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Magnetic susceptibility of NdGaO; at low temperatures:
A quasi-two-dimensional Ising behavior
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The ac magnetic susceptibility of a NdGa6ingle crystal has been measured along the three principal
crystallographic axes in the temperature range from 50 K down to 0.07 K. The data obtained indicate that the
compound orders antiferromagnetically B{~ 1 K with the sublattice moments parallel [001], which is
consistent with earlier neutron-diffraction results. The data are interpreted in terms of the Ising model on the
simple tetragonal lattice in the quasi-two-dimensional regime: the intralayer exchange is relatively strong and
antiferromagnetic]), /k=—0.70 K, whereas the interlayer exchange is ferromagnetic and an order of magni-
tude weaker)J,;/k=0.07 K. This model also describes well the earlier specific-heat datagThetors de-
duced from the low-temperature susceptibilgy=1.84,9,=2.41,9,=2.73, are in reasonable agreement with
electron paramagnetic resonance measurements on Nd-doped 4.4G8063-182608)02625-3

[. INTRODUCTION susceptibility stud§had been limited to temperatures above
4.2 K and had failed to unambiguously refer the data, therein
Rare-earth oxide compounds with perovskite structurecalled y; andy, , to crystallographic directions.
have a long record of outstanding performance in solid-state Presented below is our study of the ac susceptibility of
physics. In the last decade they received a renewed attentidddGaQ; along the three orthorhombic axes at temperatures
in connection with the discovery of highc superconductiv- down to 0.07 K. It also includes a model that describes con-
ity and, more recently, giant magnetoresistance. Many perSistently the susceptibility data as well as the earlier specific-

ovskite materials have been thoroughly studied and are nof§é@t datdand the neutron-diffraction détan terms of the
used in industry. Ising model on the anisotropic tetragonal lattice.

Neodymium gallate, NdGa{s one such compound. It is
commonly used as a substrate for high-temperature super- Il. EXPERIMENTAL DETAILS
conductor thin—f_ilm depositi.on begause of a good Iattic_e and The NdGaQ single crystal, grown by the Bridgman tech-
thermal expansion match, in particular with YBaCb(Dh'S_ nique, was cut as a parallelepiped with the edges parallel to
is due to the fact that, like many other important perovskltes[loo], [010], and[001]. The ac susceptibility below 3.5 K
NdGaG, has an orthorhombically distorted structspace \yas measured with a mutual inductance coil wound on a
group D3p-Pbnm (Ref. 2], and at the same time it is a glass tube placed under the mixing chamber dHe-“He
paradigm of passive stability. On account of such use, largéilution refrigerator. The sample was oriented and glued onto
single crystals of NdGagare now available commercially. a plastic sample holder located in the center of one of two
This image of something inert and plain changed when appositely wound secondary coils. The excitation amplitude
sharp A anomaly was discovered in the specific heat ofwas 1 mOe and the frequendy= 160 Hz. The signal was
NdGaQ, at Ty=0.97+0.01 K.2 That anomaly was then as- measured by means of a low-impedance ac bridge in which a
cribed to an antiferromagnetic ordering of the Nd momentsuperconducting quantum interference devi€gQUID)
and it was found that thX'Y model on the simple cubic (SHE Corporation model MFP/MFB®as employed as null
lattice gave an accurate account of the observed lowedetector. Above 1.8 K the measurements were performed on
temperature specific heat. a Quantum Design SQUID magnetometer MPMS5 using the
However, a subsequent neutron-diffraction sfudyg- ac susceptibility mode. The data in the overlap region be-
gested &C, configuration of the ordered Nd momeritota- tween 1.8 and 3.5 K were used to convert the low-
tion of Bertau?) as well as a fairly isotropig factor. Real- temperature data from arbitrary into absolute units. The ab-
ization of the spin configuratiof, implied a coexistence of solute accuracy of the data was 5%, while the relative error
ferromagnetic and antiferromagnetic exchange interactiongas better than 1%.
between different types of nearest neighbors, impossible in X-band electron paramagnetic resona(EBR measure-
the simple cubic lattice. The nearly isotrogicfactor was ments were performed on Nd:LaGa@s well as pure
hard to reconcile with th&X'Y model. NdGaQ, powder samplegprepared by hand crushing small
To verify those findings and to resolve the apparent conamounts of the original single crystakst temperatures from
tradiction, we undertook a study of the initial magnetic sus4.2 to 77 K using a Brucker ESP-380E spectrometer. The
ceptibility of NdGaQ at low temperatures. The only earlier diphenylpicrylhydrazyl signal d=2.0037-0.0002) was
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FIG. 1. Magnetic susceptibility of NdGa&@long[001]. a

) FIG. 3. Magnetic structur€, of NdGaQ, (oxygen atoms are
used to measure the microwave frequency. The Nd contenfot depictedt
of the doped LaGaQsample was determined by electron
probe microanalysis to be (2:10.3)x 107 Nd®* ions/cn?.  4ocreases down to 0.07 K. In spite of the similarigy, is
30% larger thany,. Such behavior is characteristic of the

ll. EXPERIMENTAL RESULTS transverse susceptibility, of an antiferromagnet, with dif-
_ o ferentg factors along the andb axes.
A. Magnetic susceptibility These results corroborate tg magnetic structure below

The magnetic susceptibility of NdGa@long thec axis  Tn. Proposed after the neutron-diffraction experiménts.
Xz, is shown in Fig. 1. It increases as temperature decreasddlis structure, represented schematically in Fig. 3, can be
down to 1.1 K, where it has a rounded maximum. Below thisdescribed as antiferromagnetically ordered layers of Nd mo-
temperature it shows a steep decrease with an inflexion poifients, coupled ferromagnetically to the adjacent layers, the
at Ty=1.00+0.05 K which is, within the experimental error, sublattices being parallel to the axis. We shall takeTy
in good agreement with the magnetic ordering transition=0.97+0.01 K, determined from heat capacity data, for the
temperature determined from the heat capacity measurdléeel point, since this value has higher accuracy than that
ments, Ty=0.97+0.01 K. The decrease ig, below Ty is  determined from the present susceptibility measurements.
characteristic of the susceptibilify; along the sublattices of Below, we shall regard thi$y value as a fixed parameter in
a collinear antiferromagnet. Indeed, @s-0, y, tends to  our interpretation of the susceptibility data.
zero, within the experimental error.

The susceptibilities in tha andb directions,x, and x, , B. EPR spectrometry
are alike(see Fig. 2, curvea andb, respectively. Both y, ) )
andy, increase as the temperature decreases down to 1.1 K, The EPR signal could only be detected in Nd-doped

where both have rounded maxima. Below this temperatur&@GaQ below 20 K, while no signal was observed in the
they slightly decrease, the respective inflexion points beingUr® NdGa@samples, presumably because of the strong line

both situated at 1:80.01 K, in good agreement with tig, roadening caused by the magnetic interaction between the

3 - -
determined above, and tend to nonzero constant valugs as\d " ions. Figure 4 shows the powder spectrum of the Nd-
doped LaGa@ sample measured at=11 K. The lowest

414, multiplet of the Nd* ion is split into five Kramers
doublets by crystal-field effects. The ground state is a dou-
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FIG. 2. Magnetic susceptibility of NdGa@long[100] (a), and FIG. 4. EPR spectrum of a powder sample of Laga®ped
[010] (b). with 1% of Nd.
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blet, with the next excited state lying at 11.4 me¥32 K.° =300 HE+ xy T HI+ XYV HD). 2
Thus, as expected, the pattern is typical of an ion with a i -
doublet ground state, and the principgl values areg,  Here the first termH, of Eq. (1), stands for the Nd-Nd
=2.72+0.01,g,= 2.495+0.001, andy;= 2.025+ 0.005. exchange; the second term is the standard anisotropic Zee-
Some small-intensity satellitevhose intensity is less Man operatorg, are theg factors of the ground Kramers
than 2% of that of the central linesan be observed on the doublet of Nd*; the third term describes the Van Vieck
low- and high-field sides of the main signal. Their relative susceptibility due to field-induced adn_uxmg_of the excited
intensities and magnetic-field shifts are typical of hyperfinedoublets to the ground doublet. The inclusion of the Van
structures due to the isotop®ENd (1 = %, natural abundance Vleck term is motivated by its essential role in explaining the
12.29% and *5Nd (I = %, natural abundance 8.3%Jnfortu- magnetic prop%rties of the related compounds NdFE@f.
nately, the low signal-to-noise ratio and the complexity of8) and DyFeQ.” The last two terms in Eq2) comply with

the spectrum prevented us from determining the hyperﬁngrthorhombic rather than tetragonal symmetry, which allows
interaction parameters. 9x# 0y andy," # x," . The apparent inconsistency is due to

our search for a model with as few adjustable parameters as
would prove sufficient for an adequate description of the
IV. ANALYSIS AND DISCUSSION experimental daté&hus, though the monoclinic local symme-
Despite its original success in describing the low-try of the Nd site admits a nondiagongitensor component
temperature specific heat, the simple cuti model had to ~ 9xy. it was neglecter o
be abandoned in the face of the later neutron-diffraction The temperature range under study naturally splits into
data? which revealed that the magnetic structure of Nd in thethree subranges: 5-50 K, 1-5 K, and 0.07-1 K, which we
ordered phase i€,. Such spin configuratioisee Fig. 3  found advantageous to analyze sequentially, starting with the
suggests that, unlike in the simple cubic lattice, where all si{lighest temperature one.
nearest neighbors are equivalent, the exchange interaction in
NdGagQ, is strongly direction dependent, being ferromag- A. Temperature range 5-50 K
netic between the neighbors “above” and “below” and an-  ag 7T, the high-temperature approximation was ap-
tiferromagnetic between those in the same basal plane. Thigjieq to the partition function obtained from the solution of
might have been expected, since the low crystallographig,e Hamiltonians(1) and (2), which lead to the following

symmetry, with just a horizontal mi.rror plane through the Ndexpressions for the molar specific heat and volume
sites, can only guarantee the equivalence of the two nearegfisceptibility°

Nd neighbors above and below the central Nd ion, whereas

the four neighbors in the basal plane are all different from Cp/R:aT’Z, (©)
each other and from the former two.

For simplicity, however, in this work the Nd ions were C, W
assumed to occupy the nodes of a simple tetragonal lattice, Xa=T 9 TXa » ATXYZ, (4)

with just two types of neighborships—along theaxis (Il)
and in the basal planél). Accordingly, our starting point Where
was a bilinear exchange Hamiltonian of general form, com-

. ) o . 1/(3,\2 1(3\% 1/(3,\2 [J;)\?

patible with the tetragonal symmetry and limited, as is usual e e} il it Z| L e
: : a + + + , (5)

for oxide compounds, to the nearest neighbors: 41k) 21k 2\ k k
. . e Co=Npuaga/dk, (6)

He=—23, 2 SIS/—2J/ 2 (SS+9'S)
> i>] J/ J!
[INN [INN 0)(: 0y=%+2f, (7)
—23, > §§-23] 3, (S§+9S). ()
i>] 1>] ‘]\I ‘]J_

LNN L NN 62:F+2?- (8)

Here the symbolNN (1. NN) means that the correspondin . )

y ( ) P g Here, N=1.73x10°? cm ™ is the concentration of the Nd

sum is taken over such nodésand j, which are nearest
neighbors linked by a segment parallgérpendicularto the

c axis.S", a=x,y,z, are the effective sping=3) operators
for the ith lattice node. Our approach was thus limited to
temperatures below 50 K, where only the ground Kramers
doublet of Nd* is appreciably populated.

ions.
Expressiong3)—(8) were then used to fit the experimental

data between 5 and 50 K. From the fit to the high-

temperature tail of the heat capacity, the vadue0.35+0.02

K2 was obtained. The susceptibility data were fitted satisfac-

For calculating magnetic susceptibility, terms describingtO;LZmV;?QrSEgr'e(?O"(:stid':;g'TiblTeh? values of adjustable

miggt(:gfr:'iﬁgn\?’;w z\i/s)hﬁgﬁdtrﬂig{:%ftag?orlllzf/jv?g b?0|rrr1§!udecf) The fits already demonstrate the anisotropic character of
' 9 ' the system, with & factor that is highest along the axis,
and lowest along tha axis. The fact tha®¥,~ 6, provides

H=H._+ Ho0oS4 Hoao & + Ho0. & some support for the use of the tetragonal approximation in
& MBZ (H.8, S+ Hy9,S+H.0,5) the exchange Hamiltoniafl). The value of the Van Vleck
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FIG. 5. Inverse susceptibilitiafter subtraction of the Van Vleck FIG. 6. Graphical analysis of possible valueslpfindJ, .

term) vs temperature along the three principal crystallographic axes
a, b, andc. The lines were calculated with EG}) and the param-

eters listed in Table I.

susceptibility along [100], x)Y=2.9x10"* emu Oe*

cm 3, is comparable to the valug,'=4.2x10"* emu
Oe ! cm 3 deduced from neutron-diffraction experiments in Ising model on a simple tetragonal lattice, with two types of

NdFeG,, and justifies ‘a posteriori’ the inclusion of the neighborships:

B. Temperature range -5 K
This range, which includes the "Mlepoint, required a
more elaborate treatment. To make that possible, we set the
small parameters| andJ| to zero and thus arrived at the

Van Vleck term in Eq.(2).8
It was found convenient to use the coordinate plane

J,-J,, Fig. 6, for the analysis of possible values of the ex-

Hex= _2J||i2j SS-23, 9
INN

> SIS
i>]
L NN

change parameters. The observed spin configur&tjorig.

3, implies thatz components of the Nd spins interact ferro-
magnetically if the exchange link is parallel to thexis and
antiferromagnetically if it is in the basal plane, i.e., that0
andJ, <0. For this reason the analysis was restricted to th
second quadrant of th& -J, plane. Moreover, by virtue of
Eq. (8), with ,=—1.8+0.3 K as found from the suscepti-
bility data, the values ofJ, ,J;) must be confined to the
hatched area of Fig. 6.

Assuming at first zero values fay andJ| , we further
found from Eq.(5) with a=0.35+0.02 K? that the solution
had at the same time to be situated within the narrow zon
delimited by two ellipses centered at the origpart of this
zone within the second quadrant is hatched horizontally i
Fig. 6), the intersection of this zone and the hatched stripe
must contain the solution sought. The previous assumption is
now justified; since any significantly nonzetpor J| would
lead to a contraction of the elliptic ring and disappearance of
the intersection area. We thus conclude thfaandJ| must
be small(and most likely negative J;~J| ~—0.1K, just

enough to satisfy Eq(7) without forcing the intersection
area of Fig. 6 into nonexistenca,, too, appears to be small,
but positive,J,/k~0.1 K. Finally, J, is the dominant ex-
change parameted, /k~—0.8 K.

TABLE I. g factor, Weiss constant, and van Vleck susceptibility

obtained from the fits of Eq4).

The Van Vleck term in Eq.(2) was omitted as the
temperature-independent Van Vleck susceptibility becomes
relatively less important at low temperatures. In short, we
fave reduced the problem to a simple Ising model with an-
tiferromagnetic layers weakly coupled ferromagnetically.

The statistics of the model described by E§) is gov-
erned by the ratio=J,/J, between the interlayer and intra-
layer exchange integrals=0 being an important particular
case, when the system splits into two-dimensional simple
%uadratic(s.q.) lattices. Our own case~ —0.1, seems to fall

to the region of crossover from the three-dimensidB&l)

r%o 2D regime.

VX100
Axis Ja 6, (K) emuOelcm™3
FIG. 7. Scaled experimental susceptibility alof@p1] (after
X 1.98-0.01 —0.6x0.4 2.9°0.1 subtraction of xy¥) (9,=2.73, J,=—0.70 K and Ty=0.97 K),
y 2.63t0.01 —0.5+0.3 1.9-0.1 compared with calculated curves for the parallel susceptibility)
z 2.83+0.01 —-1.8+0.3 1.3+0.1 r=—0.1, from high-temperature series, Efj0). (--) for r=0, from
Ref. 13.
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1.2 % . . . match the value at the susceptibility maximum, thus obtain-
Pﬁ ing g,=1.800.02 andg, = 2.28+0.02 that are close to the
1.0 ’ . values deduced in the higher temperature regsae Table
).

~ L 0.8L . This result can be checked with a reanalysis of our previ-
Nf; ous heat capacity data in terms of the same crossover Ising
g“ 0.6L * aaxis - mode, assuming that the heat capacity critical behavior can
- © b axis  , be approximated by the expression, withlKd#kT./J, for
& 0.4f RS the differentr values as given in Ref. 11:

0-2¢ 1 C/R=A< 1-—| +ep. (11)

Ke
0.0 s ' . :
0 1 2 3 4 5

Since the crossover case= —0.1 belongs topologically
N to the three-dimensional universality class, we have conjec-
FIG. 8. Scaled experimental susceptibility alof0] (after tured that the same singular behavior as for the simple cubic

: o o
subtraction ofy"") (g,=1.80), and010] (after subtraction of"") should be applicable; i.e., the exponent is identiaa(g)
(9,=2.28) withJ, = —0.86 K andTy=0.97 K. (--) r =0, theoret- while the amplitudeA and constang, are different.

ical curve for the perpendicular susceptibility, from Ref. 14. To determineA for r=—0.1, we fixed the value K
=kTc/J, =1.3807, and performed the Padpproximants
The critical properties in the 2D-3D crossover wilh analysis of the first derivative of the high-temperature heat
>0 had been analyzétby PadeapproximantgPA) meth- ~ capacity series, as given in Ref. 12.
ods. We have applied the same approximations and algo-

rithms to analyze thd, <0 case of our interest. For an ar- dC/R
bitrary value ofJ, andr the reduced susceptibility has been dK
calculated with the expression A=PAl — K@D |- (12)
_ 4kTyxy — rd, Ke Kc)
XULD=JZzZ =Xt (7 X . . :
9zB The convergence was satisfactory, obtaining the amplitude

A=0.882t0.003. Theconstante, was obtained from the
, (10) Padeapproximants analysis of the difference series

— [— -
+PA{X—(X2+WX2

where y corresponds to the high-temperature series of the e.—PA C/R—Al 1— i “
reduced susceptibility for arbitrad;, andr,*? andy, is the 0 K.
square planar Ising= 3 parallel reduced susceptibility. . ) o

We tried several values close to-2 (obtained from the which also converged satisfactorily yielding the valeg
previous sectionand found that the height and position of = _0-68%0-003-_
the maximum was not particularly sensitive to small varia- 1he heat capacity was calculated as
tions ofr (the same had been previously observed in Navarro
and de Jongh, 1978! The theoretical curves of the scaled
susceptibility forr=0 andr=—0.1 are given in Fig. 7. A
good agreement with the experimental da@rrected for the
Van Vleck contribution was achieved for=—0.1, for [A(l K

: (13

s}

> (K/@“(E cnjr")
n=2 =0

—a

1=K e pa
K. €o

C/R=A

-

+eg (14

which kT./J, =1.3807, then substituting.=Ty we find K_c
J,=—0.70=0.01 K. This agrees well with the estimation

J, /Ik=—0.8 K from the previous section. For better overall aboveT.=Ty, as shown in Fig. 9. We observe an excellent
agreement, we finally had to scale the data slightly in theagreement with the experimental data frafy up to the
vertical scale in Fig. 7, by,=2.73, rather than 2.83, as highest temperatures measured. For comparison, we have
found in Sec. IV A(see Table II. The difference could be plotted in the same figure the heat capacity forrthed case,
accounted for by the experimental error. as given by Onsager.

No theoretical predictions were available for the suscep- For the sake of completeness, we also calculated the criti-
tibility perpendicular to the Ising axis at arbitrary We used  cal entropy and energy above, making use of the heat
the expression derived by Fishon the basis of Onsager’s capacity as written in Eq(14). The results are included in
solution to the simple quadratic mode(dashed line in Fig. Table Ill where they are compared with the experimental
8). This model predictskT./J, =1.3846, henceJ, results. We note that the calculated critical entr@yR is,
=-0.86+0.01 K. For comparison, the experimental suscepwithin the experimental error, in agreement with the experi-
tibilities along thea andb axis were corrected for the Van mental value, while the calculated critical energ¥. /T, is
Vleck contribution using the values ogf}’v and X\y/v previ-  lower by 10%. The discrepancy E. can be attributed to an
ously deduced from the high-temperature ddtable ), J;, overestimation of the experimental high-temperature tail,
=-0.86+0.01 K and rescaling in the vertical scale to which was extrapolated td— by means of a fitted 2
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FIG. 9. Experimental heat capacity of NdGa® reduced tem-
perature Ty=0.97 K). (—) Calculated predictions for the 2D-3D
crossover case withr|=0.1 from (a) spin-wave low-temperature
series,(b) extrapolated high-temperature seriés) Heat capacity
for the antiferromagnetic simple quadraﬁe% model ¢ =0).

law. In contrast, since the critical entropy is more sensitive t

the temperature region negg, the error in the experimental

determination is little affected by the high-temperature tail,

and therefore the agreement is better.

C. Temperature range 0.0&T<1 K
Below Ty there are no predictions of for an arbitraryr

MAGNETIC SUSCEPTIBILITY OF NdGa@AT LOW.. ..
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The low-temperature tail of the heat capacity may be
compared to the predictions for the low-temperature series
developed for an arbitrany.'® We have plotted in Fig. 9 the
resulting curve folr|=0.1, which mimics the experimental
data forT/T:<0.7. By inspection of this figure we see that
both the high- and low-temperature tails of the experimental
anomaly are well accounted for by the theoretical predictions
for the Ising crossover model witln| =0.1. For comparison,
we have included in the same figure the prediction for the
r=0 model that differs radically from the predictions for
[r|=0.1. We conclude that the small interlayer interaction
has a very strong effect on the shape and critical parameters
of the heat capacity anomaly, far more than on the magnetic
susceptibility.

V. CONCLUSIONS

Theg,, fit parameters are collected in Table Il, where they
are compared with thg parameters deduced from the EPR
data. They are somewhat different since, on one hand, the
EPR data are obtained on a doped Nd:Laga&nple while
the magnetic susceptibility is measured on a magnetically
dense NdGa@sample, although the electronic structure of
the N" in both matrices is very simildf’. On the other
hand, theg, , 3 parameters are referred to the logatensor
principal axes, which do not necessarily coincide with the
crystallographic axes. However, it can be readily concluded
that the highest value af, can be assigned to ttg,, and
since the otheg, and g; parameters are not too different
from the g, and g, fitted values, that the 2 and 3 axes are

value. However, there are numerical calculations for theose to thea andb crystallographic axes, respectively.

square planar Ising case=0.% We have drawn this theo-
retical curve scaled in reduced temperatdrély, with

The susceptibility and heat capacity data are explained by
the same set of parameters within ®e 3, Ising 2D to 3D

kTy/J, =1.1346, together with our experimental data alsocrossover model. This result supports the restriction imposed

scaled in temperature tdy (Fig. 7). From inspection we
conclude that the s.q. modeal£0) describes almost quan-
titatively the low-temperature region beloW., whereas it
deviates more markedly as the temperature approdchgs
For temperatures higher than,,, the prediction for =0 is
completely away from the data.

The perpendicular susceptibility for the=0 casé* tends
to the limit y, (T=0)=Ng?x2/8J, . Substituting the ex-

by the neutron-diffraction data that the intralayer interaction
should be negative while the interlayer interaction should be
positive.

The quasi-two-dimensional characteristics of the mag-
netic properties of this material, which are caused by the
small value of the interlayer interaction respect to the intra-
layer interaction, also suggests that small modifications in
the interlayer exchange paths may give rise to changes of

perimental datay, and x, at the lowest measured tempera- magnitude and even of sign df. Such sensibility of), to

ture for y, we obtain the valueg,=1.84 andg,=2.41,
practically identical to the values deduced from . (S€€

details in the interlayer interaction paths may explain that
related perovskite compounds with essentially the same crys-

Table Il). In Fig. 8 we show the theoretical curve scaled totallographic structure and interatomic distances show very
the y, (T=0) value. We see that the temperature region exdifferent magnetic structures. For example, the compounds

tending up to . is quite well explained with the =0

NdGaG,* and NdCoQ (Ref. 18 order in theC, configura-

model, though the curve diverges for higher temperatures. tion (which impliesJ;<0) while NdInO; (Ref. 18 orders in

TABLE II. Critical temperatureg-tensor components, and exchange parameters obtained from the analy-

sis of the experimental data.

Expt. T (K) Ox Oy g; J, Tk(K) r
C, 0.97+0.01 -0.70=0.01 —0.10=0.02
Xi 2.73+0.02 —0.70+0.01 —0.10+0.02
X1 max 1.80 +0.02  2.28+0.02 —~0.86+0.05
x, (T=0) 1.84 +0.02  2.41+0.02
EPR 2.025-0.005 2.495%-0.005 2.72-0.01
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the GyAX configuration(which impliesJ,>0). TABLE Ill. Comparison of theoretical predictions of the critical
For the Ga compound, the value of the exchange interadhermodynamical functions with the experimental valugg.
tion parameterJ, /k, ranging between—0.70K and =nearest-neighbor number
—0.86 K, depending on the method employed in its determi-
nation, is in good accordance with the valu€®.825 found d KTe/d, Se/R ~Ee/Te
for the Nd-Nd interaction in NdFeQ This result is quite Ising s.q. 4 1.1346 0.30647 0.62323
reasonable since the average Nd-Nd distance in NdGaO Ising|r|=0.1 6 1.3807  0.48 0.36
(3.87 A is quite similar to that in NdFe£X(3.902 A). Ising s.c. 6 22553  0.5579 0.2200
In the present work we find that, is larger than the other XY s.c. 6 2.0173 0.4628 0.45
two components in consistence with the Ising character of H s.c. 6 1.68 0.43 0.60

the statistical model that fits all the available thermodynamic NdGaQ, 0.46-0.01  0.4x-0.04
data. This result is certainly in contradiction with our previ-

ous conjecture that al’y model anisotropy could be ex- ¢ e 5 4 and s.c. modelTable Ill). One may conclude that
pected, but also from the rather isotropic valigs=2.227, st from heat capacity measurements it is difficult to draw
gy=2.483, andg,=2.549 derived from inelastic neutron ynambiguous conclusions as to the character of a magnetic
scattering. phase transition, and it becomes evident now that single-
The origin of the previous misinterpretation of the heatcrystal magnetic susceptibility data may yield enough infor-
capacity in terms of th&=13, s.c.XY model arose from our mation as to determine the applicability of a statistical
overconfidence in the excellent correspondence of the exnodel.
perimental critical energy and entropy to the model predic-
tions. It becomes evident after the present work that similar ACKNOWLEDGMENTS
critical energy and entropy contents may arise from Ising This work has been financed by the CICYT MAT96/0448
crossover models that are intermediate to the two extremgwoject.
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