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Mid-infrared absorption and Raman spectra of the geometrically frustrated material series, hydroxyl cobalt halides
-Co2(OH)3Cl and B-Co2(OH)3Br, are first, to the best of our knowledge, measured at room temperature, to study

the corresponding relationship between their vibrational spectral properties and crystal microstructures. Through the

comparative analysis of the four spectra we have categorically assigned the OH-related vibration modes of hydroxyl

groups in the trimeric hydrogen bond environment (Cog =OH)3 - - - Cl/Br, and tentatively suggested vibration modes of
0O-Co-0, Co—O and Cl/Br—Co—Cl/Br units. These results can also become the basis for analysing their low-temperature
spectral properties, which can help to understand the underlying physics of their exotic geometric frustration phenomena

around phase transition temperatures.
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1. Introduction

After our group first (to the best of our knowl-
edge) pointed out that three isomers of Cuz(OH)3Cl
undergo antiferromagnetic phase transition at differ-
ent low temperatures, and possess apparent geometric
frustration features,! =4 our continued investigations
have shown that almost all of the hydroxyl transition
metal halides M>(OH)3X (M = Mn, Fe, Co, Ni, Cu;
X = Cl, Br, I) exhibit geometric frustration properties
to some extent.[! Several related new phenomena have
been found, such as the coexistence of long-range order
and spin fluctuation in y-Cuy(OH)3CL 6! and the co-
existence of ferromagnetic order and disorder in a uni-
form system of B-Coy(OH)3CL[™ the defect-induced
short-range order from a spin-ice related state in de-
formed pyrochlore B-Coy(OH)3CL1®! and the drastic
anion substitution effect in Coy(OH)3Cly _,Br,.0—11]
Recent reports of nuclear magnetic resonance (NMR)
studies on 3-Coz(OH)3Cl have demonstrated the dif-
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ficulties in understanding the fundamental physics oc-
curring at low temperatures in these geometrically
frustrated materials, especially in 3-Cos(OH)3Cl and
B-Coz(OH)3Br.112-16]

To solve the basic magnetism problems, the exact
crystal structure and its parameter changes at differ-
ent temperatures have always needed to be made clear.
Fortunately, because mid-infrared (IR) spectroscopy
and Raman spectroscopy are sensitive to atomic vi-
bration spectra, they can help to determine the con-
stitution, crystal structure and the symmetry from the
lattice vibration mode assignation.'”=29) We believe
that studies on the temperature-dependent lattice vi-
bration spectra (mid-IR and Raman) of magnetic ma-
terials will enable their magnetic properties to be
demonstrated, 2! =23 including the magnetic geomet-
ric frustration through the spin-lattice/phonon cou-
pling effect,[?4] especially at low temperatures when
the geometric frustration property manifests itself.
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Because the study of the preparations and magnetic
measurements of 3-Coz(OH)3Cl and 3-Coz(OH)3Br
became attractive only in recent years, until now (to
the best of our knowledge) no Raman and IR spectra
have been reported, even at room temperature (RT).

This article reports the Raman and mid-IR
spectra of B-Coz(OH)3Cl (Neel temperature T =
10.5 K and the abbreviation L—Cl hereafter)and {3-
Coz(OH)3Br (Néel temperature Tyi/2 = 6.2/4.8 K
and the abbreviation L-Br hereafter) at RT, and as-
sign the lattice vibration modes as precisely as possible
in order to give the relationship between their spec-
tral properties and microstructure, and provide use-
ful information for further low-temperature magnetic-
related spectral researches.

2. Materials and methods

2.1. Sample preparation

The polycrystalline (-Coz(OH)3Cl and  f-
Coy(OH)3Br (the abbreviation L-Cl/Br hereafter)
samples were synthesised from solution reactions of
appropriate quantities of CoCly/CoBry and NaOH
at around 200°C for several hours, respectively. The
sediments were then washed thoroughly with puri-
fied H,O water to remove other solvable chemicals. 7]
Deuterized samples Coy(OD)3Cl and Coz(OD)3Br,
which help to determine the O—H distances, were also
prepared by the same hydrothermal method using
the appropriate quantity of CoCly/CoBry, NaOD and
D,O water.”]

2.2. Crystal structure measurement

The crystal structures of M-Cl/Br were deter-
mined by powder synchrotron X-ray diffraction at
beam line BL02B2, Spring-8 (Japan) and neutron
powder scattering measurements were conducted at
HERMES, JAERI (Japan) using the wavelength of
1.8143 A.[l Among these structural parameters, O—
H distances are the O—D distances which can only
be determined exactly by neutron powder scatter-
ing measurements using the deuterized samples 3-
Co2(0OD)3Cl and B-Co2(OD)3Br.

2.3. Mid-IR spectroscopy

Mid-IR (from 4000 to 400 cm~!) absorption spec-
tra were obtained using Bruker Vector 22 FTIR spec-
trometers with a resolution ratio of 2 cm™!, and mea-
surement using normal KBr disc technology at RT.

2.4. Micro-Raman spectroscopy

Raman spectra were obtained using HRS00
HORIBA Jobin Yvon Laser micro-Raman microscopy
equipped with 10x, 50x and 100x objectives. A small
amount (about 1 mg) of powder samples were placed
on the surface of a normal glass slide in air at RT,
and their Raman spectra were excited by a Spectra-
Physics model 127 Ar™ laser (488.0 nm) with a resolu-
tion of 0.5 cm ™! between 95 and 4000 cm~!. Repeated
acquisitions using the highest magnification were ac-
cumulated to improve the signal-to-noise ratio in the
spectra. As the samples might be broken down to
other chemicals at an intensive laser power density,
22 mW and 100x objective were used to obtain rela-
tively strong Raman signals. Both Raman shift spec-
tra were automatically baseline corrected, smoothed
and normalized according to the largest counting peak
value. As a conventional rule, only the integral parts
of all the wavenumber data are used in the following.

3. Results and discussion

3.1. Crystal structural parameters

Figure 1 shows the crystal structure of L-Cl/Br,
where the magnetic ions of Co?t form a three-
dimensional network of linked tetrahedrons that can
be viewed as alternating stacked layers of triangular
lattice planes (T-planes) and kagome lattice planes
(K+/K— planes) in the [001/001] directions.l”=% The
related structural parameters refined recently are col-
lected in Table 1.[7-10]

Fig. 1. (colour online) Crystal structure of
B-Coz(OH)3Cl/Br.
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Table 1. Relevant crystal structural parameters in units
of A of L-Cl and L-Br at RT.

Parameter L-Cl1 L-Br

a 6.8370 6.9717

c 14.4965 14.6635
d(0-H) 0.967(3) 0.969(3)
d (CofK) 3.4185 3.4858
d (CoTK) 3.1198 3.1659
d(Cl/Br-CoX+) 2.5986 2.6998
d(Cl/Br-CoT) 4.0135 4.0763
d(Cl/Br-H) 2.312(3) 2.341(3)
d(C1/Br-0) 3.1771 3.2273
d(0-CoX) 2.0785 2.0840
d(0-CoT) 2.1060 2.1366

From the obtained crystal structural parameters
of L-Cl1/Br, one can determine that their space group
is thombohedral R3m (No. 166), which has a very
high symmetry relative to those of the three isomers
of Cuz(OH)3Cl. In addition, the height of the tetra-
hedron along the c-axis is slightly smaller than that of
the regular tetrahedron.

According to the common mean ion radius RY
data,®IRO(Co?t) = 0.74 A, R°(0?7) = 1.40 A,
RO(C17) = 1.81 A, R°(Br~) = 1.96 A, one can give
the following points about the relationship between
the inter-atomic interaction and the inter-atomic dis-
tance necessary for spectral analysis.

1) The Co-O/Cl/Br interactions are relatively
strong if the distance d (Co?>T-0%7) < d°(Co*t-0?7)
=214 A, d(Co?>T-Cl7) < d°(Co*T-Cl7) = 2.55 A,
or d(Co?t-Br~) < d°(Co?**-Br~) = 2.70 A.

2) A typical hydrogen bond (H-bond) may be
formed if d (0% -Cl~) approaches d°(0*~-Cl7) =
3.21 A or d (0% -Br~) approaches d°(0?>~-Br~) =
3.36 A when the angle §(O-H-Cl) or § (O-H Br) is
larger than 120°.

One can conclude the following about their crys-
tal structure features (CSF):

1) In a primitive cell of L—Cl, there is only one
OH environment with d (O-H)= 0.967 A and d (Cl-
0) = 2.1771 A, 9(O-H-Cl) = 159.1(3)°. There-
fore, a typical trimeric H-bond (Coz =OH)3-- - Cl (or
(OH)3 - - - Cl) may be formed, which has been recently
demonstrated in B-Coy(OH/D)3C1.[26-28]

2) In a primitive cell of L-Br, there is also only
one OH environment with d (O-H)= 0.969(3) A and
d(Br-0)=3.2273 A, 6(0O-H Br) = 159.8(3)°. There-
fore, the typical trimeric H-bond (OH);z - - - Br may be
formed too.

3) For L-Cl/Br, every OH group bridges three Co
ions, but has two kinds of Co-O distance: d(Co*~—
0) =2.078 A and d (Co™-0O) = 2.106 A, which are all
less than d°(Co-0), and indicate that all O ions are
strongly bonded to their nearest-neighbour Co ions.

4) Every Cl/Br ion, like the O ion, bridges three
Co ions too, and all of the three d (Co—Cl/Br) are the
same and less than d°(Co—Cl/Br), so every Cl/Br is
also strongly bonded to the Co ions.

5) There are two crystallographically independent
Co ions that display characteristically distorted oc-
tahedral coordination geometry CoTO4Cly/Bry and
CoX0g, i.e., CoT is bonded to four OH groups and
two Cl/Br ions, and Co® to six OH groups without
Cl/Br ion.

As to the difference between the CSFs of L-Cl
and L—Br, one can conclude as follows:

6) Both distances between skeleton Co ions be-
come larger for L-Br, but the change rates are within
2%.

7) The distances d (Co¥-0) and d (CoT-0) in L-
Br become slightly larger (0.3% and 1%) than those
in L—Cl, respectively.

8) There is d (Co+-Br~) > d(Co¥*+-Cl7), and
the difference d(Co®*-Br~)-d (Co¥+t-Cl7) is less
than AR(Br——C1~) = R*(Br~) — R°(C17) = 0.15 A.
This may imply the relatively strong Br—Co bond in-
tensity (vibration force constant k).

3.2. Whole spectral profiles

Figures 2(a) and 2(b) show the normalized mid-
IR transmittance spectra and the Raman shift spec-
tra, respectively, in the whole 4000-0 cm~! region,
although there are no data in the 400-0 cm ™! region
for the mid-IR spectra and 95-0 cm ™! region for the
Raman spectra.

According to the general spectral analysis
method, the IR and Raman spectra are usually di-
vided into two main ranges from higher to lower fre-
quencies: functional group (FG) and finger-print (FP)
regions, and the latter is more complicated and re-
garded to be difficult to analyse correctly.

According to the known information about L-—
Cl/Br, the following IR absorption bands and Raman
shift peaks will appear: OH-related modes, Co—O re-
lated modes, Co—Cl related modes, lattice modes and
sum/difference/overtones. Here, we can divide the
spectra into three parts, as shown in the following cor-

responding sections. In order to perform the compar-
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ative analysis and show intuitively the relationships
between absorption and Raman spectra in the corre-
sponding vibration regions, some parts will be ampli-
fied when needed.
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Fig. 2. (colour online) (a) Mid-IR absorption and (b)
Raman spectra of 3-Co2(OH)3Cl/Br.

3.3. Hydroxyl group (OH) vibrations

According to the above-mentioned crystal struc-
ture feature 1), one expects only one Raman peak
and one IR absorption band in the same positions of
the normal hydroxyl FP region because the single OH
stretching vibration mode is always both IR active
and Raman active, as shown in Fig. 2. However, af-
ter we amplify the 3650-3400 cm~! parts of Fig. 3,
there are in fact two bands/peaks, although they are
very near. According to Ergun et al.?! Lagaron, 3"
and Hase,[?! one can safely assign the L-Cl IR bands
3566,/3549 cm !, L-Br IR bands 3548/3524 cm ™!, L—
Cl Raman peaks 3559/3546 cm ™!, L-Br Raman peaks
3540/3528 cm™!, as the Davydov splittings of the
hydroxyl stretching vibration mode v(O-H), respec-
tively.

Therefore, one can also simply consider their aver-
age values of IR bands 3558/3536 cm ™!, Raman peaks
3553/3534 cm ™! as the single v(O-H) of L-Cl/Br, re-
spectively. From Fig. 3, one can also see the following
spectral properties.

(i) The band/peak difference of about 20 cm~!
between their ¥(O—H) may imply that d (OH) of L-Br
may be about 0.002 A longer than that of L-Cl accord-
ing to the famous relationship 5-12 cm’1/0.001A7[32]
although the experimental data may not correctly re-
flect the difference because of the intrinsic experi-
mental resolution power of 0.003 A. Therefore, one
can conclude that there is arelatively strong trimeric
H-bond (OH)s - - - Br, while the larger d(Co-O) just
shortens d (OH) in L-Br.
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Fig. 3. (colour online) (a) IR absorption and (b) Raman
spectra in the 3700-3100 cm~! range of Co2(OH)5Cl/Br.

(ii) According to the biatomic vibration fre-
quency’s formula v = 1303(k/u)'/? cm™!, where k
is in units of mdyn/A (1 mdyn/A = 100 N/m) and
1 is the reduced atomic weight with no dimension,”]
one can have k(OH) as strong as 7.0/6.9 mdyn/A for
L-Cl/Br.

As a useful spectral analysis method, the FP
(OH in this paper) correlating peak (CP) assignment
may now be done to obtain evidence or proof for
the FP stretching modes. Because the Co-O and
Co—Cl/Br related vibration modes are normally ob-
served at wavenumbers less than 600 cm™! (the rea-
son will be seen later), all the intrinsic L-Cl/Br IR
bands and Raman peaks in the clear 1000-600 cm ™!
window can be assigned to the Co-O-H deformation

modes §(Co—O-H). Therefore, we enlarge the remain-
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ing 1000-50 cm ™! part of all the spectra, as shown in
Figs. 4(a) and 4(b). According to the fact that there
are two kinds of Co-O-H with a relatively small H-
bond H---Cl/Br effect, one can assign the L-Cl IR
bands 843/723 cm~!, L-Br IR bands 839/707 cm—!,
and L-Cl Raman peaks 828/654 cm~!, L-Br peaks
822/655 cm™! to hydroxyl deformation modes (both
IR and Raman active) §(Co¥-O-H) and §(Co™O-
H), respectively; and this CP assignment has been
firmly supported by the recent comparative study
on the vibration spectroscopy of Cos(OH)3Cl and
Coo(0OD)3CLE™ Here, the L-Cl IR shoulder bands
738/702 cm~! and L-Br 729 cm~! may be caused
by the difference-frequency, the sum-frequency or the
overtone of some fundamental modes, and further in-
vestigation is needed to determine whether extra small
L-Cl Raman peaks 691 cm~! and L-Br 689 cm™! are
intrinsic in pure samples.
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Fig. 4. (colour online) (a) IR absorption and (b) Raman
spectra in the 1000-50 cm ™! range of Coz(OH)3Cl/Br.

One can estimate the rate 6(Co—O-H) and v(O-
H) of L-Cl/Br to be about one-fifth to one-quarter.

From Fig. 2, one can see that except for the main
IR bands of L-Cl/Br, the other bands larger than
1000 cm™!, which vary with the experimental con-
ditions, may be caused by the COs and residual water
in the KBr discs of FTIR disc technology, or, the sum-
frequency, the difference-frequency and the overtones

of some fundamental frequencies.

3.4. Co—0O vibrations

From Fig. 4(b), one can observe that three Ra-
man peaks in each spectrum are almost Cl/Br inde-
pendent in the high wavenumber part of the general
FP region (less than 600 cm™!); therefore, most of
them can be assigned to Co—O vibration modes. Al-
though each spectral structure in this part seem to be
very simple, it is still not easy to correspond these
peaks to the precise vibration manners because of
these periodical crystalline networks, unlike the iso-
lated molecules in gas phase. Here, we adopt the sim-
pler and more intuitive representation, which is the
famous linear triatomic O—-Co-O representation (we
call it L-representation and do not use the viewpoint
of Co¥04Cly/Bry and CoTOg according to CSF5).[17]

In the L-representation for a symmetric linear tri-
atomic unit X-Y—-X, the wavenumber of the Raman
active symmetric stretching mode can be given by

1 k
VS(X—Y—X):2—7TC o (1)
where ¢ is the light speed in vacuum, k is the force
constant between the XY ions and mx is the mass of
the X ion. If k and mx are in units of mdyn/A and
the atomic quantity of X, respectively, Eq. (1) may
be expressed as

vs(X —Y — X) = 1303 mix(cm‘l), (2)

where k varies with the distance dxy, for example,
k ~ ko(dxy — do)~ for most kinds of units bound
weakly by van der Waals force.[??l For the IR active
antisymmetric stretching mode, its wavenumber can
be expressed as

Vas(X =Y — X) = 1303\/E(cm1)7 (3)

where p = mxmy /(2mx + my) is the reduced mass.
Therefore, one can see that an observable distance dif-
ference caused by the surrounding X ions can lead to
different Raman and IR bands.

If one uses the L-representation, L-Cl Raman
peaks 454/433 cm~! are assigned to two kinds of
0O-Co-O symmetric stretching modes v4(O-Co*-0)
(d (0-Co¥) =2.078 A) and v5(0O-CoT-0) (d (0O-CoT)
= 2.106 A), respectively. This assignment is self-
consistent with the relationships between wavenumber
and distance, between wavenumber-separation and
distance-difference, and between peak-intensity and
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Then Raman peaks 334/241 cm™!
in L-Cl are regarded as the corresponding bend-
ing/deformation modes §(O-Co*/T-0), and the IR
band 426 cm~! in L-Cl is assigned to the O-Co—
O asymmetric stretching modes v,s(O—-Co*-0), while
Vas(0—CoT-0) may be less than 400 cm~! and can-
not be observed using the Bruker Vector 22. However,

bond-number.

this representation can demonstrate self-consistently
the small separation between v5(O-Co¥-0) and v(O-
Co™-0), and the large difference between §(O-Co¥—
0) and §(0O-CoT-0).

One can continue to use the formula v(O-Co
0) = 1303(k/mo)'/? ecm™! in L-representation to
estimate the force constants k(Co®/T-O) to be

1.98/1.74 mdyn/A, which correspond reasonably to

K/T_

the OH~ valence value of the hexa-coordinated Co?*
figuration. In addition to this k(Co*/T-0) estima-
tion, the fact that the bending mode §(O-Co*/T-0)
values are slightly larger than half of v4(O-Co®/T-0)
agrees well with most examples in Ref. [17].

Similarly, one can assign Raman peaks
458/420 cm~! and 333/220 cm~! in L-Br to two
kinds of v5(O-Co®¥/T-0) and §(0-Co*¥/T-0) in the
L-representation, respectively. In the meanwhile, the
L-Br IR band 416 cm™! is assigned to v,s(0O-Co*-0)
in the L-representation.

3.5. Co—Cl/Br vibrations

Following the above-mentioned assignment and
using the L-representation only, one can assign the
L-Cl Raman peak 166 cm~! and L-Br Raman peak
119 cm™! to the symmetric stretching modes v4(Cl-
Co¥—Cl) and vs(Br-Co¥-Br), respectively. The rea-
sonability of this assignment can be demonstrated
by the reasonable k(Co¥-Cl) = 0.58 mdyn/A and
E(Co¥-Br) = 0.67 mdyn/A for the d(Co%-Cl) =

2.5986 A ~ d°(Co*t-Cl7) = 2.55 A and d (Co* Br)
= 2.6998 A ~ d°(Co?tBr~) = 2.70 A (see the rela-
tionship 1) with mc) = 35.45 and mgp, = 79.9. Then
Raman peak 131 cm~! may be assigned to the bend-
ing mode §(C1l-Co®-Cl), and the §(Br-Co®-Br) value
must be close but less than 95 cm ™.

The following statement may be useful for the
assignment of v(Cl-Co-Cl): if d(Co-Cl)>2.55 A
in some material (high spin Co®*), for the hexa-
coordinated Co®*, the bond valence is less than 0.33,
especially in our case of trimeric H-bond (OH)j - - - Cl,
the k(Co—Cl) is usually less than 1, and therefore
vs(Cl-Co—Cl)< 1303 x m&l/Q = 218 cm~!. There-
fore, almost all the assignments of > 220 cm™' Ra-
man shift mode v5(Cl-Co-Cl) and the IR absorption
band assignment of v,s(Cl-Cu-Cl) > 319 cm~! for
Vas(Cl-Co—Cl) = 1303(k/m,,)'/? em™! (reduced mass
my, = 63.5 x 35.5/(63.5 + 2x35.5) = 16.76) may be
wrong. Similarly, if d (Co-Br)>2.70 A in some mate-
rial (high spin Co?"), for the hexa-coordinated Co®*,
Raman vs(Br—Co—Br)< 1303 mgrl/Q =145 cm~! and
IR v,s(Br—Co-Br)< 273 cm™1.

In the medium wavenumber region, there may
be weak sum-frequency, difference-frequency and over-
tone modes, which cannot be easily recognized.

Table 2 gives the collection of the above-
mentioned spectral data and the corresponding sug-
gested band/peak assignment, not including the unim-
portant shoulder bands/peaks, possible weak sum-
frequency, difference-frequency and overtone modes,
etc.

As Nakamoto pointed out,'” vibrational spec-
tra of crystals must be interpreted with caution, es-
pecially in the low-wavenumber region. Therefore,
the above-mentioned assignment still needs further

confirmation or even modification, especially in the

Table 2. Mid-IR data, Raman data and suggested modes of L-Cl/Br with the wavenumber in unit of cm™1.

Mid-IR Raman
L-CI L-Br Sugg. mode L-CI L-Br Sugg. mode
FG region 3566 3548 Davydov splitted v(O-H) 3559 3540 Davydov splitted v(O-H)
3549 3524 3546 3528
. 843 839 5(Co¥-0-H) 828 822 §(Co¥-0O-H)
CP region
723 707 5(CoT-0-H) 654 655 5(CoT-0-H)
426 416 Vas(0O-Co¥-0) 454 458 vs(0-Co¥-0)
433 420 vs(0-CoT-0)
) 334 333 §(0-CoK-0)
FP region Vas(O-CoT-0) 241 220 §(0-CoT-0)
166 vs(C1-Co¥-C1)
131 5(Cl-Co¥-C1)
119 vs(Br-Co¥-Br)
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low-wavenumber region, where various kinds of lat-
tice modes may exist, although our comparative
study between (3-Cog(OH)3Cl and -Coz(OD)3Cl has
proved the correctness of § (Co—O-H) modes (600
900 cm 1), slightly H-dependent Co—O related modes
(200-500 cm 1), and H-independent low wavenumber
region (< 200 cm~1).[7]

Although the difference between Cl and Br atoms
has caused apparent changes of the Co—Co and Co—
O distances, the respective mode wavenumbers almost
remain unchanged, possibly because of the equilibrium
activity of different OH---Cl and OH- - - Br H-bonds,
while almost the same amount of Co—O distance dif-
ference in a primitive cell has resulted in a shift of
even several tens of cm ™!, possibly partly because of
the different force constants under the same H-bond
effect. Our further low-temperature Raman spectral
experiments, aimed at investigating the spin-lattice
coupling related to the geometrically frustrated mag-
netic transition phenomenon, possibly may give useful
clues to some vibration mode assignments.

4. Conclusions

In conclusion, mid-IR absorption and Raman
spectra of (-Coz(OH)3Cl and B-Coz(OH)3Br have
been measured to study the corresponding correlation
between their vibrational spectral properties and crys-
tal microstructures. Through the comparative analy-
sis of the four spectra we categorically assign or ten-
tatively suggest the vibrational modes of OH group,
0-Co-0O, Co-O and Cl/Br-Co-Cl/Br units. These
results, obtained at room temperature, are necessary
for further investigations of spectral changes caused by
the spin-lattice coupling effect at their low magnetic
transition temperatures.

In this paper, we did not use the standard and
complex factor group analysis method to perform the
spectral assignment. Therefore, further theoretical
and experimental investigations are required.
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