tQedependence pe expected for the case of random or competing exchange
of the SANS data. A preliminary report on,Mn,0O; using  fields. There exists at least one anomalous case where
relatively highQ data, indicated a reasonable fit to a simple¢, #£,.2° No detailed theory is available for this situation. In
Lorentzian the case cited® in fact £ was found to be essentially reso-

lution limited over the entire temperature range investigated,
i.e., theL? term could be replaced witB/Q*. This is not the
(QZ+1/£%) (5 case for the materials studied here.

The temperature dependence of the four adjustable pa-
whereA is a constant and is a correlation lengtf® These  rameters in(6) is displayed in Figs. 1&-17(c) (the corre-
observations were interpreted conventionally, i.e., as evitation lengthsg; andé,), Fig. 18(the coefficientsd) and Fig.
dence for the formation of finite ferromagnetic clusters neail9 (the coefficientsB). Note first that in all three cases, the

1(Q)=
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c
2 101 /d’ﬁj%o 4 FIG. 19. CoefficientsB in Eq. (6) against temperature for
% O/O OO\O~O‘O-0»O YzMn207, HOzMn207, and YQMn207
} 8
S 1 . ! . about 10-18 A(R=Yb and Ho, and finally saturates at
o 5 ﬁ\'}ctnqj\ lower temperatureéR=Y) or decreaseéR=Ho, Yb).
Yb,Mn,O, 5 © It should be commented here, that R, the & values
100+ ot E reported earlier are considerably greater than those found
_o_; 1 herel® This is due, primarily, to the restricte range
_—oocoomg| (0.025-0.07 AY) of the previous study, which, unfortu-
105 o/o B nately, overlaps slightly the regime in which thé term
% becomes important and to the relatively greater scatter in the
data. Both factors contribute to an overestimatiog,oivhen
1 T T -0 the data are analyzed with only theterm present.

0 10 20 30 40 50 60

T K & in contrast shows a very strong temperature depen-

dence with steep increases over very narrow temperature
ranges to values exceeding 300—600 A, depending upon the
FIG. 17. Correlations lengths; and &,, determined from Eq. Material. ForR=Y and Ho{, reaches resolution limited val-

(6) for (a) Y,Mn,0;, (b) Ho,Mn,O;, and(c) Yb,Mn,0;. ues below 15 K(R=Y) and 30 K(R=Ho) and forR=Yb a
saturation at about 500 A.
two correlation lengths are unequal and tigt-¢, in gen- The temperature dependenceépfcan be compared with

eral. It was not possible to fit data over the f@l range similar results for nearly ferromagnetic metallic glasses such
available with the constrairdy =¢,, the largeQ data more or  as ZgFey;, NdFe, and ThFeys, which show a similar broad
less fix¢; and the smalQ data&,. Secondly, the temperature maximum?*?’The most straightforward interpretation is that
dependencies are strikingly different. In all three cages & measures the evolution of ferromagnetic correlations and,
increases gradually with decreasing temperature from norslearly, these grow as for a conventional critical phase tran-
zero values well above the apparent spin glass temperaturestion approached from above but an infinite cluster and a
then passes through a broad maximum of 25R&Y) or  true long range order and associated critical temperature are
never realized due to the intervention of random fields. The
random fields may be of anisotropy or exchange origin or

' ' ' ' ' both. It was argued that rounded maxima are characteristic of
W 1024 O Y,Mn0; @000 3 random exchange fields but anisotropy fields for BveHo
< —0— HooMn,0, C&;mﬂ ] and Yb materials must play a role as well.
S —A—Yb,Mn,0, /O ] The temperature dependence of the random field compo-
8 | o ] nent is monitored by th&? term and thus, andB. In all
< A casesé, undergoes a steep increase at temperatures just
T 10°4 » A 4 3 above the maximum i;, evidence for the competition be-
Q0 ] A o ] ; ;
o) ] 3 tween the ferromagnetic and random tendencies. It should
5 also be noted that the spin glass signature behaviors in the
8 bulk susceptibilities, such FC-ZFC irreversibilities and fre-
quency dependencies, set in over the temperature interval
104 O E R R o e within which &, increases dramatically. There is one apparent
0 10 20 30 40 50 60 difference between the behavior of tRe=Y phase and the
T(K) other two materials, in that for the formeg;, attains finite

values even above any spin glass transition temperature
FIG. 18. CoefficientsA in Eq. (6) against temperature for while for the others thé.? term andé, are nearly zero until
Y ,Mn,0;, Ho,Mn,0, and YipMn,O;. the spin glass transition.
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—— 77— is another parallel to the situation reported in the previous
section for theR=Ho and Yb pyrochlores in which the mag-
netic Bragg reflections correlate with the spin glass tempera-
3 ture and for which the magnetic structure must involve spin
3 canting. Spin canting is a common feature of reentrant spin
glassz4transitions and has been seen in many other systems as
well.

The picture of the magnetic microstructure which
emerges from the neutron scattering data, both SANS and
high Q diffraction, must therefore be similar to that seen for
more conventional spin glasses, that is, consisting of rela-
tively large randomly spin-canted domains, but more hetero-
geneous in that smaller ferromagnetic domains apparently
T (K) coexist within the same temperature range.

107 5

Bg, (arb. units)

10

O Ho,Mn,0O,

10°° ——T1 T

FIG. 20. ProductB¢, as a function of temperature for
Yb,Mn,0; and HgMn,O,. Open symbols represent ti£, data.
Solid symbols represent the scaled magnetic Bragg peak intensities. In this work, we have reported a wide variety of studies
Solid lines are guides to the eye. (i.e., ac and dc susceptibilities, magnetization, heat capacity,

neutron diffraction, and small angle neutron scatteriog

The coefficients of thé. andL? terms,A andB, respec- the frustrated pyrochlore®,Mn,0; (R=Y, Ho, or Yb).
tively, also present a sharp contrast. The temperature depehese compounds show magnetic transitions with a sharp
dence ofA is generally rather weak with only small features rise in magnetization below-20 K (R=Y) and ~40 K (R
appearing near the spin glass onset temperatures, although=ddo, or Yb). Paramagnetic susceptibility data obey Curie-
sharper decrease is evident R#Ho at lower temperatures. Weiss behavior over a wide temperature range witred,

B on the other hand, shows a systematic, order-parametevalues of about 40 K for all three samples indicating ferro-
like increase below the spin glass onset temperatures for athagnetic ordering. However, further studies do not substan-
three materials. In fact it is the quantiB¢, which should tiate long range order. Qualitative and quantitative depen-
behave as an order parameter for a spin glass tranéitidn. dences of ac susceptibility on frequency R+ Y and Ho are
This quantity is compared, suitably scaled, to the measureith accord with spin glass behavior. In the casdrefYb, the
intensity of the magnetic reflections seen R+Ho and Yb  frequency dependence is too weak to attempt any analysis.
and the agreement is quite good as shown in Fig. 20. Previous heat capacity studies o§Mn,O; do not show

In fact the common behavior of the pyrochlore mangan-any anomaly at the magnetic transition temperature. A linear
ates resembles that seen for reentrant spin glasses with thehavior of the magnetic specific heat at low temperatures
exception that the ferromagnetic and spin glass transitiomnd magnetic entropy considerations clearly suggest spin-
temperatures are nearly coincident. Among several such sygtass-like ordering. These were substantiated by the absence
tems that of the site disordered crystalline spin glas®f magnetic Bragg peaks below the ordering temperature. On
(1-x)FeTiOy(x)Fe,0; with x=0.21 provides particularly the other hand, conflicting results were obtained Re¥rHo
strong parallel? Here T.(ferro) is about 220 K while and Yb. For instance, the magnetic Bragg peaks, particularly
T4(spin glasgis about 80 K. SANS and conventional high-  for Ho, are strongly enhanced beloW. suggesting long-
neutron diffraction have been carried out on this system. Theange order, but heat capacity fails to show a shatgpe
SANS data were analyzed using E) with ¢&,=§&,. It was  anomaly. Rather, the broad magnetic heat capacity anomaly
found that thel term was important only in the range 300— centered around the apparét, and the magnetic entropy
100 K, peaking near the appareft, while the L? term  development imply short-range ordering. The magnetic
dominated below 100 K, rising sharply negg. The corre-  Bragg reflection pattern for HMn,0O; is not consistent with
lation lengths extracted behave essentially as those for theny simple collinear or approximately collinear magnetic
pyrochlores.(As single crystals were used in that study it structure involving ferro or ferrimagnetic coupling between
was possible to measure parallel and perpendicular compdhe Ho and Mn sublattice nor the so-called 109° structure. It
nents separately while for the pyrochlores only powder avwas observed that a strong canting of the Ho and Mn mo-
eraged values are sepi. measured from thé-dominated ments could account for the most unusual feature of the
high temperature data, which compareséidfor the pyro-  structure, namely the enhancement of all the nuclear Bragg
chlores, increased to a maximum of about 300 A rieaand  reflections but a unique structure solution was not found. For
descended to about 200 A just above 100 K. Below 100 KYb in contrast only two reflections were magnetically en-
the correlation length, which would correspondéafor the  hanced and a magnetic structure analysis suggests a FM cou-
pyrochlores, increased sharply and reached resolutiorpling of the two sublattices, namely Yb and Mn. However,
limited values of about 1000 A nedyy. The microstructure the moments obtained at zero field are significantly smaller
in the spin glass state was proposed to consist of large dahan those inferred from the saturation magnetization at high
mains which are randomly spin canted with respect to eackields and it appears that a more complex situation, such as
other. Evidence for spin canting was seen in this system alsspin canting, is probable. Heat capacity and low temperature
in the highQ magnetic Bragg scattering involving several neutron diffraction results, together, suggest an intermediate
reflections which become strongly enhanced belgw This  range magnetic order with spin canting and a minimum cor-

IV. SUMMARY
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relation length of about 100 A. ture of the site-ordered pyrochlores, deduced from a wide
SANS data of HgMn,O,, Yb,Mn,0,, and Y,Mn,O; are  variety of studies, is quite complex consisting of coexisting
also consistent with the lack of true long range order as theandom spin-canted domains and smaller ferromagnetic do-
intensity at lowQ increases with decreasing temperature. Amains. Such complex behavior is unprecedented in materials
detailed analysis of th® dependence requires a model crosswhich are crystallographically well ordered. The issue which
section containing both a Lorentziah)( and a Lorentzian remains is whether purely geometrical frustration can be
squaredL?) term to fit the data over the fuld range. In all  solely responsible or whether one must also consider the role
three cases, the correlation lengths(L) and &, (L% differ  of defects at nearly imperceptible concentrations. As men-
greatly in magnitudéé,>¢;) and in temperature dependence. tioned previously, this is a very open question at present and
& which is associated with ferromagnetic clusters increaset is hoped that these results will stimulate further work.
with decreasing temperature from well above the apparent

orde_ring temperatures, and then saturates following a broad ACKNOWLEDGMENTS
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