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A. MAGNETIC SUSCEPTIBILITY OF A PAIR OF KRAMERS DOUBLETS

A.1. Formal properties of a Kramers doublet (KD)

The formal properties of a Kramers doublet (KD) are given inl'l. So, a brief notice on them

we will be given here.

If T is the time inversion operator (72 = -1 for a system with Kramers degeneracy), for
any state, ¢, in the KD a base of the doublet is given by the pair of Kramers conjugates states
{p, Te}. Besides, two bases of pairs of Kramers conjugates states are related by an unitary
transformation of the SU(2) group. Any time-even operator, when restricted to a Kramers
doublet, results proportional to the identity and the Kramers degeneracy is only lifted by a
time-odd operator, V, (IVT' = T''VT = -¥). The general matrix form of a time-odd operator,
V, in the pair {@, Te} takes the form:

_ V I/nele
V{gp,T(p} = [ e ¢ J (A.l)

where Va, Vi and o are real.
By the transformation
Q'=cosfep - sinfe’“Tp
and, consequently, To'=sinfe'%p + cosfe’*Tp (A.2)

Vs sin2f3 = v,

de + I/nz \ de + I/nz

V is diagonalized and in the {¢’, T¢'} base takes the form:

Vo =| VeV 0 (A4)
(o o e '

In summary, given a time-odd perturbation, V, it is possible to choose a base of a KD

with cos2f = (A.3)

formed by a pair of Kramers conjugates states in which /" is diagonal.
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A.2. Magnetic susceptibility of two Kramers doublets. Paramagnetic behavior.

Let us consider now a system with an energy level scheme formed, in the absence of an
applied field, by two KDs separated by an energy, A. If V' is a time-odd perturbation,
according to the previous section, there are two bases of Kramers conjugate states, {¢, T¢} for
the ground state and {y, Ty} for the excited one, accomplishing that V' is diagonal within

each doublet. Besides, the elements of the perturbation matrix V" connecting wavefunctions of

different doublets hold:
(TdV|Tw) = TPV Ty) ==T9|TVy) =gV v) =gV |y) (A3)
and (@V|Ty)=~(T°9|\VTy ) = (T(Tg) Ty ) = (T4|Vy) =TV |y) (A.6)

In conclusion, denoting;:

(drie)=~Telr|Te) =V, (Wrlv) =7

| (A7)
W) ==TyW|Ty)=V,  (TVly)=Ve"

where Vg, Vy, V1, V2, 61 and 6 are real, the energy matrix (including the splitting within the

KD) is given by:
- % +V, 0 Ve Ve
A .
Hy+V 0 N e e (A.8)
otV = .
Vel Ve 4, v, 0
2
; i A
Ve  —ve" 0 5 v,
and the energies, up to a second-order of perturbation, are:
2 2 2 2
E¢:_é+l/¢_2M E :+é+V +2M
2 A v 27 A (A.9)
A VitV A i+ '
ET¢ =—5—V¢—2 ! A 2 ETV/:+E_VW+21T2

Consider now that the perturbation represents the coupling with a magnetic field
(Zeeman interaction), and that our system could be described as isotropic from a magnetic

point of view. Then we can write:

V=GB (A.10)
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where B is the intensity of the applied field and G is an operator acting on the states.

Then, defining the values of G4, Gy, G2, as Vi = GiB, the energies of the states can be
expanded in powers of B up to a second order and, using the Van Vleck’s formulal®!, the

paramagnetic susceptibility (a scalar in this case) is given by:

2 A 2 -A
i+2G7122 €m+ G'// —Zié eZkBT
N kT A k,T A
I:

A -A
2kyT

(A.11)

2kgT
+e™*

e
where N is the number of paramagnetic entities (N4 for the molar susceptibility). Equation

(A.11) can be conveniently written as:

Z:i C0+C1(2kBTjth A +C,th A (A.12)
k,T A 2%, T 2%,T
with:
1 1
CO:E(G;+G5) C =G CZ:E(G;—G;‘;) (A.13)

These constants depend on the specific electronic structure of the Kramer doublets involved.

The most general case is a little bit more complicated, since the magnetic
susceptibility is a second range (symmetric) tensor. In consequence, when a magnetic field is
applied in an arbitrary direction, the magnetization is not oriented, in general, parallel to the
field. Nevertheless, since the susceptibility tensor is symmetric, there will be three directions
mutually orthogonal to each other, (principal directions) such that when a magnetic field is
applied parallel to one of them, the magnetization will be parallel to the field. We shall denote
these directions as i, ¥ = X, Y, Z. The susceptibility tensor expressed in this system of axes is
diagonal and its principal values will be denoted as yx, yv yz In order to determine the
susceptibility it is enough to measure the magnetization with the field applied along each one
of the principal directions. In such a case it is possible to apply the previously described
formalism for the isotropic case, where the values of G4, G, and G2, and the wavefunctions
{@, T}, v, Ty}, will depend now on the specific principal direction. The notation G«r), G (r)
and Gu(r) (r = X, Y, Z) will be used to make this dependence more explicitly and, the
quantities Ci(r), i =0, 1,2, are defined in a similar way as (A.13). Then, the principal values of

the paramagnetic susceptibility are given as:
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kT A 2k, T 2k,T

ZrzN{Co(r)+C1(r)(2kBTjth( A ] C()th( A J} (r=X.7.Z) (A.14)

and, consequently, the temperature dependence of the susceptibility tensor results to be:

7= {5 +c(2k szh( A ] Czh( A ]} (A.15)
ksT A )\ 2k,T 2k, T

where a. (i =0, 1, 2) are symmetric tensors whose principal axes coincide with the

susceptibility principal axes being Ci(»), (r =X, Y, Z) their principal values.
On the other hand, if a macroscopic sample consisting of randomly oriented

polycrystalline powder is measured, it behaves isotropically, and its susceptibility is given by:

1~ 1
Zpol :gtr(Z):g(ZX +ZY +ZZ) (A16)

and its temperature dependence is also given by (A.12), but in this case

cozé S {Gr+G(r) ¢ ZG,Z2 - Z{ G (A1)

r=XY,Z rXYZ rXYZ

Finally, we shall analyze some properties of expression (A.12), which can be more

conveniently written as:

=" c0+c1(2kBszh A\ om A (A.18)
k, A 2k, T 2k, T

The low temperature behavior is given by

Ty —> (C +C,) ZG2 (A.19)

T—0 "p B r=XYZ
which only depends on the electronic properties of the ground state, whereas the high
temperature behavior is given by:

Ty M, +0)= 2 G+ G2 (r)+ 263 ()] (A.20)

T—w Np 6k3r XY Z

On the other hand, it is interesting to compare these results with those obtained by an
EPR experiment, in a common situation where the energy gap between the two KD, A, is
larger than the microwave frequency so that only transitions within each doublet are observed.

The description of the EPR spectra in this case corresponds to that of the two independent
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KD, i.e, it is equivalent to take (A.8) to a first-order. So, we can associate to each doublet an

effective spin, S; and S, (= '2) by defining the effective giromagnetic tensors; we shall

denote gss (s = x@, v, z¢) and gs, (s = xy, yy, zy) the principal values of the giromagnetic
tensors corresponding to the ground {¢, T¢} and excited {y, Ty} states, respectively, being
(x¢, y4, zg) and (xy, Yy, zy) the corresponding principal directions. Note that, in general, these

directions do not need to coincide with the principal directions of the susceptibility tensor (X,
Y, 7).

If lrsy and -5y are the director cosines of the r direction (r = X, Y, Z, principal
directions of y) with respect to the axes (x4, g4, zg) and (xy, Vy, zy), respectively, it holds:

1
G;(r)= 1 Hy (lf_wgi,, 1480 17‘2,z¢g22¢)
(r=Xx,Y,7) (A.21)

1

2 2(72 2 2 2 2 2
Gl// (}") = ZILIB( r,xy/gxy/ + Zr,yy/gyy/ + Zr,zl//gzy/ )
and, taking into account the normalization properties of /-s4 and /rsy, it is followed:

1 1,8, tey+e, |1
3 2= = =

r=XY.Z 3

(A.22)

4
1 s 1 a8, re, e, 1,
- G — Xy yy ZV/:7
3}12 (r) - N

72 B
=XY,Z 3

where we have introduced the (quadratic) average g values of the ground, g4 and excited

states, gy, given by:

1 1
g =5lelrelvel) and g =2el vl +gl) (A.23)
Finally
N N/ngz NS' S! +1/J2g2
Tx = 20,0)=—""= d " lise; (A.24)
T—0 B r=X)Y,Z B B

i.e., in the low temperature limit, the susceptibility follows a Curie law with an effective spin

S, = > and with the effective g factors of the ground state.
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A.3 A particular case: the S = 3/2 quartet.

Frequently, the description of two Kramers doublet is given in terms of an effective spin S =
3/2 by including a zero field term, Hzrs, which accounts for the splitting among the doublet.

The magnetic properties are determined by using the following spin-Hamiltonian:

H:D{Sé—%S(SH)}H][S;—Sﬁ]}—yglfl-g-g (A.25)
HZe
HZI"S

with § = 3/2. ¢ stands for the g-tensor, which describes the electronic Zeeman interaction, Hze,
and the D and 7 account for the zero field contribution, resulting A = 2D(1 + 37%)”. The
magnetic susceptibility of a system described by (A.25) have been calculated by several
authors in the particular case of axial symmetry, 77 = 013-¢), Before, Ganguli et al.l”! calculated
the principal values of the paramagnetic susceptibility tensor in a case of orthorhombic
symmetry where the principal directions of the g-tensor coincide with the principal directions
of the ZFS contribution (X, Y, Z). In this particular situation these directions are also the
principal directions of the paramagnetic susceptibility tensor and the thermal evolution of the
principal values obtained by those authors coincides with that given by (A.14) but an explicit
dependence of the Ci(r) constants on the “true” principal g-values, gx, gv, gz, and on the
parameter 77 was obtained. In summary, for a polycrystalline, randomly oriented sample, the
paramagnetic susceptibility is given by equation (A.12) with:

2

C, = ﬂB){(ng( +2g; +5¢)-6(er g7 Jn+3l4gy +4g; + €2 )’

12(1+37°
2
C =2 13(g} + g7 )+ 6lgl —gf Jn+3(g} + g +422 ) (A.26)
12(1+37?)

C= 1 {(g2vgi2g2)-3(g2 —gl)n)

6-/1+3n°

From the EPR point of view, if A >> hv, vbeing the microwave frequency, the system
can be described as two systems S = % (Kramers doublets) with effective g tensors!®l. Their

principal values are given by
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g =g |1+ L g'=¢
x X X
143797 «/
g | 1+—2 g (A.27)
' 14377 g «/ +3

1) 2

= [ — —
gz gZ W gz gZ[\/i J

where the superscript stands for each of the two doublets.

Usually only the signal corresponding to the transition within a doublet (that labeled
by 1 in A.27) are observed. So, if the temperature evolution of the susceptibility is known,
using these last equations with (A.26), the principal values of the “true” g-tensor (gx, gv, g2)

and the ZFS parameters (D, 77) can be estimated.

A.4. Magnetic susceptibility of two KD. A phenomenological description of weak

magnetic interactions.

Let us consider now the existence of weak magnetic interactions. So, the temperature
dependence of the paramagnetic susceptibility should depart from that predicted by equation
(A.15). This question was studied by Carlin and Burriel®; these authors modified the Ganguli
et al. expressionl’! by introducing a molecular field correction!® and asymptotic expressions
were obtained in the high temperature regime.

Our case is quite different. The temperature dependence shown in figure 3 of the main
text clearly indicate that the evolution of y follows that predicted by (A.12) at temperatures
higher than 15 K. As A = 200 K, in our case the ZFS contribution is higher than the exchange
interactions. On the other hand, at low enough temperature (ks7 << A) the system could be
described as a S = 2 one and a Curie-Weiss law could account for the temperature

dependence of magnetic susceptibility in the paramagnetic phase when exchange interactions

are present. Then (A.24) should be modified and then:

N T 5
T NG (A.28)
A 3k, T To,;/’()

As T/(T-To) = 1 for T'>> To, the expression:

N 2k, T A A
7= kB(T—TO){CO + Cl[ A jth[ 2kBTj +C th( T j} (A.29)
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instead of (A.12) results useful to describe the temperature evolution of the susceptibility

when some weak exchange interactions are present. Equation (3) in the main paper

corresponds to add to (A.29) a temperature independent contribution, yo.
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B. MAGNETIZATION VERSUS MAGNETIC FIELD AND MAGNETIC HEAT CAPACITY IN A

RANDOMLY ORIENTED POWDERED SAMPLE OF AN ORTHORHOMBIC S =Y; SYSTEM.

Let us consider an S =1/2 system with an orthorhombic g-tensor. Its principal values will be
denoted as gx, gr, gz and its principal axes as (X, Y, Z). The question now is determining,
beyond the linear region, the magnetization, of a randomly oriented powdered sample, as a

function of the applied magnetic field at a given temperature.

Firstly consider a single crystal and an orientation of the magnetic field given by the
unitary vector i, (ux, ur, uz). Defining the effective g-factor, which depends on the magnetic

field orientation, g(i).

gz(ﬁ):gz(ux’uy’uz):gi”)z(+g)21“)%+g§”§, (B.1)

the magnetic field induced splitting of the two spin level, which also depends on the magnetic

field orientation, is given by:
E(u)= g(d)u,H , (B.2)
where H is the intensity of the magnetic field.

On the other hand, as a consequence of the g-tensor anisotropy, the magnetization is

not parallel to the magnetic field. Its components in the (X, Y, Z) frame are:

i LA 1 J H
M, (8)= Naty g (3) 8 qzh(%] (a=x.1,2). ®3)
B

Then the magnetization along a direction fixed by and unitary vector w is:

A P 1 (glu)uH
M, (i)=M (i) Ww=Npu, g (u)(gf(uxwx + g, W, + gou,w, )Eth((zz—;} ,(B.4)
B
where (wx, wy, wz,) are the components of w in the (X, Y, Z) frame.
In particular, the component parallel to the applied field, Mo(:), results to be:
e 1 (g(i) uH
M, (u)=M(u)-u=N u) —th| —————| . B.5
@)= 1 @)= Vi (@) L <001 @9

On the other hand, the magnetic contribution to the molar heat capacity also depends

of the magnetic field orientation, C(#i, 7/H) and is given by a Schottky contribution:
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cm(ﬁ,TJ = R(g(ﬁ)“Bsz sec hz(wj (B.6)

H k,T k,T

A randomly oriented powdered sample macroscopically behaves as isotropic and the
observed magnetization is parallel to the applied field. It can be obtained by adding the former
expression for all possible orientations taking into account that now N corresponds to the
number of crystallite with an orientation of the magnetic field given by ; then it has to be
substituted by Np(ii), where p(i1) accounts for the probability of finding a crystalline oriented
with the applied magnetic field along .

By the normalization condition wux, ur, uz are not independent and an specific
orientation is given by the colatitude, 6, and azimuth, ¢ angles. For computational
convenience it commonly introduce the variable u = cos @ is introduced which, for a randomly
oriented sample is uniformly distributed in the [-1, 1] interval; ¢ is uniformly distributed in
the [0, 27t] interval. In practice, taking into account the symmetry (B.1) the computational task

is performed by considering only an octant: 0 < u <I and 0 < ¢ <n/2.

The effective g factor, as a function of u and ¢, results:

g(u,¢) = \/(1 —uZng( cos> g+ gﬁ sin® ¢)+ géu2 (B.7)
and
, o H
M, (u,0) = Nty g (1.9) %th[%j (BS)

Then, the magnetization of a randomly oriented powdered sample is given by:

(j El j { 2 d¢}a’ (B.9)

In the same way, the magnetic contribution to the molar heat capacity of a powdered

randomly oriented sample is obtained by averaging (B.6) resulting:

T 2 | /2 T
cm(szﬂ jo { ) Cm(u,¢,de¢}du (B.10)
with
CUT]R[WJh(Wj B11)
H k,T k,T
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