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We present a model of homoionic, equal-spin s; dimer single molecule magnets exhibiting D,;, C,,, or S,
molecular group symmetry, focusing upon the simplest D, case. The spins within each dimer interact via the
Heisenberg and the most general set of four quadratic anisotropic spin interactions with respective strengths J
and {J;}, and with the magnetic induction B. We solve the model exactly for s;=1/2, and analytically for B
along the crystal directions and numerically for other B directions for s;=1 and 5/2, and present M(B) curves
at low T for these cases with antiferromagnetic Heisenberg couplings (/<<0). Low-T Cy(B) curves for s;
=1/2 and electron paramagnetic susceptibility y(B,w) for s;=1 are also provided. For weakly anisotropic
dimers, the Hartree approximation, or strong exchange limit, yields rather simple analytic formulas for M(B)
and Cy(B) at arbitrary s, that accurately fit the exact solutions at sufficiently low 7 or large B. Low-T, large-
B formulas for the inelastic neutron-scattering cross section S(B,q,w) and x(B, ) with arbitrary s, and B in
the Hartree approximation are also given. For antiferromagnetic Heisenberg couplings (/<0) and weak an-
isotropy interactions (|J il | < 1), we provide analytic formulas for the 2s, level-crossing magnetic inductions
Blsfsl(ﬂ, ¢), at which the low-T magnetization M(B) exhibits steps and the low-T specific heat Cy(B) exhibits
zeroes, surrounded by double peaks of uniform height. Strong anisotropy interactions drastically alter these
behaviors, however. Our results are discussed with regard to existing experiments on s;=5/2 Fe,, s;
=3/2 Cr,, and s;=1 Ni, dimers, suggesting the presence of single-ion anisotropy in three of them, but appar-
ently without any sizeable anisotropic exchange interactions. Further experiments on single crystals of these
and higher-spin dimers are therefore warranted, and we particularly urge further electron paramagnetic reso-
nance and inelastic neutron-scattering experiments to be performed.
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I. INTRODUCTION

Single molecule magnets (SMM’s) have been under in-
tense study recently, due to their potential uses in magnetic
storage and quantum computing.'~> The materials consist of
insulating crystalline arrays of identical SMM’s 1-3 nm in
size, each containing two or more magnetic ions. Since the
magnetic ions in each SMM are surrounded by nonmagnetic
ligands, the intermolecular magnetic interactions are usually
negligible. Although the most commonly studied SMM’s are
the high-spin Mn, and Feg,'~ such SMM’s contain a variety
of ferromagnetic (FM) and antiferromagnetic (AFM) in-
tramolecular interactions, rendering unique fits to a variety of
experiments difficult.®

In addition, there have been many studies of AFM Fe,
ring compounds, where n=6,8,10,12, etc., and of the ring
compound Crg.”!¢ In these studies, analyses of inelastic
neutron-scattering (INS) and electron paramagnetic reso-
nance (EPR) data, and the magnetic induction B dependence
of the low-temperature 7 specific-heat Cy and magnetization
M steps were made, using the isotropic Heisenberg near-
neighbor exchange interaction, the Zeeman interaction, and
various near-neighbor exchange and axial single-ion aniso-
tropy interactions.”'® However, the rings were so compli-
cated that analyses of the data using those simple models
were inaccessible to present day computers.® Thus some of
those authors used either numerical evaluations, simulations,
or phenomenological fits to a first-order perturbation expan-
sion with different spin anisotropy values for each total ring
spin value.8~1%17.18 None of those authors studied the effects
of azimuthal single-ion anisotropy.
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Here we focus on the much simpler cases of equal spin
s1=s5, magnetic dimers exhibiting D,; molecular group sym-
metry, for which some of the spin anisotropy effects can be
evaluated analytically, and many other effects can be inves-
tigated in detail numerically, and compared with experiment.
Extensions to the lower C,, and S, symmetries are straight-
forward, and some of our results also apply to those cases.
AFM dimers with s,=1/2, 1, 3/2,'%-26 various forms of Fe,
with §,=5/2,132"-32 and both FM and weakly coupled AFM
Gd, dimers with s;=7/2 have been studied recently.’
Several Fe, dimers and effective s;=9/2 dimers of the type
[Mn,], (Refs. 36-38) have magnetic interactions weak
enough that their effects can be probed at 7=~ 1 K with pres-
ently available B. Recent measurements showed that in some
of those systems, the total spin anisotropy of the Mn, mono-
mers in the ground state s;=9/2 manifold was found to be
much stronger than the intermonomer Heisenberg
interaction.’® However, the zero-field splittings of the triplet
states observed in INS studies of the Ni spin chains,
Ni(CsD4N,),-N3(PFs) and Ni(CyHy,N,)(NO,)CIO,, have
provided direct measurements of both the axial and azi-
muthal single-ion anisotropy interactions in those
materials.’**3 A comparison of our results with M(B) step
data on a Fe, and both M(B) step data and INS data on a Ni,
dimer strongly suggests a substantial presence of axial and/or
azimuthal single-ion spin anisotropy, without appreciable an-
isotropic exchange interactions.?3?°

The paper is organized as follows. In Sec. II, we present
the model in the crystal representation and give exact formu-
las for the matrix elements. The general thermodynamics are
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presented in Sec. III, along with the universal M(B) and
Cy/(B) behavior associated with the energy-level crossing. In
Sec. IV, we present our induction representation results for
the eigenstates to first order in the anisotropy energies. We
also give the level-crossing inductions BLC,SI(G, ¢) to second
order in the anisotropy interactions. In Sec. V, we solve the
model exactly for s;=1/2, and give plots and analytic ex-
pressions for M, the specific heat Cy, and Blf,l,z(ﬁ, ¢) for
B||£.y,Z, along a crystal axis direction. In Sec. VI, we dis-
cuss the exact solution for s;=1 for those B directions, and
give examples of the low-T M(B) and BISfI(B, ¢) curves. We
also present examples of the low-T s,=5/2 M(B) and
Blsf5,2(0, @) curves for s=1,2,3. In Sec. VII, we present the
asymptotic Hartree (or strong exchange limit) expressions
for the thermodynamic quantities M and Cy, and for the INS
cross section S(B,q,w) and the EPR susceptibility x(B, )
for arbitrary s, that are accurate at sufficiently
low T and/or large B. In Sec. VIII, we discuss examples
of strong anisotropy interactions for s;=1/2, 5/2. Finally,
in Sec. IX, we summarize our results and discuss
them with regard to existing experiments on
the  dimers,  Na,Niy(C,04)5(H,0),,2  Cs;Cr,Br,, >
u-oxalatotetrakis(acetylacetonato) Fe,,”® and [Fe(salen)Cl],,
where salen is N, N’-ethylenebis(salicylideneiminato).?

II. MODEL IN THE CRYSTAL REPRESENTATION

We represent the s;=s, dimer quantum states, |¢/") in
terms of the total (or global) spin and magnetic quantum
numbers s and m, where S=S;+S, and S.=S-7 satisty
S?|yM=s(s+1)|"y and S, |P"y=m|"), where s
=0,1,...,2s;, m=-s,...,s, and we set ~A=1. We also have
S| @y=AT"| "'y, where S.=S,+iS, and

Al=N(s-m)(s+m+1). (1)

For an arbitrary B, we assume the Hamiltonian has the form
H=Ho+H,+H.+H,+Hs where

Ho=—-JS*2-%S-B (2)

contains the Heisenberg exchange and Zeeman interactions,
the gyromagnetic ratio y=gup, g=~2 and up is the Bohr
magneton.

An homoionic dimer with symmetric ligands consisting of
equal spins exhibiting molecular group g=D,, (Fig. 1), C,,,
or S, (also Fig. 1) symmetry has either a center of inversion
or sufficient mirror planes,*** so that Dzyaloshinskii-
Moriya (DM) interactions do not arise.*®>*’ For simplicity,
we focus upon the D, case.

For g=D,,, the single-ion axial and azimuthal anisotropy
terms, which may be written in terms of the molecular coor-
dinates (¥,y,2),

2
Ho=—J,2 S 3)
i=1

and
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(a)

FIG. 1. Left: Sketch of an Fe, dimer with D,;, molecular group
symmetry containing a di-u oxo bridge, with two bridging O~ ions
(O). The arrows represent spins. Right: Fe, dimer with S, molecular
group symmetry. Ligands (not pictured) are attached to the Fe*
ions (Fe), leading to the easy axis along Z;=-%, (arrows), which is
at an angle y from the dimer axis d.

2
H,=-J.2 (5= 53). (4)
i=1

respectively, arise from spin-orbit interactions of the local
crystal field with the individual spins. We take the laboratory

z axis parallel to the dimer axis d for all symmetries, as
pictured in Fig. 1. For g=C,,,S,, the principal axes Z,=-2,,
etc., are rotated with respect to the dimer axis. H, has the
same form as Eq. (3) with respect to the (rotated) axial prin-
cipal axis, but H, is slightly different from Eq. (4), as dis-
cussed in Appendix A. The azimuthal anisotropy term has
usually been neglected in the SMM literature. However, the
axial anisotropy term has been studied with regard to com-
plexes containing a single magnetic ion, such as Ni*2*3 in
one example of an unequal-spin dimer,*® in which the ex-
pected DM interactions were also omitted, and in clusters
and chains of larger numbers of identical magnetic
ions.?3-23-39-4148.3051 A zimuthal single-ion anisotropy was di-
rectly observed in two Ni chain compounds and anticipated
in Cs;Cr,Br,. 244041

For g=D,,, the local axially and azimuthally anisotropic
spin-spin interactions are

Hp==J451:52, (5)

Hc = _JL'(SleZx_ SlySZy)~ (6)

It is common to combine the effects of the single-ion and
anisotropic exchange interactions into the effective total spin
axial and azimuthal anisotropy terms,
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Hy,=—J,S? (7)
and
Hy=—JiS7=S3), (®)

respectively, which only depend upon the components of the
total spin S. Equations (7) and (8) constitute an effective
anisotropy Hamiltonian that operates within a fixed s group
of substates, and these and their generalizations to quartic
order have been very successful in providing fits to experi-
mental data.>3%%® They arise when the tensor total spin inter-
action with a fixed spin quantum number s has the form

S-A-S, resulting in the principal axes x, y, and 7,4648 a9

pictured for D,;, symmetry in the left panel of Fig. 1. Then

J==(Ay +Ay) 12, Jy==A +(A,+A)/2, and J,=(A,,
. 17| <1 and |J,/J| <1 still leaves J,/J,
unrestrlcted.

However, fits to different experiments on the same sample
often require different parametrization sets {J, ;,J,5, ...} for
each experimentally attainable set of sets labeled by 5.°2
Since the nominal total spin quantum number s is not always
a good quantum number in many experiments, 5 does not
always have a one-to-one correspondence to s, so that the
combined number of parameters required to fit all possible
data on a single material often can be very large. Here we
study the simplest SMM systems, in which a small set of
parameters is capable of describing all of the possible experi-
ments on a given material.

For dimers with D,, symmetry, these effective Hamil-
tonian terms satisfy

Yy

2Hf/‘lf=Hb/‘lb_Hu/Ju7 (9)

QH . =Haldy—H T, (10)

so we need only include either H, or H; and H, or H,,
respectively.** For g=C,,, H; and H, have the same forms
as in Egs. (5) and (6), but S, symmetry leads to a different
axial principle axis for H;, and a slightly different H. form
from Eq. (6), as discussed in Appendix A. Since H, and H,
describe the axial and azimuthal anisotropy each single ion
attains from its surrounding environment, and H. and H;
arise from dipole-dipole and anisotropic exchange interac-
tions, they are the physically relevant local anisotropy inter-
actions. We therefore choose H=Hy+H  +H +H +H; We
denote ‘H; and H, the axial and azimuthal anisotropic ex-
change interactions, even though they sometimes contain
larger dipole-dipole contributions. Here we focus upon the
simplest D,, symmetry, for which the principle axes of the
single-ion and anisotropic exchange interactions coincide,
but many of our results can be generalized to the lower C,,
and S, symmetries.

Practically, we may make use of the simpler H= Hy
+H +Hb+Hd+H by lettlng J HJU Jf/2 Jb*h]f/z Jd
—J,12, and J,—J,—J./2 in H, H,, Hy and H,, respec-
tively. We note that ‘H,, H;, and ‘H, are symmetric under

X<y, whereas H, H,., and H, are antisymmetric under
X <y, independent of s,.
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For the case of the many Fe, SMM’s containing a di-u
oxo bridge,?” some of which are constituents of the high-spin
SMM Feg and the AFM Fe,, rings,*®? the exchange between
the Fe*® 5,=5/2 spins occurs via two oxygen ions, and these
four ions essentially lie in the same (xz) plane.'*?” For g
=D,,, we set the z axis parallel to the dimer axis, as pictured
in the left panel of Fig. 1. The azimuthal axes are perpen-
dicular to the easy axis, satisfying £ X y=Z. In [Fe(salen)Cl],,
the CI~ ions are positioned off the dimer axis,? as pictured in
the right panel of Fig. 1, so the molecule exhibits S, symme-
try. This leads to complications arising from the different
single-ion and anisotropic exchange principle axes, as dis-
cussed in Appendix A.

We generally expect each of the J; for j=a,c,e,f to sat-
isfy |J;,/J| <1, but there are not generally any other restric-
tions upon the various magnitudes of the J;. Since most
dimers studied to date have predominantly AFM couplings
(J<<0), and also because their magnetizations and specific
heats are particularly interesting, we shall only consider
AFM dimers. For simplicity, we only treat homoionic, equal-
spin s;=s, dimers with equivalent ligand groups exhibiting
molecular group symmetry S,, C,,, or D,,, so that DM inter-
actions do not occur.**~*® Hence our Hamiltonian H is the
most general quadratic anisotropic spin Hamiltonian of an
equal-spin dimer with S, or higher molecular group symme-
try. Nonhomoionic, unequal-spin dimers were discussed
elsewhere.#6:4953

For B=B(sin 6 cos ¢,sin 6 sin ¢,cos 6), we have

Holgh'y = EY |y + OE 25 e ?A" [y, (11)
o=%1
7/ Z[ 2
ol ==L, (12)
and
H g =— (13)
4 o==x1
where
E'=—Js(s+1)/2—mb cos 6, (14)
.
5E:—§bsm 0, (15)
b=vyB, (16)
and
Fom=ATmA L™, (17)

‘H, and H, contain the individual spin operators S;, and S;.
for i=1,2. A compact form for the single-ion operations for
arbitrary (s,,s,m) is

1 _
SislW) = SAT |¢f"*‘>——( DACT D = CLT D),
(18)
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siz|w:>=§|¢/;’>— — (DI [y + D (W),
(19)
where
C’Y"Y] s, V(s - m)(s—-m-1), (20)
DY, = e, (s> =m?), (21)
and
Ny, = L2y + 12 = $21/(4s7 - 1). (22)

Single-spin matrix elements derived from these equations
contain the second-order projection coefficients,*” in this
case 7, which were presented by Bencini and Gatteschi
and later by Bo¢a,*®33 who showed their analogy to the off-
diagonal Landé magnetization. However, to our knowledge,
no plots of the separate effects of single-ion or anisotropic
exchange interactions have been published.’® The important
point is that many of the extremely simple results obtained in
the following from these simple, compact equations for the
equal-spin dimer with s;>1/2 lead to previously unknown,
interesting single-ion anisotropy effects, some of which have
been observed experimentally, but their significance has not
been appreciated or understood. In addition, these simple
results can be readily generalized to at least four arbitrary
spins. Boca presented most of the analogous coefficients for
three and four spins.>® Using the Schwinger boson technique,
we have independently derived these simple second-order
projection coefficients and their generalizations to the analo-
gous, although increasingly complex, analytic forms for two,
three, and four arbitrary spins.>* This has already been done
for tetramers with T, Dy, S, and C,, symmetries,> and is
currently in progress for Cs, or lower-symmetry tetramers,>*
which might provide a better fit to {Ni;Mo,,},>* CrNi;,’® and
the low-symmetry Mn, compounds.’’

For s=0, we require m=0, for which Cg
then find

=n0 =
,sl—Do,sl—Q We

2J,
oy = —;<G;"SIW;’>+ > H;”sj’iw’::w»),

o'=%1

(23)

~ J.—2J 2
Al =" (1 ( gy S KT w:’i*z;’»),

o=x1 o'=x1
(24)
G, =+ (DI, )+ (Dl = s(s +1) = 1
+[2m*+1=2s(s + 1)]aS»S1’ (25)
m m
H,vncllT = Ds+((r'+l)/2,3le+(30"+1)/2,$1 ’ (26)
—o' x—=(140")2 ~—0'x-Bc"+1)/2

Kf?l :Cs+(o'/+1)/2,sl s+(3a’+1)2,s; (27)
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Li, =2Flay, . (28)
and

3s(s+1)—4s;(s;+1)-3
a.. =
51 (2s-1)(2s+3)

We note that 2a, =1- nf’xl— 77§+1751 and that Eq. (29) holds
for s =0. Equations (18) and (19) allow for an exact expres-
sion of the most general Hamiltonian matrix of arbitrary or-
der in the individual spin operators, and for s;=1/2, an exact
solution of the resulting eigenvalues.

(29)

In the crystal representation, the operations of H,, H,,
and ﬁd satisfy the selection rules As=0, Am=0,+1,+2. The

local anisotropy interactions H, and H, allow transitions sat-
isfying As=0,+2, Am=0, and As=0,+2, Am=+2, respec-

tively, so in the presence of ﬁa and/or ﬁe, s is no longer a
good quantum number, unless s;=1/2.

III. GENERAL THERMODYNAMICS

In order to obtain the thermodynamic properties, we first
calculate the canonical partition function, Z=Tr exp(—BH).
Since H is not diagonal in the (s,m) representation, we must
construct the wave function from all possible spin states. We
then write

Z=To¥, [P0, ), (30)
where |‘P$ ) is constructed from the {|¢/")} basis as

<\Psl|_(< 251 ""’<l;b(1)’ (31)

where B=1/(kgT) and kz is Boltzmann’s constant. To evalu-
ate the trace, it is useful to diagonalize the (W |H|W; )
matrix. To do so, we let [, )=U|®, ), where

<q)51| = (<¢n51 ) . 9<¢1 s

2?1
251

(32)

is constructed from the new orthonormal basis {|¢,)}, and U
is a unitary matrix of rank nS|=(2s1+1)2. Choosing U to

diagonalize H, UHU'=H, we generally obtain H|d,)
=¢,| ¢,) and the partition function for a SMM dimer,

Z= 2, exp(- Be,). (33)
n=1

The specific heat Cy=kzB*3In Z/ 3B is then easily found at
all 7,B,

2
k
Cy= % ZE eze'ﬁen—(zee ﬁe) ) (34)
The magnetization
1 nSl
== 22 VB(fn)eXP(— Ben) (35)
n=1

requires Vg(e,) for each B. As T— 0, at most two eigenstates
are relevant. For most B values, only one €, is important. But
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near the reduced sth level-crossing induction b,
= Bifsl(ﬁ,d)) at which e,=¢€,_;, two eigenstates are relevant.

We then obtain for these two energies

_ (BAef2)?
Culb)ky = cosh’(BA€e/2)’ (36)
M) = 5 (M, + M)+ 5 (M, M, tanh(BAe/2),
(37)
where
Aes = Es(b) - Es—l(b)’ (38)

and M =vV,e,(b) is the magnetization of the sth eigenstate
only. We then expand in powers of b—bj,

. . 1 B}
&(b) = €(b;) + (b—b))a, ;+ E(b —b)ay;+ -+, (39)

and we find

Cy(b;) — 0, (40)

T—0
* 2C
C (bs + —) Cpeak (41)
! ﬂ(al,s_al,s—l) kgT<|J| v
) 2
Co¥®kp= ( )
V"B cosh e

~=(.439 229, (42)

and

w 1
M(bs)/7—> _(al,s + al,s—l)
702

=s—1/2+ O], (43)
dm
’}/Zdb *Tﬂoz(al,s_al,s—l)z
b —>
—'[—31 O 2 44
—4[ +O(J;1)7], (44)

where s=1,...,2s; and ¢=1.199 678 64 is the solution to
tanhc=1/c. The coefficients a;,=s+O(J;/J)* and a,
=0 j/J)z. The easiest way to see this is to first rotate the
crystal so the quantization axis is along B, as discussed in
Appendix B. An expression for a, ; to second order in the
J;/J is given in Appendix B. We note that bj:'yBiﬁY](ﬁ,@
depends upon s,s;, and the direction of B when anisotropic
interactions are present.

The Cy(B) double peaks are double Schottky anomalies at
the reduced induction values bji%+(’)(lj/J)2. Hence to
O(J;1J), the heights and midpoint slopes of the 2s; low-T
M(B) steps are uniform and the same as for the isotropic

PHYSICAL REVIEW B 74, 064408 (2006)

case, but the step positions and hence their plateaus are not.
Correspondingly, the heights and relative positions of the 2s,
Cy(B) double peaks are uniform and the same as for the
isotropic case, but the positions of the zeroes as 7—0 are
not. Hence the nonuniversal level-crossing inductions
BE‘YI(G, ¢) fully determine the low-7 thermodynamics of
weakly anisotropic AFM dimers. This conclusion was ob-
tained previously for Feq, Fe,o, and Crg rings.'>!* We remark
that this conclusion only holds when level crossing is
present, such as when the eigenstates €, and €,_; have oppo-
site symmetries. In the following, we show that AFM s;=1
dimers with J,/J=0.1 can exhibit level repulsion, which has
been observed experimentally in a Ni, dimer with J,/J
=0.27,% although in neither case did the level repulsion oc-
cur between the two lowest energy states. Note that for J,,/J
sufficiently large, the s=0 and lowest s=2 energies repel one
another. This lack of level crossing was also noted previously
in Mng.>84

In the next three sections, we consider the special cases of
s;=1/2, 1, and 5/2. Then, in Sec. IV and Appendix B, we
present our general expression for Bifsl(ﬂ, ¢) accurate to sec-
ond order in each of the J;. We remark that a double peak in
the low-T Cy(B) curve has been seen experimentally in a
much more complicated Fegs ring compound, and was attrib-
uted to level crossing.?

IV. ANALYTIC RESULTS FOR WEAKLY ANISOTROPIC
DIMERS OF ARBITRARY SPIN

A. Induction representation eigenstates first order in the
anisotropies

Since the diagonalization of the Hamiltonian matrix is
difficult for an arbitrary B combined with an arbitrary com-
bination of spin anisotropy interactions, and must be done
separately for each value of s, it is useful to consider a
perturbation in the relative strengths J;/J of the anisotropy
interactions. We nominally assume |J i |<1 for j
=a,c,e,f. However, to compare with low-T M(B) and
C\(B,T) experiments at various B, one cannot take B to be
small. In order to incorporate B accurately, we therefore ro-
tate the crystal axes (£,¥,%) to (£',¥",Z'), so that B=BZ'.
The rotation matrix, a brief discussion of its ramifications,

and the transformed H' are given in Appendix B.

In these rotated coordinates, the Zeeman interaction
-bS,:, where b=1B, is diagonal. This representation is de-
noted the induction representation, and has been used in
many physical situations, such as in the de Haas—van Alphen
effect and in extreme type-II superconductors.’®% In the in-
duction representation, we choose the quantum states to be
|¢™). In the absence of the four anisotropy interactions J i
H'="H, is diagonal,

Hole = Er g, (45)
where
E™O = _ Js(s+1)/2 — mb. (46)

The operations of the remaining terms in 7’ on the eigen-

states |¢!") are given in Appendix B. The first-order correc-
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tion to the energy in the induction representation, Em(])

=(¢!"|H'| @), is found to be

Je+2J, J, T
EmW = S (s )]+ 2 L 4 s(s 4 1) — 1]
21 4 2 2
+ [s(s+ 1) - 3m2][JY Sicos? 0+ JY Sisin® @ cos(2¢)],
(47)

where
7851 ‘Zf
‘If,a Z(I—CZ“ ) +asal‘]a’ (48)
T = (1 ay, )% 49
Jc,e _( assl 2 as,sl‘]e’ ( )

and ay is given by Eq. (29).

S1nce the 6, ¢ dependence of E ) arises from the term

proportional to J“lcos 6+7° “Isin’ 0cos(2d>) it is tempting
to think that the thermodynam1cs with J”l—O and B||Z are

equivalent to those with J3$'=0 and B||x However, as

shown explicitly in the followmg, the 6, ¢-independent parts
of Eq. (47) strongly break this apparent equivalence, causing
the B}stl(ﬁ, ¢) for those two cases to differ. This implies that
Jr and J,. are experimentally inequivalent, as are J, and J,,
even to first order in the anisotropy strengths.

B. Level crossings to second order in the anisotropy energies

In Appendix B, we give the details of the evaluation of the
second-order energies E:r,l;(f)' We note that the E’;j;(lz) contain
divergences at yB/|J|=0, 2s—1, 2s+3, s—1/2, and 5+3/2,
so that near to those values, one would need to modify the
perturbation expansion to take proper account of the degen-
eracies. Hence the expressions for E;'f;(lz) cannot be used in

the asymptotic expressions for the thermodynamics. How-
ever, as the sth AFM level crossing occurs approximately at
=s, which is far from any divergences, we can safely
use this second-order expansion to obtain an expression for
the level crossings to second order in the anisotropy interac-
tion energies. We therefore find an accurate expression for
the sth AFM level crossing at the induction Bifsl to second

order in the anisotropy interactions for a general s; spin
dimer by equating E 0)+EY(1)+EY<2) to E_ 1(0>+ES L

s=1.s;

+ES_1’S1 , yielding

J 3'3
1 f 1
'yBYCYI =—Js— i (2] -Jp) -

X [chos2 0+ Jcsin2 Ocos(2d)] + 3c“1[Jacos2 0

—(4s—3+6cw)

;
+J,sin% 0cos2P) ]+ 2, a,(s,51)f,(6,d) + OUI})?,
n=1

(50)

where the first-order coefficients
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[3+3s—5s>—4s3+4s,(s;+ 1)]
CYS =
> 225 +1)(2s +3)

; (51

and the second-order coefficients a,(s,s;) and angular func-
tions f,(6, @) are given in Appendix B. As we shall see, the
first-order c; 5 determines the most mterestmg behavior of
the level-crossing inductions. We note that yB contalns the
0, ¢-independent terms, —Js—J/4—c  (J,— Jf/ 2), which
distinguish J; from J,. and J, from J,.

In particular, we note that the single-ion anisotropy inter-
actions generally behave very differently with increasing
step number than do the anisotropic exchange interactions.
As shown in detail in the following, for s;=1/2, ¢; 1,,=0, so
that the single-ion anisotropy terms are irrelevant. For s;=1,
C11=% L and C1=—3 ! have different signs, and for 51=5/2, the
first three ¢ 5/, coefficients are 12’ 35> and — 63, respectively,
the second being an order of magnitude smaller than the
other two, and opposite in sign from the first. This much
smaller magnitude of ¢, s, from the other ¢, s, plays a cru-
cial role in identifying the likely presence of significant
single-ion anisotropy in [Fe(salen)Cl],.

The effects of ¢, on the anisotropic exchange interac-
tions is rather different, since both CW/ 2 and the additional
coefficient (45—3+6cml)/ 4 appear. The latter increases
rather monotonically with s. These qualitative differences are
verifiable experimentally in careful low-7 experiments at
high magnetic fields applied at various directions on single
crystals of sufficiently large-s, dimers for which |J| is suffi-
ciently small.

V. EXACTLY SOLUBLE SPIN-1/2 DIMER

Plots of Cy/kg and M/ vs yB/|J| for the isotropic spin-
1/2 dimer were given previously.?® For s,=1/2 with an arbi-
trary B and J; for j=a,c,e,f, the rank-4 Hamiltonian matrix
is block diagonal, since s=0,1 is a good quantum number.
The eigenvalues are given by

Ja

J
_ Ir
=——+ -, 52
€ 2Ty (52)
J,
€,=—2+L_J4\, n=234, (53)
2%
where
0=4N, +4N2T = N2 = T + 47
- 2b%sin® 6[J;— J cos(2¢)]. (54)

The cubic equation is easily solved exactly, and the eigen-
values for arbitrary B are given in Appendix A. It is then
elementary to write the thermodynamic functions for arbi-
trary B, but the formulas are complicated, so we only present
some special cases, for which they simplify greatly.

For the special cases B||tA for i=x,y,z, the \! satisfy

=0,

NL&

+F, (55)
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Ny =— 2y —JiyxtFyy, (56)
where
Fi=\b*+J?, (57)
Jexd.  J.
Joy,= 15, =, (58)
o 4 2

respectively, and where J, (J;) corresponds to the upper
(lower) sign.
The magnetization for B||i is given by

b sinh(SF;
4y, 2 sinh(BF)

. , 59
i FD, (59)

Di = COSh(ﬁFi) + Ai/2, (60)
A, =exp(- BJ)[exp(- BJ) +exp(28J,)], (61)
Ay =exp(= BJ,)[exp(- BJ) +exp(2B7,)], (62)

A, =exp(= BJ/2)[exp(- B]) + 1], (63)

respectively. We note that J, only renormalizes the ground-
state energy, and J, does not appear at all. Hence neither J,
nor J, affect any measurable quantities for s;=1/2. We note

that M,(J.)=M(-J.) for each B, as expected from Hy=
—J(S2-52)/2.

From Egs. (52), (53), (55), and (56), the single level
crossing induction (s=1) for an s,=1/2 dimer with B||i oc-
curs precisely at

N2+ IUp20)02, B||%.y
V(I +J02)2 = T4, B2

‘}’311011/2 = > (64)

provided that J+J, ;<0 and J+J,/2 <0, respectively. From

our second-order expansion, Eq. (50), Bllfl (0, @) is found to
second order in the J; to be

J; (2 +J))sin® 0

~ T v

YBY 1y~ —J - —2f+ o Ly Jecose)]

+ L{413 -3 sin® 6[J,— J.cos2h) P}, (65)
32J :
where we used al(l ,%)z%, a4(1 ,%)zé, and the other
a1, %)=O. Plot of examples of Bllc’l/z(ﬂ, ¢) are given in Fig.
2.

We note that for B2, Jy appears to renormalize J to J'
=J+J f/ 2. But, for 6+ 0, one would require different renor-
malizations. For instance, our exact Eq. (64) for B||£,y in-
dicates clearly that one would require J'=J+J,,, respec-
tively. Unless special structural circumstances occur that
might lead one to suppose a change in the bond lengths
in strong magnetic fields,® the isotropic Heisenberg
interaction J (or J') cannot otherwise depend upon the direc-
tion of B, especially for yB < |J|. However, in fits to experi-
ment on s;=1/2 dimers, one could treat the effective Heisen-
berg interaction J' as the weighted midpoint of the level

PHYSICAL REVIEW B 74, 064408 (2006)

144 )
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‘: - t} e = o O
o G 6(¢=0) ¢, ¢ (6 =90°)
s,= 12 AFM
0 15 30 45 60 75 90
6, ¢ (deg)

FIG. 2. Plots of yBlﬁl/z(G,O)/M for the AFM spin-1/2 dimer
with J./J=0.2, J;=0 (dashed) and J,=0.2/,J.=0 (dotted), and of
BY (12, ¢)/ y|J] for J./J=0.2, J;=0 (solid).

crossing  induction, J’=—y(Bllfl/2(0, ¢)), where (---)
=J7---sin 0d6f3"dp/4m. This leads to J'=J+5J—55;(2J2
+J§)+(’)({J j})3. However, from Eq. (50), it evident that for
higher spin dimers, J’ —’Js,,s1=_7<BEs1(0’ @))/s depends
upon both s and s, complicating the analysis. For simplicity,
we choose not to make any such J renormalizations.

As an example of the effect of anisotropic exchange in-
teractions upon the magnetization of s;=1/2 dimers, in Fig.
3, we plotted the low-T M/y vs yB/|J| with J,=0.2J, J;=0
for B||Z (solid) and B||# (dashed), along with the isotropic
case J.=J;=0 (dotted). Although for B||Z, B at the step is
slightly reduced from its isotropic interaction value, for B||£,
the magnetization step occurs at a larger B. These results are
consistent with Eq. (64). The midpoint slopes are universal,
in accordance with Eq. (44). In addition, the shape of the
step appears also to be universal.

The specific heat of an s,;=1/2 dimer with B|{ is

3 (66)

Vi=

where the D, are given by Eq. (60), and the N are given in
Appendix A. Plots at low T of Cy/kg vs yB/|J| for s;,=1/2

1.0
S=12 AFM
kg T/1J|=0.03
J,=0.2J ,
/
,} 1
3 05- "B
S , Bllx
c=
0.0 . .
0.75 1.00 1.25

9ngBIN|

FIG. 3. Plots of M/ vs yB/|J| at kgT/|J|=0.03 for the AFM
spin-1/2 dimer with J,=0.2J, J;=0, with B[] (solid), B¢
(dashed), along with the isotropic case J,=J;=0 (dotted).
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0.5
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049 K,T/|J=0.03
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FIG. 4. Plot of Cy/ky vs yB/|J| for the AFM spin-1/2 dimer
with J,=0.2J, J,=0 at kgT/|J|=0.03 with the same curve notation
as in Fig. 2.

dimers with the corresponding axial anisotropic exchange
energy J;=0.2J with J.=0 are shown in Fig. 4. We note the
universal curve shapes, but nonuniversal level crossing posi-
tions, in quantitative agreement with Egs. (40)—(42). In Fig.
4, the position of the central minimum in Cy tracks that of
the midpoint of the magnetization step with the same param-
eters.

VI. ANALYTIC AND NUMERICAL RESULTS FOR s,=1
AND 5/2

A. Spinor dimer

For dimers with s;=1, the allowed s values are s=0,1,2.
Since the even and odd dimer s states cannot mix, the three
s=1 states are decoupled from the six remaining s=0,2
states. They satisfy a cubic equation given in Appendix A.

For B||1A with i=x,y,z, this cubic equation simplifies to a
linear and a quadratic equation, as for the s=1 eigenstates of
s;=1/2 dimers.

The remaining six eigenstates corresponding nominally to
s=0,2 are in general all mixed. The matrix leading to the
hexatic equation from which the six eigenvalues can be ob-
tained is given in Appendix A. That is sufficient to evaluate
the eigenvalues for s;=1 using symbolic manipulation soft-
ware. When combined with the three s=1 eigenvalues, one
can then use Egs. (34) and (35) to obtain the resulting exact
magnetization and specific heat at an arbitrary B. The com-
bined nine eigenvalues depend upon all four anisotropy pa-
rameters J; for j=a,c,e,f.

To the extent that the eigenvalues can be obtained from
the solutions to either linear or quadratic equations, the ex-
pressions for the Bicl along a crystal axis direction are
simple, and are given’ in Appendix A. In the anisotropic ex-
change case J,=J,=0, the first level crossing induction Blﬁl

with B||i is identical to BY,, the level crossing with s,
=1/2 given by Eq. (64). The two level crossing inductions
for s;=1 can be found to first order in the anisotropy ener-
gies by evaluating Eq. (50) for s;=1 and s=1,2.

PHYSICAL REVIEW B 74, 064408 (2006)

2 _
3,201, k,T/|J|=0.03
AFM S=1 J,=0
1.6 2.0
augBI|

FIG. 5. Plot at kzT/|J|=0.03 and J,/J=0.1 of M/y vs yB/|J|
for the AFM spin-1 dimer. The curve notation is the same as in Fig.
2, except that the isotropic case (dotted) curve is for J,=0.

1
The first-order coefficients in B c1 are ¢ ;=g and ¢ ;=

2 From these simple first-order results it is possible to
understand the qualitatively different behavior obtained with
local, single-ion, anisotropy from that obtained with aniso-
tropic exchange. In the isotropic case J;=0V j, the first and
second level crossings occur at —J and —2J, respectively. For
each induction direction, the signs of the contributions of the
anisotropic exchange interactions J, and J; to BIC(1)+2J and
Blc(l)+J are the same, whereas the signs of the contrlbutrons
of the single-ion interaction energies J, and J, to Blc l)+21
and Bl°(1)+J are the opposite.

To 111ustrate this point, in Fig. 5 we plotted the low-T

M(B) for the axial single-ion anisotropy J,/J=0.1. We note

higher than with J,=0, but the second level crossing appears
at a lesser induction than for the isotropic case.
The second-order coefficients in BC1 are eas1ly found to
be a,(1, 1)—2, a2(1 1)=-1= a3(1 1), as(1,1)= 8, as(1, 1)—
=1 a6(1.)==55, ar(1,)==55, a2, D=7, a:2,1)=3,
a2, 1)—4, a,(2,1)=a¢2, == 6 as(2,1)= 8,and a;(2,1)
=0. Using these values, we can generate plots of BICI(B b)
accurate to second order in all of the anisotropy parameters.
To illustrate the different effects of the four anisotropy
interactions, in Fig. 6, we plotted yBY,(6,0)/|J| for both s,
=1 level crossings s=1,2 for the four cases in which one of
the J;/J=0.1 and the other J;=0. As can be seen from Fig. 6,
the s=2 step exhibits remarkable symmetry. The two aniso-
tropic exchange interactions J, and J;, have opposite
6-dependent deviations from their joint value approximately
at #=90°. The two single-ion interactions J,, and J, have that
value as their average, and also display opposite 6 dependen-
cies. However, the s=1 step is somewhat different. The J,
and J, curves also have opposite 6-dependent deviations
from their average value, but the signs of the deviations are
opposite to those in the s=2 curves, and the magnitudes of
their 6 variations are considerably smaller. However, the
signs of the ¢ variations of the J. and J; s=1 curves are the
same as for the s=2 curves. Hence if one of the four aniso-
tropy interactions is dominant, by measuring Blsfl( 0, ) for
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2 = =
Nl 51—1AFM $=0
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FIG. 6. Plots of the level crossing inductions yBifl(ﬁ,O)/\J| for
si=1 AFM dimers, with J,/J=0.1 (solid), J./J=0.1 (dashed),
J./J=0.1 (dash-dotted), and J;/J=0.1 (dotted). The curves are cor-
respondingly labeled a, c, e, f.

s=1,2, one can fully determine the dominant anisotropy pa-
rameter.

In Fig. 7, we plotted the azimuthal dependence of the
level-crossing inductions, yBy|(/2, $)/|J| for the two cases
J./J=0.1 and J,/J=0.1, with the other anisotropy parameters
absent. Note that the axial anisotropy parameters J, and J; by
themselves do not lead to any ¢ dependencies. As seen in
Fig. 7, both J.. curves decrease with increasing ¢, whereas
the J, curve increases for s=1, but decreases for s=2, and
the effect at s=2 is larger than for the J. curve. Thus a
measurement of the ¢ dependence of B}fl can distinguish the
presence of J. from J, anisotropy. Thus the two independent
measurements of B\ (6,0) and BY|(m/2,¢) are probably
sufficient to completely determine the values of the four an-
isotropy parameters, even if all four are present and of simi-
lar magnitude.

In short, the case s;=1 is sufficient to exhibit the very
different behaviors obtained from the single-ion, local spin
anisotropy interactions from those obtained from the aniso-
tropic exchange interactions. As s; increases beyond 1, the
situation becomes not only more complicated, but also more
interesting, as shown in the following.

B. Spin-5/2 dimer
For s,=5/2, one of the cases of greatest experimental
interest, when ﬁa and ﬁe are present, none of the allowed

le
51 /M

B

FIG. 7. Plot of the s=1,2 level inductions

crossing
yBlfl(w/2,¢)/|J| for s;=1 AFM dimers, with J,/J=0.1 (solid),
J./J=0.1 (dashed). The curves are correspondingly labeled e, c.
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5 | .04, ksT/J=0.03, S=6/2 dimer __
7
AFM J=0 /v
. ,
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2
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1
0
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FIG. 8. Plot at kgzT/|J|=0.03 and J,/J=0.1 of M/vy vs yB/|J|
for the AFM spin-5/2 dimer. The curve notation is the same as in
Fig. 3.

s,m values is a true quantum number. That is, 7?((1 and 7?(6
cause all of the states with nominally odd or even s to mix

with one another. For B||i for i=x,y,z, this simplifies in the
crystal representation, as for s;=1, since only states with odd
or even m values in the appropriately chosen representation
can mix. By using symbolic manipulation software, it is pos-
sible to solve for the exact eigenvalues of the s;=5/2 dimer.
However, because the analytic expressions for the eigenval-
ues are much more complicated than those for s;=1 pre-
sented in Appendix A, we shall not attempt to present them,
but will instead focus upon their numerical evaluation for
specific cases.

In Figs. 8 and 9, we plot M/ vy vs yB/|J| for the two low-
T cases of AFM s,=5/2 dimers, J,=0.1J, and J.=0.1J, re-
spectively, with the other J;=0, taking kT/|J|=0.03. Each
of these curves exhibits the universal step behavior predicted
in Egs. (43) and (44). Corresponding C\/kg vs yB/|J| curves
also exhibit the universal double peak behaviors predicted in
Eqgs. (40)—(42), and are shown elsewhere.5!

In Fig. 8 for J,/J=0.1, we note that the s=2 step is nearly
isotropic, as there is much less angular variation than for any

| J/J=0.1, k,T/J=0.03, S=5/2 dimer

AFM

-~

M/(gu;)

gugB/|J|

FIG. 9. Plot at kzT/|J|=0.03 and J,./J=0.1 of M/y vs yB/|J|
for the AFM spin-5/2 dimer. The curve notation is the same as in
Fig. 3.
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FIG. 10. Plot of the lowest s=1,2,3 level crossing inductions
yBifS,z(ﬁ,O)/\J| vs 6 at ¢=0 for s,=5/2 AFM dimers, with J,,/J
=0.1 (solid), J./J=0.1 (dashed), J,/J=0.1 (dash-dotted), and J,/J
=0.1 (dotted). The curves are correspondingly labeled a, c, e, f.

of the other steps. This is because the change in sign in the
deviations of the level crossing inductions from —sJ occurs
very close to the s=2 step, as predicted by the first-order
coefﬁciegt Cs.510- We reiterate that C1,5/2=%, c275,2=—%, and
C35n=—g3» 0 that the sign change occurs just before the s
=2 step, making |c,5,| <1, accounting quantitatively for
this effect.

In Fig. 9 for J./J=0.1, the step behavior is very different
than for J,/J=0.1 pictured in Fig. 8. There are no changes in
sign in the deviations of the level crossing inductions from
—sJ. For B||Z, there is little difference from the isotropic
case. However, for B| X, all five level crossings occur at
inductions higher than for the isotropic case, but their devia-
tion from —sJ is nonmonotonic, with a minimum deviation
(and hence the minimum anisotropy of the level crossing
inductions) occurring at the third crossing.

In Figs. 10 and 11, yBlf5,2(t9,0)/|J| and
YBY s, (w12, ¢)/|J| corresponding to Figs. 6 and 7 are plot-
ted. For clarity, we only show the lowest three level crossing
inductions. Figure 10 shows that the sign change in the be-
haviors of the single ion J,, and J, occurs closer to the second

“1J]

'YBs,SIZ
[7/]
n
N
(4}

FIG. 11. Plot of the lowest s=1,2,3 level crossing inductions
')/Bl_c_s/z(w/2,¢)/|1| vs ¢ at O=/2 for s;=5/2 AFM dimers, with
J,/J=0.1 (solid), J./J=0.1 (dashed). The curves are correspond-
ingly labeled e, c.

PHYSICAL REVIEW B 74, 064408 (2006)

level crossing than for s;=1. Note that the J, curve for
BES,Z(H,O) is nearly symmetric about 6=45°, suggesting a
near vanishing of the first-order contribution, and the slight
bulge centered at that midpoint is due to the second-order
contributions. As in Fig. 7, there are no sign changes for the
anisotropic exchange interactions J.. and J;. Furthermore, it is
evident from this figure that B’ /,(6,0) is nearly constant for
the two single-ion interactions J, and J,, consistent with Fig.
8.

Further support for this notion is seen in Fig. 11, in which
YBYsp(m/2,¢)/)J| is plotted for J./J=0.1 and J,/J=0.1.
Clearly, for s=2, the main ¢ dependence of the J, curve
arises from the second-order effects proportional to
cos?(2¢). By contrast, the first-order term «cos(2¢) leads to
a pronounced Bllc’s/z(ﬂ'/ 2,¢) variation for J,/J=0.1. Note
also that the sign of the ¢ variation in the third level crossing
for J,/J=0.1 is opposite to that of the first crossing, and is
nearly absent in the second crossing, so that the sign change
of both the 6 and ¢ deviations from the isotropic level cross-
ing behavior is a first-order effect for J,. By contrast, J,
shows no sign changes in either the 6 or the ¢ dependencies
in these figures.

We remark that this greatly reduced anisotropy of the sec-
ond level crossing for the two single-ion interactions is
strong evidence for the presence of one or both of them in
[Fe(salen)Cl],, as discussed in more detail in Sec. IX.

Our results for Bifm(H,O) and Bifm(ﬂ'/ 2,¢) with s,
=7/2 are not shown for brevity. We only remark that the
second-order effects are stronger than for s;=5/2, and that
for J,/J=0.1, Blf’7,2(77/2, ¢) has such a strong ¢ dependence
that the first and second level crossings are approximately
equal at ¢»=90", making the first two level crossings difficult
to distinguish.

VII. HARTREE APPROXIMATION
A. First-order thermodynamics

In the self-consistent Hartree approximation, originally
developed in the early days of atomic physics, the exchange
interactions are neglected, and the direct (in this case, aniso-
tropy) interactions are treated self-consistently to first
order.®? In magnetism, this later sometimes came to be
known as the strong exchange limit.!”-18:3046:33 [n this ap-
proximation, s and m are still good quantum numbers, so the
partition function

251 s

Z0=3 X e, (67)
§=0 m=—s

where EJ'| = 'X"’(O)+E2”;(ll). Although it is difficult to perform
the summation over the m values analytically, it is, neverthe-
less, elementary to evaluate Z numerically for an arbitrary B,
0, ¢, and T from the eigenstate energies. The magnetization

in the Hartree approximation is

2s; s

M(l)(B, 0, ¢) = %E E me—ﬁE?fs]_ (68)

s=0 m=-s

Similarly, the specific heat in the Hartree approximation is
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FIG. 12. Comparison of M/vy vs yB/|J| obtained using the Har-
tree asymptotic form (dotted) with the exact calculation (solid), for
the s;=5/2 AFM dimer with J.=0.2J, J,=J,=J;=0, at kgT/|J|
=0.03, 0.1, 0.3, 0.8, as indicated. Inset: expanded view of the region
0=9yB/|J|=15.

CY(B,6,$) =

5s=0 m=—s

251 s
( [Z“E > (EL, e Pras

2sp s 2
(2 > El e ) ] (69)
5=0 m=-s

As a test of the accuracy of this Hartree calculation, we
have compared the Hartree and exact M(B) obtained for the
5;=5/2 dimer with J.=0.2J and B||Z at various 7 values in
Fig. 12. The corresponding comparison between the Hartree
and exact Cy(B) is shown in Fig. 13. We see that the curves
evaluated using the Hartree and the exact expressions for M
and Cy with s;=5/2 are indistinguishable at kzT/|J|=0.03.
The Cy curves are noticeably different at kzT/|J|=0.1 for
¥B/|J| <0.4, and at kzT/|J|=0.3 they are noticeably differ-

1.0+
k. T/|J| values

S=5/2 AFM
J.=0.2J
Bllz

084 J\ ..... 1st order

CJks

FIG. 13. Comparison of Cy/kg vs yB/|J| obtained using the

Hartree asymptotic form (dotted) with the exact calculation (solid),

for the s,=5/2 AFM dimer with J,=0.2J, J,=J,=J;=0, at

kBT/|J\ =0.03, 0.1, 0.3, as indicated.
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ent for yB/|J| <2.6. Corresponding noticeable differences in
the M curves at the same B values appear at T values roughly
three times as high as in the Cy curves.

At very low T, kgT/|J| < 1, the most important states in
this perturbative scheme are the minima for each s value,
E; s, Which determine the level crossings in the Hartree ap-
proxunatlon As T—0, we can ignore all of the m # s states
in Egs. (67)—(69). This two-level approximation is the basis
for the universal behavior given by Egs. (40)—(44), which fits
all of the exact curves we presented reasonably well.

B. First-order response functions
1. Inelastic neutron-scattering cross section

Two response functions relevant for the study of SMM’s
are the INS cross section S(B,q, ) and the EPR susceptibil-
ity x(B,w) in strong magnetic inductions B. We first con-
sider the low-T inelastic neutron cross section S(B,q, ) tak-

ing d=% as pictured in Fig. 1. It is customary to write the
operators in the crystal representation.?6->° With INS, one can
also probe the dimer with a strong magnetic field at various
directions with respect to both the dimer axis and the scat-
tering plane. To the extent that the eigenstates {|¢,)} and
their energies €, can be evaluated exactly,

3 g,
S(BJI, C!)) = 2 (5a,ﬁ_ éaéﬁ’) 2 e_'BEn‘%w +e€,— en’)
a,p=1 nn'=1

X<¢n|§a(qv0)|¢n’><¢i1’|§g(q’0)|¢n>a (70)

where S,(¢,0)=US,(q,0)U", S,(q,0)=S, .77+, o744,
and U is the unitary operator that diagonalizes #.2%?® When
exact expressions for S(B,q,w) are tedious to obtain, it is
straightforward to obtain it in the Hartree approximation,
SU(B,q,w). But to do so, it is easiest to define the axes in
the induction representation, for which {|¢,)}={|¢")} and the
é,=x',y' 7' for a=1, 2, 3, respectively. In the Hartree ap-
proximation obtained by setting the |&)=|¢!), the bare
wave functions, S"(B,q,w) for an arbitrary B, 6, ¢ is then

251 s

SV=F S e (cos(q - d)sin® 6, F O (w. 0,4)

5s=0 m=—s

+sin’(q - d)sin” 6, . F X(O)(w 6, )
sin” 6,
+cos*(q - d)—cl4 b f’;ﬁ;“fo)(w, 0, )
0,
+sin’(q d)%”if’z;ﬁi“’)(w, 6, ¢>), (71)

where q-d=qd cos ﬁq is invariant under the rotation, 2d is
the vector separating the dimer spins, 6, , is the angle be-
tween ¢ and B, and

FO = m? §(w), (72)

X
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5(0) _ m 2
‘F’Zn,s: E 5(w+E Er+a- sl)(Ds+(o/+l)/2,sl) ’

o' =x1

(73)

F;,S(O)= E 5(w+Em _ m+(r)(A0'm)2 (74)

.S 5,81 5,81
o==%1

m+o ~(o’+1)2~ag0" m\2
Es+zr sl)( s+(o’ +1)/2,5¢ ) ’

f’“(o)— > 5(w+E

o,0' =1

(75)

where the coefficients are given, respectively, by Egs. (21),
(1), and (20), and we have suppressed the w, 6, ¢» arguments
of the F, j:l(') functions for simplicity of presentation. In Eq.

(71), the only dependencies upon the anisotropy energ1es is
in the first-order eigenstate energies Ej —E (0 +E:”s(ll
given by Egs. (46) and (47), respectively. The B=0 limit is
easily obtained by setting B=6=0 and 6, ,=0,,.

Corrections to the wave functions first order in the aniso-
tropy interactions lead to additional transitions with strengths
first and second order in the anisotropy energies.%® Studying
the weak transitions (s,m)— (s’,m') with s'=s, m*=1, +2,
+3 and s'=sx1, m'=m=2 can provide further direct mea-
surements of the anisotropic exchange interactions J, and J;.

2. Electron paramagnetic resonance susceptibility

In an EPR experiment, one applies a strong magnetic
field, plus a weak oscillatory transverse field, leading to the
overall induction B=BZ' +B | [X'cos(wt)— oy’ sin(wt)], where
we assume the oscillatory induction precesses clockwise
(counterclockwise) for o=+1.9%64-% For a weak transverse
induction B, one measures the resulting linear response
X_o.0(B, ), which is written in terms of the total spin raising
and lowering operators S, defined in the induction
representation,”>%* the transformed Hamiltonian of which is
described in Appendix B. In principle, an exact expression
for x_,.,(B,®) can be obtained by starting in the induction
representation with the basis {|¢!")}, diagonalizing H with

the unitary operatorV, VHV'=H', and the new basis {|,)} is

obtained from |¢,)=V|¢™), leading to H'|,)=€,| $,). One
then has

X_U,U<B,w>=wﬁz 2 PGS o(0)| B X B[S (0] 6,)

’
nn' =1

1 1
X - s
<w+En—En,+i77 w—En+Enr+i7])
(76)

where §U(O)=VSU(O)V‘. It is then elementary to obtain
X..o(®) in the Hartree approximation valid to first order in
the anisotropy parameters, which is well-behaved for all in-
duction values. The imaginary part of x_, . is then
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251 s
X(_I;//U(B,w) Z)ﬁ)z > e FE Hl[s(s+1) m? — om]

5§=0 m=—s

X [S(E!, ~EM7+ w) - S(EMT - EV, +w)],

(77)

where Em —Em {0) E ) is given by Egs. (46) and (47) and
zW s glven by Eq. (67) The arguments of the & function
give rise to the resonant frequencies first order in the aniso-
tropy energies, or to the first-order resonant magnetic induc-
tions,

2m +
B 50t @2m+ o)

8, (0.9), (78)

8s.5,(0.0) = J;Sl(1—3COS 0) - 3]”151n 0cos(2¢),
(79)

where JS S1and J”1 are given by Egs. (48) and (49), respec-
tively, and we have ignored the processes that give rise to
finite transition widths.®” By varying the direction and mag-
nitude of B, it is possible to obtain sufficient information to
fit all of the parameters in the model. At low T the m=s
states dominate, so that only o=—1 is allowed. By increasing
B past the sth level crossing, one can probe the effective sth
state of the AFM dimer using EPR.

We have extended these results to include the corrections
to the wave functions first order in the anisotropy
interactions.®® With these corrections, additional EPR transi-
tions are present, which can provide additional information
useful in experimental identification of the anisotropy inter-
actions. It is shown that there are ten additional resonant
magnetic induction strengths of the forms

VB = £a,0+b,g, (0.0) +c,h, (0.4).  (80)

hs,sl(a» d)) ==

+ .7f,zselsin2 0cos(2¢), (81)

(J+TJ2+7,) +Jf‘1(1 +cos’ 6)

where the a,, b,, and ¢, are listed in Appendix B. We note
that these additional resonant inductions are first order in the
anisotropy interactions, but have amplitudes that are second
order in the anisotropy interactions, so that in most cases,
they may be difficult to detect, but their detection in certain
materials would provide a clear signal of the presence of
significantly strong anisotropy interactions. In addition, reso-
nant inductions with ¢, # 0 are generally very large.

To illustrate one example of an effect of local spin aniso-
tropy upon the EPR transitions, we consider the simple case
of an s;=1 AFM dimer with the only nonvanishing aniso-
tropy energy J,/J=0.1 and =m/4. The energy levels for
this system are pictured in Fig. 14. In Fig. 15, the EPR tran-
sition energies vs yB/|J| for the s;=1 AFM dimer with
J,/J=0.1 and 6=m/4 are shown. The widths of the lines are
proportional to the strengths of the EPR matrix elements.
Note that the ground state at B=0 is approximately |¢8), but
its energy is slightly negative due to an admixture of this
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guB/|J]

FIG. 14. Plot of the exact eigenvalues €,/|J| vs yB/|J| for s,
=1 AFM dimers with J,/J=0.1 and 6=m/4. The arrows represent
the strongest EPR transitions at their corresponding field strengths.

state with the nominal |¢/') states with even m, as shown in
Appendix A. The EPR matrix elements are very small at
these B values, as the transitions only exist due to the admix-
ture of the wave functions. At higher B strengths, the ground
state goes through two level crossings, with the first level
crossing being to the lowest energy s=1 state, which is
nominally |¢1), with some mixture of the other /") states.
The leading transition is to the nominal |¢?) state. Then, the
second level crossing causes the ground state to be the nomi-
nal |¢ﬁ§> state, which is of course modified by the mixing with
the nominal |¢)) and the other nominal |¢4") for m=0,-2.
Note that near to yB/|J| =3, there is a level repulsion. The
leading EPR transition is to the nominal |¢/;> state, and be-
cause of the strong matrix elements, the splitting of the en-
ergies due to the level repulsion should be observable in EPR
experiments. We note that recent EPR experiments on the
Ni, dimer, Na,Ni,(C,0,4)3(H,0),, appear consistent with
these predictions, with the experimental anisotropy J,/J
=0.27.%

VIII. AFM DIMERS WITH STRONG ANISOTROPY
INTERACTIONS

Finally, we consider some cases of strong anisotropy in-
teractions, in which one or more of the J; is comparable to J
in magnitude. The cases of interest are those for which the

(ere, )T AFM

10

FIG. 15. Plot of the EPR transition energies (e,—¢€)/|J| vs
yB/|J| from the ground state for the s;=1 AFM dimer with J,/J
=0.1 and #=m/4. The widths of the lines are proportional to the
strengths of the matrix elements for the transitions.
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FIG. 16. Plots of M/y vs yB/|J| at kgT/|J|=0.01 with J,
=21J] (solid) for both B|[£.Z, J.=J;=|J| (dotted), and J,=2|J| with
B||Z (dashed) for the s;=1/2 AFM dimer.

anisotropy interactions can remove the level crossing effects
in AFM dimers that give rise to the 2s,+1 M(B) steps and
Cy(B) double peaks. These cases generally occur for strong
FM anisotropy interactions, but there are some examples in
which they can occur with strong AFM anisotropy interac-
tions. We first consider the case of s;=1/2 dimers, for which

the situation can be analyzed analytically, at least for B|i.
Then, we consider the s;=5/2 case numerically.

A. Analytic and numerical results for s;=1/2 dimers

For the s,=1/2 dimer, the energies for B|i are given by
Egs. (52)—(58). We are interested in examining the cases in
which the anisotropy is strong enough to cause the level
crossing to disappear. Strong anisotropy with J. and J; hav-
ing the same sign as J do not differ significantly from the
weak-coupling cases, as they do not remove the level cross-
ing, and do not affect significantly the heights of the magne-
tization step and the number and shapes of the Cy(B) double
peaks, but just shift their positions, as for weak anisotropy.
There are then three AFM (J<0) cases of interest. These are
(i) J.=Jp=|J, (ii) J;=2]J], and (iii) J.=2[J|. The M(B) and
Cy(B) curves for these cases with B||Z at the very low-T
value kgT/|J|=0.01 are shown as the solid, dotted, and
dashed curves in Figs. 16 and 17, respectively.

For case (i), J,=J;=|J|, the same four eigenvalues are
obtained for B||Z and B||£. Assuming J <0, these are ranked
from highest to lowest as

€41 =—JI12 £ \b* + J*4, (82)
€3 = —J, (83)
62 = 0 (84)

Note that €;=¢€, only at b=0 (where e;=¢,), €, decreases
with increasing b, and €4 increases with increasing b, so the
levels get further apart with increasing b. In this case, M(B)
shown as the dotted curve in Fig. 16 is broad, even at the
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FIG. 17. Plots of Cy/kg vs yB/|J| at kgT/|J|=0.01 with J;
=21J| (solid) for both B||£,Z, J.=J,=|J| (dotted), and J,=2|J| with
B||Z (dashed) for the s;=1/2 AFM dimer.

very low T value plotted. In addition, Cy(B), shown as the
dotted curve in Fig. 17, exhibits a single Schottky-like
anomaly, but with a different shape than that of the standard
Schottky case, which arises from a splitting of the two lowest
energies linear in b at b=0. In this case, the peak value of
Cylkg is 0.439 229, the same as the uniform double peak
value, but the peak position is at b=v2c|J|/B, where c
=1.199 678 64.

Next, we examine case (ii), Jf=2|J

, J.=0. In this case the

energies are different for the two field directions. For B||Z,
€ == J’ (85)
€1=%b, (86)
€ = 0. (87)

At b=0, these energies comprise a triply degenerate (or
spin-1) ground state at 0 and an excited +|J| state. With in-
creasing b, €; decreases linearly, and €, increases linearly,
crossing €, at b=|J|, which does not affect the low-T ther-
modynamics. In this case, M(B) is a sharp step at B=0,
shown as a solid curve in Fig. 16, and Cy(B) is a conven-
tional spin-1 Schottky anomaly at low b, as shown by the left
solid curve in Fig. 17. From Egs. (86) and (87), Cy/k; has a
maximum value at 0.637 203 at b=1.880 677 5/ 3. Note that
the larger maximum value than in the other Cy(B) cases
arises from the higher degeneracy as b—0.

For B||%, the energies for case (ii) are
€1 =—J2 £ \b* + /4, (88)
€3= 0. (89)

At b=0, the ground state is again triply degenerate with en-
ergy 0, and the excited state has energy |J|. With increasing
b, €, separates from €, and €3, curving below them, and €,
increases quadratically. For this induction direction there is
no level crossing, but there is some b anisotropy at finite 7,
because of the quadratic vs linear b dependencies. Cy/kg has
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the maximum value 0.761 802 at b=12c,|J|/B, where c,
=2.654 658, which is noticeably different from the case with
B||Z2. The M(B) and Cy(B)curves are the right solid curves in
Figs. 16 and 17, respectively.

Now we consider case (iii), J,==2J, J;=0. Again, there
are slight differences for B||Z and B||%. For B||Z, the eigen-
state energies are

€1=—Jx\b*+ %, (90)
63=—J, (91)
6220. (92)

At b=0, the ground state is doubly degenerate at energy 0.
The other two states have energies |J| and 2|J|, respectively.
As b increases, €, decreases below €,, and €, increases
monotonically. Hence there is no level crossing, but at low 7,
two levels are relevant, in a fashion slightly different from a
standard Schottky specific heat anomaly. The low-T M(B)
and Cy(B) curves for this induction direction are shown as
the dashed curves in Figs. 16 and 17, respectively. We note
that they are rather similar from those of case (i), but have
the broadest M(B) increase and Cy(B) peak of the three cases
considered. Cy/kg has the peak value 0.439 229 which is the
same as the uniform double-peak value, but its position is at
b=2\c|J|/B, where c=0.199 678 64.

For B||%, we have
€4=— 2], (93)
€. =—JI12 £ \b* + J*4, (94)
62 = 0 (95)

At b=0, the eigenstates are the same as for the field in the z
direction, with a doubly degenerate ground state at 0, and
excited states at |J| and 2|J|. However, the field dependence
is a bit different than for the z direction. Again the ground
state decreases with increasing b, but the energy scale of the
curvature is |J[/2 instead of |J]. In addition, €; can cross €,
at b=+2|J|. This level crossing is irrelevant to the low-T
behavior, however, but modifies the M(B) curve somewhat at
finite 7.

B. AFM s,=5/2 dimers with strong anisotropy interactions

We now consider some cases of strong anisotropy inter-
actions in the s;=5/2 dimer. In Fig. 18, we present low-T
plots of M(B) with JC=Jf=c|J, where ¢=0.2, 0.4, 0.6, 0.8,
0.9, and 1, as indicated. For the weak-coupling case ¢=0.2,
the steps have uniform height. With increasing c, the curves
shift monotonically to lower b values. Slight deviations in
the uniformity of the step height are detectable in the first
two steps for ¢=0.4, but the nonuniformity in the step height
is progressively more pronounced for ¢=0.6 and 0.8, respec-
tively. However, for ¢=0.9, the individual steps have com-
pletely disappeared, and are replaced by what appears to be a
single, broad step centered at b/J~0.5. At c=1, M(B) rises
to its maximum value with a very steep slope at b=0, not
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FIG. 18. Plots of M/y vs yB/|J| at kgT/|J|=0.01 with J=Jp
=c|J| for the AFM s,=5/2 dimer. The cases ¢=0.2 (solid), c=0.4
(dashed), ¢=0.6 (dotted), c=0.8 (dot-dashed), c=0.9 (short dashed),
and c=1 (short dotted) are shown.

showing any evidence for any level crossings.

Next, we investigated the effects of large J,,. In Fig. 19 we
plotted M/vy vs yB/|J| for J,=c|J|, with ¢=0.1 (solid), 0.2
(dashed), 0.3 (dotted), 0.4 (dot-dashed), 0.5 (short dashed),
and 0.6 (short dotted). We see the effects of strong J, are
very different from those of strong J,. and J, shown in Fig.
18. Instead of the step positions decreasing monotonically
with increasing J.=J, as J, increases, the highest three step
positions decrease with increasing J,,, but the lowest two step
positions increase with increasing J,.

We now consider the case of large J.. In Fig. 20, we
plotted M/ vs b/|J| at kzT/|J|=0.01 for the s,=5/2 AFM
dimer with JC=c|J, where ¢=0.1, 0.2, 0.3, 0.4, and 0.5.
These results are shown respectively as the solid, dashed,
dotted, dot-dashed, and short dotted curves. Unlike the
strong anisotropic exchange case pictured in Fig. 18 and the
strong axial single-ion anisotropy case pictured in Fig. 19,

5-
0.6
4 ; 0.1
3- i
:m
] J /] values
= 2
1 $§=5/2 AFM
kgT/|J[=0.01
0 1 - - T T 1
1 2 3 4 5
9B/

FIG. 19. Plots of M/vy vs yB/|J| at kgT/|J|=0.01 with J,
=c|J| for the AFM s5,=5/2 dimer. The cases ¢=0.1 (solid), c=0.2
(dashed), ¢=0.3 (dotted), c=0.4 (dot-dashed), c=0.5 (short dashed),
and ¢=0.6 (short dotted) are shown.
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FIG. 20. Plots of M/y vs yB/|J| at kgT/|7|=0.01 with J,
=c|J| for the AFM s,=5/2 dimer. The cases c¢=0.1 (solid), c=0.2
(dashed), ¢=0.3 (dotted), c=0.4 (dot-dashed), and ¢=0.5 (short dot-
ted) are shown.

these curves do not shift significantly to lower b values with
increasing J./|J|, but the step shapes are greatly altered. With
¢=0.4, the first two steps are hard to discern, but rounded
remnants of the three last steps are evident. At ¢=0.5, the
third step is hard to detect, and the remnants of the last two
steps are reduced in magnitude. We remark that the curve
with ¢=-0.3 is indistinguishable from the dotted curve for
¢=0.3, so that in this case, strong J./J of either sign can
grossly alter the M(B) step behavior.

In Fig. 21, we show Cy/kg vs b/|J| low-T curves for some
of the AFM s,=5/2 cases pictured in Figs. 18-20. The solid
and dot-dashed curves on the left-hand side of the figure
correspond to J.=J,=c|J| with ¢=0.9 and 1, respectively, the
solid and dot-dashed curves in the central portion of the fig-
ure correspond to J,/[J|=0.4 and 0.5, respectively, and the
dashed curve running throughout the domain pictured corre-
sponds to J,=0.5|J|. We note that for the combined ex-
change anisotropy case shown, strong anisotropy pushes the

1.04
W =J=|J| S = 5/2 AFM
o.a-; 0.9J| k,T/|J]=0.01
i J I|J]=0.4
0.6
=3 }ii 95 J9=0.5
O o4l M nt
I Vo
i Vi \ llI|
0.2, | L
! ll ‘\ ’|||
| oy o
0.0 L
0 4 5

FIG. 21. Plots of Cy/kg vs yB/|J| at kgT/]|J|=0.01 for the AFM
51=5/2 dimer. The cases J.=Jy=c|J| for ¢=0.9 (solid) and c=1
(dot-dashed), J,=c|J| for c=0.4 (solid) and 0.5 (short-dashed) and
J.=0.5|J| (thick dashed) are shown.
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Cy/(B) peaks to lower b, and squeezes them together, so that
they tend to overlap. At the limiting case JC=Jf=|J , the in-
dividual level crossings have been eliminated, and all ten of
the peaks are combined into a single Schottky anomaly. For
the local axial anisotropy interaction, strong FM anisotropic
interactions squeeze the Cy(B) together in the middle of the
domain, with the limiting case of a single peak at J,/|J]
=0.6. For the strong azimuthal anisotropic exchange interac-
tion case, however, strong FM anisotropy shifts the double
peak positions only slightly, and broadens the double peaks,
so that only the highest set is clearly discernable, even at the
very low-7 value plotted. In each case, the deviation of the
peak height from the two-level prediction, Eq. (41), is sub-
stantial, indicating more than two levels are important at low
T, as for the three-level system with s;=1/2 and Jf=2|J|.
Thus the different types of strong spin anisotropy lead to
clearly different low-T Cy/(B) behaviors for s;>1/2 dimers.

IX. SUMMARY AND CONCLUSIONS

In summary, we solved for the low-temperature magneti-
zation and specific heat of equal spin s, antiferromagnetic
dimer single molecule magnets with S,, C,,, or C,, molecu-
lar group symmetry, including the most general set of aniso-
tropic spin exchange and single-ion anisotropy interactions
quadratic in the spin operators. The magnetization and spe-
cific heat exhibit steps and zeroes, respectively, at the non-
universal level crossing induction values Bifsl(ﬂ, @), but the
magnetization steps and their midpoint slopes, plus the two
peaks surrounding the specific heat zeroes all exhibit univer-
sal behavior at sufficiently low temperatures to first order in
the anisotropy interaction strengths. For weak anisotropy, we
showed that the essential s,s; dependencies of Bifsl(ﬁ, ¢) are
given by the single first-order function Cs.s, in Eq. (51). The
most direct measurement of the level crossing Bifsl(ﬁ, @) is
obtained by the low-T steps in the magnetization of single
crystals. Strong anisotropy interactions generally lead to
highly nonuniversal behavior in antiferromagnetic dimers.
Single-ion anisotropy interactions lead to much richer varia-
tions of BESI(G,QS) than do those obtained from anisotropic
exchange interactions, provided that s; > 1/2. These differ-
ences are especially prominent for s;=5/2.

For the most general quadratic anisotropic spin interac-
tions at an arbitrary B, we derived simple, asymptotic ana-
lytic expressions for the low-temperature magnetization, spe-
cific heat, inelastic neutron-scattering cross section, and
electron paramagnetic response susceptibility, which are ac-
curate for weak anisotropy. We also derived an accurate ex-
pression for the level crossing induction Bifsl(ﬁ, ¢), enabling
fast and accurate fits to experimental data.

There were two low-T M(B) studies of Fe, dimers.
For u-oxalatotetrakis(acetylacetonato) Fe,, all five peaks in
dM/dH were measured in pulsed magnetic fields H. These
evenly spaced peaks were entirely consistent with just the
isotropic Heisenberg interaction, and indicated little, if any,
spin anisotropy and biquadratic effects.?®

On the other hand, studies of the first two to three dM/dH
peaks in powdered samples of [Fe(salen)Cl],, where salen is

28,29
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N,N'-ethylenebis(salicylideneiminato), were much more
interesting.”” These data showed a broad first peak at B
=17-20 T that was only partially resolvable into two sepa-
rate peaks, followed by a sharp second peak at B=36T.
These data are consistent with axial and/or azimuthal single-
ion anisotropy of strength |(J,+J,)/J|=0.1, as obtained from
the derivatives of the curves shown in Fig. 8, and a powder
sampling of Eq. (50) and the data shown in Figs. 10 and 11.
These figures also apply for the S, symmetry by letting £
—Z;, etc., as described in detail in Appendix A. Usually,
|7,/J,] <1, but to determine the precise values of each, one
would require single-crystal data in various B directions.
However, the existing data on [Fe(salen)Cl], appear to be
inconsistent with a predominant anisotropic exchange inter-
actions of either J. or J; types. It is also inconsistent with an
isotropic, biquadratic Heisenberg interaction of the form
~J'(S1-5,), which would add —J's* to By, (6,4) in Eq.
(50). A biquadratic exchange changes the spacings between
the level crossings, but does not change either the angular
dependencies of the level crossings in single crystals or the
widths of the powder-sampled level crossings, inconsistent
with the experiments.? In comparing the two materials cited
above, it appears that the interaction of a CI”™ ion neighboring
each Fe** ion leads to strong single-ion anisotropy effects. In
order to verify this hypothesis and to elucidate the details of
the interactions, further experiments using single crystals in
different field orientations on this and related Fe, dimers
with one to three similarly bonded CI~ ions are urged.’!*?
We note also that strong evidence for very strong (J,,/J
=0.27) axial single-ion anisotropy was presented in the Ni,
dimer, Na,Ni,(C,0,);(H,0),,> but it appears that azimuthal
single-ion anisotropy was not included in the analysis. On
the other hand, from the two zero-field splittings of the low-
lying triplet states observed in INS studies of the two spin-1
Ni chain compounds, Ni(CsD4N,),-N;(PFs) (NDMAP) and
Ni(CyHx,N,)(NO,)CIO, (NTENP), it appears that both J,
and a smaller J, were present.*>*! From Eq. (A14) in Appen-
dix A, those gaps could also contain contributions from J;
and J,, respectively. However, in INS studies, the detailed
form factors were employed to rule out such anisotropic ex-
change interactions.*>*! The measured zero-field gaps of the
triplet state relative to the singlet ground state were 0.42,
0.52, and 1.89 meV in NDMAP with J=-2.8 meV,*? and
1.06(1), 1.15(1), and 1.96(1) meV in NTENP, respectively,
and J=-4.67 meV.*! In their model, they assumed only an
axial single-ion anisotropy, which they found to be J,/J
=0.25. Assuming the zero-field gaps correspond to |J|
+2[J,), M|+ +J.|, and |J|+|J,|-|/.], relative to the
ground state, as for s;=1 dimers in Appendix A, we obtain
for NTENP, J,=-0.85 meV, and |/,|=0.04 meV, so that
J,/J=0.18, a bit less than in the Ni, dimer above,?® but we
also have |/,/J|=0.01. For NDMAP, we obtain J,=
-1.42 meV, and |J,|=0.05 meV, corresponding to J,/J
=0.51 and J,/J=0.02. We note that a model with only axial
single-ion anisotropy fit the specific-heat data with J,/J
=0.3, where they used J=-2.58 meV,*® but the zero-field
INS gap splittings are much more direct measurements of
J,.J.. Hence Ni,, which has very strong single-ion aniso-
tropy, has axial single-ion anisotropy intermediate between
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that in the two AFM Ni chain compounds, NDMAP and
NTENP. We suggest that Ni, may also have a weak azi-
muthal single-ion anisotropy, as directly observed in ND-
MAP and NTENP.4#!

In addition, three well-defined steps in the Cr, AFM
dimer, Cs;Cr,Cly, were found,? but such steps were smeared
in the AFM Cr, s;=3/2 dimer studied by INS, Cs;Cr,Bry,
due to field-induced magnetic ordering.”* In addition, the
zero-field splitting was fit to a weak axial single-ion aniso-
tropy with J,=-0.01 meV, and with J=-1.03 meV, J,/J
=0.01. An important question for the future is whether any
azimuthal single-ion interaction J, might also be present in
that compound.?*%8 This is because Cs;Cr,Br, is thought to
have an AFM spin-flop state, for which a small J, would
break the axial symmetry responsible for the Goldstone
mode, opening a gap in the spin fluctuation spectrum, as
possibly observed in INS studies.>*%® Hence it is crucial to
have as many possibilities for identifying any such possible
presence of even a small amount of J,. In order to aid in the
analysis of future data on this and other systems, we will
publish separately additional details relevant for further INS
and EPR studies to elucidate this question.?

We also urge single-crystal data on the high-spin s,
=7/2 Gd, AFM dimer, [Gd(AmPh)],-2CHCI;, where AmPh
is (tris((2-hydroxybenzyl)amino)ethyl)amine.3>3* From pre-
liminary fits to experiment, J=-0.0056 meV,* which is suf-
ficiently small that all seven level crossings ought to be ob-
servable at sufficiently low 7. We note that for s;=7/2, the
lowest three first-order coefficients are c;7,=2, % —%, re-
spectively, so the 6, ¢ dependencies of the single-ion contri-
butions to the first level crossing are very large, and the sign
change occurs slightly above the second level crossing.
Second-order effects will also be large. We would also like to
see single-crystal magnetization studies of s;=1/2 dimers
lacking in predicted single-ion anisotropy effects, to deter-
mine the relative strength of any anisotropic exchange inter-
actions J, and/or J..'*212226 To aid in the fits, we derived
simple, useful formulas for the magnetization and specific
heat at low temperature and sufficiently large magnetic in-
duction. More important, we derived accurate analytic for-
mulas for the electron paramagnetic resonance susceptibility
x(B, ) and the inelastic neutron scattering S(B,q, w), which
allow for a precise determination of the various microscopic
anisotropy energies.

With either single-ion anisotropy or anisotropic exchange
interactions, the total spin s is not a good quantum number,
unless s;=1/2, potentially modifying our understanding of
quantum tunneling processes in single molecule magnets.
Extensions of this work to SMM’s with higher numbers of
magnetic ions might also be possible to fit a variety of ex-
perimental results using a smaller, consistent set of model
parameters than has generally been employed.®>> We empha-
size that the study of antiferromagnetic equal-spin dimer
single molecule magnets, for which the most general set of
quadratic single-ion anisotropy and anisotropic exchange in-
teractions are so simple that they can be studied analytically,
may be an important, and perhaps even the best, tool for
attaining a more fundamental understanding of the underly-
ing physics of more general single molecule magnets.
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APPENDIX A

1. General dimer Hamiltonians

In general, the single-ion and exchange Hamiltonians for
a dimer may be written as*®->3

2
H=>8;-D;;-S;+S,-Dy,-S,. (A1)
i=1

Here we only treat symmetric matrices D; ;. For g=D,,,
each of these matrices are diagonal in the same basis, which
we take to be the molecular (£,y,Z) coordinate basis. For
lower symmetries, however, the principle axes of each of the
three matrices are generally different. As discussed in
textbooks,®” each symmetric matrix can be diagonalized us-

ing three rotations, by ¢;; about the z axis, followed by a
rotation by 6, ;, about the rotated x axis, and then by ; ;s

about the rotated 7 axis. This leads to the principle axes i':i’ir,

ﬁi’i,, and zii,iy. After these three diagonalizations, the Hamil-
tonian may be written as H="H,,+H,;, where

Hee=-JS, 'SZ_Jf(S] 'Zilz)(sz'éu) _Jc[(sl '55:12)(52 '3%12)
— (S F1)(S2 - )],
2

Hy=— 2 ATS?+J,(8:- 2>+ [(Si-£)> = (S:-5)°Th

i=1

(A2)

(A3)

where we have set the single-ion local axis vectors X; =X, ;,
etc., and the constants are given by linear combinations of

the diagonalized matrix elements 5,-’,#.46 For equal-spin
dimers with S, C,,, or D,, symmetry, J,;=J,,=J, and
Je,l:Je,ZzJe'

Now, for D,, symmetry, this reduces exactly to the
Heisenberg interaction, H,+H,+H+H,., given in Egs.
(3)—(6), plus a constant. For C,, symmetry, the anisotropic
exchange parts are also given by Egs. (5) and (6). However,
for g=Cy,, since Dy, ==D», . # 0, the single-ion matrices
are not diagonal in the same representation as is the aniso-
tropic exchange matrix. For g=S,, all of the elements of

D,, #0. In these cases, we rotate the coordinates to the di-

rection of Z M:zi |- This overall rotation is first a rotation about
the z axis by ¢;; followed by a rotation about the rotated x
axis by ¢ ;. It leaves only the transformation angle u= ¢ ;
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to describe the rotated azimuthal vectors X, and y,,. For the
S, symmetry, a similar rotation is required for the anisotropic
exchange interactions, which is analogously parametrized by
=1 ,. We then have

2
HE == 2 [J,S;. +J,cos2u)(S7, =7, )+l sin(2p)
Y R e

i=1

X{Si,xua S }] ’ (A4)

LYy

Haz= =181 2822 = J oSS Sa. = S1,,52,.)
- J sin(2x) (Sl,xﬁSZ,yﬁ + Sl,yﬁSZ,xﬁ) ) (AS)

where ¢3?2=1 and ¢ v =(-1)"*!,

Now, we first transform back to the molecular representa-
tion, and then transform to the induction representation. As a
result of the overall process, S, symmetry can be incorpo-
rated into the J, term of the eigenstate energies by letting 6
—60-6,, and ¢p— ¢d—¢ =5 ;—m/2, and the J. term can
similarly be incorporated into the eigenstates by letting ¢
— =y ,— i ,— /2. For the C,, symmetry, the induction
representation can be obtained for the J, term by letting ¢
— ¢p+(=1)'u, where i is the site number. That is, spins 1 and
2 have different effects. For the S, symmetry, all results aris-
ing from single-ion anisotropy can be obtained from the D,
results by shifting 60— 6—6,, and¢p— - =i 1—7/2,
and all results for the anisotropic exchange interactions can
be obtained from the D, results by replacing 6— 6- 6, , and
¢— b= ,— i ,— /2. For the Cp, symmetry, the aniso-
tropic exchange results are identical to those of D,;, symme-
try, but the single-ion results are modified in two ways, both
by setting 6— 6—06, | and ¢— dp— ¢, ;— ¢ ;— /2, but also
by renormalizing J,. To first order in J,, J,— J,cos(2¢ ).

2. Exact eigenvalues for s;=1/2

For 5,=1/2, we let

J. T
x="S4+Lyp? (A6)
4 12

J AN )
y= Té(]f— -9":) + E[Jf(g —sin® 0) +J,sin’ 0005(2¢)] ,
(A7)
2 3 |1/3
A=|=Ziiq/-2 42, (A8)
2 4 27

where the argument of the square root is positive definite.
Then, the exact real eigenvalues A\, are given by

N, =2Re(A), —Re(A) =13 Im(A)
for n=2,3,4.

(A9)

3. Specific-heat details for s;=1/2

We first present the numerators of the exact expressions

for the specific heat with s,=1/2 and B||i for i=x,y,z. We
have
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1
Nyy=F 2+ 4_1(] + 2Jy’x)26'3[2(1)-,)(—1)(,},)—]]

X,y

+F, sinh(BF, Je P o[ (J+J, ) e P + (],
1
- 2.]),’)()6‘2’81 i+ Ee_ﬁj xyeosh(BF, {[(J + Jm.)2

+ Fazc,y]e_ﬁj + [(2‘],»',)6 - Jx,y)z + F)zc,y]ezﬁjy’x, (A10)

J? 1
N. = FZcosh(28F.) + Ze—ﬁwﬂ +5 cosh(BF.)

J2
IR n—

J
+ F_sinh( ;31@)(—2%Z + Je—ﬁ“”f“)) . (A11)

4. Eigenvalues for s;=1 in the crystal representation

In the remainder of this appendix, we provide some de-
tails of our exact results for s;=1. The cubic equation for the
three s=1 eigenvalues is given by

€,=—J—J,+\,, for n=234, (A12)

0==N = u= I+ N[D7 + =T )]+ (U= T))
X[b*cos? O+ (J, - J,)*]- (J. - J,)(b*sin® @ cos(2¢).
(A13)
An exact solution for these triplet states are an arbitrary B
may be found as for the s;=1/2 dimer in Egs. (A6)—(A9).

For simplicity, we only list some special cases. For B=0, we
have

No==J,+ T, =), (A14)
For B||z,
Ny =Jp= T B>+ (1, = T,)% (A15)
For B||%,y, we have
No= £, =)= J, =D +To (A16)
| _
Jx,y=§[‘]a_']f+(*]c_‘]e)]s (A17)

where for the first eigenvalue, +(—) corresponds to £, (¥), and

J, (jy) corresponds to the upper (lower) sign.
The six eigenvalues for the mixed s=0,2 states satisfy

4 1
6,,=—3J—§Ju—§./f+7\n. (A18)

We first define

=
2
a=- _(2Ja_']f)5

AY
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b, =—bsin fe'?, (A20)
3
by= \/ibi, (A21)
2
2
d=- \@(Jc +7,), (A22)
3
dy= \/id, (A23)
2
1
e=——(2J,-1), (A24)
V3
-1
T=1-5@1,=1). (A25)
and
0= g(Jf+ J.) + pb cos 6. (A26)

Then the N\, are the eigenvalues of the Hermitian matrix M
given by

05 b, d 0 0 e
b, 07" by 4 0 0
— d b, 9 by d a
M=1 dy b bop, 0
0 d b, 0% e

e 0 a 0 e 05+37

(A27)

The resulting sixth order polynomial for the A\, is given

elsewhere.®! We note that for B|li, M is block diagonal,
breaking up into matrices of ranks 2 and 4. These cases are
discussed in detail elsewhere.®! Here we only present the
simplest data for which the eigenvalues are determined either
by linear or by quadratic equations.

5. Simple special s;=1 cases

When only one of the J;#0, the eigenvalues for B||Z
simplify considerably. For J,# 0, we have

For J.#0, we find
No=0,37, £ \b2+ 974, £ \ab2 + 372, (A29)

For J,—J¢/2#0, the eigenvalues can also be found analyti-
cally,
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Nool Mamdr o 2adp 2y
" 3 6 6

3 1
o 5\/912 +(2J, =) =220~ J)).

(A30)

We note that the ground state energy in this case is

3J-J; 1
E=- > )—Ja-5v’912+(2Ja—Jf)2-2J(2Ja—Jf)’

(A31)

which explicitly involves mixing of the s=m=0 and the s
=2,m=0 states.

At the first level crossing with B
—-J¢/2#0 and the other J;=0,

Z, we have for J,

1
'YBl]C:]z = 5{J+ [9]2 +(2J,- Jf)2 -2J(2J, - J_f)]l/z}~
(A32)

We note that the first level crossing for J,, J,;#0 for B||i
is equivalent to that of s;,=1/2, given by Eq. (64). At the
second level crossing, simple formulas are only obtained for
B||Z with one J;#0. For B||Z and J,#0, J;#0, and J,#0,
respectively, we have

-2J-J,,
-2J-3J42,
VB3 = !
g(zoﬂ — 15722 + 8[4J* = 3J2J%12]2) 12,

(A33)
APPENDIX B
1. Rotation to the induction representation

The rotation from the crystal representation to the induc-
tion representation is obtained from

x cos fcos ¢ —sin ¢ sin fcos ¢ x'
y |=| cos @sin¢p cos ¢ sin Osin ¢ v,
4 —sin 6 0 cos 6 z'

(B1)

leading to B=BZ’.7° This operation is equivalent to a rotation
by —r/2 about the uniaxial anisotropy z axis, a rotation by 6
about the transformed x axis, and then a rotation by /2
— ¢ about the transformed z axis.®” In effect, in using the
above rotation matrix, we made the arbitrary choice that the
rotated z axis lies in the x'z" plane. After the above rotation,
it is still possible to rotate the crystal by an arbitrary angle ¢
about the 7' axis, keeping B||Z’. Hence there are in effect an
infinite number of equivalent rotations leading to B=BZ’.
The resulting Hamiltonian matrix will then have off-diagonal
elements that depend upon . However, all such rotations
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necessarily lead to the identical, {-independent, set of eigen-
values of the resulting diagonalized Hamiltonian matrix. We
have explicitly checked that the above rotation gives the ex-
act cubic expression, Eq. (54), for the s;=1/2 eigenvalues,
and also leads to the correct eigenstate energies second order
in each of the J; for s;=1. We also showed explicitly that {
does not enter the eigenstate energies second order in J; for
arbitrary s,s;,m.

2. Second-order induction representation Hamiltonian

In this section, we evaluate the corrections to the eigen-
state energies second order in the four anisotropy interaction
energies J; for j=a,c,e,f. The operations of the induction
representation Hamiltonian H' upon the eigenstates |¢!")
may be written as

v 1)
Hlely=(EM +ELDe+ X Wi
_+1

+ 2 U+ V@)

o==%1

|(’DZ:20'/>

m+a' m+20'
+ 2 (/YTS(]T(T s+20' > + ‘)]:‘nYT o |€Ds+20'
o,0'=%1

(B2)

where E;”;(O) and E;";(])
21 1
spectively, and

are given by Egs. (46) and (47), re-

u;, ‘7(0 ¢) = —(2m + o)AT"{sin(2 0)[Js o= T Jcos(2¢)]

— 2i0J%sin Bsin(2¢)}, (B3)

(0 P) = F‘""[J”lsm o+ T (1 + cos? A)cos(2¢)
+ 210'JS \cos Bsin(2¢)], (B4)
”1 (6 ¢)=— —H"“T [2J,- Jf)cos 0+ (2J,
—J,)sin? Bcos(2¢)]
+ —N”’ ' in? 0[27,-J;— (2], = J)cos(2¢)], (BS)

16 SS

Xno'zr (0’¢):_

YTl

01 R {sin(26)[2], - T~ (21,

—J)cos(2ep) ] —io(2J,— J,)sin 6sin(2 )},
(B6)

and
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, 1
VIS (0.8 == K021, = sin’ 6

+(2J, - J)[(1 + cos? H)cos(2¢)

+2io cos Osin(2¢)]}, (B7)
where
N = 3 I P, e
R = L, Do,
Cotsaraivas, Piorsins (B9
and 7, . G{; . HZ"Y‘T , K3 f . and Lj are given by Eqgs. (22)

and (25)—(28), respectively. We note that for o' =+1, N;’f;‘l”
=2H7 .

3. Second-order eigenstate energies

From Eq. (B2), the second-order eigenstate energies may
be written as

Er= LS of e v
o—+1
w2
+ 2 —1/
el J2+@2s+1)0’]
amen

" E,+1 (J[Z +(2s+ 1)0”] + oyB

e )
+
J2+@2s+1)d’]|+20yB

(B10)

For simplicity, we rewrite this as

Q) _ U 2V 2w @x Q)Y
E™Y =E™" 5 +E:‘r»l51 +E;”’S1 +E§f‘sl +E§':,1 ,

S'Yl S

(B11)

m (2)1/{ msin

o [4s(s+1) 8m>—1]
1 2fy

x{cos? 0751~ cos(2) T T + sin(2¢) (72312,
(B12)

5,81

EM®Y == 255 + 1) - 2m? = 1% {[sin? 07331 + (1
8yB 7

+ cos? 6)cos(2 ¢).7i’i_‘]2 +4cos? 6sin’(2¢) (ji:sel)z},
(B13)
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us

dS' S
EmOW _ 3‘7’}{(% —Jp(1 =3 cos” 6) -3(2J,

5,81

- J,)sin? fcos(2¢) 1%, (B14)
fg",sl(«yB/J)sin2 0
Ejf;f)"’: — X {[2J,-J,—(2J,
—J)cos(2¢)JPcos? 0+ sin*(2¢) (27, — J,)*},
(B15)
v, (¥YBIJ)
ENDY = %{[(2@ — Jpsin? 9+ (27, - J.)(1
+cos’ A)cos(2¢p) |* + 4cos? Bsin*(2¢) (2], — J,)*,
(B16)
where
(s> =mA)(s = 1)’ =m® s 7,
177 (25— 1)
) 5 Lls+ 12— m?[(s +2)* - m?]
+ 7]s+2,sl 7]s+1,sl (25 + 3) >
(B17)
7’?,31 77?—1,31(‘92 - m2) 5
) == e @s= D= D=2 4]
7]32‘+2,sl 7]32‘+1,sl[(s + 1)2 - m2]
—-m(2s = 3)x}+ (251372 {(2s+3)
X[(s+2)(s+3) + m>] = m(2s + 5)x}, (B138)

27]§s n?—ls
1 1 {
(25— 1) —4x?
+5(s=1D(s=2)(s=3)] - 4mx(2s =3)(s> =35+ 1

g;f‘sl(x) =- (25 = D[m* + m*(6s*> = 18s + 11)

2700, o,
t o513y _d
+35)+(s+ 1)(s+2)(s+3)(s +4)] - 4mx(2s + 5)
X(s?+5s+5+m?)}. (B19)

+m?)} (25 + 3)[m* + m*(6s% + 30s

There is a remarkable amount of symmetry in the angular
dependence of the eigenstate energies. We note that
EZ?;(IZ)X(G, ¢) and E;V";(lz)u(ﬁ, @) have the same forms, differing

in the replacements of the interactions 7}:;‘ and 7?’21 with
2J,~J; and 2J,—J,, respectively, and with different overall
constant functions. The same comparison can also be made
with E;'f;(f)y(ﬁ, ¢) and Eg?;(lz)v(ﬂ, ¢). In addition, we note that
there is a remarkable similarity in the €, ¢ dependence of
E™®" with that of the local spin anisotropy part of B_lc(l)

8.8 5,51

X (6, p)given by Eq. (50).
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4. Second-order level crossing angular functions

The angular functions ]Af)(ﬁ, ¢) in Eq. (50) are

2) _ sin’ ¢ _ 2.2 2. 2
£206,¢) = e {[J;~ cos(2¢)J Jcos? 0+ J2sin*(2¢)},
(B20)
22
20,9 = Ssze{cos2 0lJ;—Jcos(2p) 2], J;— (2],
= JJeos2@)] + [ (2J, - J)sin*(2#)]}, (B21)
-2
12(6.4) = Sfjf{[zja — Jp=cos(2¢)(2], - J)Pcos? 0
+(2J, - J.)%in*(2¢)}, (B22)
ﬁz)(ﬁ, P) = 4LJ2[stin2 6+ J.(1 +cos H)cos(2¢) ]
J2
+ J—; cos’ Bsin®(2¢), (B23)

126,¢) = 4LJ2[1,-sin2 6+ J.(1 +cos? O)cos(2¢) 1X[(2J,

- Jf)sin2 6+ (2J,-J.)(1 + cos® O)cos(2¢)]
i JC(ZJe - Jc)

Iz cos? Bsin®(2¢),

(B24)

1
126,¢) = E[(zJa —Jpsin® 6+ (24, - J)(1

2J,-J.)*
+ cos® O)cos(2¢) *+ %cos2 6sin®(2¢),
(B25)
1
£206,¢) = E{(% —J)(1 =3cos? 6) —3(2J,
— J,)sin? fcos(2¢) I°. (B26)
5. Second-order level crossing coefficients
The coefficients a,(s,s;) in Eq. (50) are
9 —20s + 1257
al(s,sl)=—( T ), (B27)
2s
[a;0(s) +4s1(s) + 1)ay ;(s)]
,$)=— : , B28
axls51) s2s+1)(2s5 +3) (B28)
ar0(s) =3(9 +5 =235 + 4s* + 125%), (B29)
ay,(s) =9 — 85— 457, (B30)
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a3(S,S1)=GZ;(S,S1)+Q3X(S,S1), (BSI)

[3-3s—3s>+4s,(s;+ DT
2(2s +3)?
(s=1D)[3+3s=3s"+4s,(s;+ 1)
2525+ 1)?

U
az(s,s)) =

s

(B32)

[s(s+2)—4s,(s; +1)]
2(s+ 1)(s+3)(2s + 1)%(2s + 3)?

(afo(s) +4s,(s; + l)a;fl(s)
(2s+5)(3s+1)

af(s,sl) =

), (B33)

ajo(s) = (s + 1)(s +3)(51 + 1145 + 2095 + 3025° + 164s*
+245°), (B34)

agf ((5) = 129 + 3185 + 39557 + 4425 + 300s* + 725°,

(B35)
453
ay(s,s) = ( Sgs ), (B36)
3las o(s) +4s,(s; + 1
e sy rre R
asg(s) =3 +3s— 55> — 457, (B38)
ag(s,s;) =ag(s,s1) +ag)(s,s1), (B39)
ls.s) = [3-3s—3s>+4s,(s;+ 1T
6 8(2s —1)(2s +3)?
(s—D[3+3s =35> +4s,(s;+ ]
- 8s(2s —3)(2s + 1)2 ’
(B40)
Y(s.sp) = 1
G653 = 05— 3)(25— D25+ 1)2(25 + 3)2
(Ejzo ay ()[4s(s + 1)]")
% (2s+5)(4s+1)(4s+3) /° (B41)

ago(s) =s5(= 216 + 837s + 505252 + 3521s° — 124145*

— 218765 — 74645° + 6720s” + 5376s% + 1024s°),
(B42)

ay,(s)=3(81 + 1025 + 10s> + 1965° + 2965* + 80s°),
(B43)
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agi ,(s) = 189 + 2585 — 1005 + 15257 + 640s* + 2565°,
(B44)

[s(s+2)—4s,(s; +1)]
425 +1)3(2s +3)°(2s + 5)
+60s% +245) + (s + 1)(3 + 675 + 945 + 445>
+8sY)]. (B45)

a(s,s)) = [4s,(s;+ 1)(=1+38s

By expanding the solutions in the crystal representation to
second order in the J;, we have explicitly checked these ex-
pressions for s;=1/2,s=1, and for s;=1, s=1,2. We note
that for s;=1/2, only a,; and a4 are nonvanishing.

6. Two-level thermodynamic coefficients a4

Here we present the expression for a; to O(J j/J)2 ap-
pearing in Egs. (39) and (41)—(44) in the text. We have

6
ays=s+ 2 b(s,s)f2(0,4) + OUI),  (B46)
n=1

where the £, (6, ¢) are given by Egs. (B20)—(B25), and

_1\2
by(s,5,) = (2s2s1) O(s—1), (B47)
(2s=1)?
by(s,s)) = aml(@(s— 1), (B48)
12
bs(s,s)) = (2= 1) al, O(s—1)+b3(s,s)), (B49)
b ¥s.51) = $(27 + 445 + 275% + 65°)
3T s+ 1)2(s +3)%(25 + 3)2(25 + 5)
X{[4s,(s;+1)=s(s+2)]
X[4s(s;+1)=(s+1)(s +3)]}, (B50)
by(s,s,) = (2; Do -1), (B51)
2s—1
bs(s,5,) = %%l@(s 1), (B52)
b(s,s,) = (2s - Daisl@)(s— 1) +b)(s,s;), (B53)
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s(s=1)
8(4s*-1)
X[s(s=2)—4s;(s; +1)]
~ sbe 1 ($)[s(s +2) —4s,(s; + 1)]
72(2s + 1)(25 + 3)*(2s + 5) (45 + 3)?

X[(s+1)(s+3)—4s,(s; +1)],

bg}(s,sl) = [s2=1—4s,(s;+1)]

(B54)

be.1(s) =369 + 10115 + 1420s> + 1076s> + 4165* + 645,
(B55)
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where O(x)=1 for x=0, O(x)=0 for x<O0 is the Heaviside
step function.

7. Higher-order EPR coefficients

Here we list the coefficients of the ten additional EPR
resonances In Eq. (80). The first resonance has a;=1/2, b,
=2(m+0), and ¢;=0. The second resonance has a,=1, b,
=(2m-0)/2, and ¢,=0. The next two resonances have a;
=1, by,=0[2+0(2s+1)], and c3=—(2m+)/2. The fifth and
sixth resonances have a,=2, b,,=20{2+0(2s+1)], and ¢,
=4(m+0). Resonances 7-10 can be written using o', d”
=+0, and have as,=1/(14+200"), bs, »=[2+0"(2s
+1)]/(o0+20"), and ¢5 ;r=m+0' +0/2.
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