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Low-temperature specific heat of BaCuQ and BaCuO, ;4 in magnetic fieldsto 7 T
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The specific heats of samples of BaGudd BaCu®@ 4, on which magnetization and/or neutron-diffraction
measurements had been made earlier, were measured for the temperature rasde<®3X in magnetic
fields to 7 T. BaCu@®,, has a complex structure with 90 formula units in a bcc unit cell; 6 Cu are “lone
spins,” 48 are in 8 Cg0;, “ring clusters,” and 36 are in 2 C4O,, “sphere clusters.” The ring and sphere
clusters have ferromagnetically ordered ground states with §#r% and 9, respectively. Antiferromagnetic
ordering of the ring clusters occurs with aéléemperaturd (0)~ 15 K. The specific heat of BaCy@hows
a cooperative ordering anomaly associated with the antiferromagnetic ordering of the ring clusters. Schottky-
like anomalies, having maxima at5 and~0.7 K, are identified with the ordering of the sphere clusters and
the lone spins, respectively. Only Schottky-like anomalies are observed for the specific heat of,BaCuO
is suggested that the increase in the Cu oxidation state, due to the addition of 0.14 mol of O, increases Cu-O
covalent bondingspin compensatignand/or produces nonmagnetic Cu which in addition to the known
increase in the Cu-O bond lengths, disrupts the superexchange paths that lead to the antiferromagnetic ordering
of the ring clusters in BaCu O For BaCuQ the magnetic entropy was 90% of that predicted for the ordering
of the three Cu structures. On the other hand, the magnetic entropy for Bacw@s only 65% of that
predicted, which suggests a relative large suppression of some magnetic entities due to the addition of 0.14 mol
of O. Although BaCu@®,, is an insulator, the specific heat ha3-@roportional component that is magnetic
field dependent and is presumably associated with the magnetic degrees of freedom.

[. INTRODUCTION been disputetiwith the assertion that up to eight additional
sites can also have variable O occupancy. The Cu sublattices
The deceptively simple chemical formula for nonstoichio-in the sphere and ring clusters are independent'dfHow-
metric BaCuQ_, masks the fact that it has an extremely ever, as found in the cuprate superconductors, the O content
complex crystal structure that contains 90 formula units in dnfluences the Cu oxidation state. Theeragevalence for
body-centered-cubitbco) unit cell (space groupm3m).1=®  Cu in BaCuQ., would be 2+ 2x. If all 48 O(6) site$ were
There are three different systems of Cu spins within whichoccupied, one would obtax= 0.4, while if only the 24 @6)
and between which, there are complex interactions. The Caites associated with Cu were occupied, one would have
are all in square-planar CyQunits, most of which share =0.2, with average Cu valences of 2.8 and 2.4, respectively.
edges to form CuO,, spherelike clusters and gy, ring-  However, depending on the location of the excess oxygen,
like clusters. The bcc unit cell contains two of the spherelikethe effect on the Cu oxidation state in each of the three Cu
clusters(36 Cu centered on the corner and body-center po-Systems would not be the same. A change in oxygen content
sitions, and eight of the ringlike clustefd8 Cu located alters the Cu-O bond lengths and the unit-cell volififie,
between the spheres and centered on the four body diagw4th the largest bond changes occurring in the,@Qy
nals. There are also partially occupied sites that corresponelusters’ Changes in Cu-O bond lengths could produce re-
to Cw0, clusters, each of which can contain two CuO lated changes in the Cu oxidation staded in any Cu-O-Cu
units thatdo notshare edges. In the bcc unit cell there are sixsuperexchange paths.
of these clusters located between the spheres on the cube Neutron-diffractio™’ and  magnetic-susceptibility
edges, and on parallel lines through the cube center, but thpeasurement$ on a BaCu@ sample have shown that the
Cu sites are only 50% occupied, giving a total of six Cu oflone-spin Cu ha$=1/2, while theS=1/2 Cu spins in both
this type. These six Cu are referred to as “lone spins.” Inthe CyO,, rings and CuygO,4 spheres form ferromagneti-
BaCuG only two of the four square-planar O sites surround-cally ordered cluster ground stafesith net spins ofS=3
ing a lone-spin Cu, the () sites, are occupied on average, andS=9, respectively(The ferromagnetic ground states are
leaving 36 of the 48 sites of this type vacant. Both the loneformed from the alignment of the individugs=1/2 Cu
spin Cu and O are randomly distributed over the availablespins, presumably via Cu-O-Cu superexchange )nkEx-
sites in the Cu@units of the CyO, clusters. Besides the O cited states for both types of clusters have smdlleege)
sites in the three types of clusters, there are 12 additionalet spins. The GyO,, ring clusters order antiferromagneti-
occupied O sites for a total of 216 sites. As oxygen is addeaally with an ordering anomaly in magnetization at aeNe
to BaCuQ, it has been reportéd that the 36 vacant 8)  temperatureél\(0)~ 15 K. Neither the lone-spin Cu nor the
sites become randomly occupied, but this assignment haSu;g0,, spheres exhibit long-range magnetic order for
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=0.05K.” Above ~190 K the magnetization dat¥ can be  heat and entropy of BaCuyQ,, a possible role that oxygen
fitted with a Curie-Weiss function that is consistent wBh plays in producing the enormous changes observed in the
=1/2 CU#" for all of the Cu in BaCu@. Neutron-diffraction  specific heat for relatively small changessnand, finally,
measurements have also been made on a Bagus@mple®  comparisons of the present data with other extensive, previ-
At 4.2 K no cooperative, long-range magnetic order for anyously reported specific-heat measureméhs.general sum-

of the three Cu systems was observed. mary is given in Sec. VII.
BaCuG is a common impurity phase in the most widely
studied of the highF. superconductors, YBEu;O;_s Il. SAMPLE PREPARATION

éYthgr(z).al-ll—cr)]v(\a/strtlgg%glﬁr;aaiﬁ)isifdrlr?ggan::oorg tgin\c(i_sB?r;;ugn Ceramic samples?®® ~8.5¢ (x~0) and ~9.5g
o)écur as impurity phases in YBCO v?//ith thep more common~0'14)’ sintered as right circular cylinders, were prepared in
being Y,CwO (blue phask Y,BaCuG, (green phase and the same way except the final heat treatment. For the

BaCuQ sample the final annealing and cooling to ambient
B."’?CUQH (brown phasg BaCUQ”. has a very large spe- temperature were in an atmosphere of He, while one atmo-
cific heat at low temperatures, and it is the most troublesom

gphere of @was used for the BaCuQ, sample. No decom-

gifﬁtchﬁzztn;?:(elggg \2’{';2] r?:ges:gg&:ésl Cgl?gclat::tr:;)iz ;C;ﬂelesspg- osition should have occurred since neither sample was held
PIES. y P or extended periods at high temperatures outside the stabil-

o e a1y el Based ot prase lagram n R 10, e 0.
y gree. y In: 9 en contents for the He- and,@nnealed samples were
temperature and oxygen pressure, but it is metastable at a & be ai b d el
bient temperature in a’. BaCuQ,., decomposes slowly &/ to be given bx~0 and~0.14, respectively. .
: X Thermogravimetric analysiSTGA) on representative

into Ba,Cu;0O5 and BaO at elevated temperatures outside th%amples prepared in the same ways as the two specific-heat

stability zone.” samples gave, for a He-annealed sample0.1+0.1, and
Following the discovery of YBCO, the low-temperature for an O-annealed samplex=0.6-0.182L In a recent

specific healC) of BaCuG,x was measured in zero mag- papet® the upper limit onx for BaCuQ,, , was stated to be

netic field®!?~*8and in magnetic fieldgH).1%16"Kuentzler . .
14 . ~ ~0.16 for oxygen present as lattice structural elements. This
etal.™ were probably the first to show that the low value is close to th=0.2 that would be expected if the

temperature specific heat of BaCuQ was very strongly : . o
dependent on the oxygen content, and later specific-he8(6) S|tes.next to _occupled (;u sites in the Ou clusters
were all filled. This conclusion was based on the known

measurements by others confirmed their observatiohsi® crease in the BaCuG.. cell volumd with increasing oxv-
All of those measurements showed that the specific heat df ! U0 volume wih 1 Ing Oxy
gen content. The TGA measurement okarplus x-0.46

BaCuQ ., was much larger than that of YBCO at low tem- N
peratures. These findings were the source of the then wide@ 0'1('j overtthhex h0.14 g?(perg;d fc(;r ]Ehe Q[ahnnealed siampfﬂe
held belief that most—if not all—of the anomalous, and ased on the phase diag and for other samples for

highly sample dependenty* (0)T term for YBCO for H which even larger values of have been reporte_eplcould be
—0 was probably due to the presence of varying amounts O(?xplamed by the presence of strongly chemisorbed atomic
BaCuG.,. Many previous samples of BaCyQ, synthe- oxygen(O_) on §urches or as mo!ecular oxygenﬂ(ﬁapped
sized for specific-heat measurements probably contained occlusions in microscopic voids, pores, and grain bound-

aries of the sample, or in interstitial positions. The presence
\?vti?ﬁ ;ﬁgﬁsﬁ% f?:rr:glg 321020538%‘;@ have been reportét of occluded Q should give a thermal signature in the spe-

In this paper we report low-temperature, specific-hea 'f'?rggashgeaiozég dcuresttglrgerzrsgi'grfg?r%tzrgnse'gic;ig_%fez?l'd
measurements in magnetic fields on the two well- 2 @ pcry grap - 5P

: measurements on LaCyQ, (x~0.13) do have an irrevers-
characterized samples of BaCuQ (x~0 and~0.14) used . ! . :
in the magnetic-supsceptibilﬁ)? and(neutron-diffrac?io?ﬂg ible anomaly near 24 KRef. 23 that is consistent with the
experiments. These measurements had a fourfold pu _reslence OfNO'.OGS mol ?f otchcluged o If occlludeddnij—t
pose: (1) To measure the contributions @H) associated becrl: ar oxygen 1s plresen ": tf] ta}cé#LQ éamp ethan i
with the known cooperative ordering of the 04, rings and i ia&/ees I?ac? til?égravr:/?no?'nalaénne:r ZUA?K Bdegnc?n
with any ordering of the Cy4O,, spheres and lone-spin Cu would exp ! y i

. the results for LaCu@, ,,%® this anomaly would be a signifi-
that might occur above-0.35 K. (2) To observe the effect ; X "
on thegmagnetic ordering of ex(cgss oxygéd). To test a cant fraction ofC for BaCuQ ., . Although the specific-heat

model for the ordering of the three magnetic systems b ata for BaCyQH near 24 K are not closely spaced, they
evaluating the magnetic entropi) To provide measure- are very precise, and no such anomaly was observed. There-

; ; e fore, it would appear that the excess ©0.46+0.1 mol O
ments of C(H) for use in correcting specific-heat data for ound in the TGA analysis could be present only as strongly

YBCO samples for the presence of small amounts ol{) . )
P P ound, chemisorbed O on the ceramic sample surfaces. In

BaCuGQ.,,.**% ’ ;
The sample preparation and characterization are describ is paper we will assume the two samples to be_Bm
CuG 14 based on the conditions of preparation and the

in Sec. Il. The specific-heat measurements are described a ]

an overview of the results presented in Sec. Ill. The analysiQ ase diagram of Ref. 10.
of the data to separate the lattice and magnetic contributions
is described in Sec. IV, and the calculation of the magnetic
entropies is described in Sec. V. Section VI includes a dis- One end of a cylindrical sample was glued to a copper
cussion of how changes in oxygen content affect the specifiplate with GE7031 varnish and the sample covered with a

Ill. SPECIFIC-HEAT MEASUREMENTS
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FIG. 1. The specific heat of BaCyO(a) C(H)/T vs T for FIG. 2. The specific heat of BaCy@, (@) C(H)/T vs T for

0.35<T<30K andH=0 and 7 T. FoH =0, the antiferromagnetic 0.35<T<30K and 0SH<7T. The inset shows the same data on
and two paramagnetic ordering anomalies are clearly shown. In 7 'I"’,m egpanded scale below 3.5 K. The complex, multlple-aljomaly
the antiferromagnetic ordering anomaly has moved to a lower temgrderlng _observed _for BaCyOhas been replaced by single
perature, while the other two anomalies have both moved to highe?ChOttky'“ke anomahes{b) C(H) vsTfor T<5 K. The Schottky-
temperatures and have coalesced into a single, broad anomaly céw-e nature of the ardering is illustrated by thedependence.
tered at~4.5 K. (b) C(H) vsTfor T<4 KandH=0 and 7 T. The
H=0 ordering anomaly for the lone-spin Cu in the partially occu- témperature and in Fig.(8) asC vs T for T<5K. (For H
pied CyOy, clusters is shown on an expanded scale. =2T the specific-heat data were measured only to 5
K.) The inset to Fig. @) is an expanded plot d&/T vs T

thin layer of silver foil (also using GE7031 varnigho en- inthe region below 3.5 K, with the curve fét=1 T omitted
sure good thermal contact. The copper plate was screwed for clarity. In Figs. Za) and 2b) the solid curves represent
the calorimeter stalk, which contained germanium and platiC,;. Addition of ~0.14 mol of oxygen has produced a pro-
num resistance thermometers and a heater. The thermometéosind change inC from that observed for the BaCyO
were outside the solenoid and were shielded from the magsample shown in Fig. 1. The antiferromagnetic ordering
netic field by a superconducting Nb-Ti cylinder. Specific- anomaly has disappeared, as have the other two features, and
heat measurements were made using a semiadiabatic, hehttve been replaced by the broad, Schottky-like anomalies
pulse techniqu for 0.3<T<300K and GsH=<7T. The shown in the inset to Fig.(8) and in Fig. Zb).
precision of the measurements wa®.1%, while the accu-
racy was~0.5%, as estimated from measurements made on
a copper standard. The molecular weight of BaguO
,232.87 gmol?, was used in calculating a “molar” specific The lattice Ci,) and magneti¢ C,,H)] contributions
heat for both samples to obtain values that refer to 1 mol ofo C(H) were separated by an analysis of the data in the
Cu in both cases. temperature region above the maxima of the ordering

The specific heat of BaCuydor H=0 and 7 T is plotted anomalies inC. C,; was represented by three ternis,T"
in Fig. 1(a) asC/T vs T for the entire range of temperatures (n=3,5,7), in the usual harmonic-lattice expansion. Al-
of the measurements, and &vs T in Fig. 4(b) for T  though BaCu@and BaCu@® 1, are both insulators, and there
<4 K. The solid curves represent the lattice specific heatan be nol-proportional term inC(H) associated with con-
(Cia)» Which was evaluated as described below in Sec. IVduction electrons, &* (H) T term was included in the fitting
Three features are apparent in 8T vs T plot for H=0.  expression. Its inclusion substantially improved the fits for
One of these features, associated with the antiferromagnetld#0 and gave results that were consistent with an
ordering known from other measurements, appears as a rele-independentC,,;. It is assumed that this term is magnetic
tively sharp anomaly with a peak ne&g(0)~13K. This in origin and is part olC,,{H), i.e.,
peak is shifted to lower temperature in 7 T, as expected for
antiferromagnetic ordering. Fét =0, besides the antiferro- Ciad H)=Canmy(H) + v*(H)T, (1)
magnetic ordering anomaly, there is a second broader
anomaly centered at5 K and a sharp upturn beginning near whereC,,(H) is the contribution of the “anomalies” that
2 K. In 7 T, these latter two features have coalesced into are evident in Figs. 1 and 2. For BaCu@H=0,7T) and
single broadened anomaly centered-a5 K. IntheCvsT  BaCuQ 4 (H=0,1,3,5,7 T),C, was obtained from global,
representation in Fig.(b) the sharp, low-temperature upturn least-squares fits d(H) for 15<=T<30K and O<sH=<7T
in C/T appears as a Schottky-like anomaly centered@fZ7  to the expression
K.

The specific heat of BaCuQ,for H=0, 1, 2, 3, 5, and 7 Cu(H)=A(H)/T?+ y*(H)T+ B3T3+ BsT°+B,T’,
T, is displayed a€/T vs T in Fig. 2(a) for the full range of 2

IV. DATA ANALYSIS
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FIG. 3. [C(H)—C,]T? vs T® for BaCuQ, well aboveTy,

showing the high-temperatur&(H)/T? magnetic terms and the FIG. 4. y*(H) vs H for BaCuQ,, obtained from a global
v*(H)T terms, which are, respectively, the intercepts and slopes oleast-squares fit of the data from 15 to 30 K that gave the lattice,
the straight linesy* (0)=0. The error bars arez 1% of C(H). magnetic, andy*(H) parameters. The straight line represents a
linear least-squares fit of* (H) to H, constrained to have zero
intercept, where the error bars atethe standard errors obtained

2 . .
where the A(H)/T< term is used to represent the field- from the global least-squares fit,

dependent, high-temperature-limiting form & ,,my(H).
The global fits for both samples had rms deviations oflies make significant contributions t€(H) in the low-
0.34%. Addition of aB4T® term toCy, did not significantly  temperature region, and they cannot be uniquely modeled.
decrease the rms deviations. However, the assumption that thé (H)T terms obtained
To test the reality of they* (H)T term in the BaCu@ from the analysis of the data f@r>15K are also present at
specific-heat data, and to provide guidance in further analylow temperatures is consistent with the low-temperature
sis, individual fits had been made to the dataHee 0 and 7  data.
T withoutincluding ay* (H) T term in the fitting expression. A nuclear hyperfine specific heaC{y) is expected for the
For H=0 the fit was excellent with an rms deviation of nuclei ®*®Cu and *>1*8a, whose combined theoretical
0.08%, indicating thaty* (0)=0. However, the fit for the contributions are given in the high-temperature limit by
7-T data was much worse with an rms deviation of 0.50%C{H)=0.003 29H/T)? mJ K *mol ! for H in tesla. In the
more than 6 times greater than fidr=0. Moreover, theB,,  temperature range of the present measuremedtgH)
coefficients were very different from those for thie=0 fit. makes only a small contributign~1% of C(7 T) at 0.6 K|,
C,.: Obtained for theH =0 fit was subtracted from both the and the only evidence for its presence is a very small upturn
H=0 and 7 T data and the residuals plotted (agagT2 in the lowest data point irC(7 T) and C(7 T)/T for the
=[C(H)—C,,(0)]T? vs T2 as shown in Fig. 3. The straight BaCuQ sample. This upturn is much too small to be seen in
line, obtained from a least-squares fit of the 7-T data, clearlyhe plots shown in Fig. 1 and is only observable on an ex-
establishesy* (7T)=10.6 mJ K 2mol™%; the plot forH=0  panded scale. Despite its small contribution, the calculated
attests to the quality of the fit with* (0)=0. The global fit C,(H) was subtracted from alC(H) data before any en-
to both sets of data gave essentially the sabpg as that tropy evaluations were made.
obtained in the fit to théd=0 data alone. A similar proce- The global least-squares fits gaveB;=0.425
dure was used to establish the presence*@H)T terms for ~ mJK *mol~! for BaCuQ andB;=0.620 mJ K“*mol~* for
BaCuQ ,, Figure 4 is a plot ofy*(H) vs H for the BaCuGQ s The limiting, low-temperature Debye thetas
BaCuQ ;, sample, which is linear to within the standard (®p) are, respectively, 264 and 233 K, whe@p
errors of the fitted values of* (H). The straight line repre- =[(12/5)7*NakgNom/B3]Y3, N4 is the Avogadro number,
sents a least-squares fit to the data, constrained to be zero fg the Boltzmann constant, amd,;,,,the number of atoms in
H=0, with a slopey* (H)/H=0.81mJK 2T mol Y. The the formula unit—4 for BaCu® Figure 5 is a plot of
addition of ~0.14 mol of oxygen to BaCuQcaused a de- C,, /T2 vs T for both samples. The solid curves show the
crease iny*(7T) from 12.4 to 5.7 mJK?mol L. [The temperature region of the global, least-squares fits used to
value of *(7T) for BaCuGQ changed from 10.6 obtain theB, . The addition of oxygen to BaCuroduces
mJ K ?2mol ™! for the single-field fit to 12.4 mJK2mol™!  a softening of the lattice modes, particularly the low-
for the global least-squares fit, which is not significant tofrequency acoustic modes that determBwe
within the accuracy of the dafaFor both samples the Figure Ga) is a plot of the magnetic specific heat
adopted values for th&(H) terms, theB,, lattice parameters, Cp,of H)/T=[C(H)—Col/T=[Canmy(H)+ y*(H)T)/T vs
and they* (H)T terms were those derived from global, least-T, and Fig. &b) shows C,{H)=[C(H)—Cjy] vs T for
squares fits using E@l) and constraining/* (0) to be zero. BaCuQ. It is obvious from these plots that there are rela-
These parameters are only slightly different from those obtively large amounts of short-range order—antiferromagnetic
tained from the single-field fits and are believed to be moreorrelations—abové (H). Similar plots are shown in Figs.
representative since all fields were used to establish them. W@ and 7b) for BaCuGQ ;. The anomalies inf C(H)
is not possible to derive reliable valuesgf(H) from fitsto ~ —Cy,] vs T in Fig. 7(b) are Schottky-like, and the offsets at
the low-temperature data since the magnetic ordering anoméigher temperatures clearly show the influence of the



542 R. A. FISHERet al. PRB 61

0.65
Y A BaCuO,, g
= x~0.14" M
5 055 =
gos >
1 o
M 0501 T
£ 3]
o045 ]
S x~0 o~ T
040 1 3 ° Heo @
g o 1T
0.35 L o
0 5 i0 15 20 25 30 = NS
:
T(K) % T
3 ;A) %\%%% $y
FIG. 5. C,»/T3® vs T for BaCuQ ., for x~0 and~0.14. The z i3

solid curves show the temperature regions of the global least- Y > 1 6 s 10
squares fits used to obtain ti8;,, while the dashed curves are
extrapolations using thosB,,. Evidently, increasing the oxygen
content from~2 to ~2.14 causes a softening of at least some of the  F|G. 7. (a) A plot of [C(H)—C,,]/T vs T below 10 K for
lattice modes. BaCuG ;, emphasizing the low-temperature ordering. The data for
H=0 show a small feature between 1 and 2A.The same data as
v*(H)T component ofC(H). As shown in Fig. ), the (@ but plotted agC(H)—Cy] vs T for 0.$5<T<30 K. This plot .
St of the maxima I{C(H) Cy] o higher T wih n-  STEIeHies e drrarge Sctatty ke e of e orderng
creasing magnet[c field is much less -than Woul.d have bee1ri]eld shows the presence ¢f (H)T terms. The temperature shift of
expected for a simple Schottky functiofThe ratio of the

o . - . the maxima i C(H) — C 4] with magnetic field is relatively small
shifts in the maxima ofC(H)— C|ad_for H » 7 T a”?' 1T IS compared to the shift observed for a simple Schottky function. Note
1.5 compared with a corresponding shift in this ratio of

. the sharp contrast between the specific-heat data shown in this fig-
~T7—qgreater than a factor of 4—for simple Schottky func- e for BaCuQ ,, and that for BaCu@shown Fig. 6.

tions withg=2, S=1/2, 3, and 6, and no crystal-field split-
ting.) V. MAGNETIC ENTROPY

Evidently, the long-range antiferromagnetic ordering for
BaCuQ (seen in Fig. §has been destroyed by the addition ~To obtain the entropy[ Spnaf{H)] for the magnetical-
of oxygen. These results are consistent with neutronly ordered entities for the two samples and their
diffraction measurementswhich also show no cooperative, high-temperature  limiting  values  for H=0 (Sj),
long-range order. When the curves in Fig. 6 are compared tdCmadH)/T dT—corrected forC(H)—was evaluated for
those in Fig. 7, the contrast in the specific heat and ithree separate regions: From-0.35 to~30 K, the data
magnetic-field dependence, caused by the addition of onlyere integrated numerically. Fdr<0.35 andT=30K, they
~0.14 mol of oxygen, is striking. Obviously, the nature of were extrapolated td=0 andT =, to obtain, respectively,
the ordering has been dramatically altered. AS 1(H) andAS,r(H), the contributions t&S,(H) from
those regions. To make extrapolations to the absolute zero,
Cmad H) in the lower end of the temperature range was fitted

T(K)

= 5 Bacuo, ;% ) using they* (H)T terms derived at high temperature—where
F R they were necessary for a good fit—plus the limiting, low-
5 10 ++:Z° f%% 1 temperature expression for a two-level Schottky anomaly:

2 & e,

20 @f Crmad H)=7* () T+ nNpka[ E(H)/TP%e 5HIT, - (3)

< o

- 0-00 T S e wheren is the number of moles artd(H) is the splitting(in
a0 ‘ kelvin) between the ground and excited state. This form for
e o @) the extrapolation o€C,,n(H), the second term in E@3), is
Fosole ] used as a reasonable empirical fitting expression. However,
M PR . N .
E 00l wg@@m& ° §1T=o no theoret|cal_ significance shpuld_be attached to the derived
c + ° parameters since the data being fitted do not correspond to a
5 sob f 4"% ] single Schottky function. This is shown, e.g., by the fact that
@ 7 3?::;;;::” n is not field independent, which it would be if the data
S o ‘ 3

corresponded to a single Schottky anom@lyn extrapola-
tion of Cp,,{H) to T=0 was also made using a polynomial
fit that gave the same value &fS, +(H) to better than 1%,
FIG. 6. The magnetic specific heat for BaGu@btained after ~€mphasizing that the extrapolated entropy is not strongly de-
subtractingC,,, from the data shown in Fig. 1. Ife) the data are Pendent on the form of the expression u$ed/alues of
plotted as[C(H)—C,J/T vs T for H=0 and 7 T; in(b) as  A(H) from the global, least-squares fit Gfat highT to Eq.
[C(H)—Ciy] vST. (2) in Sec. IV were used to evaluatéS,t(H) from T

T(K)



PRB 61 LOW-TEMPERATURE SPECIFIC HEAT OF BaCuy?ND . . . 543
S R gnergieg that spec_ific-_heat measurements below 30 K would
e include only contributions from the ordering of those clusters
D in their ground states and the ordering of the lone spins.
5 tim = Consequently, the values 8f,,{H) (extrapolated ta =)
E 15 should be independent ¢i. However, the dependence of
é BaCuO, SmadH) on H, noted above, is consistent with the interpre-
Z 101 H=0 T tation that they* (H)T term in C(H) is of magnetic origin,
wé" and its contribution to the entropy should be included in
0.5 HT) n E(K) A AS. ASy ] SnadH). Obviously, there must be a “cutoff’ to that con-
0 0037 105 1413 0060 0.100 tribution to av_oid an infinit_y in the entropy. _Since there is no
0.00 : = = ” s apparent basis for modeling the “cutoff,” it was taken as a

discontinuous drop to zero at a temperaftige which might
be expected to depend on botlandH, to give

FIG. 8. The magnetic entropy derived from the specific heat for

T(K)

BaCuQ plotted asS;,,{H) vs T. TheH=0 curve extrapolates to Simad H) = Sanmiy(H) + v* (H) To. (4)
the limiting entropy shown by the horizontal straight line. With an _
assumption about the* (H)T term (see text the 7-T curve ex- For BaCu@, To=40.4K makes  Syad7 T)

trapolates to the same limit. This limiting entropy is 10% lower than:2'135J K*mol™ at T=cc, the value OfSim - In the case
that expected for the ordering of the three structural Cu-O units,Of BaCuQ s To=45.0 K_lgave SmadH)=1.555, 1.555,
which is shown by the horizontal dotted line. The parameters used->46, and 1.521 JKmol™* for H=1, 3, 5, andl7 TLlre-
in the low- and high-temperature extrapolations are given in theSPectively, with an average of 1.544.015JK"mol™",

table in the figure, where the units are T, K, J, and mol. compared withS;,,=1.525JK *mol~*. [A combination of

magnetization measurements and model calculdfionas
. _ been interpreted as showingTaproportional term inC(H)
~30K to o ASur(H)=A(H)/(2T5), Wwhere Tey, : _
~30K is the starting temperature for the extrapolation. Forfor H#0 that begins to decrease near 30 K and vanishes
both samples and alH, the maximum contribution of ?QbIOEIZe(Sg)Kll] S"g ;g; 5"}’?} Sa?j‘flﬁls t'S ”.“‘Clh smz;lier: than
o <50 n +1]=5. mo at naively might have
A%{éﬂr)egng ggngthtgvgn:mg(lsH)ea;: anﬁ)ﬁction ofT for  Peen anticipated for 1 mol of ¢t in BaCuQ if no micro-
BaCuG and BaCuQ , (the Ha: 1T data have been omitted _scopic structura_l information had been available. A reduct_ion
for clarity), respectively. Included in the figures are the pa_Igr;hee:rg?lj:g%rlria?i);e]eg:‘iﬁé Z?Vﬁvgnr!’l ?ﬁ]cagﬁ;tgl;str\:ﬁt#'gh'
rameters used in the low- and high-temperature entropy e%-errgma netic Cu orderingS— g) Iu52 thg Wo CuO
trapolations, and their valuesS, 1 and AS, 7, respectively. h gl ‘ ith T 9 {3 c deri %‘ 24
For BaCuQ, Sy,=2.135JK'mol and for BaCuQ,,  SPhere clusters with ferromagnetic Cu ordering=0),
Sim=1.525JK mol~%. The values ofS {H) extrabo- which removes a large fraction of thIn 2 entropy for free
Ialtrgd t6T=m for Haﬁb are significantlymgmaller than the Cu*" spins with S=1/2. Theoretically, the entropy associ-
values forH=0 for both samples. ated with each of the three structural unitf, in t_hle unit cell is,
For both BaCu@and BaCu@ 1, the excited states of the (1) S;5=(6/90)RIn[2(1/2)+1]=0.384JK"mol ™%, (2) S

_ _ 1 -1
O e o L O e S O e = (8/90)RIN[2(3)+1]=1.438 JKmol Y, and (3) S
fing and sphere clusters are believed fo be at such MO 5 190)R In[2(9)+1]=0.544 JK *mol L, where S, r, and

25 ‘ . . s refer, respectively, to the lone spins, rings, and spheres.
L7 The three contributions to the mflgneulc entropy for the

5o ™ BaCuO, ,, model have a sun$qqe~2.366 JK -mol™. The.BaCuQ
~ and BaCu@,, samples hav&;,, that are, respectively, 10%
R and 35% lower tharB,,q. Furthermore, there can be no
i entropy “hidden” below T~0.35K associated with an
; Lol anomaly inC for H=0 to account for these discrepancies. If
% n ERK) A AS, ASy such “hidden” entropy existed fofl =0, the 7-T field would
w 0.052 1.19 245 0.076 0.016 i i |

i 1 0 035 K. The difference in magnetic entiopy between BaGuO

0.022 2.62 50.0 0.008 0.032 . .
0.0 0.010 232 561 0008 0.036 and BaCu@ 4, reinforced the conclusion, reached from an

0 5 10 15 20 25 examination ofC,,{H) in Figs. 6 and 7 of Sec. 1V, that the

T(K) addition of excess oxygen produces a fundamental change in

o the magnetic ordering.
FIG. 9. A plot of Sy,oH) vs T for BaCuQ,;, similar to that

shown in Fig. 8 for BaCu@ Inclusion of they*(H)T entropy
above~30 K for theH # 0 data(see text makes all curves extrapo-
late to the same limiting entrop{ghown as a horizontal solid line
to within 1%. This limiting entropy is 35% smaller than the value
expected for ordering of the three structural Cu-O subunits, which Figure 6 shows specific-heat anomalies in three distinct
is shown as the horizontal dotted line. The parameters used in th@gions of temperature, near 0.7, 5, and 13 K. From the mag-
low- and high-temperature extrapolations are listed in the table imetization and neutron-diffraction datef one expects these
the figure, where the units are T, K, J, and mol. anomalies to be associated with the ordering of the lone

VI. DISCUSSION
A. Specific heat and entropy of BaCuQ
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05 : S JK Imol™! for the ordering of the Cu in the partially occu-
04l ‘;jj@";j‘@fj A pied ClJle_o clusters. Th_t=>_< symbols in Fig. _1Qa) represent
o3| Mam0sET an, -0 o . ® the specific heat remaining after subtracting b@g and
l o x ] nsCgs from C. After the subtractions, there is still a small

00000°° feature inC below ~1 K. Nonetheless, representation of the
lowest anomaly by the Gaussian-broadened Schottky func-

tion is quite good.

C(0) K" mol™)
<
(%)

<
=

00 Based on the behavior of the low-temperature magnetiza-
02 n, — 690 0,067 ' 9 tion data forT=2 K, it was proposettthat the three Cu spins
P o % in three partially occupied G, units were antiferromag-
Tog| m AR e @) netically coupled to a sphere cluster to form ferrimagnetic
u 0O x clusters with net spils=15/2 at low temperature. Two such
202 oooooj o oo 1 clusters would be formed per unit cell with a concentration
Sorl U A v ng=2/90 mol(mol BaCuQ) . The exchange constande-
o rived from a fit of the magnetization data to this ferrimag-
0.0 . . . . .
0 1 2 3 4 netic complex model had an energy scale~@.5 K. It was
T(K) also suggested that these ferrimagnetic clusters might order

_ near 1 K° For this model, it would follow that the anomaly
~ FIG. 10. (a) The low-temperature anomaly for BaCyQuhich i ¢ near 5 K would be identified with the formation of the
is identified with the ordering of the lone-spin Cu in the partially ferrimagnetic clusters and the anomalyGrat ~0.7 K with
occupied CyO, clusters, is shown as open circles. The solid curvey o ordering in a molecular magnetic field. However, it is
;s,e;g:g(s:;zn;z?ige;e?ﬁeS;:ihﬁtbtel?(/) fu&i'?ﬁeﬁ{)‘ygggtfi{t a:ge:ﬁ;s not possible to achieve a good fit of the specific-heat data to
g 9 a Schottky function assuming such ferrimagnetic clusters. If

anomaly and to have the correct entropy. The “be§gs was - - - .
taken to be the one that minimized the structure remaining ir{[he S=15/2 manifold of the complex is assumed to be split

[C(0)— Cpo— Cag] as shown by the symbols. A small amount of Nt0 16 equally spaced energy levels in a molecular-magnetic
structure remains, but overall the fit is godt) The same aga) field, Whlgh is the only fit var_|able, any ca_\lculated anomaly
except the fit is for two ferrimagnetic clusters, each with spin 15/2,[hat falls in the temperature interval required by the data is
formed from the antiferromagnetic coupling of a sphere cluster witit00 broad as illustrated in Fig. if). Based on the results of
three lone-spin partially occupied @by, clusters. The “best” cal- the two fits, the 0.7-K anomaly is not consistent with order-

culated curve for the fit to the ferrimagnetic clusters is too broad tdnd of the proposed ferrimagnetic clusters, and there is no

fit the data. calorimetric evidence for their existence. This conclusion is
not inconsistent with the magnetization dasince the field
spins  [n;s=6/90 mol(mol BaCuQ) %, S=1/2], the  and temperature dependence of those data can also be ex-

CugO,4 spheres [ng=2/90 mol(mol BaCuQ) %, S=9], plained if the sphere clusters are ordering due to crystal—
and the CyO;, rings [n,=6/90 mol(molBaCuQ) !, S electric-field and/or molecular—magnetic-field splitting of the
=3]. The 13-K anomaly is obviously associated with theenergy-level manifold. The same argument that the 0.7-K
long-range antiferromagnetic ordering of the rings, which isanomaly could not be associated with ordering of the ferri-
known to occur at that temperatuté. It also has the shape magnetic clusters applies to the sphere clusters. Conse-
and magnetic field dependence expected for an exchanggquently, it is, for several reasons, the 5-K anomaly that is to
driven, cooperative, antiferromagnetic transition. The 0.7-be associated with the short-range ordering of the sphere
and 5-K anomalies are, therefore, to be associated with thelusters.
ordering of the lone spins and the spheres. Both anomalies Dipole-dipole interactions are far too weak to account for
have a Schottky-like appearance that suggests crystal-fielthe ordering of the lone spins at 0.7 K, and for the sphere
and/or molecular-field interactions. The 0.7-K anomaly isclusters at 5 K. Crystal-field interactions may play a role for
relatively amenable to analysis, and it will be shown belowthe sphere clusters, but not for the lone spins for witich
to be more consistent with ordering of the lone spins, leaving=1/2. Molecular-magnetic fields arising from other ordered
the 5-K anomaly for the ordering of the sphere spins. spin systems—from the rings for the spheres, and from both
Figure 1@a) shows the 0.7-K anomaly compared with a the rings and spheres for the lone spins—are probably im-
Gaussian-broadened Schottky functiorCgf) for ng portant in both cases. Several examples of experimental evi-
=6/90 mol(mol BaCuQ) * represented by the solid curve. dence of such interactions have been repoftettand in a
(Broadening could be produced by the known inhomogeyparticular case two theoretical interpretations were
neous oxygen distributiéri® in BaCuG.) Fit parameters proposed>=°
are given in the figure wher8 is the spin,g the spectro- The derived magnetic entropy for BaCuQGs 2.135
scopic splitting factorH ,, the molecular field, andH,, the ~ JK mol™%, which is 10% lower than that expected for the
Gaussian broadening parameter for the magnetic fi{€lor ~ model of six lone spins, eight ring clusters in their ground
CW¥', g~2.2 is quite common, but the particular choice is states §=3), and two sphere clusters in their ground states
not crucial to the fit since the Gaussian-broadened Schottk{S=9). Two explanations could account for this discrep-
parameters are the produgsl,, andgAH,,. Choosing dif- ancy: (1) If some crystal-field levels for either, or both, the
ferent values forg produces compensating changes in bothring and sphere clusters were shifted to energies well above
H., andAH ). By fixing n;s=6/90 mol(mol BaCuQ) tand 30 K, they would make only a negligible contribution to the
S=1/2, the associated entropy is the expected 0.384pecific heat and entropy deduced fr@¢H). For example,
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0.9 ' "ot The addition of~0.14 mol O would produce aaverage
offset Cu valence of 2.28 in BaCuQ, Although the effects on

08 1 individual Cu will depend on the sites occupied by the oxy-

0.7 gen and homogeneity of its distributiéri;’there is a general

< o6 increase in the oxidation state of the Cu. This increase in the
g oxidation state of Cu could promote covalent Cu-O bonding
”g 05 (spin compensationand a subsequent loss of antiferromag-
; 04l netic ordering. Formation of Cii, which is also a possibil-

) ity, would result in a singlet ground state and a loss of mag-
Oé" 03 netization. This could also suppress cooperative long-range

ordering.

The specific-heat and entropy can be understood by
adopting a scenario that the addition of the excess oxygen
produces changes in both the Cu oxidation state and Cu-O
bond lengths, which could cause suppression of magnetic
states through covalent bonding, as in the cuprate supercon-
ductors. Oxygen will, presumably, randomly occupy the

FIG. 11. CpafH)/T vs logT for BaCuQ,, with the points  Various available sites>°and magnetism could be quenched
offset by an increasing additive amount for each field. This plotfor some members in all three systems. A random quenching
shows the small features in the low-field specific heats and th@f the magnetism in some ferromagneticgOy, ring clusters
Schottky-like anomalies in the higher fields. The curves through theould disrupt the exchange interaction between them, with
data points are spline fits, which serve as guides to the eye. the subsequent destruction of antiferromagnetic order. With

, _the addition of sufficient oxygen, three different, interacting
such a displacement for two of the seven levels for the ring,aramagnetic systems would remain. Two of these systems

clusters could account for the missing entropy. Such &,yid be the ring and sphere clusters, with their ground
displacement of two of the energy levels might also explainsiates perhaps split by crystal-electric fields. The third sys-
the o_rdered magnetic moment ©0.89 Bohr magnetons per {am would be Cu wittS=1/2 in the lone-spin partially oc-
Cu in the ring clusters, computed from the neutron-c,,ieq cyo,, clusters. Ground-state doublets for these Cu
diffraction measurements, which is smaller thangSug  \yould be split by a combination of dipole-dipole interactions
~(2.2)(1/2)ug~1.1ug per Cu anticipated2) The value of  anq possible molecular magnetic fields produced by short-
x~0 is only nominal, and small amounts of excess oxygenange (spin-glass-liké ordering of the ring and/or sphere
might be present. Furthermore, everxi 0, an |Qhomoge- clusters. The measured specific heat would consist of a su-
neous distribution of the oxygen could still exfst”In either  pernosition of specific heats for these three interacting para-
case, an increase in the Cu oxidation state to greater-ti2an magnetic systems. Since the number of energy levels and
due to the presence of an excess or an inhomogeneous diggir spliting would be different for each system, structure in
tr_|but|on of oxygen, could cause some spins to b_e suppress@(H) probably would be observed fdd=0 and in low
either through covalent b(_)ndlrjgpm compensationor the  magnetic fields, as shown in Fig. 11. The separations be-
production of nonmagnetic éu—;ee Sec. VIB for addi- yyeen the energy levels for each of the three systems change
tlor_1al detalls: '_I'_hls would result in a reduction in entropy. as H increases. This magnetic-field-induced change in the
Neither possibility can be ruled out by any of the eX'St'ngenergy levels will produce an overlap of the specific-heat
measurements. contributions of the three systems. This overlap would result
. in a smoothing ofC(H)/T vs T, as shown in Fig. 11 foH
B. The specific-heat and entropy of BaCuQ 4 =35 and 7 T.

The addition of~0.14 mol O per mol BaCuQsuppresses For a heuristic interpretation of the Schottky-like charac-
the cooperative antiferromagnetic ordering of the;@y ter of theC,,n(H), the data were fitted to a single Schottky
ring structures. The specific-heat results are supported by tHfenction nCsc{(S),9(H,)), with no Gaussian broadening,
neutron-diffraction measuremenritsyhich show no coopera- Wheren represents the total number of molesatif magneti-
tive long-range order. Figure(s) shows thatCp,,dH) vs T cally active units for the three different systendS} is an
has Schottky-like anomalies for all fields. These anomaliesiverage spin value for the three system#he spectroscopic
have replaced the two Schottky-like anomalies and the longsplitting factor, and(H,,) an average molecular-magnetic
range antiferromagnetic ordering anomaly shown in the veryield. The producgH,, always occurs as a combination vari-
structured plot ofC,,,(H) vs T in Fig. 6. However, forH able in theCgy, expression, and allows for the presence of
=0, 1, and 2 T the Schottky-like anomalies in Figbj7are  both molecular-magnetic fields and any variationgafith
not “ripple free.” This is shown more clearly in Fig. 11, field. In all of the calculations described belogvwas fixed
which is a plot of Cyof H)/T vs logT with the data for at 2.
different H offset by different amounts for clarity(The The fitting was done in three stages(1) The C,my(H)
curves through the data are spline fits that serve as guides ¢t@ta for each field were fitted separately with(S), and
the eyel ForH=0, 1, and 2 T there are two features whose(H,) as variables(2) In a second fit{S derived from the
separations, magnitudes, and temperature placements vditst fit, which was neither an integer nor a half-integer, was
with H. In magnetic fields of 3, 5, ah7 T there are only rounded to the nearest integer/half-integer and held fixed
single, fully developed, Schottky-like anomalies. with only n and(H,,) as variables. There was only a negli-

o
]

spline fit

1 10
T(K)
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FIG. 13. The average values of sp{i®), obtained from the fits
shown in Fig. 12, are plotted versy8 (H). The decrease ifS

with H is accompanied by an increaseqii(H). The spline curve
T(K) through the points serves as a guide to the eye.

FIG. 12. A plot ofCapmy(H) vs Tfor H=0,1,3,5, and 7THor  yiqation state for some Cu to values exceedin. The
BaCuG ;4 with the data for each field offset by an increasing ad'decreasein (S produced by changing the magnetic field

ditive amount. The curves represent least-squares fits to the d - ; . h :
using unbroadened Schottky functions, a constant number of molae*éf;lom H=0 to 7 T (shown in Fig. 2 is mirrored by the

. . -~ accompanyingincreasein y*(H). This correlation, illus-
g:ar:?ﬁgte gfogzgzgnm:;j . rjr?]es ?ilt'tgg?a(;:etger«ege;% <|f|\:ne>l)sa?teher trated .in Fig. 13, could be understood Qither as a reduptioh in
functions of the applied magnetic field and are tabulated in theIhe spin deg_rees of freedom or as a shift in their contribution
figure. to CppaH), i.e., fromCypp(H) to y*(H)T.

In the table in Fig. 12 the tabulated values Syf,n(H)
] ) ] ] ] derived from the fit(n)RIn(2(S+1), decreased aS de-
gible change in the quality of the fit. The variableand(S)  reases fronH=0 to 7 T. As noted in Sec. IV, it was found
both decrease in going frofl=0 to 7 T, withn ranging  necessary to combine the contributions from bet(H)T
from 0.085 to 0.06%a factor of 0.7 and(S) changing from  anqc, .\ (H) to achieve agreement between the entropies
15/2 to 5/2(a factor of 3. (9 and n are not completely for H=0 andH>0. As expected, because of the good agree-
independent variables since the amplitude of the Schottky,ant of the fittedC anmy(H) With the data, the combination
anomaly depends on bott8) For the final, single-field fits, s (MRIN+1) with v*(H)T, (To=45.0 K) gives
an average value af was used(n)=0.077 mol of magnetic (SmadH))=1.54+0.02J K Imolt for T=c, which is in
units, where(n) is the sum of an unknown combination of oy callent agreement witl§;,=1.525 JK mol~* derived
magnetically active rings, spheres, and lone-spin Cu. In thesg, C(0).
fits only (S and(H,) were variables, with the constraint that S;m=1.525 K mol ! is 35% lower than that expected

(9 is either an integer or half-integer. Figure 12 is a plot offor the model. One might invoke an increased splitting of the
offset Canmy(H) vs T for H=0, 1, 3, 5, and 7 T with @ ¢ryqtalfield levels by the addition 0f0.14 mol O to ac-
tab.ulatlon of_the_flt parameters mcludgd in the figure. The,qunt for the decrease in entropy, but this does not seem very
solid curves in Fig. 12 represent the fitted Schottky CUNVeSprohable. The reasoning given above for the change in the
The agreement between the data and the simplistic Schottlgbeciﬁc heat between BaCy@nd BaCuQ, also accounts

fit is a surprisingly good one considering that bé8) and 5 the observed entropy reduction. As an example, the ran-
(Hm) are averages for the three different magnetic systems iy, suppression to zero of ti&=3 spin for~60% of the

BaCuG 14 These simple Schottky functions agree reasong, 0., rings would reduce the entropy by the required
ably well with Cnmy(H) over the entire temperature range, amount and could also destroy long-range antiferromagnetic
0.35<T<30K, with the agreement being better f8-=3, 5,  rdering through disruption of the superexchange linkage be-
and 7 T. A Gaussian-broadened Schottky function would imyyeen clusters(This reduction of the magnetic units by
prove the quality of the fit foH=0 and 1 T. The effectof an _g0os is about the same as the reductiofrninfound for the
applied magnetic field on the temperature of the maxima i%its shown in Fig. 12. A reduction inTy, and the eventual
the curves is surprisingly small and is reflected in the smalkyppression of antiferromagnetism, is well established as
increase of H,,) with increasingH. linked to an increase in the Cu valence in both

Of the 90 Cu in a unit cell of BaCuQ,, there are six ()5, Sr)CuQ, and YBaCwOs,, asx is increased”
lone-spin Cu, eight ring clusters, and two sphere clusters, or

16/90=0.178 mol of magnetic units compared tm)
=0.077 mol. The value of 0.178 mol of magnetic units was
approximately correct for BaCu©-see Sec. IV. Evidently, The measurements of specific heat reported in Ref. 10,
the assumed random additfot™ of ~0.14 mol of oxygen to  which are the only prior measurements in magnetic fields on
various sites in BaCugsuppresse® for a large fraction of samples with a well-defined oxygen content, are in qualita-
the spins—more than 50%—in the various Cu systems. Prdive agreement with the present measurements. They also
sumably, those changes 8resulted from an increase of the showed an antiferromagnetic-ordering anomaly for BaguO

C. Other data
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shifted to lower temperatures in magnetic fields, was like ordering in zero magnetic field, which results from a
shifted to lower temperatures, and eventually antiferromagsplitting of the ground state manifold f@=9 by a combi-
netic ordering disappeared, afncreased for BaCuf) .. In  nation of crystal-electric fields and a molecular-magnetic
a C/T vs T2 plot, for low-x samples, they observed antifer- field, which probably originates from the antiferromagneti-
romagnetic ordering, a lower-temperature Schottky-like or-cally ordered CgO;, ring clusters. The lone-spin Cu in the
dering, and an upturn near 1 K—the lowest temperature opartially occupied CyO;, clusters also have Schottky-like
the measurements. They dismissed the possibility that thisrdering from a splitting of theS=1/2 ground state by a
upturn near 1 K was a third ordering anomaly as observed imolecular-magnetic field due to the ordered rings and/or
the present work. To account quantitatively for their specificspheres. Both Schottky-like anomalies coalesce into a single
heats for BaCu@, , in the absence of a field, they invoked, broadened one in 7 T. There isyd (7 T)T term, not related
as one component of the specific heat, a phenomenologicab electronic conduction, which is presumably associated
multilevel Schottky model involving large spins—they usedwith spin degrees of freedom. The magnetic entropy derived
S=9, although they say that other large values could also b&rom the specific heat is 90% of that expected for the order-
used—and only three energy levels, each with large degering of the three structural subunits. It was necessary to in-
eracies. Subtraction of the specific heat for this model frontlude the entropy contribution from the* (7 T)T term to
the experimental data fof # O left a residuall-proportional  achieve entropy agreement betweér0 and 7 T.
term similar in magnitude to that obtained in the analysis of For BaCuQ ;, there is no long-range antiferromagnetic
the present data. It was interpreted as arising from an adderdering. The only ordering consists of short-range Schottky-
tional lifting of the degeneracies of the three energy levels ofike anomalies, which have a small amount of structure for
the model that could be approximated by a continuum. For gow H. These anomalies can be fitted with simple Schottky
given field, they found thay* (H) increasedwith increasing  functions that have a value of spii, which decreases a$
X, which is the opposite of that reported in this paper. Theyincreases. Also, as with BaCuCOthere is a magnetic-field-
also postulated an antiferromagnetic component, which waiduced y* (H), which is linear in H. This increase in
not modeled. Both components varied withwith the anti-  *(H) is correlated to the decrease in sgi asH is in-
ferromagnetic componentecreasingand the multilevel creased. The* (H)T term had to be included iBanmiy(H)
Schottky componerincreasingwith increasing x to achieve entropy balance for all fields. The addition of
They reported only one estimate of the magnetic entropyxcess oxygen, which is assumed to randomly occupy vari-
for BaCuG,,,1.6 JK *mol™, derived from the specific- ous sites in the structure, increases the Cu oxidation state. It
heat measurements for a sample with0.16, which showed is postulated that this oxidation state increase results in sup-
no long-range antiferromagnetic ordering. This value for thepression of some Cu spins through covalent bondsmin
entropy is close t®;,=1.525JK *mol~* calculated from  compensationand/or formation of nonmagnetic &u Van-
the specific-heat measurements Fb+=0 for BaCuQ 4 re-  ishing of the Cu spins in some ring clusters could cause the
ported in this paper. destruction of cooperative, long-range, antiferromagnetic or-
From magnetization measurements, they deduced thaler through disruption of the Cu-O-Cu superexchange paths
v*(H) is constant to~30 K and then decreases rapidly to between the clusters. These superexchange paths could also
zero at~50 K. This is consistent with the present results,be disrupted by the increase in Cu-O bond lengths as the
which showed thay* (H) had to vanish at 40-45 K to have oxygen content increases. The supposition that some Cu

equality between thél=0 andH#0 entropies afl = . spins vanish is supported by the derived magnetic entropy,
which is only 65% of that expected for the ordering of the
VIl. SUMMARY three structural subunits.

Previous magnetization, x-ray crystallographic, and
neutron-diffraction measurements have shown that
BaCuQ ., has three different Cu environments, which are
independent ofx, in a unit cell containing 90 formula The work at Lawrence Berkeley National Laboratory was
units: There are eight GQ@,, ring clusters with anS=3 supported by the Director, Office of Basic Energy Sciences,
ferromagnetic ground state, two {g@,, sphere clusters with Materials Sciences Division of the U.S. Department of En-
an S=9 ferromagnetic ground state, and six lone-spin Cu inergy under Contract No. DE-AC03-76SF00098. Ames Labo-
partially occupied CyO,, clusters. ratory is operated for the U.S. Department of Energy by lowa

For BaCuQ the ring clusters order antiferromagnetically State University under Contract No. W-7405-Eng-82. The
with Ty~13 K forH=0. Ty is shifted to a lower tempera- work at Ames Laboratory was supported by the Director for
ture in 7 T. The sphere clusters have short-range Schottkyenergy Research, Office of Basic Energy Sciences.
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