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Understanding the color properties of (CsHgNH3),CuBr, in high magnetic fields
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We report the optical and magneto-optical propertie{@HoNH3),CuBr;, an S=1/2 low-dimensional
molecular antiferromagnet. Complementary electronic structure calculations demonstrate that the color prop-
erties of this material are dominated by excitations of the @DBInromophore. In an applied magnetic field,
(CsHgNH3),CuBry displays a rich magnetochromic response that is particularly strong in the direction of the
bromide-bromide bridge pairs between the chains. This effect is attributed to a field-induced reorientation of
the CuBﬁ’ anions. These color changes are correlated with critical fields in the magnetization.
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l. INTRODUCTION cation andX is a halide perovskitelike structureg4-16.23-35

Copper (1) halides are well known for their ability to Cup(CsH12N,),Cly (abbreviated here as CUH'DGP_42 and
adopt a diverse array of molecular and solid-state structure®!AP).CuBr,-2H,0 (where 5-IAP is 5-iodo-2-amino-
that provide good physical realizations®f 1/2 Heisenberg ~ Pyridinium).*3
magnetic systemsThe remarkable structural diversity and ~ One advantage of studying these materials, in particular
flexibility of the copper-halide coordination sphere has pro-those with double halide bridges, is that the coupling con-
duced a number of interesting low-dimensional magneticstants are often large enough in magnitude to be easily de-
systems including ladders, alternating chains, frustrated latermined(J/k~5-15 K) but small enough that the critical
tices, and two-dimensional layered structtdidéAmong the  fields in the magnetization are relatively ld <30 T). In
more important structural features are the single halidéhis case, the field dependent behavior can be conveniently
(Cu-X-Cu) and double halidgCu-X---X-Cu) bridges that investigated and the magnetization fully saturated with
mediate superexchange and super-superexchange intergonventional superconducting or resistive  magnet
tions between the paramagnetic metal certé¥d520|n  systems:1”2L44 This is the case for CuHpCl and
general, the magnetic orbitals of copper halides are the fron51AP),CuBr,-2H,0 as both displayH,~10 T36-4143 |n
tier molecular orbitals comprised principally of Gliland  contrast, other copper halides and oxides such as TICuCl
halide p atomic orbitals that are relatively close in energy. SfrC,0Os3, and CuGe@, have very high critical fields, on the
The effective spin exchange properties of the halide bridgesrder of 100—300 T>-*Macroscopic probes, such as resis-
stem from the significant electron delocalization from thetivity, magnetization, and heat capacity, have traditionally
metal orbitals to the ligand orbitals. While the single halidebeen employed to investigate the bulk characteristics of ma-
bridges can mediate both ferromagnetic and antiferromagterials in magnetic fields. Optical and magneto-optical spec-
netic superexchange interactions, the double halide bridgdsoscopies are complementary and very sensitive tools for
typically mediate only antiferromagnetic ex- probing field-induced effects in low-dimensional magnetic
changeh141721-24 Fyrthermore, the magnitude of the ex- solids as they allow correlation between bulk and micro-
change between double bromide bridges is typically largescopic propertie4®-52
than that between corresponding chloride bridg@s>27 Bis(cyclopentylammoniuntetrabromocuprate, or
Major efforts have been directed toward understanding anCPA),CuBr, (CPA=CGHgNHj3), is an example of a diam-
tuning magnetostructural correlations in these systeBws.  monium layered perovskite coppéi) halide system with
amples include layeredRNH,),CuX, (whereR is an organic  both single halide-halide and double halide-halide bridges.
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field-induced changes in electronic structure are very rich,
..,.9_ \f--..., and we attribute the magnetochromic effect to chromophore
I y ,"'---‘}\ reorientation in the magnetic field.
—{: 3 Il. METHODS
§.'"::.§_ ‘-é.___"': A. Crystal growth and spectroscopy
e Veuy,,, Single crystals of CPA),CuBr, were grown by evapora-
i H tion of an aqueous solution containing a 2:1 ratio of
. e / H (CsHgNH3)Br and CuBg. A few drops of HBr were added to
: "'_-,3_ \4.,,. d the solution to avoid hydrolysis of the QL) ions8 The
o = Yo = blue-brown, platelike crystals have typical dimensions of
L H "'?~ ~3X4x0.5 mn?. Crystallographic directions were deter-
< e, b : [ mined by x-ray diffraction and carefully correlated with the
$., . optical response.
: ...-:'>- ~é'--u..‘ Near normal polarized reflectance measurements were
[ . carried out over a wide energy rang8.7 meV—6.2 eV;
—é"’ a 30-50000 crit) using several different spectrometers in-
cluding a Bruker 113 V Fourier transform infrared spectrom-
eter, a Bruker Equinox 55 equipped with an infrared micro-
(a) (b) scope, and a Perkin EIme&r-900 instrument. The spectral

resolution was 2 cit in the far and middle infrared and
FIG. 1. The ladderlike molecular structure @PA),CuBry in 2 nm in the near infrared, visible, and near ultraviolet. An
the ab plane at 300 K(a) and 200 K(b). For clarity, the organic  gluminum mirror was used as the reference. Various wire
cations are not shown. grid, film, and crystal polarizers were employed, as appropri-
ate. The optical axes of the crystal were determined as those

arrangement of Cuéf anions results from bromide-bromide that displayed the greatest anisotropy.at 300 K and corre-
bridges along thé axis (forming the chainsand pairs of SPONd to thea (mostly along the bromide-bromide bridge
bromide-bromide bridges between the chaifesming the ~Pairs and b (_prlmgrlly along the single bromide-bromide
rungs.83 A structural phase transition involving reorienta- ridge directions?” Low-temperature measurements were
tions of the CPA cation rings as well as slight displacement$lone with an open-flow cryostat equipped with a transfer line
of the anions takes place at 260°KBased on the inequiva- and temperature controllé. The optical conductivity was
lent bond lengths and angles in the CﬁlBanions(detailed calculated from a Kramers-Kronig analysis of the measured
structural information available in Ref. B3(CPA),CuBr,  reflectance, allowing us to extract information about dissipa-
has nod orbital degeneracy and is not a Jahn-Teller systemtion in the materiaf®" .
The low-temperature phase magnetic properties are consis- 1he€ magneto-optical properties ¢CPA),CuBr, were
tent with those of an antiferromagnetic two-l8g1/2 lad- ~ measured at the National High Magnetic Field Laboratory in
der system with two coupling constanig,,=-11.6 K and Tallahassee, FL, using a grating spectrometer equipped w¢h
Jeg=-5.5 K [Fig. 1(b)]. Within this picture, the high- @ CCD detector .and a 3_0 T resistive magnet. The experi-
temperature phase rung interactions car(bgl Symmetry, ments were carried out in reflectance mode at 4.2 K. We
and the magnetic lattice consists of isolated chdifig. concentrated on thab-plane response; the field was applied
1(a)].5® Independent of the detailed magnetic model, thePerpendicular to theb plane of the crystal. The measure-
magnitude of the coupling constants (CPA),CuBr, is ments covered the energy range from 1.1-3.5eV
small enough that the critical fieldsl; ~ 2 T (estimate and (350-1100 nm A series of Polaroid film polarizers were
Hc2~20 T] are accessible by conventional powered magnepsed to obtain the desired directional SeleCtiVity. The field-
system$3 The magnetization saturates abadg,. Despite  induced changes in the polarized optical reflectance spectra
the available magnetization data and the ladderlike charact&f (CPA),CuBr, are best visualized by calculating reflec-
of the structure(CPA),CuBr, should only be regarded as a tance ratios. This rendering presents a normalized response,
spin-laddercandidate pending inelastic neutron scattering Which gives good sensitivity to field-induced color changes.
experiment$465 Spin dimer calculations also point out that For example, the 1 T/0 T reflectance ratio gives the mini-
the spin exchange pathways in a magnetic solid are not neaum field-induced effect and the 30 T/0 T yields the maxi-
essarily described by the topological arrangement of spiffUm magneto-optical signature at 4.2 K. We quantified the
sites because magnetic orbitals are anisotrébic. field-induced spectral changes with standard peakfitting tech-
In order to provide additional information on the micro- Niques. Inflection points in the integrated area versus field
scopic aspects of magnetically driven transitions in low-curves are used to identify phase boundarieldi space”®
dimensional magnetic materials, we investigated the polar-
ized optical and magneto-optical responsg ©@PA),CuBry,.
Complementary electronic structure calculations allow us to To estimate the allowed electronic transitions and their
assign the main excitations of the CﬁBchromophore. The excitation energies of the CuBranion in(CPA),CuBr,, we

As shown in Fig. 1, the double-chain, ladderlike structural

B. Electronic structure calculations
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carried out spin-polarized density functional thedBFT) 0.10 ——a—— 77—
electronic structure calculations for the idealized structure | — 80K ’ AR :
of the CuBg™ anion [C,, symmetry; Cu-Bfl1)=2.358 A, g% Cu-Br Stretch {
Cu-Br(2)=2.363 A, Bf1)-Cu-Br(1)=125.66°, B(2)-Cu- 0.08 g / 1
Br(2)=134.137 based on the room-temperature crystal @ - 1
structure of(CPA),CuBr, using theGAUSSIAN 98 program g 0.06

—

package! The 6-315(d) basis sets andsLyp functional?

were employed in the unrestricted calculations, andzmp b5
state was obtained as the ground state. The DFT calculation & 0.04
show that 75% of the unpaired spin density resides on the &
Cu(ll) ion and that 25% is distributed evenly over the Br 0.02
ions. We then performed extended Huckel tight binding .
(EHTB) calculationg® by adjusting the valence state ioniza- - (a) 1
tion potential of Br until this DFT result was reproduced. 000 bt 0
Then we employed EHTB calculations to analyze the sym- 0 1 2 3 4 5 6
metries, the orbital shapes, and the molecular orbital energie

e L Energy(eV)

C

IIl. RESULTS AND DISCUSSION -_A

A. Optical properties and electronic structure calculations of 600 |
e
(CPA),CuBr4 -

Figure 2 displays the variable temperature reflectance anc g
optical conductivity of(CPA),CuBr, along thea direction, - 400 o —
which is primarily along the double bromide-bromide C} ° wﬁ’nezrogyf&f’e\?)m
bridges that form the rungs of the structural ladder. Only \"_
modest differences were observed betweenatteand b po- b 200
larizations, so theb-directed spectra are not presented
here’#~"6 The optical spectrum ofCPA),CuBr, displays a
number of electronic excitations similar to those in other 0
low-dimensional copper halidé$.’® Detailed assignments 0 1 2 3 4 5 6

are given below. Energy (eV)

Electronic structure calculations were used to determine
the allowed excitations iCPA),CuBr,. The 17 highest oc- FIG. 2. Variable temperature reflectari@ and optical conduc-

cupied molecular orbitals of CuE_'rconS|st principally of 12 tivity (b) of (CPA),CuBr, along thea direction, corresponding to
p-block levels from the four Brions and 5d-block levels e response mainly along the double bromide-bromide bridge
from the Cull) ion. The symmetries of these orbitals are yairs pata were collected at 80 (Kolid ling), 250 K (dashed ling
classified within theC,, point group. For the purposes of 70 k (dotted ling, and 300 K(dotted-dashed line The insets in
these calculations, the CufBrion was placed in a coordinate poth figures focus on the phonon modeg®PA),CuBr, at 300 K.
system where the& axis is along the Bd)---Br(1) direction

which runs parallel to the chains of the structural ladder th% : :
. S . ’ ner eak at-0.79 eV is assigned to theB4 to 6A; ex-
y axis is along the BR)---Br(2) direction which runs parallel citati%%,pand the triplet atv1.91,92.13, and 2.34 e\/1 is as-

to the rungs of the strqctural ladder, gnd phexis Iie; along signed to the B, to AL, 2B, to 6A; and B, to 6A;
:Ee tIWOfOId rotfltllc:cn axiof th((;)_ Cu?r 't?]r.]’ perp(ej'ndfular t? excitations, respectively. The peaks-aB.5 eV and above

€ large crystal face. According 10 this coordinate SysteMy, o yoated to excitations from filleslorbitals to the highest
orbital symmetries are grouped an\g 4 By, 4 B,, and 3A,. occupied molecular orbital and/or charge transfer between

The l%W'Iy'Ing ?rbltalt);talrg dqub:y occup!eg. Tr&e highest oc-y o organic cation and the CuBranion. These higher energy
cupied molecular orbrial IS Singly occupied an Hassym- transitions were not considered in the model calculations.
metry. Electronic excitations are predicted to occur from the

doubly occupied molecular orbitals to the highésingly)
occupied molecular orbital oA; symmetry. The allowed
transitions can be obtained by considering the change in di- Figure 4a) shows the magneto-optical properties of
pole selection rules. A pictorial summary of the allowed in- (CPA),CuBr, along thea direction, which is mostly along
tramolecular optical excitations in the CLiBrchromophore the bromide-bromide bridge pairs. Application of a magnetic
and their associated energies are shown in Fig. 3. field redistributes the spectral weight related to the intramo-
From these calculations, the most well-defined features itecular chromophore excitations, and these changes are seen
the a polarized optical conductivity spectrum of as a series of peaks and dips in the normalized reflectance
(CPA),CuBr, [Fig. 2(b)] can be assigned. The weak low- ratio data. The largest field-induced change in the color prop-

B. Magneto-optical properties of (CPA),CuBr,
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FIG. 3. Predicted optical excitations from fillgd andd-block energy levels to the singly occupied;devel of the CuBi‘ chromophore
along the(a) b axis, (b) a axis, and(c) c axis, corresponding to the directionsgfy, andz, respectively. Predicted excitations enerdies
eV) are shown. Relevant orbitals in the CyBhromophore are also diagrammed.

erties of (CPA),CuBI, is centered at about 2.75 eV, where magneto-optical spectra are highly anisotropic. As an ex-
the reflectance increases by7% in a 30 T field. Between ample, the~2.75 eV excitation is very strong along tlae
~2.0 and 2.6 eV, reflectance decreases by about 2% unddirection[Fig. 4@)], but completely absent in thedirection
the same conditions. Several smaller changes are observicig. 5@]. This anisotropy and the relative size of the
below 2 eV. We refer to the magnetic field-induced colormagneto-optical effect provides important clues to the
change in (CPA),CuBr, as “magnetochromism.” Field- mechanism of the field-induced color change in
induced optical effects have also been observed in other tratCPA),CuBr,, as discussed below.
sition metal halide§35* Figure 8b) shows the integrated area of several features
Figure 4b) shows the integrated area of the 2.75 eV peakn the b-polarized reflectance ratio spectra as a function of
and the features between 2.00 and 2.6 eV as a function @fpplied magnetic field. Structures at 1.60 and 2.00 eV grow
applied magnetic field. Careful examination of the integratednodestly above 5 T and saturate by 20 T. In contrast, the
area vs field plot shows small inflection points in the re-1.25 and 1.80 eV features grow rapidly above 10 T and
sponse. We used both numerical derivatives and visual inshow no sign of saturation, even &=30 T. Inflection
spection to determine slope changes. The inflection pointpoints in the magneto-optical response are observed6at
are indicated in Fig. @) as dashed vertical lines at7, 13, 13, 17.5, and 24 T, they are indicated by vertical dashed
18, and 23.5 T. As discussed below, these field-induced coldimes in Fig. b). Within our sensitivity, the critical fields in
changes seem to correlate with changes in the bulk magnetiwth polarizations are identical. Table | summarizes the criti-
properties. The magneto-optical effect is nearly saturated atal fields and the important electronic excitations.
30 T, consistent with the magnetizati®h. Interestingly, magnetochromism {(€PA),CuBr, is corre-
Figure 5a) displays the magneto-optical reflectance ratiolated with the bulk magnetic behavior. Figure 6 shows the
spectra of(CPA),CuBr, alongb, the direction of the single field-dependent magnetization measured at 0.74 K along
bromide-bromide bridges. A modest field-induced colorwith the corresponding derivative with respect to figld.
change is observet~2% at 30 7. Although the absolute Four inflection points are identified in this data. The first
optical conductivity of(CPA),CuBr, is nearly isotropic, the (estimated to be near2 T) and the lastat ~20 T) have
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H(T) FIG. 5. The normalized magneto-optical respoRg)/R(0T),
(a) of (CPA),CuBI, along the single bromide-bromide chaifts
direction at 4.2 K. For viewing purposes, the energy axis is smaller
than that in Fig. 4. The field-dependent integrated dlpaof the

FIG. 4. The normalized magneto-optical respoRsd)/R(0T),
(a) of (CPA),CuBI, along thea direction (bromide-bromide bridge

?uargz S;;\'Ize;' ;—%eoﬂ(;l%'(lg)el:];r;n;rzgt?ﬁ;?tign?g??gf;:] 2 f7e5a-ev features centered at 1.25 éstjuarg, 1.60 eV(circle), 1.80 eV(tri-
] i d i angle, and 2.00 eV(diamond. Changes in slope and inflection

f%;glg)bfcgp[%? (;r;:klgéeliigg inflection points in the data are deE)oints in the data are denoted by vertical dashed lines.

been assigned as the lowét,) and upper(H.,) critical . . ) . .
fields, respectivel§° Critical fields from high-field spec- These include(1) magnetic coupling theories2) field-
troscopic data compare reasonably well with those from théhduced bulk strain, and3) field-induced reorientation of
bulk magnetization. The 7 and 24 T fields from the magneto€hromophore units. Each is discussed below, although we
optical measurements are assignedHas and H.,, respec-
tlv_e_ly. Thls assignment is basgd !Jpon the observation the}%ined from the magneto-optical properties, the relationship to the
critical fields _frorr? the magn_etl_zatlon c_(CPA)ZCuBm and critical fields extracted from bulk magnetization, and the electronic
related materials increase with increasing measurement tersitations involved in each field-driven transition.

perature and broaden as w&f3 The two additional mag-
netically driven transitions observed in the spectroscopiCyansition Chain

TABLE |. Summary of critical fields ifCPA),CuBI, as deter-

data(at 13 and 17 Tmay be related to the weak features in  fg|g excitations exzfar;%ns

the bulk magnetization at7 and 12 T. It is interesting that (T) Assignment (eV) (eV)

similar transitions, intermediate betwekh; andH.,, have

been observed in KCugITICuCk, and CuHpClI, but have 6-7 Her 1.25, 1.60, 2.00 2.0-2.6, 2.75

not been addressed at either the bulk or microscopic 13 See text 1.25, 1.60, 2.00 2.0-2.6, 2.75

level 36-42.45.46 17 Seetext  1.25,1.60, 1.80,2.00 2.0-2.6, 2.75
We considered several scenarios to explain the various 94 He 1.25.1.80 2.0-2.6, 2.75

aspects of the field-induced color change(@PA),CuBr,.
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(o))

wheel” mechanisms have been identified in other molecular
solids85:86

We propose that the chromophore rotates about the chain
direction of the low-dimensional structure with applied field
because the principal components of tagensor of the spin
Hamiltonian encourage the CuBranions to align with the
field. The pivoting about the chains upsets the double-Br
bridge contacts along the rungs of the ladderlike structure
and gives rise to small changes in the local GiBmviron-
ment. This rotation also modifies the direction of the dipole
moment operator, and is manifested as a change in the opti-
cal properties with field. Plateaus in the magneto-optical re-
sponse at intermediate fields may correspond to locally fa-

N W - ¢ ]
L |
\
\/
\\\
I
Q
1 "

—M#H) |\
----dMdH Y

dM / dH (Arb. Units)

M (10’ emu G mol™)

—
T
N
Q

0 it et vorable positions of the chromophore.
0 5 10 15 20 25 Both the molecular structure dfCPA),CuBr, and the
poH (T) low-energy scale of the proposed chromophore rotations sup-

port this mechanism. The CuBranions are loosely bound to

FIG. 6. The field-dependent molar magnetization of ~ On€ another in the molecular solid through relatively weak
(CPA),CuBr, (solid line) and derivative of the magnetization with halide-halide contacts. The single-BBr contacts may ren-
respect to the fieldM/dH (dashed lingat 0.74 K(Ref. 63. Mag-  der movement and reorientation of the C§iBanions about
netization shows a clear change at 20 T and an estimated chan§f@e chains easier than along the double- Br bridge pairs.
near 2 T(due to thermal occupation of the excited states that smeafhis difference may account for the anisotropic magneto-
the magnetizationthat are assigned as upper and lower criticaloptical properties of(CPA),CuBr,. The proposed field-
fields, respectively. The magnetization saturates abiéye(Ref. induced reorientation of the CuBranions is also in line
63). Nacent features are also found at intermediate fields. The lattawith energy scale arguments, since the relevant energy scale
appear as inflection points in tiM/dH data. in (CPA),CuBr, is considerably smaller than that required to

distort an entire crystal or cause atoms to move in a co-
regard the third as most promising, mainly due to energyalently bound solid. Using the well-known relationship be-
scale arguments. tween temperature and magnetic fi€ldd K~ 1 T for g=2),

(1) Theoretical models for two-leg spin ladders do notwe conclude thatCPA),CuBr, is very plastic and is deform-
predict plateaus betweet;; and H.,.8%-83 The presence of aple at the rather small energy of 30(dr ~45 K). There is
intermediate field transitions suggests tH&PA),CuBr;  no hysteresis in the magneto-optical response, which implies
does not behave as a simple two-leg spin ladder and thahat the local field-induced structural deformations are re-
additional interactions or frustrations may be present. In suclersible, consistent with the chromophore rotation mecha-
a case, more complex magnetic coupling theories should bgism.
employed®-8|nterladder hydrogen bonding through the or-
ganic cations and other interchain-BBr contacts may pro-
vide pathways for additional superexchange interactions. In- IV. CONCLUSION
elastic neutron scattering can quantify these effects.

(2) The second mechanism considered by us to account The optical and magneto-optical properties of
for the observed magneto-optical effect and intermediat¢ CPA),CuBr,, an S=1/2 molecular antiferromagnet, have
field transitions in(CPA),CuBr, involves field-induced bulk been investigated in order to understand the interplay be-
distortions of the unit cell to relieve stress. Such a mechatween the spin, lattice, charge, and orbital degrees of free-
nism was recently discussed for CrN, where magnetic stresgom in this novel copper halide. Complementary electronic
is the driving force of structural distortiol.However, given  structure calculations demonstrate that the color properties of
the energy scale of such a bulk modification and the molecuthis low-dimensional material are dominated by the excita-
lar nature of the title compound, this type of bulk distortion tions of the CuBi‘ chromophore. In an applied magnetic
seems unlikely. field, (CPA),CuBr, displays a rich and unusually anisotropic

(3) The most plausible scenario to explain the observeanagneto-optical response; it is very strong in the direction of
magnetochromic effect ifCPA),CuBr, and the inflection the bromide-bromide bridge pairs, more than 7% at 30 T.
points in that response involves field-induced reorientationd his effect is attributed to a field-induced reorientation of the
of the chromophore. This mechanism differs from Iarge—scalé:uBﬁ‘ anions about the chains within the solid. It is particu-
distortions of the crystal as a whole in that the barriers tdarly interesting that the proposed chromophore rotations do
CuBlﬁ‘ anion rotation with respect to one another are smallnot take place gradually, but instead seem to require critical
due to the weak Br-Br contacts, and a number of different fields for their displacement. These color changes are corre-
rotational positions of the chromophore are possible. Thidated with critical fields from the magnetization. Similar fea-
picture is essentially an extension(@j, modified to allow a tures seem to appear in the magnetization of other low-
field-induced change in local structure that is appropriate fodimensional magnetic materials and may be a consequence
a molecular compound. Cooperative rotations and “paddlef field-induced local structural modifications.
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