JOURNAL OF SOLID STATE CHEMISTRY 50, 281-293 (1983)

Magnetic Properties of the Semiconducting Lanthanide Cuprates
Ln,CuO, and Their Interpretation: Evidence for a New Series of
Planar Copper Antiferromagnets*

R. SAEZ PUCHE

Departmento de Quimica Inorgdnica, Facultad de Ciencias Quimicas,
Universidad Complutense, Madrid-3, Spain

AND M. NORTON, T. R. WHITE, aAND W. S. GLAUNSINGERT

Department of Chemistry, Arizona State University, Tempe, Arizona 85287

Received January 20, 1983

The magnetic susceptibility of the semiconducting lanthanide cuprates Nd,CuQ,, Pr,CuQ,, Eu,CuQ,,
and Sm;CuO, has been measured in the range 4-300 K. Below 300 K, the Cu®* ions are ordered
antiferromagnetically in the CuO, planes of these compounds, and the exchange interactions involving
the Ln** ions are relatively weak. The suceptibility of the Ln’" iocns obeys the Curie-Weiss law at
elevated temperatures, but deviations from this law occur at lower temperatures. An attempt is made
to account for these deviations by fitting theoretical expressions for the susceptibility of isolated Ln**
ions under the influence of a cubic crystal field to the experimental data. Excellent agreement is
obtained for Nd** and Eu’* over the entire temperature range and for Pr** and Sm** at elevated
temperatures. Deviations at lower temperatures for the latter two ions may be due to structural
changes, exchange interactions involving the Ln** ions, or possibly oxygen nonstoichiometry. The
susceptibility parameters derived by fitting the theoretical expressions to the experimental data are
also discussed. It is concluded that these compounds form an interesting new series of planar Cu?*-jon
antiferromagnets.

Introduction netic ion (0.5 < rg < 1.2 A),and X = O, F,
or Cl, exhibit planar magnetic interactions.

Stimulated by the interest in magnetic Many of these compounds adopt the tetrag-

films and critical phenomena, two-dimen-
sional (2D) magnetic systems have been in-
tensively studied in recent years. Several
compounds having the general formula
A,BX,, where A is a larger diamagnetic ion
(1.0 < r, < 1.9 A), B is a smaller paramag-
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onal K,NiF, structure shown in Fig. 1. This
structure can be visualized as containing al-
ternating perovskite (ABX;) and rock-salt
(AX) blocks, which results in nine-coordi-
nation for A and octahedral coordination
for B. It is the relatively strong B-X-B su-
perexchange interactions in the BX, planes
of the perovskite layers that produces a 2D
magnetically layered system (7).

The lanthanide cuprates, Ln,CuQ,, with
Ln3t = La®*, Pr?*, Nd**, Sm?**, Eu*", and
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F1G. 1. The tetragonal K;NiF, structure of A,BX,.

Gd**, provide interesting examples of
A,BXtype compounds. In this series the
Ln3* can be either diamagnetic (La’*) or
paramagnetic (Pr’*, Nd**, Sm?*, Eu®*, and
Gd?**), so that it should be possible to deter-
mine the influence of the magnetic nature of
Lnr** on the planar Cu?*—0?-Cu?* superex-
change interaction. Although La,CuQ,
crystallizes with a small orthohombic dis-
tortion of the ideal K,NiF, structure, this
compound is metallic due to the delocaliza-
tion of the unpaired electron on Cu?* in a
conduction band, as indicated by electrical
transport (2, 3) magnetic susceptibility (x)
(4, 5) and electron paramagnetic resonance
(EPR) experiments (5). Electrical transport
measurements (2, 3, 6) show that the other
Ln,CuO, compounds are n-type semicon-
ductors, which probably originates from the
partial decomposition of Cu?* to Cu™, corre-
sponding to a small oxygen deficiency. The
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observation that the activation energy for
electrical conduction at high temperatures
(E, = 0.04 V) is nearly independent of the
nature of Ln suggests that conduction oc-
curs primarily by a thermally activated pro-
cess within the CuO, planes, so that the
resistivity should be highly anisotropic.
However, these compounds apparently do
not adopt the K;NiF, structure. Recent sin-
gle-crystal X-ray diffraction studies of Nd,
CuO4 (7) and Gd,CuO, (8) indicate that
they crystallize in a new structure depicted
in Fig. 2, in which Cu®' exhibits square-
planar, rather than octahedral, coordina-
tion to oxygen and Ln** is coordinated to
eight, rather than nine, oxygen ligands.

In principle, the semiconducting Ln,
CuO4 compounds could be magnetically
very complex, since, in addition to the
Cu?*-0?"—Cu?* superexchange interaction,
there exists the possibility of Cu?™—-0?—
Ln** and Ln**-0O?-Ln?* superexchange
pathways. However, in a previous study
(9) we have found that Pr,CuO,, Nd,CuO,,
and Gd,CuO, obey the Curie-Weiss law, x
= CAT - ), where C = Nu*3k, above
about 65, 30, and 10 K, respectively, and
that the experimental magnetic moments
are in good agreement with the calculated
moments of Ln** and also with those of the
corresponding lanthanide trifluorides (10)
given in Table 1. These results indicate that
the Cu?* ions are ordered antiferromagneti-
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F1G. 2. The structure of Nd,CuO, or Gd,CuO,.
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cally below 300 K and that the exchange
interactions involving the Ln* ions are rel-
atively weak. In Gd,Cu0O,, a maximum in x
occurs near 5 K, which suggests that the
Gd’* moments have ordered antiferro-
magnetically, with the Néel temperature Ty
= 5 K. This suggestion is supported by
electron paramagnetic resonance measure-
ments on this compound, which indicate
that the Néel temperature is about 3 K. It
was also noted that the deviations from the
Curie-Weiss law for Pr,CuO, and Nd,CuQ,
were in qualitative agreement with the pre-
dicted behavior for isolated Lr** under the
influence of a cubic crystal field. In this
study we present quantitative evidence in
support of this interpretation and also in-
clude our work on Eu,CuQ, and Sm,CuQ,,
which are special cases because the multi-
plet intervals for Eu** and Sm?* are not
large compared to thermal energies. Below
we present the results of magnetic suscepti-
bility measurements on these compounds
and their interpretation.

Experimental

The Ln,CuO,4 samples were prepared by
firing stoichiometric amounts of high-purity
Lny04(99.99%) and CuO (99.999%) in flow-
ing oxygen at 1100°C for 48 hr with an inter-
ruption for regrinding. Ln,0; was heated
overnight at 1000°C in flowing oxygen be-
fore the reaction to remove moisture and
CO,. Attempts to obtain analogous com-
pounds with Y, Dy, Er, and Yb were un-
successful and resulted in mixtures of Ln,
Cuw,Os and Ln,0;. Although no attempt
was made to ascertain the oxygen stoichi-
ometry, studies of the La,_,Sr,.CoO, (12)
system suggest that these compounds are
nearly stoichiometric (04.,, Where x < =
0.1).

Powder X-ray diffraction was used to
verify that all samples subjected to mag-
netic investigation were single phase. Cell
constants were determined with a Guinier
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TABLE 1
MAGNETIC PARAMETERS IN Ln,CuO,

Compound  wAB)y  w@B® wB:  OK)
Pr,CuO, 3.58 3.59 3.62 -97
Nd,CuO, 3.63 3.62 3.80 —4
Gd,CuOy 7.94 7.79 8.20 —154

¢ uy is the magnetic moment of Ln’* calculated by
assuming that the multiplet separation between levels
having different J values is large compared to the ther-
mal energy 7, but the kT is large compared to the
crystal-field splitting of the lowest multiplet level. In
thiscase u; = gBJJ + D] andg=1+[JJ + 1) +
S+ 1) - LIL+ DY2IJ + 1) U,

b ' is the experimental magnetic moment for the
corresponding lanthanide trifluorides (10).

¢ and © are the experimental magnetic moment
and Weiss constant, respectively.

4 From the strong exchange narrowing of the Gd3*
EPR signal in Gd;CuO, (9), we have estimated that |@|
= 12 K.

camera using copper Ka radiation and a
least-squares refinement program (13) and
were found to be in good agreement with
previous work (4, 6-8).

Magnetic susceptibility measurements
were made in the range 4.2-300 K using a
Faraday apparatus described elsewhere
(14). The setup was calibrated with palla-
dium (NBS No. 765). The maximum field
was about 12.5 kG, with HdH/dz =~ 13 (kG)?
cm™!. x was measured at six field strengths
ranging from 7.5 to 12.5 kG at each temper-
ature. Since x was independent of field at
all temperatures, the reported values repre-
sent the average of six measurements at
each temperature. The susceptibilities were
corrected for ionic diamagnetism using the
values —16 X 10~¢ emu/mole for 02—, —11 X
10-% emu/mole for Cu?*, and —20 x 107
emu/mole for Ln?* (15). Theoretical fits to
the experimental susceptibilities were per-
formed using a Hewlett-Packard 9810 cal-
culator.

EPR measurements were performed at
ambient temperature using an IBM ER 200
D spectrometer.
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FiG. 3. Temperature dependence of the reciprocal magnetic susceptibility of Nd,CuO, per mole of
Nd?*. The dots are experimental values, and the solid line represents the bets fit to Eq. (3) to the

experimental data at elevated temperatures.

Results
Nd,CuO,

The temperature dependence of the re-
ciprocal magnetic susceptibility of Nd,
CuO, per mole of Nd@** is shown in Fig. 3.
The reciprocal susceptibility obeys the
Curie-Weiss law, x~! = (T — 6)/C, above
about 30 K, and the magnetic moment eval-
uated from the slope of the x~! vs T plot is
in very good agreement with that for Nd**
only (see Table I). A break in the y™' vs T
plot occurs near 30 K, and below this tem-
perature a second Curie—~Weiss law appears
to be followed. Cu?*, whose magnetic mo-
ment usually lies in the range 1.8-2.2 8
(16), apparently does not contribute to x
because the Cu?* ions are coupled antifer-
romagnetically in the CuQ, planes. Our fail-
ure to observe a Cu?* EPR signal at 300 K
(9) confirms the antiferromagnetic align-
ment of the Cu?* moments. No EPR signal
for Nd** was observed due to the large or-
bital component of its magnetic moment,
which results in rapid magnetic relaxation
and EPR signals that are normally too

broad to observe, except perhaps at very
low temperatures.

Since Cu?* apparently does not contrib-
ute to x, we have attempted to understand
the temperature dependence of x on the ba-
sis of that of Nd** alone. In Nd,CuO,, Nd**
is surrounded by a nearly cubic array of
oxygen ligands (see Fig. 2), with four oxy-
gens located at a distance of 2.32 A and the
other four positioned at 2.68 A. Hence, in a
first approximation, we assume that the
crystalline electric field at the Nd* site has
cubic symmetry, so that the theoretical ex-
pressions of Penney and Schlapp (/7) can
be used to fit the data. The latter authors
found that the ground state of Nd3*(4f3),
which is “Iy,, would split into three levels in
a cubic field, with the upper two being dou-
bly degenerate, so that there would be fur-
ther splitting if the ligand symmetry were
lower than cubic. The solution of their sec-
ular determinent gives the following equa-
tions for the ten energy levels in the pres-
ence of a magnetic field:

W, =2095 A + 1.833 G + 0.3879 GYA,
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W, =9.11A + 2.788 G — 0.3411 G¥A,
W;=9.11A - 0.542 G + 0.1015 G¥A,
W,=-19.59A -3.121 G

— 0.00468 G%/A,
-19.59 A + 1.542 G - 0.1015 GYA,

(M

and the five remaining levels can be gener-
ated by changing the sign of G. In Eq. (1),
the constant A is proportional to the cubic
field constant D, which enters into the cu-
bic crystalline electric field potential V =
D@ + y* + 24, and G = gBH, where g is
the g factor (g = 8/11 for Nd**), 8 is the
Bohr magneton, and H is the applied mag-
netic field. The magnetic susceptibility per
mole of Nd** can then be calculated using
the general expression (18)

_ No 5 W,
X"'_HZBH

exp(— W,/kT) / > exp(—~W/kT)  (2)

W5 =

where N, is Avagadro’s number and the
summation extends over all levels in the
multiplet given by Eq. (1). Using Egs. (1)
and (2), we have verified that the suceptibil-
ity per mole of Nd3* is given by

xu(Nd*") = (2g?B2Ny/A)[(0.1483¢19-5%
+ 0.2396¢ %112 — (.3879¢~2095)
+ a(6.065¢'%%%% + 4,031 91l

+ 1.6806_20‘95“)] - (2619'59"

+ 26—9.1111 + e—20.95a)
b

3

where a = A/kT (17). The above expression
for the susceptibility is valid under three
conditions: (1) the crystal field has cubic
symmetry, (2) the thermal occupation of
higher multiplet levels can be neglected,!

! Since the multiplet separation between the ground
multiplet (J = 9/2) and first excited multiplet (J = 11/2)
is about 1800 cm™!, correction to the susceptibility due
to the thermal occupation of the J = 11/2 multiplet at
300 K is only about three percent (/7).
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and (3) exchange interactions involving the
lanthanide ions are unimportant.

It is noteworthy that Eq. (3) reduces to
the Curie law, x = C/T, at sufficiently high
temperatures (o« — 0), but at intermediate
temperatures, where kT is of the same or-
der as the energy-level separations pro-
duced by the crystal field, the suscepti-
bility follows the Curie-Weiss law, x = C/
T( — 6), over a wide range of temperatures.
At sufficiently low temperatures (o — ), x
deviates from the Curie-Weiss law and dis-
plays a Curie law characteristic of the mag-
netic ground state of Nd**. To fit Eq. (3) to
the experimental data for Nd,CuOQ,, it is
only necessary to determine the best value
of the constant A. Since our data cover the
intermediate and low-temperature regions,
the most reliable method for evaiuating A is
to fit the experimental data at elevated,
rather than low, temperatures to avoid pos-
sible impurity contributions to the suscepti-
bility. The best fit of Eq. (2) to the experi-
mental data is shown in Fig 3, and the
resulting value of A is —28.5 cm™'. Using
Eq. (1), the splitting of the lowest multiplet
level is shown in Fig. 4.

PrZCuO4

The reciprocal susceptibility of Pr,CuQ,
per mole of Pr’* vs temperature is dis-
played in Fig. 5. As found in Nd,CuOj, the
susceptibility at temperatures above about
65 K obeys the Curie-Weiss law, and the
experimental magnetic moment is in excel-
lent agreement with that for Pr** alone (see
Table I). A weak Cu?* EPR signal charac-
teristic of Cu?* in an axially distorted site
(g = 3.00, g, = 2.27) has been observed at
300 K (9), which is probably due to a small
quantity of an impurity phase. Again, no
Pr3* EPR signal could be detected due to its
large orbital moment.

Below about 65 K, x~! begins to flatten
out, and, in analogy to Nd,CuQ,, we have
attempted to fit the variation of y with tem-
perature assuming that Pr3* is located in a



286

] 6'00“1-'
!
1]
]
/
)
3 !
H4
FREE W~ —
ION ‘\\ > -
\\\ \\_
1 =
Y 204cm™

cusic
CRYSTAL

FIELD FIELD

SAEZ PUCHE ET AL.

— -~ CUBIC
MAGNETIC MAGNETIC CRESTAL
FIELD

FIELD

Fi1c. 4. Splitting of the lowest multiplet level for Nd** and Pr** in Nd;CuO, and Pr,CuQ, derived by
fitting Eqs. (3) and (5), respectively, to the experimental susceptibility data at elevated temperatures.

cubic field of oxygen ligands. For this case
Penney and Schlapp (17) have shown that
the *H, ground multiplet of Pr’*(4f?) splits
into four levels, and their expressions? for
the nine resulting energy levels in the pres-
ence of a magnetic field are given below:

W, = 672a + 5G?/252a,

W, = 336a + G/2 + 7G%3840a,
W; = 336a + 2G¥105a,

W, = 336a — G/2 + 7G*3840a,
W5 = 96a + G¥/180a,

We = 96a — G*180a,

2 We have corrected an error in their equation for
Ws.

W; = —624a + 5G/2 — 7G*3840a,
Ws = —624a — G*/180a,
Wy = —624a — 5G/2 — 7G*/3840a; (4)

where a is proportional to the cubic field
constant D and G = gBH (g = 4/5 for Pr’*),
Using Eqs. (2) and (4), the calculated sus-
ceptibility per mole of Pr3* can be writien

xm(Pr?) = (2Nog’B4a)[53€'*F/5760
+ € 2830 — 61e775/2688 — Se~146/252

+ B(25¢® + ¢ 78)192]
+ (3ePF + 272 + 377 + e714),

©)

where 8 = 48a/kT. Equation (5) is valid un-
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F1G. 5. Temperature dependence of the reciprocal magnetic susceptibility of Pr,CuQ, per mole of
Pr*. The dots are experimental values, and the solid and dashed lines represent the best fits of Eq. (5)
to the experimental data at elevated and low temperatures, respectively.

der the same conditions as Eq. (3)? and also
exhibits the same temperature regimes.
Figure 5 shows the best fits of Eq. (5) to the
experimental data derived by fitting the
data at both low and elevated temperatures,
and the corresponding values of a are
—0.572 and —0.848 cm™!, respectively. As
discussed in connection with Nd,CuQ,, the
latter value of a is probably the most reli-
able. Taking a = —0.848 cm™! and using
Eq. (4), the splitting of the lowest multiplet
level is depicted in Fig. 4.

Eu2CII04

The temperature dependence of the mag-
netic susceptibility of Eu,CuQ, per mole of
Eu®* is shown in Fig. 6. x increases with
decreasing temperature down to about 100
K, below which it flattens out. Eu?* has an
electronic configuration 4f°, which gives

3 Since the separation between the J = 4and J = 5
levels for Pr** is about 2100 cm™! (17), thermal occu-
pation of the higher levels may be neglected in calcu-
lating the susceptibility.

rise to seven energy levels 'F,, 'F,, 'F,, 'F3,
'F4, 'Fs, and "Fg, with 7F being the ground
state. Eu?* is particularly interesting be-
cause the energy-level differences are usu-
ally comparable to kT at elevated tempera-
tures, so that the effect of temperature on
the magnetic susceptibility is much more
pronounced in Eu** than for the other triva-
lent lanthanide ions. Assuming Russell-
Saunders coupling, the energy levels of the
multiplets can be written (19)

W_,=%[J(J+ D-LL+1
~-8§SS+D+C, (6

where A is the spin—orbit coupling constant,
and C is a constant which is independent of
J. Van Vieck (20) has shown that the sus-
ceptibility per mole of Eu** is given by
xm(Ew??) = (0.1241/y1)[24 + (13.5y
— 1.5 + (67.5y — 2.5)e™® + (189%y
—-35e "+ ...+ (1+3e

+Se+Te+..), D
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FiG. 6. Temperature dependence of the magnetic susceptibility of Eu,CuQ, per mole of Eu**. The
dots are experimental values, and the solid line represents the best fit of Eq. (7) to the experimental

data at elevated temperatures.

where y is 1/21 of the ratio of the overall
multiplet width to kT, i.e., y = MkT. The
best fit of Eq. (7) to the experimental data at
elevated temperatures is shown in Fig. 6,
for which A has the value 280 ¢cm~!. Using
Eq. (6), the multiplet splittings are shown in
Fig. 7. Although the overall multiplet width
is large compared to k7, the separation be-
tween the J = 0 and J = 1 levels is compa-
rable to kT at ambient temperature (k7T at
300 K = 209 cm™!), which necessitates our
use of the more accurate intermediate ex-
pression given by Eq. (7).

SmZCuO,;

The variation of the magnetic susceptibil-
ity of Sm,CuQ, with temperature is shown
in Fig. 8. x is nearly independent of temper-
ature and displays a maximum at 7.6 K.
Sm?* has an electronic configuration 4f°
and, in order of increasing energy, the en-
ergy levels are 6H5/2, 61:17/2, 6H9/2, 6H1]/2, etc.
Like Eu**, the separation of these energy

levels is normally not very large compared
to kT. In the Russell-Saunders scheme, the
energy levels are given theoretically by Eq.
(6), and Van Vleck (20) has shown that the
resulting susceptibility per mole of Sm3* is
given by

xm(Sm*) = (0.1241/6T)[2.145 + 3.67
+ (42.96 + 0.82)e 7
+ (1426 — 0.33)e7 1% + | | ]
+ (3 + 4770 + 5¢7180
+...0, 8

where 8 is 1/55 of the ratic of the overall
multiplet width to kT, i.e., § = 27A/110 KT.
The best fit of Eq. (8) to the experimental
data at elevated temperatures is shown in
Fig. 8, and the best-fit value of A is 296
cm™!. The resulting multiplet splittings de-
rived from Eq. (6) are shown in Fig. 7,
where it can be seen that the separation be-
tween the J = 5/2 and J = 7/2 levels is not
very large compared to kT at ambient tem-
perature, which again justifies our use of
the intermediate formula given by Eq. (8).
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Fi1G. 7. Multiplet splittings for Eu** and Sm** in Eu,CuQ, and Sm,CuQ, derived by fitting Egs. (7)
and (8) to the experimental susceptibility data at elevated temperatures.

Discussion

First we consider the agreement between
theory and experiment and then proceed to
a discussion of the parameters derived by
fitting Egs. (3), (5), (7), and (8) to the exper-
imental data.

For Nd,CuO, and Eu,CuQ,, the agree-
ment between the experimental susceptibil-
ity and that calculated using Eqs. (3) and (7)
is very good over the entire temperature
range (see Figs. 3 and 6), which supports
the assumptions used in calculating the sus-
ceptibilities of these compounds. Their
magnetic behavior can be understood on
the basis of the trivalent lanthanide contri-
bution only without invoking exchange in-

teractions either between the lanthanide
ions or between the lanthanide and cupric
ions. The absence of a Cu?*-ion contribu-
tion to x below 300 K provides definitive
evidence that these ions are ordered anti-
ferromagnetically in the CuO, planes of
these compounds.

Qualitatively, the variation of x with tem-
perature for Nd,CuO, and Eu,CuQ, can be
understood by reference to the energy-level
diagrams in Figs. 4 and 7, respectively. In
Nd,CuQy, x changes from the Curie-Weiss
law at intermediate temperatures (300 = T
= 30 K) to a near-Curie law at low tempera-
tures (T < 30 K) due to occupation of mag-
netic ground and excited states of Nd**. Al-
though theoretically a Curie law should be
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FiG. 8. Temperature dependence of the magnetic susceptibility of Sm;CuO, per mole of Sm**. The
dots are experimental values, and the solid line represents the best fit of Eq. (8) to the experimental

data at elevated temperatures.

obeyed at very low temperatures, at suffi-
ciently low temperatures even the rela-
tively weak exchange interactions involv-
ing N@* will be manifested. Our finding
that ® =~ —4 K, which is the lowest temper-
ature attained in these experiments, indi-
cates that the Nd** exchange interactions
are antiferromagnetic and is consistent with
® =~ —15 K and Ty = 5 K for Gd,CuO, (9).
In Eu,CuO,, the Eu®* excited states are
magnetic and their occupation at elevated
temperatures produces a paramagnetic sus-
ceptibility. However, the Ev** ground state
is nonmagnetic, which causes x to become
independent of temperature at lower tem-
peratures (7 < 100 K).

For Pr,CuQO, and Sm,CuQ,, the agree-
ment between Eqs. (5) and (8) and experi-
ment is excellent above about 150 and 100
K, respectively. In Pr,CuQ,, the experi-
mental x is larger than that predicted by
fitting the data to Eq. (5) at elevated tem-
peratures (=35% difference at 25 K; see
Fig. 5), although both curves display the
same qualitative features. The flattening of

x at low temperatures follows from the en-
ergy-level diagram in Fig. 4, since the ex-
cited states of Pr3* are magnetic, whereas
the ground state is nonmagnetic. Moreover,
taking the less physical approach of fitting
the data at low, rather than high, tempera-
tures results in a 6% negative deviation
from the Curie-Weiss law (see Fig. 5).
However, it should be pointed out that the
crystal structure of Pr,CuQO,4 has not been
determined, so that structural differences
between Nd,CuQ, and Pr,CuQO,, and partic-
ularly those involving the Ln>* site, may be
the origin of the discrepancy between the-
ory and experiment. Although preliminary
calculations for a crystalline field of rhom-
bic symmetry yield better agreement with
experiment, it is premature to present the
results of these calculations in view of our
lack of knowledge of the structure of Pr,
CuO,. Moreover, it has been found that the
low-temperature susceptibility of the pra-
seodymium oxides is strongly dependent on
oxygen stoichiometry (2I), with xy de-
creasing by about 40% in going from PrO, s



MAGNETIC PROPERTIES OF Ln,Cu0O,

to PrO, ss¢ and exhibiting the same qualita-
tive negative deviation from the data fitted
at elevated temperatures as found for Pr,
CuO, in Fig. 5. It is also possible that ferro-
magnetic interactions between the Pr3* mo-
ments may play a role in increasing the
experimental susceptibility below 150 K.

In contrast to Pr,CuQ,, the experimental
susceptibility of Sm,CuQO, below 100 K is
smaller than that predicted by fitting Eq. (8)
to the data at elevated temperatures. The
predicted Curie-law behavior at low tem-
peratures results from the occupation of the
magnetic ground level depicted in Fig. 7.
The reduction in ¥ and maximum in x near
7.6 K suggests that antiferromagnetic inter-
actions involving the Sm3* moments are
probably operative. Although the suscepti-
bility maximum near 7.6 K in SmyCuOy is in
reasonable accord with Ty = 5 K in Gd,
CuO, and ® =~ —4 K in Nd,CuO,, this com-
pound exhibits by far the largest deviation
from the predicted behavior at low temper-
atures. Since the crystal structure of Sm,
CuOQ, has not been determined, any struc-
tural differences between Sm,CuO, and
Nd,CuO, could play an important role in
explaining the large discrepancy between
experiment and theory at low tempera-
tures. Moreover, it is difficult to envision
how low levels of impurities and/or oxygen
nonstoichiometry can account for the
nearly temperature independent suscepti-
bility of Sm,CuO, at low temperatures.
Also, in both Pr,CuO, and Sm,CuQ, there
is no evidence of a Cu®*-ion contribution of
x below 300 K, so that again the cupric ions
appear to be ordered antiferromagnetically
in the CuO, planes of these compounds.

The susceptibility parameters for Nd,
CuQ,, Pr,Cu0Q,4, Eu,CuQ,, and Sm,CuO,,
derived by fitting Egs. (3), (5), (7), and (8),
respectively, to the experimental data, are
summarized in Table II. Using the theory of
Penney and Schlapp (17), the ratio of the
cubic field constants of Nd3* and Pr’* is
given by the expression
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TABLE II
SUSCEPTIBILITY PARAMETERS FOR LANTHANIDE
IoNs

Ion Parameter (cm™!)¢ Parameter (cm™!)
Nd3+ —-28.5 -20.6¢
Pr3+ —-0.848 (—0.572)* —0.293¢
Eu* 280 291 (240; 320)¢
Sm?** 296 306 (240; 294)4

¢ This work. The parameters listed are A and a for
Nd** and Pr** in Nd,CuO, and Pr,CuO.,, respectively,
and A for Eu,CuO, and Sm;CuO,. These parameters
were derived by fitting Egs. (3), (5), (7), and (8) to the
susceptibility data at elevated temperatures.

® The value in parentheses was derived by fitting
Eq. (5) to the low-temperature susceptibility data for
Pr,CuO,.

¢ Other works. A and a were derived by fitting Eqs.
(3) and (5) to the susceptibility data for Nd,(SO,); -
8H,0 and Pr(SO,); - 8H,), respectively (17).

9 Values derived using o = 33 (24). Values in paren-
theses are calculated for pure Russel-Saunders cou-
pling (first number) and for Russel-Saunders coupling
corrected to second order to include the effects of
spin—orbit coupling (second number) (26).

DNd/DPr = Ap4/12 \V 14 aP9/2, (9)

where p, and pg, are the matrix-element co-
efficients of the crystal field, with p, = —21
Ip/11(10,395) and po, = —2,380 Ind/
1,001(32,670). Here I = [yr°R*(r)dr, where
R(r) is the radial wavefunction of the 4f
electrons. Substituting the values of A, a,
D4, and pg, into Eq. (9), we find Dny/Dp, =
2.80 IPr/INd for a = —0.572 cm™! and DNd/
Dpl- = 1.89 IPr/INd for a = —0.848 Cm_l.
Since the integral I depends only upon the
principal quantum number n of the 4f elec-
trons and the effective nuclear charge (Z —
o), where Z is the atomic number and o is
the screening constant, we expect the ratio
Ip/Ing = 1. However, this integral ratio can
be estimated by using hydrogenic 4f radial
wavefunctions, which have the form R(r) =
Br*le~“@-o¥nay where B is a normalization
constant and a, is the Bohr radius. In this
case, evaluation of the integral ratio yields
Ip/Ing = [(Zp, — 0)(Zng — 0)]"*4. o can be
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determined from the theoretical overall
multiplet width, which is given by (22)

5.82QL + 1)
AW i+ nal+ 1)~ o

where AW is in cm~! and / is the azimuthal
quantum number. Substitution of the over-
all multiplet widths for Eu** or Sm*' into
Eq. (10) yields o = 33, which is in good
agreement with values derived from X-ray
data (23) and also from less detailed mag-
netic measurements on other trivalent euro-
pium and smarium compounds (24). Hence
we estimate that Dyg/Dp, = 1.75 and 1.18
cm~! for a = —0.572 and —0.848 cm™!, re-
spectively. These values are in reasonable
agreement with the expectation that the
crystalline electric fields at the Nd** and
Pr’* sites have quite similar magnitudes,
which verifies the internal consistency of
this magnetic approach to the determina-
tion of crystal field parameters. However,
in view of the approximations involved in
this procedure, it is not possible to con-
clude that Nd** and Pr3* are located at
identical sites in these compounds. In this
regard, it should be mentioned that in pre-
vious magnetic susceptibility studies of
Nd,(SOy); - 8H,0 and Pry(SO,); - 8H,0
(17) there was nearly perfect agreement be-
tween experiment and Eqgs. (3) and (5) using
the susceptibility parameters given in Table
II. However, it was found that Dyy/Dp, = 4,
which seems unreasonable when one con-
siders the high degree of structural and
chemical similarity between these two com-
pounds. This discrepancy is primarily due
to uncertainties in the experimental data for
the neodymium compound. Subsequent
spectroscopic measurements (25) of the en-
ergy levels of Nd,(SOy);-8H,0 yielded
Dno/Dp, = 1.3, which is in fair agreement
with our estimate of this ratio.

(10)

4 The assumption of a hydrogenic 4f radial wave-
function to calculate the integral ratio should be a good
approximatjon, since this ratio is relatively insensitive
to the shape of the wavefunction.
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Finally, the parameters for Eu’* and
Sm3* given in Table II are in good agree-
ment with the free-ion values derived by
Van Vleck (24) using o = 33 to fit the sus-
ceptibility data for europium and samarium
oxides and sulfates. Table II also shows
that these parameters are in fair agreement
with those calculated from Judd’s (26) the-
oretical energy levels for pure Russel-Saun-
ders coupling and for Russel-Saunders cou-
pling corrected to second order to include
the effects of spin—orbit coupling.

In summary, we have found that the mag-
netic behavior of these semiconducting Ln,
CuO, compounds is relatively simple, in
the sense that the Cu* ions are ordered
antiferromagnetically in the CuO, planes of
these compounds and the exchange interac-
tions involving the Ln** ions are relatively
weak, so that the magnitude and tempera-
ture dependence of the susceptibility at ele-
vated temperatures are in excellent agree-
ment with the predicted behavior for
isolated Ln** ions under the influence of a
cubic crystal field. Hence these compounds
form an interesting new series of planar
Cu?*-ion antiferromagnets. The antiferro-
magnetic Cu**-0>-Cu?* superexchange in-
teraction probably involves overlap of the
Cu?*-ion 3d,2_,2 orbital with the O*~-ion 2p,
and 2p, orbitals (9, 27), where the x, y, and
z axes are directed along the Cu?*-0%"
bonds, with the z axis lying perpendicular
to the CuO, planes shown in Figs. 1 and 2.
To further elucidate the nature of the Cu?*
magnetic ordering in these compounds, we
are currently undertaking neutron diffrac-
tion experiments to explore their magnetic
structures as well as high-temperature sus-
ceptibility measurements to determine their
Néel temperatures. It would also be of in-
terest to verify spectroscopically the mag-
netically derived energy-level separations
shown in Figs. 4 and 7.
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